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Foreword

The Scientific Committee on Problems of the Environment (SCOPE) is one of a
number of committees established by the non-governmental group of scientific
organizations, the International Council for Science (ICS5U). To cover multi-
disciplinary activities which include the interest of several Unions, ICSU has
established 13 Scientific Committees, of which SCOPE is one. Currently
representatives of 40 member countries and 22 Unions, Scientific Committees
and Associates participate in the work of SCOPE, which directs particular
attention to the needs of developing countries. SCOPE was established in 1969
in response to the environmental concerns emerging at the time: ICSU recog-
nized that many of these concerns required scientific inputs spanning several
disciplines and several Unions within ICSU. SCOPE's first task was to prepare a
report on Global Environmental Monitoring (SCOPE 1, 1971) for the UN
Stockholm Conference on the Human Environment. The mandate of SCOPE is
to assemble, review, and assess the information available on environmental
changes attributable to human activity and the effects of these changes on
humans; to assess and evaluate the methodologies of measurement of environ-
mental parameters; to provide an intelligence service on current research; and
by the recruitment of the best available scientific information and constructive
thinking to establish itself as a corpus of informed advice for the benefit of
centres of fundamental research and of organizations and agencies opera-
tionally engaged in studies of the environment. SCOPE is governed by the
General Assembly, which meets every three years. Between such meetings its
activities are directed by the Executive Committee,

This volume reports the findings of the RADTEST (RADiation from
nuclear TEST explosions) study, which falls within SCOPE’s Health and
Envirenment cluster. This cluster is focused on projects that develop methodo-
logies for assessing chemical risk to human and non-human targets, and use
case studies of environmental contamination to assess the health and environ-
mental risks of specific chemicals.

Executive Director: V. Plocg Fichelet
Secretariat: 51 boulevard de Montmorency 75016 Pans, France

Philippe Bourdeau
John W. B. Stewart
Editors in Chiefl

SCOPE Publications






Preface

The RADTEST study, reported here, was started in April 1993 to assemble
information on all the tests carried out on nuclear weapons. It was extended 1o
cover the tesis resumed in 1996 by France and China in view of public interest in
conclusion of the Comprehensive Test Ban Treatv. Information was also
received from India and South Africa. The record of all data available is
included to allow study of the releases and their transfer in compartments of the
environment and ecosystems as reported in the earlier RADPATH report,
‘Radioecology after Chernoby!’. This can be referred to for details, along with
the SCOPE ENUWAR report, “Environmental Consequences of Nuclear War’,
on methodology, models, isotopes and units,

The three reports give detailed information directed to a specialized scientific
readership but can be of use to those with more general interest. They will find
information that some early tests in the atmosphere, under water or near the
surfiace, caused high levels of radiation in areas nearby. sometimes because of
wind changes or high yield. Because medical records were not available in some
cases. reconstruction has been attempted alongside the study of health effects.
There is assurance that the 1996 tests gave no release of radioactivity to sea or
atmosphere.

The RADTEST programme involved experts from major weapons testing
nations including FSU, USA. China, France and UK. besides representatives
from international organizations such as the North Atlantic Treaty Organiz-
ation (NATO), the International Institute for Applied Systems Analysis
(ITASA), the International Atomic Energy Agency (IAEA), the International
Union of Radioecology (UIR) and the United Nations Scientific Commuittee
on the Effects of Atomic Radiation (UNSCEAR). It set up three working
groups on: information and database, dose reconstruction, and health effects.

Workshops to present and discuss findings were held periodically through-
out the duration of the project. During 1994 two major international NATO
Advanced Research Workshops were convensd at the International Atomic
Energy Agency in Vienna, Austria, and in Barnaul (Siberia) Russia. The
Vienna meeting examined the environmental and human consequences of
atmospheric nuclear tests and provided an overall view of the American and
FSU testing programmes. The Barnaul meeting was concerned with radio-
active fallout in the Altai (Siberia) region of Russia, primarily from the early
nuclear tests undertaken in the Semipalatinsk test site in Kazakhstan. A third
workshop was held early in 1995 in Brussels/Ligge, Belgium to examine the
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methodologies of dose reconstruction, epidemiology. and subsurface transport.
A final mini-workshop in October 1996 in Beijing assessed material from
French and Chinese tests,

The project was directed by an Executive Committes, guided by a Scientific
Advisory Committee (SAC) of minister-level individuals, and monitored by
SCOPE's Executive Committee. A single Sieering Commitiee guided the
closing stages for synthesis of the findings to a timely conclusion.

An archive of material associated with this (and the previous ENUWAR
and RADPATH) project will be maintained at the University of Essex.

Sir Frederick Warner
Chairman., SCOPE-RADTEST
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1 Synthesis

SIR FREDERICK WARNER

The RADiation from nuclear TEST explosions, or RADTEST, project is one
of the Scientific Committee On Problems of the Environment (SCOPE) pro-
grammes. It falls within SCOPE’s Health and Environment cluster.

The test-explosion of nuclear weapons has made a far larger impact on the
world environment than all the operations and accidents with nuclear power
generation. This study of the 2419 tests between 1945 and 1998 records the past
and present understanding of the results as the weapons have been developed
and tested. In sum the tests have vielded explosive energy equivalent to 350
million tons of TNT, with the USA and USSR accounting for 8004 of the tests
and 0% of the vields. Although there have been extensive global studies on
fallout, publication on local effects, especially on human health, has been
ungven. The RADTEST study provides much information that until now has
been restricted or unavailable,

The areas for nuclear weapons testing were chosen for remoteness from
human habitation and observation. Fallout affecting life and health has been
studied extensively and publicized in such areas as Nevada, Australia and
islands in the Pacific. That information is re-examined here, with new
RADTEST studies of the Altai- Semipalatinsk and Novava Zemlaya regions of
the former Soviet Union (FSU) and of the Chinese testing ground at Lob Nor.
The most recent tests there are covered as well as the series in French Polvnesia.
Limited information is available on the tests made by India and Pakistan in
1998,

Models for predicting short and long-term health effects require both
meteorelogical data and population medical records at the time of the explo-
sions and study of the changing patterns over the years until now. Poor medical
records have to be interpreted and supplemented by the extensive knowledge
from the Hiroshima and Nagasaki bombs and the tests in the Pacific. The
object is to establish the pathways by which radionuclides reach human beings
and the doses of radiation received by populations and individuals from initial
and continuing ¢xposure until the present. Differing systems of radiological
protection and medical records in the countries studied have been compared in
order to give firmer prediction for any future accidental or deliberate release.

Nuclenr Test Explosions. Environmentol and Humart [nipacts e, e
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One result of RADTEST is a current inventory of radioactivity at or near
test sites with potential for remediation or restoration. Activities are in general
much lower than those experienced at Hiroshima and Nagasaki. Those at Altai
are high enough to have significant health effects and to throw light on the
controversial low-dose regimes. In particular, dose reconstruction from the
effects on eyes and teeth are being assessed by individual and case-control
studies as distinct from the assumptions for populations in cancer prediction.
This is of current public and political interest,

The detailed information and discussion in the following chapters start with
an introduction to the background of the Report and the contributions of
the NATO Workshops in Vienna and Siberia. which included the wvisit to
Semipalatinsk. General conclusions on human, animal and plant irradiation
effects from the French case-studies in Polynesia follow, and then the com-
parable results from the USA, FSU and China.

In Chapter 3 the history of weapon developments opens with the simple
fission bombs of World War II, vielding about 20 kt, to the later boosted-
fission. hydrogen fusion, and combined fission—fusion-fission weapons. These
led to national arsenals with a total of more than 25000 warheads. mainly
around 100 kt but with some up to | Mt. The varying yields from the testing of
these weapon developments are discussed. The different sites and testing
techniques are covered in detail, with summaries of the number of tests with
their explosive and radionuclide yields, accurate figures for which have been
released only recently. Of the total tests, 541 were in the atmosphere and 1878
underground.

Chapter 4 details the immediate environmental impacts following the for-
mation of different radionuclide compounds and the aerosol transport in the
atmosphere and the troposphere. These local, remoie and global tropospheric
patterns are expressed by mathematical models. These are then used with the
actual data on which they are based for the reinterpreilation of early tests in the
atmosphere. It emerges clearly that the radioactive products from fission
reactions vary with the process of detonation. and that firing conditions are of
great importance. Contamination of geological formations, water and oil from
underground tests is considered in this chapter.

Chapter 5 discusses pathways for external and internal exposure in the
human body following inhalation and ingestion of contaminated loodstuffs,
looking at specific test-sites and regions. The radioisotopes of iodine, strontium
and caesium are of greatest interest because of the amounts released, their
ready transfer to human beings via the foodchain and high relative activities
because of short half-lives.

Chapter 6 summarizes the estimation of dose to human beings with reference
to the test sites in Nevada. South Pacific. Semipalatinsk, Novaya Zemlaya.
Lob Nor, Mururca, Fangataufa and Australia. The variation of local and
regional levels and of external and internal irradiation are discussed. Extensive
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and detailed dose reconstruction from local fallout has so far been carried out
only at Nevada, The estimated collective dose to the world’s population is 50
times that from the Chernobyl] accident. These global levels are of course a
small fraction of the exposure to natural background radiation but local
contamination can give far higher doses than the average.

Chapter 7 examines in detail the health consequences for exposed popu-
lations in the USA, FSU, French and Australian territories. Most fallout
exposures of individuals near test sites from high local fallout have already
been received. The most highly exposed cohorts face increased health risks and
deterministic effects seem to be appearing. Evaluating risks of a stochastic
nature requires long-term follow-up.

Chapter 8 discusses fallout models and tries to bring together the different
approaches in earlier chapters. The discussion shows that further work is
needed to establish models which are better for explanation and prediction.

Many of the differences arise because the capacity of modern computers 1s
now much greater than at the time earlier models were developed. The rate of
change is great and demonstrated in the advance between first and second
volumes of SCOPE 28: Environmental Consequences of Nuclear War in the
models of general circulation of the atmosphere. To these there are added the
problems of particles, their relation to cloud formation and the special
properties of nuclear aerosols. including multispecies with morphologies and
properties unlike normal aerosols in the atmosphere.

The approximations made in early models were assessments covering fallout
from hundreds of weapons and compromises. Recent developments in under-
standing microphysics, plume clouds and weather codes have yet to be applied.
In particular, formation of particles can now be examined more closely, i.e.
particles in the submicron range that were neglected earlier.

There are other difficulties because of the large proportion of material
carried along with the small amount of nuclear matenials, These difficulties
need adding to the modelling of weather and fallout. The chapter ends with
suggesting that an immediate jump in capability is now possible, with the
elimination of many uncertaintiss.

The Appendix summarizes the releases of radicactivity from all atmospheric
and vented underground tests. Recent tests deep underground have not added
to natural radioactivity in the atmosphere or oceans,

This Report should help environmental understanding and guide the making
of policy on the testing and control of nuclear weapons. It has been made
possible by the commitment of scientists to seek out information previously
kept secret for military security. This collaboration world-wide is one of the
fruits of the ending of the Cold War. Publication should encourage the open
discussion of steps now being considered for the control of nuclear weapon
production, including the cessation of testing and targeting, and the detection

of clandestine testing. Although the Comprehensive Test Ban Treaty has
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lessened the fear of nuclear war, it is to be hoped that the international
collaboration established by SCOPE-RADTEST will continue—and assist in
the safeguarding and disposal of nuclear weapons material,



2 Introduction

R. J. C. KIRCHMANN, L. APPLEBY AND C. 5. SHAPIRO

2.1 GENERAL FRAMEWORK

2.1.1 Origin of SCOPE-RADTEST

From 1988 to 1991 SCOPE carried out a project “Biogeochemical Pathways
of Artificial Radionuclides’ (RADPATH), which was successfully concluded
with the publication of SCOPE 50, Radioecology after Chernobyl (Warner and
Harrison, 1993), Taking note that the scientific potential of the project had not
been fullv exhausted, experts at the RADPATH Scientific Advisory Committes
Meeting and at the 35th Conference “Geochemical Pathways of Artificial
Radionuclides in the Biosphere’ (Puschino, Commonwealth of Independent
States. 1991) recommended that SCOPE continued activities in this field.

This proposal was discussed at the 8th SCOPE General Assembly (Seville,
Spain. Januvary 1992) and the idea of a new project organization was sup-
ported. In May 1992, Professor Charles Shapiro (USA) met with experts in
China representing SCOPE's China National Committee and the China
RADPATH Committee. which represented 24 institutions within China, These
meetings resulted in a statement of agreement that expressed the interest and
enthusiasm of China for participation in the proposed study.

On the initiative of Professor Shapiro and the Russian National SCOPE
Committee, a meeting of a group of experts from Russia, USA and China was
organized in Moscow, 5-7 November 1992: twenty experts attended this
meeting. At this meeting. it was decided to narrow the focus of the study to
fallout from nuclear tests. A memorandum of understanding was drafted on the
organization of a new SCOPE project ‘RADTEST' (RADiation from nuclear
TEST explosions).

In April 1993, the SCOPE Executive Committes meeting in Paris formally
adopted RADTEST as an official SCOPE project. The RADTEST project was
established initially within SCOPE’s Biogeochemical Cycles Cluster, and sub-
sequently within its Health and Environment Cluster. following a reorganization
within SCOPE. In order to conduct the project, 8 RADTEST Steering Com-
mittee (with international members) was appointed, under the chairmanship of

Nuclear Test Explosions; Environmental und Humon Impacts s
Edited by Sir F. Warner and R. J. C. Kirchmann Ay
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Professor Sir Frederick Warner, and a central Secretariat was established at the
University of Essex. UK. to assist with obtaining and disseminating information
relating to the project.

2.1.2 Project objectives

The RADTEST project has been involved in examining the transport, deposi-
tion and human health effects of radioactive fallout from nuclear weapons tests
through international, collaborative study. The mvolvement of countries such
as Russia, USA, China, France and UK and of other international bodies was
achieved, including participation of nuclear scientists who were directly or
indirectly invalved with nuclear testing. Consequently the project has enabled
previously restricted work, including data, models and knowledge about the
fate of the release of radionuclides and their possible human health effects, to
be discussed and considered for the first time.

An important objective of RADTEST relates to *bridge building’. One
cannot underestimate the potential importance of effective communication and
collaboration of scientisis who have been invelved in studies of the radioactive
fallout from nuclear tests. These communities of scientists, heretofore isolated
from each other, can establish working relations. collaboration, and trust with
each other. This can greatlv facilitate scientific consensus, which is necessary in
reaching and carrying out agreements at the political level. Such ‘bridge
building’ truly is in the spirit of SCOPE.

RADTEST has focused on the following principal tasks.

Updating the inventory of relevant nuclear tesis.

Establishing an inventory of data on measuremenis of radionuclide

deposition densities and identifyving gaps n these data.

3. Comparison of old and, when needed. development of new models
of radioactive transport to better understand the deposition densities of
radionuclides, both on and near the nuclear test sites, including areas
downwind where potentially significant episodes of lallout have occurred
(such as the Altai region of Russia).

4. Study of the migration of radionuclides through the biosphere, including
all pathways to humans, and the study of the effects on other biota that
have impacts on humans, the main focus being the characterization of the
nature and magnitude of the dose to humans. This includes dose recon-
structions from past events. and alse an increased capability for dose
prediction from possible future accidental or deliberate explosions.

5. Analysis of the data on effects of these doses (including low doses) on

human health.

P

In order to achieve the project’s objectives, RADTEST organized a continuing
programme of meetings, information dissemination and coordination activities.
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The series of RADTEST workshops commenced with the North Atlantic
Treaty Organization (NATO) Advanced Research Workshop (ARW) held in
Vienna, Austria (10-14 January 1994), This ARW examined the Environ-
mental and Human Consequences of Atmospheric Nuclear Tests. The second
NATO ARW for the RADTEST project was convened in Siberia (5-10
September 1994) and related predominantly to the radioactive fallout in the
Altai region of Russia, emanating primarily from nuclear tests undertaken at
the Semipalatinsk test site in Kazakhstan. These mectings are reported in detail
in section 2.3 and input to them formed the basis for two separate publications
(Shapiro, 1998; Shapiro er al., 1998).

A third RADTEST Meeting was held in Brussels/Liége (March, 1993) 1o
examine environmental consequences of local radioactive fallout from nuclear
test explosions and the associated health consequences and epidemiology for
the exposed population. A final Mini-workshop was held in Beijing, China
(19-20 and 23 October, 1996) in order to receive Chinese and French contri-
butions and preliminary manuscripts to enable a synthesis of the project’s
findings to be prepared.

A series of ad hoc meetings was convened during the period between the
Belgian and Chinese meetings, in order to advance the synthesis summarizing
the findings of the programme. These included informal discussion meetings
held in Minsk, Belarus (March 1996) and editorial meetings in Vienna, Austria
(April and June 1996). A meeting of Senior Editors was held in Essex. UK
(February 1997) to advance the finalization of this synthesis publication.

2.1.3 Logic How

After summarizing the overall findings of the RADTEST project in the Syn-
thesis (Chapter 1), this volume then examines the background to its estab-
lishment, its objectives and how these have been achieved, including issues
relating to general concepts. Following a detailed examination of the sites and
tests which have been carried out, the volume goes on to examine the environ-
mental effects, including exposure pathways. A consideration of the estimation
of doses leads on to a discussion about human health effects.

A key feature of the volume is the comprehensive listing of all tests which
have led 1o releases (including vented underground tesis). Finally, the volume
examines the conclusions, and recommendations, which may be drawn from
the study.

2.2 FROM THE FIREBALL TO HUMAN EXPOSURE

During a nuclear explosion, the fission products, residual fissile material and
structural materials associated with the device are raised to sufficiently high
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temperatures to be present in gaseous form. For explosions detonated in the
atmosphere near the surface of the Earth, a considerable amount of volatilized
soil or rock material may also be entrained in the fireball (UNSCEAR, 1977a).
Some activation products are also generated by neutrons. After an explosion in
the atmosphere, the fireball expands rapidly and rises due to buoyancy. As it
rises, cooling causes the volatilized debris to condense, forming an aerosol with
a wide distribution in particle size. The radioactivity that falls out of the cloud
after the explosion is called the radioactive fallout. In the ordinary atomic
bomb, for example, for each 20 kt of TNT equivalent of explosive energy,
about 1 kg of radioactive material is produced. In this | kg of radioactive
material are some 90 different radionuclides varving in lifetime from a fraction
of a second to many vears. This mixture of radicactivity decreases in such a
way that for every sevenfold increase in age, the total radioactivity is decreased
tenfold (Libby, 1956a). As the inventory of radioactivity produced bv the
fission reaction changes its characteristics continuously and rapidly after the
bomb detonation, the firing conditions are of prime importance in determining
the fallout quality and effects.

Many radionuclides present in fallout emit gamma rays and contribuie to
the dose from external irradiation. The most important from this point of view
are a number of short-lived radionuclides, the most significant of which are
957r and its daughter **Nb, and the long-lived '¥7Cs (UNSCEAR, 1977h). As
the time required for ingestion into the body is long, ingestion is unlikely for
the shorter-lived fission products, and therefore the principal hazards for close-
in fallout are radiation exposures by gamma radiation of the whole body, and
by beta radiation on the skin. Over longer times, weeks and months after the
explosion, the ingestive hazards begin to become important (Libby, 1956b). see
Figure 4.1.

A bomb fired on the surface of the Earth, however, may have an appreciable
portion of its radioactivity settled within relatively short distances, whereas
bombs fired beneath the surface of the Earth may place essentially no fallout
radioactivity in the atmosphere. Therefore, the question of the area of con-
tamination to be expected from nuclear weapons cannot be answered categ-
orically without specifying the degree of contact of the fireball with the surface
of the Earth, and probably also specifying the characteristics of this surface.
For weapons fired on the surface, the activation of the surface materials is a
possibility, but in general it appears that most of the neutrons form stable
isotopes and that the amount of radioactivity produced, at least with ordinary
surface materials, is relatively small. The principal radioactive products of
nuclear weapons are produced in the weapons themselves, and not in the
environment (Libby, 1956a).

A consequence of the presence of radionuclides in the environment is the
potential for increased radiation exposure of living organisms. The impact of
radionuclide releases on organisms may be assessed by consideration of the
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likelihood and extent of radiation exposure and potential consequential effects
(i.¢. radiobiological response).

One must also consider the beta doses, which were esumated to be approxi-
mately eight times higher than gamma doses, although the depth of pene-
tration of beta radiation as an external dose is verv limited. For humans,
external beta dose can cause skin burns (as in the Marshallese and Lucky
Dragon episodes), but does not give a whole-body dose comparable to gamma
rays.

23 NATO ADVANCED SCIENCE INSTITUTES

In the course of the RADTEST programme, two North Atlantic Treaty
Organization (NATO) Advanced Research Workshops (ARWs) were held in
Vienna. Austria (Janvary 1994) and in Barnaul. Sibenia (September 1994).
These workshops were convened to examine the ‘Environmental and Human
Consequences of Atmospheric Nuclear Tests’ and the “Long-term Con-
sequences of Nuclear Tests for Environmental and Population Health',
respectivelv. The latter had a particular focus on nuclear tests undertaken at
the Semipalatinsk Test Site in the Altai region of Russia.

The complete findings of these ARWSs are now published in NATO's ASI
series (Shapiro, 1998; Shapiro er al., 1998), however, a brief summary of some
of the issues addressed is provided below.

2.3.1 Vienna advanced research workshop

The Vienna ARW examined the results of previous studies undertaken in the
former Soviet Union, USA, UK and China,

The Russian studies were related to five principal areas comprising: the
source term; modelling and dose reconstruction; environmental data; epidemi-
ology and inventories at sites; tests and explosions. Valuable information
concerning nuclear detonations at the Semipalatinsk and Novaya Zemlva test
sites was obtained, in addition to information relating to world-wide test sites
from the Soviet Radiation Monitoring Network (Rvaboshapko er al., 1998).

The USA studies concerned the Off-site Radiation Exposure Review Project
(ORERP) and evenis at the Nevada Test Site (NTS) and Marshall Islands.
Church er al. (1990) give an overview of ORERP, which assumes the existence
of a relationship between the exiernal exposure and the deposition of radio-
nuclides that enables dose reconstruction at the time of the tesis. The total
collective dose in the PHASE 1 area (parts of Nevada, Southern Utah and
Arizona) is calculated as 58000 person-rem (380 person-Sv), whereas m the
PHASE 1l area, which includes all of Utah (including Salt Lake City), the total
collective dose is 1200000 person-rem (12000 person-Sv).
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Contemporary data, which have recently become declassified, have provided
the basis for overviews of the USA atmospheric tests at the Nevada Test Site
(NTS), and at the Marshall Islands Test Site. It is expected that these data will
be revised upon the declassification of further data. The Marshall Islands
Radioecology and Dose Reconstruction Project has concentrated on the dose
received at the time of the tests and to native islanders upon return to their
homes,

As a consequence of detonations in Australia the potential radiological
impact of residual contamination in the Maralinga and Emu Areas of Southern
Australia has been studied, in addition to the mortality and cancer incidence in
participants of nuclear weapons tests and experimental programmes. However,
participants in such programmes show no detectable effect on their life-
expectancy or on their risk of developing cancer or other fatal disecases (Darby
et al., 1993).

There have been studies in China to investigate nuclear cloud movement and
to survey radioactive fallout due to nuclear tests (Yi ef al., 1998). The Chinese
Ministry of Public Health has established a nationwide environmental radio-
activity monitoring and investigation network to evaluate the impact of
radioactive contamination from nuclear fallout and related health issues.

2,32 Barnaul advanced research workshop

An important issue addressed is dose reconstruction, where there appear to be
important differences in the proportion of dose from external, inhalation and
ingestion pathways. Much information has been gathered on medical-biclogical
consequences of radiation impacts, and a summary of Altai’s medico-ecological
situation is given by Shoikhet et al. (1994). Their findings reveal a need to
improve our understanding of the radiobiological situation there.

The radielogical risk for the Altai region, due to nuclear tests at the Semi-
palatinsk site, has been examined by Algazin er al. (1994), revealing that the 29
Aupust 1949 test contributed around 32 000 person-Sv (about 20% of the total
collective dose in the region).

Stegnar (1994) reports that the International Atomic Energy Agency's
(IAEA) preliminary conclusions from their assessment of the present radio-
logical situation indicates that the dose to those living in surrounding settle-
ments is unlikely to exceed 50 pSv y! (including a fraction due to general
weapons fallout) from artificial radionuclides. which represents only a small
percentage of the exposure from natural radioactivity sources,
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3 Nuclear Weapons Test Programmes
of the Different Countries

B. B. BENNETT, L. E. DE GEER AND A. DOLRY

Following the development of nuclear technology and the use in combat of two
nuclear weapons at the end of World War 11 by the USA, a few other countries
carried out both atmospheric and underground tests to develop independent
capabilities to design and produce nuclear weapons. The most active periods of
atmospheric testing were during the 1930s and in 1961-62, when the USA
conducted 217 tests, the former USSR 219 and the UK 33. These countries
ended their programmes of atmospheric testing following the signing of the
Limited Test Ban Treaty in 1963. Two countries continued less frequent testing
in the atmosphere; France carried out 50 tests between 1960 and 1974 and
China conducted 22 tests between 1964 and 1980. There have been no further
atmospheric nuclear tests since 1980.

All of the countries mentioned above have also conducted tests of nuclear
devices underground. These have generally been of lower explosive yield, espe-
cially if containment of releases was desired, but they have been numerically
more than the atmospheric tests. Two other countries, India and Pakistan,
have also conducted underground tests, most recently in 1998, At present,
however. underground testing has presumably ceased by all countries, and a
treaty to ban these tests has been agreed also, although it has not yet entered
into force.

The numbers and vields of the nuclear tests were not officially announced at
the time of testing because of their sensitive or classified nature, It is, thus, only
with the publication of more recent government reports that an accurate listing
of nuclear tests can be provided. Summaries of tests conducted by countries at
the various test sites each vear are given in tables accompanying this chapter.

This chapter describes the common steps in nuclear weapons development
and the types of tests conducted, The test sites were selected at remote loca-
tions to prevent contamination of inhabited territories, The global dispersion
of radionuclides produced in the explosions could not be prevented, and even
some exposures in local populations occurred, as will be discussed in later
chapters.

Nuclear Test Explosions: Environmental and Hongn Impacts T
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3.1 DEVELOPMENT OF NUCLEAR WEAPONS

Muclear weapons are quite complex industrial products that need extensive and
ingenious design, development and testing before they can be serially produced
and incorporated into 4 country’s military arsenal. A modern warhead may
consist of some 1800 separate components, Even the very first nuclear weapons
were considered complex systems at the time, although they would now be
regarded as being of rather straightforward construction, given that the fissile
material is available. The principle of shooting two pieces of uranium of non-
critical mass into one another to make the total suddenly critical was usad
untested in the war; this was the Hiroshima bomb. The Nagasaki implosion
bomb was based on a more delicate principle. not so well studied at the time,
and it was consequently tested (in the Alamogordo desert in New Mexico,
USA) before it was used in combat. Today, however, implosion techniques,
where shells of material are made to collapse inwards in & normally spherical
geometry, are well enough known, or can fairly easily be studied with modern
experimental and computational tools to allow a simple implosion device to go
into a stockpile untested.

The five established nuclear weapons states have followed similar paths of
steady improvement and development of nuclear weapons, which would not
have been possible without extensive testing of the models at full or reduced
nuclear yield. The development has progressed from simple fission devices to
boosted fission bombs, to thermonuclear weapons and to more specialized
Weapons systems.

3.1.1 First generation fission bomb

All five nuclear states started with very basic fission devices, based on the
implosion technique. In the USA and former USSR it was a very heavy and
clumsy sphere with plutonium in the form of a ball in the centre. This design
was a starting point, but many improvements were shown to be possible,
For example, by creating a void in the plutonium ball, thus forming a shell,
acceleration during the mmplosion could be increased and more efficient com-
pression achieved. Experiments were made with cores utilizing both plutonium
and uranium. Many other modifications and small improvements were made in
the course of weapons development. Much work also had the goal of tailoring
warheads to different launching systems developed for the military forces.

3.1.2 Boosted fission bomb

The next major development step was the introduction of a booster stage. It
was not initially self-evident how the vield of a basic fission bomb could be
increased. All first-generation fission devices produced a yield in the range of
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20 kt, simply because when that amount of energy developed, the fuel dis-
assembled. and the nuclear reactions therefore stopped. This happens when
just 10-20% of the fuel has been consumed. A much better utilization of the
fuel would be achieved if in some way the number of neutrons available could
be increased. The answer to this is boosting, where just a few grams of a
deuterium-tritium gas mixture are introduced into the core of an implosion
device. When the charge is set off the temperature and pressure build up in the
centre to levels sufficient to create a small thermonuclear lame. The deuterium
and tritium nuclei fuse, producing a little energy, but more importantly
neutrons re-enter the plutonium, causing new fission reactions and boosting
the total fission yield significantly, doubling it or in some cases even increasing
it by up to a factor of ten. The boosting principle 15 used to reach higher yields
and also to produce more economical charges through better utilization of the
expensive fission fuel.

3.1.3 Thermonuclear bomb

Boosting and some other ingenious schemes can increase the yield of a fission
bomb to the several hundred kilotonne range. The highest yield test of this kind
in the past was 400 kt. If higher vield weapons were needed, a completely new
principle had to be developed. This was the thermonuclear bomb. The USA
and former USSR worked with difficulty on this concept in the early 1950s. The
most direct idea of using a fission bomb to serve @s an ignition to increase the
temperature and begin the reaction in one end of a cylindrical thermonuclear
fuel package did not work at all. The heat simply radiated away, and the fuel
did not burn. The problem has been illustrated by a gasoline-impregnated piece
of cotton on a piece of wood; ignition and explosion of the cotton fail to ignite
the wood.

The solution was the product of guite lateral thinking. as it turned out to be
necessary to separate the ignition stage from the fuel and use X-radiation from
the primary fission charge to precompress the fuel. This is done by a process
called ablation. The thermonuclear fuel is wrapped in a heavy cover, which
when heated by the X-rayvs expands inwards and outwards. The inward
impulse then compresses the fuel and makes it dense enough to keep the
generated energy from escaping. This principle was first conceived in the USA
in January 1951 and then three years later in the former USSR. It was kept
secret for a long time until it was accidentally made public in the late 1970s.
The development of difTerent tvpes and sizes of thermonuclear charges has
been the main impetus for the quite extensive nuclear testing programmes, in
atmospheric testing and even more so in underground testing. It has been very
important to design carefully the primary charge. almost exclusively a booster,
and to tailor its radiation output to the envisaged secondary thermonuclear
fuel package.
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3.1.4 Third generation nuclear weapons

Enhancement of specific effects of the nuclear explosion has characterized the
development of third generation nuclear weapens. The best known is perhaps
the neutron bomb, where the neutron output is optimized. The purpose of this
was to produce a bomb that would kill soldiers on a battlefield with a minimum
of collateral damage. Another name for the neutron charge was ERW, the
enhanced radiation weapon. The opposite has also been developed for different
purposes, the RRW, the reduced radiation weapon, Weapons optimized to give
a large electromagnetic pulse (EMP) are intended primarily to destroy electrical
installations over a wide area. The last third generation weapon pursuad before
the end of the cold war was the X-ray laser. The 1dea was to have a nuclear
device pump a space-borne laser and create a well focused X-ray beam able 1o
destroy enemy missiles in a star-war scenario.

3.2 TYPES OF NUCLEAR TESTS

The development of a nueclear device requires extensive testing, There are, of
course, numerous non-nuclear tests carried out on all of the thousands of
components and aggregates of components involved. This, however, is not the
primary concept of nuclear testing. The definition of a nuclear test is a quite
complicated question and has become different in different contexts. For the
recently concluded Comprehensive Test Ban Treaty (CTBT), a strict definition
was actually avoided. The treaty text bans all nuclear non-zero vield tesis
without going seriously into a definition. Although it is not too difficult to tell,
all facts given, whether a nuclear experiment is a nuclear test or not, all the a
priori definitions tried have failed to encompass all that is wanted without
accidentally including too much that might impose restrictions on use of
nuclear power, basic science experimentation or, perhaps most closely related
to nuclear weapons, use of laser or particle beam driven fusion devices.

Between completely non-nuclear testing and full yield nuclear testing of a
complete device, there are a few other categories. In hydrodynamic resting the
functioning of the chemical explosives system 15 studied, normally the dynam-
ics of the implosion process used to compress the nuclear fuel and initiate the
primary nuclear part, The fuel, in this case, can be simulated by non-fissile
materials, e.g. natural uranium.

To investigate whether and how the nuclear reactions start, very low nuclear
yields can be used, corresponding to less than a kilogram or a few kilograms of
TNT. This type of test is called a hydronuclear rest. Until very late into the
CTBT negotiations the nuclear powers wanted hydronuclear tests to be
permitted and thus excluded from the ban. Yield limits in the gram and
kilogram ranges were discussed before the idea was abandoned.

Safery tests are tests in which a more or less fully developed weapon is
subjected to a simulated accident. As weapons are designed to give no, or at
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least negligible vield in the event of fire, bombardment or accidental dropping,
such a test normally involves no nuclear yield. Sometimes a test can, however,
be carried to the limit, and a very small nuclear yield may be developed.

In more full scale nuclear testing, the explosions can be carried out at much
reduced yields. As tailoring the primary to the secondary often is the main
purpose, there is no need to let the thermonuclear stage develop fully, This was
very important in the past, when the Partial Test Ban Treaty of 1963 directed
much testing underground, an environment not very suitable for high-yield
tests.

Two further test categories were much discussed in connection with the
CTBT, especially outside the negotiation room. These were computer simula-
tions and laser experiments. Some argued that this would allow those countries
that were mastering these techniques to actually design new nuclear weapons
without the need for nuclear testing. This was, however, strongly denied by
these countries. They explained that their poals for pursuing these techniques
were to maintain present arsenals and to solve future problems, such as
material ageing and reuse of old designs with partly different or more modern
components and materials,

Of all the above-mentioned testing categories, the CTBT clearly bans hydro-
nuclear tests, full-scale and reduced yield tests. Perhaps it can be argued that a
successful safety test with absolutely no nuclear yield would be allowed under
the CTBT, but many would probably deny that option.

The history of past nuclear testing is becoming betier known, as statistics on
the testing programmes are being made public. Official statistics on nuclear
testing recently issued by nuclear weapons states zenerally mclude full and
reduced vield tests and safety tests. Hydronuclear tests, which are banned by
the CTBT, are not included in the tables. The Russian Federation has stated
that thev carried out around 100 such tests. It is somewhat of a paradox thata
safety test with no nuclear yvield at all is included in the statistics, whereas a
hvdronuclear test of 1 t nuclear vield is not.

A confusion to test statistics is introduced by the fact that many under-
ground tests were carried out simultaneously in what were called salvo experi-
ments. This was mainly done for economical reasons, but such tests also
detracted from detection by teleseismic measurements abroad. Today this is
within the public domain, and there is no reason to regard one experiment
involving five different nuclear devices as one nuclear test when the same
experiment carried out during five different days would clearly be considered as
five tests.

3.3 NUCLEAR TEST SITES

Tests of nuclear weapons have been carried out at several sites, generally
selected by countries for their remote locations. The initial test by the USA was
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at a military site in New Mexico, but most of the lower yield atmospheric tests
and nearly all of the underground tests were conducted at the Nevada Test
Site. The high yield atmospheric tests were conducted at Enewetak (Eniwetok)
and Bikini Atolls in the Pacific. Other sites utilized for atmospheric tests
mcluded Christmas Island and Johnston Island in the Pacific, and three tests
were conducted over the south Atlantic Ocean. Some individual underground
tests were conducted in Colorado, New Mexico. Missssippi and on Amchitka
in the Aleutian Islands off the coast of Alaska

The former USSR began its tests at the Semipalatinsk Test Site, which is at
present within the country of Kazakhstan. There were 116 atmosphenic tests
with a total yield of 6.6 Mt conducted at this sitz beiween 1949 and 1962, In
addinon, more than 300 underground tests and two cratering experiments were
conducted there. The large yield atmospheric tests were conducted at the
Northern Test Site Novaya Zemlya in the Soviet Arctic. Missile-launched
weapons were tested from the test site near Kapustin Yar in the Astrakhan
region of the Russian Federation. Several sites were utilized for individual
underground tests other than the Semipalatinsk Site. including locations in the
Russian Federation, Kazakhstan, Ukraine, Uzbekistan, and Turkmenistan.

Nuclear test sites utilized by the UK included Emu. Monte Bello Island and
Maralinga in Australia and Christmas and Malden Islands in the Pacific. Some
underground tests by the UK were done in conjunction with the USA. Tests by
China were all at the Lob Nor Test Site in western China. France began testing
at two sites in Algeria, but following only a few tests. the test programme was
transferred to Mururoa und Fangataufa Atolls in French Polynesia. Under-
ground tests were conducted by India and Pakistan at sites in their respective
countries, The first test by Indin occurred in 1974; five further tests were
conducted in May 1998, Following the latter series, Pakistan responded by
conducting six underground tests also in May 1998 If all countries accede Lo
the comprehensive nuclear test ban treaty, the history of all nuclear testing may
now have been concluded,

34 NUMBER AND YIELDS OF NUCLEAR TESTS

It is only within the past few years that the countries that conducted nuclear
tests have released accurate information on the number and vields of tests
included in their testing programmes. This. therefore. allows a definitive line to
be drawn beneath this now concluded practice. The numbers of atmospheric
tests at the various test sites and the explosive vields are given in Tables 3.1-
3.5. The underground tests, summarized in Table 3.6. are too numerous to give
individual dates and locations. In some cases the vizlds of the tests have only
been specified to be within various ranges of cnermes. Therefore, the total
vields canmot vet be accurately known. In order to estimate the total vield of
atmospheric tests, the United Nations Scientific Committee on the Effects of



Table 3.1

Adtmospherie nuclear tests of the LISA,

Test siles
Warltime test and use

Hikin

Encwetak (Eniwetok)

Year
1945

1946
1954

1956

1958

1948
951

1952
1954
[956

Drate and vield of individual tests

16 Jul: D021 Mt

30 Jun; (0,021 M
28 Feh: 15 Mt
25 Apr; 6.9 Mt
20 Muoy: 3.8 M
25 Jun; 1.1 Mt
[T May: 1.36 M1t
[ Jun: 0,213 M
29 Jun: 0L014 Mo
22 Jul: (.065 M1

14 Ape: 0.037 Mt
T Apr: 0,081 Mt
X May: (L0455
31 Otz Mg M
13 May: [.o% Mt
4 May: 0.4 M1
6 Jun; 00137 M1t
16 Jun: 1.7 kt

B Jul: 1.85 M1

5 May: 0.018 Mt
16 May: 0009 Mt
26 May: (L0537 Mi
B Jum: (008 My

5 Aug: 0015 M1

24 Jul: 0.021 M1
26 Mar: 11 M1

4 May: 13.5 M1

27 May: 3.5 M1

10 Jul: 4.5 M

21 May: 0.0251 M1
14 Jun: 0,319 ML

2 Jul: 0.22 Mi

3 Apes 0049 ML
20 Apr: 0.047 M

15 Mov: 1.5 Mi

27 May: (119 ki

I Jun: G008 Mt
21 Jun: 0.0152 M1
21 Jul: 0.25 M1

Il May: 0.081 Mt
20 May: 59 ki

30 May: 0.0116 M
4 Jun: 1.45 M1

Mumber Total
ol tests yield (Mt)

9 Aug: 0021 M1 3 0.057

2 0.042
6 Apr: 011 M1

5 46,51
11 Jun: 0,365 Mt
20 Jul: 5 M1 f 18.27
30 My 0,092 My
27 Jun: 0412 ML
12 Jul: 9.3 M1

1] 12.02
Subtotal 23 T6.5
14 May: 0LO18 M1 3 0,104
8 May: 0,225 M1

4 0,399

2 10,9

I (W
30 May: 00149 Mi
13 Jun: 1.49 kit
2 Juk: 0,36 M1y

I 256

12 May: 1.37 Mt
26 May: (L33 Ml
2 Jun: 0.015 M
I8 Jun: L0011 M

centfinues overleafl

61
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Test sites

Mevadli

Year

1951

1952

1953

1955

1957

Date and yield of individual tests

27 Jun: 0.88 Mt
5 Jul; 0,397 Mt
26 Jul: 2 M1

27 Jan: 0,001 M1
2 Feb: (L0408 Mt
28 Oct: 00035 M
5 Mow: 0L031 M1t
1 Apr: (L0010 Mt
1 May: 0,019 Mt
I Jun: (OS5 Mi
17 Mar: 0016 M1
6 Apr: 0011 Mi
25 Apr: 0043 M1
25 May: D015 Mt
18 Feh: (0001 Mt
7 Mar: 0,043 ML
29 Mar: 0.014 M1y
9 Apr: 0,002 Mi
15 May: 0.028 Mt
28 May: 0.012 M1
I8 Jun: (001 Mt
5 Jul: 0.017 Mt
25 Jul: 0.0097 ML
23 Aug: (LI M1
2 Sepe 0011 M1
[4 Sep: 0011 Mi

contintied
MNumber Total
of tests  vield (M1)
28 Jun: 8.9 M1 1 Juk: 5.2 kt
17 Jul: .255 M1 22 Jul: 0.202 M1
6 Aug: 0 Mt I8 Aug: 0.02 ki 21 601
Subtotal 42 37
28 Jan: 0,008 Wi | Feh: 0,000 Mt
O Feh: 00122 M1 22 Oct: (01 kit I 0111
0 Oct: 0014 M1t 1 Mov: 0,021 M1
19 Nov: 0.0012 Mt
15 Apr: 0,001 Mt 22 Apr; 03] Mt
T May: 0.012 M1 25 May: 0.011 Mt
5 Jun: 0,014 Mt ] 0. 104
24 Mar: 0.024 My 31 Mar: 0.2 ki
L Apr: 0.2 kit 1% Apr: 0023 M1
8 May: 0.027 Mi 19 Muy: 0,032 M
4 Jun: 0061 ML Il 0.252
22 Feb: 0.002 Mi I Mar: 0007 Mi
12 Mar: 0,004 M1 22 Mar; 0.008 Mt
29 Mar: 0,003 M1t & Apr: 0.003 Mt
15 Apr: 0.022 Mt 5 May: 0,029 M1t
13 0. 166

2 Jun; 1.4 ki

24 Jun: 0.037 Mt
19 Jul: 0,002 M
T Aug: 0.019 M1
30 Aug: 00047 N
6 Sep: 0,197 ki
16 Sep: 0.012 M1t

SJun: 051

5 Jul: 0.074 M1
24 Jul: 0,001 M1
I8 Aug: 017 M1
31 Aug: 0.044 M1
8 Sep: 0,001 Mt
23 Sep: 0L019 Mt



Pacific sites**

Johnston Island

Clhristmus Ishind

1958

1962

1955
1958
1962

1958
1962

1962

28 Sepc 0.012 M1
19 Sepe L0831 ki
13 0ct: 1.4 kit

I8 Oct: 0.0%9 ki
22 Ot D15% ki
XNO0c: 181

7 Jul: 0.02 Mt

14 May: 0,03 Mt
2B Apr: 1T
6 May: D05 M

Aug: 3.8 M1

MNowv: 0,02 M1

25 Apr: 0,19 M1
4 May: .67 M1
11 May: 0,05 M1t
19 May: 0,073 M1
8 Jun: 0.782 M1
12 Jum: 1.2 M1

19 Jun: 2.2 kt

M Jun: 1.27 M1

T Ot LDOE M1
20 Sep: 0.002 M1
150t 1.21

22 Oxcr: OUD0G M
26 Oct: 49 kn

29 Oct: 0 M

14 Jul: 002 Mt

I May: 0002 Mt

12 Aug: 3.8 Mt
2 Oct: 0,075 M1
20 Oet: 0.02 Mt
30 Oct: B.3 M1

2T Apr: (.41 ML

g May: 0.1 M

12 May: 0.5 Mt
25 May: 2.6 kt

9 Jun: 0.21 M1

15 Jun: 0.8 Mt

22 Jun: DLOR1S Mt
10 Jul: 1 M1

10 Oct: 0.079 ki
16 Oct: 0.037 Kk
2 0ct: 0115
26022 ki
30 0ct: 1.3kt
17 Juk: 0.02 Mt

Subtotal

Subiotal

6 Oct: 0.0113 M1
26 Oct: 0.5 Mt
1 Nov: 0.5 Mt

Sultotal

2 May: 1,09 M

9 May: 0.1 M

14 May: 0,097 M1
27 May: 0,043 M1
10 Jun: 3 Mt

17 Jun: 0,052 M1
27 Jum: 7.65 M1
11 Jul: 388 Mi

L :luu

L

1o

M

0342

0.018

LO5
003

0007
0.07

0102

76

13.22
20,8

1325

covlimues overleal



Tahle 3.1 contined

Test sites Year Date and vield of individual tests
South Adlantic 1958 27 Aug: 1.5 ki 30 Aug: 1.5 ki b Sep: 1.5 ki
Summiry Wartime test and use*

Rikini test site

Enewetak test site
Mevadn test sile

Pacilic sites**

Johnston Bsband test site
Christmas Island test site
South Atlantic tests

Total

Number Total
of tests  yield (Mn)

I 00

) 0.057
23 T8
42 3.3
hE | .05

4 2
12 20.8
24 23.25

3 0.0045

195 153.8

* Alamogordo Test Site, New Mexico: 16 Jul, 1945; combat use: Hiroshima 5 Aug, 1943, Nagasaki 9 Aup. 1945

WS W 1267 14 May 1955 N 12° E 163% 28 April 1958 N 4 W 149% 6 May 1962 N 32 W 124% 1] May 1962,

eSS WOLLA™ 2T A B 49.5° WORDY 0 Augt 5 48.5% WOOT 6 Sep.



Table 3.2 Atmospheric nuclear tests of the former LISSR.

Test siles

Semipalalinsk

Year

1449
1951
1953
1954

1945

|56

1957

1958

1961

Date and yield of mdividual tests

29 Aug: 0,022 M1
24 Sep: 0,038 Mt
12 Aug: 0.4 Mt

& Sep: 1.6 kt

29 Sep: 0.2 ki

5 Oet: 0,004 M1t
23 Oct: D062 Mt
29 Jul: 1.3 ki

6 Mov: 0.25 M1
16 Mar: (L0014 Mt
30 Ang: 0.9 M1t
17 Mov: 0.9 M1t

& Mar: 0.019 Mt
10 Apr: 0.68 M1
22 Aug: 0.52 Mt
26 Sep: 0.013 Mt
4 Jan: 1.3 ki

14 Mar: 0,035 Mi
20 Mur: 0,012 M1
I Sep: (W06 Mt
O Sepe L1 ki

11 Sep: 0.3 ki

17 Sep: 0,05 Mt
19 Sep: 0,03 kt
26 Sep: 1.2 ki

12 Oct: 0,015 Mt
25 Oct: 0.5 ka

2 Now; 0.6 kit

4 Nov: 0.2 ki

I8 Oct: 0,042 M1
23 Aug: 0,028 My
10 Sep: 4.98 ki

1 Oct: 0.03 kit

B Oer: 0.8 kt

26 Oci: 2.8 kt

2 Aug: 0012 Mt
22 Mov: 1.6 M1
25 Mar: 5.5kt

2 Sep: 0,051 M1
14 Dec: 0.04 Mt
3 Apr: 0.042 M1
12 Apr: 0.022 M1t
26 Aug: 0.1 kt

28 Dee: 0,012 My
17 Jan: 0.5 ki

15 Mar: 0,004 ML
22 Mur: 0,018 Mi
4 Sep: 0,009 M
9 Sepe (138 ki

13 Sep: (0,005 Mi
I8 Sep: (0,004 kt
20 Sep: 4.8 ki

| Oct: 0,003 Mi
17 Oet: 6.6 kit

30 Ot 00,09 k1t

3 Now; (1001 kt

3 Sep: 58 kit

3 Oct: 0,002 M1
19 Oct; 00 M1
30 Oct: 0,01 M
5 Aug 1.2 ki

24 Aug: 0.027 Mi
10 Sep: 0.038 Mt

6 Apr: (057 Mi
16 Apr: 0.32 My
13 Sep: 5.9 ki

13 Mar: 1.2 ki
I8 Mar: 016 kt

5 Sepr (L0016 M1
1 Sepe (L85 ki
14 Sep: 0.4 ki

I8 Sep: 0.75 ki
21 Sep: 0.8 ki

4 Oct; 0,013 Mt
19 Oct: 0,005 M
| Mow; 2.7 ki

3 Mov: 0.9 kt

Mumber Total
ol lests yield (ML)
[ 0.222
2 (0K
5 (440
9 (LUg2
B 1.865
] 1.976
i1 | 691
B (1s2
28 0,154

continies overfeal



Table 3.2 comtinued

Test sites

Toisk, Aralsk

Novaya Zemlya

Year

1962

1954
[ 956

1955
1957

1958

Date and yield of individual tests

1 Aug: 2.4 ki
T Aug: 99 ki
21 Aug: 0.05 My

25 Aug: 0.005 M

22 Sep: 0.21 k1
28 Sepe 1.3 ka

13 Oct: 4.9 ki
28O0t T8 kt

31 Oct: (LO1 M1t
4 Nov: &.4 ki

13 Mov: 0001 kit
24 Nov: 0,001 kit
23 Dec: 0.001 kt

14 Sep: (004 M1
2 Feb: 0.3 ki

21 Sep: 35kt

7 Sep: 0.032 My
10 Oet: 001 Mt
23 Feb: 0,86 Mt
14 Mar: 0,04 M
30 Sep: 0.9 M

4 Oct: (1009 Mi
10 Oct: 0,068 M
18 Cet: 2.9 Mt
20 Oct: 044 M

3 Aug: 1.6 ki

I8 Aug: 7.4 kit

22 Aug: 0.003 Mt
27 Aug: 0.011 M
24 Sep: 12 k1

9 Ot 0,008 M
14 Ot D005 M
28 Ocl! 7.8 kt

I Mov: 0,003 Mt
5 Nov; 0.4 kt

14 Nov: 0.012 Mt
26 Mov: 0L031 ki
24 Dec: 0.007 kt

24 Sep: 1.6 M1

27 Feb: 0.25 M1
21 Mar: 0.65 M
2 Owet: 0,29 M

5 Oct: 0,015 M1
12 Oct: 1.45 M1
19 Ot 0004 ML
21 Oct: 0,002 Mt

Mumber
of tests
4 Aug: 38 kit
I8 Aug: 5.8 ki
23 Aug: 25kt
3 Auwg: 2.7 ki
25 Sep: 0,007 M1
10 Oct: 9.2 kit
200 Gtz 6,7 kt
30 Oct: 1.2 kt
3 Nov: 4.7 ki
11 Mow: 0,1 kt
17 Nov: 0.018 Mt
1 Dec: 24 ki
24 Dec: 00028 kt ki
Subtotal 16
|
I
Subtotal 2
|
6 Oct: 2.9 My
4
27 Feb; 1.5 Mt

30 Sep: 1.2 M1

2 Oet: 004 ML

6 Oct: 5.5 ki

13 Oct: 1.5 My
19 Cct: 0.001 Mt
22 Oct: 2.8 M

Totul
yield (M)

0.224
6.62

(10035
(1L.0003

0.003%
00035

4.542



Kapustin Yar

1962

957
1958
1961

1962

24 Ot | M

10 Sep: 2.7 M1
13 Sep: 0,006 M1
B Sep: | M1

: L25 M

; 0D1S Mt
Z : 125 Mt

T

gé¢s
e
Sk

G o
- F

=103
> >
LT

Soom—diwy
EisileEheT :
S

$RNTT
RRgLs

S
=

2EBY
rd
AR 3
> g WA

gnﬂn
T

-—
£

19 Jan: (001 My
| Mow; 0,00 ML
6 Sep; 0,011 Mt
27 0ct: 1.2kt
22 Oct; 0.3 Mt

25 Oct: IL19 Mt
10 Sep: 0.012 M1
14 Sep 1.2 Mt
20 Sep: 0.5 Mt

4 Oct- 4 Mt

20 Oct: 1.45 Mt
25 Oct: 0.3 M1
31 Oct- 3 Mt

2 Nov: 028 Mr
4 Nov: 6 M1

10 Aug- 0.5 Mi
22 Aug: 0.006 Mt
2 Sep: 0,08 Mt
16 Sep: 3.25 Mi
21 Sep: 24 M

7 Oct: 0.32 Mt
27 Oct: 0.26 Mt
I Nov: 0.24 Mt
18 Dec: 0.11 Mt
22 Dec; 6.3 kt
23 Dec: 2.4 ki
25 Dec: 3.1 M1

o)

3 Now: 0001 M1
6 Oct: 0,04 Mt

28 Oct: 0.3 Mt

25 Oct: 0.1 Mt
12 Sep: 115 Mu
16 Sep: 0.83 My
22 Sep: 0.26 Mt
6 Oct- 4 Mi
30c: 48 kit
27 Oct: 0016 M1
31 Oct: 0.5 Mt

4 Nowv: D015 Mt

-
i
=
:.
£

BesiB2b=
£2;
£=
2%
£z

2T 0ct; 1.2 %t
I Nowv: 0.3 Mt
Subtotal

Total

2 1625
% 9261
6 126.1
91 2195
i 0.01
2 0.02
4 0.053
3 0.90
10 0.983
219 M1




Table 3.3 Atmospheric nuclear tests of the UK.

Test sites Year
Australion* 1952
1953
| 956
1957
Pacific** 1957
1958

Drate and vield of mdividual tests

3 Oct 0025 ML
P Cher: (il M
6 Moy 0005 Mi
4 Ot 00015 M
14 Sep: 0.001 Mt

15 May: 0.3 M1
£ Nov: LE Mt
28 Apr: 3 M1
1 Sep: 008 ML

20 Ot (00 M
15 Jun; 0006 M

[ Oty 0003 ML
25 Sep: 0,000 Mt

31 May: 0.72 Mt

22 Aug: 0,024 M
23 Seps (L0235 M

27 Sep: 0.015 Mt
22 Oct: 0.01 M1
9 Oet: 0.025 M1t
Subtotal

19 Jun: 0.2 M

2 Sep: | M1

Subtotal
Total

Mumber
of tests

[
2

Total

yield (M)

0025
0.018

0,105
0.032

0180

102
4,85
7.87
B.05

* Tests at Monte Bello Islund: 3 Oct. 1952 16 May, 19 Jun. 1956; tests at Emu; 14 Oct, 26 Oct, 1953; other tests at Maralinga.
** Tests at Malden lsland; 15 May, 31 May, 19 Jun, 1957; other tests of Chrstmas Island,



Table 3.4 Atmospheric nuclear tests of France,

Test siles

Year

e and yield of individual wesis

Mumber

of tests

Total
vield (M)

Algerian

M ururon and
Fangataufa®

1960
1961

1966

1967
1968

1970

1971

1972
1473

1974

13 Feb: 0.067 ML

25 Apr: 00007 Mt

2 Jul: 0,028 M
24 Sep: 0,125 M
5 Jum: L0014 M1
TJul: 00115 Mt
24 Aug: 2.6 M
15 May: 0.013 M1
24 Jun; 0.012 Mt
3 Aug: 0,072 M1
5 Jun: (L034 Mt
8 Aug: 0.004 Mt
25 June: 0L005 M1
20 Jul: 011 M1
M Aug: 0.2 ki
[6 Jum: 0L004 ML
25 Jul: 0.008 M
14 Sep: (L332 Mt

| Apr: 0.003 M1

19 Jul: 0,05 M1

4 Ot 0,205 M1
27 Jun; (.12 Mt
15 Jul: 045 M

B Sep: .28 M
22 May: 0,224 M1
3 Jul; 0.914 Mt

6 Aug: .59 M
12 Jun; 044 Mt
14 Aup: 0,955 M1
3O Jun: (U004 M1
28 Jul; .05 k1t

28 Aug: 006 ML
T Jul; 0,15 M

15 Aug: 0.096 M

27 Dec; 0.002 M1

Subtotal
1 Sep: 0010 Mi

Jul: 0,022 M
Aug: 0015 ML

2
3
30 May: 0.945 Mt
27 Jul: 0.05 kt
4 Jul: D009 M1

27 Jul: 0L006 M
I8 Aug: 0,004 M1

17 Jul: 0,004 ML
24 Aug: 004 Mt
Subtotal

Total

k!
1

4

ot

0.072
0.0007

0073
(.52
16

4,60

2.1

1.44
00l

(L2l

(1.6l

013

.2




Table 3.5 Atmospheric nuclear tests of China,

MNumber Total
Test site Year Drate and yield of individual tests ol tests  wield (Mt)
Lob Mor [REE) 16 Oct: D02 ML | X
1463 14 May: 0,04 M1 | (04
1966 9 May: 0.3 Mi 27 Oct: 0,02 My 28 Dec: 0.3 Mt 3 (602
1967 17 Jun: 3 Mt 24 Dec; 0.02 M1t 2 102
1968 27 Dec: 3 Mt i 3
1969 29 Sep: 3 Mt I 3
1970 14 Oct: 3 M1 I |
1971 18 Mov: 0,02 Mt | (.02
1972 T Jan; 0,02 Mt 18 Mar: 0.1 M1t 2 012
1973 23 Jun; 2.5 Mt I 2.5
1974 17 Jum; 0.6 M1 | (16
14976 23 Jan: 0,02 M1 26 Sep: 0.1 M [7 Now: 4 M1 3 4.12
1977 17 Sep: 0.02 Mt | (.02
1978 15 Mar: 0,02 Mt 14 Dec:; 0.02 My 2 .04
| &0 16 Oct: 0,6 M1 I (L6
Total 22 w7




NUCLEAR WEAPONS TEST PROGRAMMES

Table 3.6 Underground nuclear tests.

Number of tests

Year USA LSSk UK France China India Pakistan
1951 1

1955 1

1957 5

1958 13

1961 10 1 1

1962 57 1 2 1

1963 45 3

1964 48 9 2 3

1963 39 13 I 4

1966 49 19 1

1967 42 23

1968 72 23

1969 fl 4 i
1970 () 21

1971 28 29

1972 32 3

1973 27 22

1974 25 27 I 1
1975 23 35 2 |
1976 20 27 I 5 I
1977 23 36 q

1978 0 55 2 11 1
1979 15 52 | 10

1980 14 43 3 13

1981 16 7 1 12

1932 18 34 | 10 I
1983 19 37 L 9 2
1984 1% 52 2 & 2
(983 17 10 I &

986 14 I 8

1987 16 39 | 8

1988 18 29 8

1989 15 i1 | 9

1990 10 8 | 3] 2
1991 9 | (1]

1992 5 2
1993 I
1994 2
1995 i 2
1996 1 2
1997

15998 5 6

Total g10 750 24 18] 22 & &

Total !’gr all m:r_unmes: 1878




30 NUCLEAR TEST EXPLOSIONS

Atomic Radiation (UNSCEAR) is assigning vields also to these unspecified
tests. These yield estimates are, thus, still subject to adjustment, should further
information become available. Specific yields for each underground test have
not yet been assigned.

The nuclear testing programme of the USA included 210 aimospheric tests,
five underwater tests and 815 underground tests (DOE, 1994). As the under-
water tests were uncontained, these tests are included with the atmospheric
tests in Table 3.1. The use of two nuclear weapons detonated in Japan at the
end of World War Il are also included; these add to the total number of
atmospheric explosions. In 63 underground tests, simultanecus detonation
of two to five sepurate charges occurred. As these can be distinguished as
independent tests, the total number of underground tests should be increased
by 95 tests. This explains the number of underground tests (910) given in Table
3.6. The total number of tests was 1127. There were 24 underground tests
conducted jointly with the UK. These tests are listed with the Jatier country in
Table 3.6.

The former USSR condueted 219 atmospheric tests (including five under-
water) and 496 underground tests (MRF, 1996). This gives a total of 713 tests,
but an additional 254 charges were detonated in simultaneous underground
tests. These are given separate designation in Table 3.6. The total number of
tests by the former USSR was, thus, 969,

The UK conducted 21 atmospheric tests and 24 underground tests, the latter
jomntly with the USA (Johnston, 1995). There were. in addition, 12 safety tests
conducted on the land surface, which, although of no vield, are by convention
added to the number of aimospheric tests. The atmospheric tests at the various
test sites are listed in Table 3.3, and the annual number of underground tests in
Table 3.6.

The atmospheric test programme of France is given in Table 3.4, There were
50 atmospheric tests (Doury and Musa, 1996). including five safety tests, and a
total of 160 underground tests. The total number of tests was 210. Official
information of the nuclear test programme of China is still lacking. The
recorded number of atmospheric tests is given in Table 3.5 (UNSCEAR, 1993)
and the underground tests in Table 3.6, There were 22 tests of each type. 44 in
total, The underground tests of India and Pakistan are recorded in Table 3.6.

From the above enumeration, one derives a total of 2419 nuclear tests
carried out by all countries between 1945 and 1998, 54| atmospheric and [878
underground. The total explosive yield of each atmospheric test has been
reported or estimated. The vield of atmospheric tests. 440 Mt. exceeds that of
all underground tests, estimated to be 90 Mt. A summary of total numbers and
vields of tests for the separate countries is given in Table 3.7. The fission and
fusion proportions of the tests have not vet been fully divulged. It will be
important to obtain this information in order to determine the amounts of
fission, fusion and activation radionuclides produced in these explosions.



Table 3.7  Summary of nuclear testing.

Country MNumber of tesis Yield (M)
Armospheric Underground Total Awmospheric  Underground F'otal
LISA 217 G0 1127 154 46 200
USSR 219 150 Q6 247 3 285
UK Jans M4 57 .1 2 1o
France Seee 160 210 10.2 | 13
China 22 22 H“ 0.7 | 22
India [ 0
Pakistan [ &
All countries 541 1878 2419 440 40 530
* Includdes 22 safety tests and 2 combat explosions,

** Includes 12 salety teats.
= Includes 5 saloty tests,

£
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Estimates of radionuclide production are derived from the fallout measure-
ments that were made throughout the world during the time of testing. These

measurements are the starting point for the dose estimates to be discussed in
Chapter 6.
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4 Nuclear Explosions and their
Environmental Contamination

YU. A. IZRAEL, E. D. STUKIN, V. N. PETROV, L. ANSPAUGH.
A. DOURY. R. J. C. KIRCHMANN AND E. VAN DER STRICHT

4.1 FORMATION AND FRACTIONATION OF RADIONUCLIDES

4.1.1 General characteristics of radionuclides and processes after a nuclear
explosion

Most of the contamination from nuclear explosions has resulted from deto-
nations in the atmosphere, especially those near or on the Earth’s surface, and
from underground detonations that were designed to produce craters,

In order to predict and analyse the atmosphere and terrestrial radioactive
contamination it is necessary 10 know in detail:

1. the nature of the source (size and shape of the radioactive cloud, processes
within the cloud, distribution of radicactive particles by size. and distribu-
tion of the radionuclides within and on the particles):

2. the meteorclogical situation (wind velocity with height and precipitation);

the distribution of radionuclides on the greund (fallout pattern):

4. the prevalence of foodchains and the intake of contaminated food by
animals and humans.

-

These factors, with additional detail, are indicated in Figure 4.1.

The first two lactors determine the character of the atmospheric transport of
the debris, the formation of fallout and the principal radiation characteristics,
i.e. the external gamma-exposure rate and the radionuclide composition of
fallout. These subjects are considered in detail in [zrael (1996).

An atmospheric nuclear explosion produces a radioactive cloud, which
depending on the explosive vield. rises to an altitude from several to several
tens of kilometres.

A cratering explosion produces a cloud (which rises up to an altitude of
several kilometres) and a base surge, which has a height of about 20-25% of
the main cloud.

Nuclear Tesr Explosions Envicomminial arnd Hinan Impacts
Edited by Sir F. Warmer and R. 1. C. Kirchmann HEUH
€ 2000 SCOPE Published by John Wiley & Sons Lid T
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Explosion
Meteorological variables: Cloud
wind velocity — F{t, k), 1 Radioactive source
fall velocity — W (1), Radionuclides — 0 (h,1)
precipitation Aerosols=N(d)
Fractionation of radionuclides

External Terrestrial W
exposure pattemn nm;u —
P(1), D, (t1,) P(x.y); o; (%) e
Migration Biological
i availahility

= 3

Contaminated Contaminated
fish

Total Internal [Euman
dose dose diet

Figure 4.1 The scheme of transformation and transport pathways of radionuclides
from nuclear explosions and the consequent atmospheric and terrestrial radioactive
contamination.

Radioactive debris consists primarily of fission products and neutron-
activation products, both of which may be mixed with a substantial amount of
soil and material from the supporting tower and explosion device.

During the first tens of seconds of fireball and cloud formation very import-
ant processes ocecur in the condensation of vaporized products on the parti-
culate matter that may be present. These processes determine the distribution of
various radionuclides relative to the size of particles: radionuclides with high
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melting points tend to be distributed throughout the volume of larger particles,
whereas volatile radionuclides tend to be confined to the surface of particles. As
small particles contain most of the total surface area available, volatile radic-
nuclides tend to be associated with smaller particles. Later, particles are trans-
ported to various distances depending upon their size. among other factors,
Thus, the processes that occur during the first tens of seconds play a decisive role
in the radionuclide composition of the contamination as a function of distance
from the explosion.

4.1.2 Formation of aerosol particle-carriers of radioactivity

A subsurface nuclear explosion ejects into the atmosphere around 5000 t of
soil per explosion yield of 1 ki 180-200 t of this amount is melted, and 1.5 1o
25 t kt! is vaporized (in the case of an underground explosion up to 50-70 t
kt-! is vaporized).

In the case of ground-surface explosions less soil (or water, if exploded over
water) is ejected into the fireball and the cloud; in the case of atmospheric
explosions the cloud may contain essentially only the matter of the device itself.
In the latter case, spherical radioactive particles of several micrometres dia-
meter are formed only as a result of the condensation of the material, whereas
in the ground (surface) and underground (cratering) explosions, radicactive
particles are produced as a result of the fusing of radicactive material with
entrained soil.

Two principal types of particles are formed: spherical (or drop-form)
particles formed, as a rule, by fusion of silicate material (for example, volcanic
rock. obsidian, etc.), which are up to 1-2 mm in size. and angular particles of
irregular forms that have not been fused, In addition there are combinations of
the two forms,

Radionuclides in spherical particles are distributed either throughout the
entire volume, or through a thick layer of the volume. The radionuclides
associated with angular, irregular particles are, as a rule, attached to the surface.
A substantial amount of experimental data on radioactive particles and their
radionueclide composition has been published (Klement, 1964 Tzrael er al.,
1970a; Izrael, 1973).

The total particle-activity and size distribution for a surface (and under-
ground) explosion (and for the Chernobyl accident) can be expressed by a
lognormal law, e activity fraction A(d). =) connected with particles with
diameter from d; to o is equal to

1 [ lgd — lgd)*
Aldy, di) = — j exp —[—gf—,i—'— dllgd) (4.1}
v 27 Jigd, 25

where d is the particle diameter. d and o are distribution parameters.
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The above distribution is not strongly related to explosion yield, but it does
depend substantially on the soil type. For example, for Nevada soil lg d =
2.053 and o = 0.732, for coral soil Ig d = 2.209 and ~ = 0.424 (Stewart, 1956).

Models that describe the movement of radioactive particle distribution in the
atmosphere often uses particle fall velocity distributions N W), For example:

N(W) = B il W (4.2)
Iin+1)

where W is the particle fall velocity, T is the gamma-function, and a, n are
distribution parameters. In one particular case studied by Petrov and Pressman
{1962} it was found that » = 2 and a = 0.06,

Vaporized explosion debris transforms into melted (fused) soil particles in
accordance with thermodynamic conditions in the fireball as well as with the
physical and chemical characteristics of the elements. Soil particles solidify
very quickly in the fireball; for example, in about 7 s, in an explosion vield of
20 kt and in about 40 s for an explosion yield of 1 Mt

4.1.3 Fractionation of radionuclides

The physical and chemical form (i.e. gaseous, intermediate, or refractory) of
the radionuclides in a fission-product mass chain during fireball formation is
very important in determining the association of radionuclide activity with
particle size. Several of the more important mass chains are shown in Table
4.1, It can be seen in Table 4.1 that in the first tens of seconds after the
explosion, precursors of *Sr, "8r and '¥'Cs are in the form of noble gases,
9K r, ®Kr and '*"Xe; therefore the product radionuclides (e.g *¥Sr. *'Sr and
1*7Cs) are not found within the particles that condense during the early post-
detonation phases. Rather, **Sr, *’Sr and '¥"Cs attach to particles according to
the surface area available at the later times when they condense. In contrast,
radionuclides such as **Zr and '"Ce are already in the form of refractory
elements within the first seconds and thus are found distributed throughout the
volume of particles that condense during the early phases. A value, F; can be
calculated (Izrael, 1973);

o

ol
H Q1)

{4.3)

i.e. the relation between the stage the ith chain radionuclide reached by the
moment ! inside the melted particle Q) (7) and the total amount of radio-
nuclides in the given chain Q; (r).

The dependence of the total activity, A(r), of the individual radicactive
particles on their radius, r, is subject to the power law A(r) = &> r", where & is
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Table 4.1 Mass chains of certain fission products.

Mass chain  Volatile Intermediate Refractory
89 445* ¥pr. — 50.5 day *Sry —
(48 2)** (0.05)
— 1.2 min EI;KI],E, —13.4 min Bg-th? = — stable 89\(]9
(40.7) i4.1)
a0 l.6s mBr;_-; o i 28 vr WSI'_“: —
(27.5) (0.41)
— 33§ MKryy, — 2.7 min l5"”5&1:'3,7 — 4R —
(56.7) (13.9) stable *Zrqn
a5 short IHK.TH, — 25 %Rh_ﬂl — 40 s 9551_33 -+
(0.1) (7.2) (49.1)
— 10 min Y3y —
(39.7)
— 65 day MZry —
(3.8)
— 35 dﬂ.}" qub“ —
— stable Moy
137 2445 Vg —
(54.2) Y 0.95_~2.6 min '™ Bay
— 39 min "Xew — 30y "Csay = Z
(32.5) (232) 0.05 ™ stable '*'Bass
144 short "™Xes, — 1.5 W45, — 3.5 5 MBag, —
(0.2) 2.7 (49.1)
— 13s 1“1.35; —*
(39.7)
— 290 day "MCey —
(3.8)
— 17 min "*Prsg —
— stable "™Ndg,
* Half-life.

** % (lzrael, 1996),

a parameter to be fitted and 2.0=<n<3.0, i.e. at n = 2.0 contamination is only
on the surface of the particle and at » = 3.0 coniamination is spread
throughout the volume of the particle (Figure 4.2).

Thus, the physical processes that occur within the fireballs and which result
in different radionuclides being attached to particles of different size. result in
the ‘fractionation’ of radionuclides. Radionuelides that condense at later times
attach themselves to particles according to the surface area available, which is
always associated with smaller particles. Such smaller particles typically remain
airborne for longer times than do the larger particles with the refractory
elements distributed throughout their volume.

Radionuclide fractionation can be considered as a deviation of the radio-
nuclide ratio (in particles. zones of radioactive fallout, etc.) from the initial
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Figure 4.2 Relationship between particle beta-activity and particle size in various

experiments: (a) 12 August 1953; (b) 29 July and 5 August 1955; (c) 25 March 1956; (d) 24

August 1956, measurements 3 v after the explosion: (¢) 24 August 1956, measurements
3 h after the explosion: (1) 14 September 1961. 1. calculation; 2, experimental data.

ratio at the moment of the explosion, Thus, the fractionation factor of the ith
radionuclide to jth radionuclide is

mle r)/nie.r)

foltr) = . .
JJ{ ) lﬂ,:f”lr'lﬂ_l:”l__]r

i4.4)

where the index T denotes the theoretical ratio of these radionuclides (i is the
number of nuclei. ¢ is the time and r is the radius of the particles).

Fractionation factors are important characteristics of atmospheric and
terrestrial contamination. They change significantly for different particles and
different zones of contamination, even for the same explosion (up to 100
times). To characterize fractionation in a fallout pattern from a given explo-
sion (or for an explosion a2 a whole) one can construct correlation plots of
logarithms of fractionation factors. It is common to make reference to two
radionuclides of opposite (by volatility) properties of elements (mass chains);
usually these are ®Sr and **Zr.

Figure 4.3 shows examples of correlation plots for different radionuclides
produced by the USSR crater forming explosion named Sary-Uzen. and the
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Figure 4.3 Correlation plots of fractionation factors for various radionuclides in the
fallout pattern from USSR crater explosion shaft “1003".

drilled shaft *1003" (lzrael et al , 1970a; Tzrael, 1973). A similar correlation plot
is shown in Figure 4.4 for an atmospheric explosion (Freiling. 1961).
It follows from the plots that

lg fiso =a;+ b 1g fosse (4.5)

where a; is the value of the “cut-off” (ordinate) and b, = tg o is the slope of the
regression line. Values of a; and b; depend on the choice of radionuclide k as
the reference.

It can be shown (Freiling, 1963) that b; = n;_- and

_ k{1l —B)a?

; 4.
d T #1 (4.6)

Here. o is the dispersion in the lognormal distribution of a particle activity
and mass by sizes 2 <n, < 3 is the power index of particle size distribution of
activity.

It turned out that

g fize = VF 18 fosge (4.7)

where F, is determined from equation (4.3) (Figure 4.3).

It is of interest to note that value of v 15 not related to the fission type (unlike
the value of the ‘cut-off” variable 4;). Values of a; and b; depend on the choice
of radionuclide, k, as a reference.
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Figure 4.4 TMustrative corrclation plot of fractionation factors for an atmospheric
nuclear explosion.

Ai(a), decay/(min-part,)
=

10? 5/ 0 d, fam

Figure 4.5 Size dependence of various radionuclides activity in particles within the first
few seconds of an explosion (data obtained from USSR crater explosion shaft *1003').
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Figure 4.6 The relationship betwesn fractionation factors and particle size for ""Ba
{a). *Sr, 8¢ and "¥7Cs (b,

Having assumed the respective models of particle activity (distribution with
particle size) on the surface of a particle and in the structure of a particle
theoretical relationships can be constructed (Izrael, 1973) between fractionation
factors for various radionuclides and particle size (Figure 4.6). The application
of these models has made it possible to calculate the fraction and distribution of
radionuclides deposited within the immediate vicinity of explosions of various
yields. The validation of these results with independent material is shown in
Figure 4.7. Here we see a correlation plot of calculated values with those
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Figure 4.7 Correlation plot of calculated (§;). and experimental (§;). fractions of
radionuclides deposited from fallout in the immediate vicinity of a low-vield ground
explosion.

obtained experimentally from fallout in the immediate vicinity of a small
explosion (Small-boy) carried out in the USA. These data demonstrate that the
experimental and calculated values coincide.

Table 4.2 lists experimentally obtained integral values of Ig o, for fallout
pitterns from atmospheric and ground-surface explosions (Freiling, 1963).

Further, if one considers fractionation factors at different distances from
ground zero their dependence on distance is obvious. Figure 4.8 shows the
dependence of fractionation factors (integrated across the pattern) on the dis-
tance x/Hu from the ground zero for four crater nuclear explosions in the former
USSR (lzrael ¢t af., 1970a). For the normalized distance, x is the distance along
the pattern axis, u is the wind speed, and H is the cloud height. A distinct
relationship between fractionation factors and distance is observed in this figure.

Table 4.2 Values for lg o, when correlating various
radionuclides from atmospheric nuclear explosions,

Radionuclide lg o, Radionuclide lg o,
gy 0.32 14, 0.43
Mo 0.11 ”'fC = 0.94

HiTe 0.60 el B 1.04

12 -0.06 Np 1.05

S9gr 0 937y 1.0
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Figure 48 Changes of fractionation factors, foygs. with normalized distance x/Hu for
various explosions (x, distance along the pattern axis; u, wind speed; H, cloud height).

For radionuclides produced from ground-surface explosions the relative
magnitude of fractionation (from 0 to 1 relative to *Zr, i.e. from ‘volatile’ to
‘refractory’) can be presented in the following sequence (Klement, 1964; lzrael,
1973): ¥7Cs, #98r, 2081, 136Cs, 113Cd, MAg, 140Ba, 1Y, 131Ce, PMo, 19%1%Ry,
radionuclides of rare-earth elements, %Zr. For underground nuclear explo-
sions this sequence is as follows (lzrael et al., 1970): '¥7Cs, ™8, 0S¢, 14"Ba,
Sy 1Ry, 1], 132Te 136Cs 4Ce 44Ce ¥Mp, **Zr. A large amount of
experimental data on the radionuclide compesition of airborne and fallout
material has been published (Klement, 1964).

It is important to note that the established relationships of the dependence of
radionuclide fractionation on volatile precursors produced by nuclear explo-
sions does not, naturally, apply to nuclear reactor accidents. In the case of a
reactor accident, for example, the behaviour of all caesium isotopes is similar,
but the behaviour of strontium isotopes are different (Izrael er af., 1990). In the

case of a nuclear reactor accident such as Chernobyl. the caesium and strontium
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isotopes behave quite differently, as the volatile precursors of the strontium
isotopes have already decaved and strontium itself is not volatile.

42 ATMOSPHERIC DISPERSION AND FALLOUT OF
RADIONUCLIDES

The spatial pattern of surface radicactivity contamination is formed by the
fallout of radioactive particles from the radioactive cloud in passing air masses.
One can distinguish a proximal pattern (a few hundred kilometres from ground
zero), a remote pattern (formed several days after the explosion) and global
fallout occurring over several years, which comprises highly dispersed radio-
active particles ejected into the atmosphere and stratosphere.

When describing the pattern one should investigate its spatial patiern (iso-
lines of dose rates or radionuclide deposition density) and determine distinctly
the axis of maximum contamination.

4.2.1 Local (proximal) fallout patterns

Patterns from the clouds of high-yield ground and tower-type nuclear explo-
sions are well known (for example, the USA explosions of 1949 on Bikini Atoll
and the explosion of 12 August 1953 at the Semipalatinsk Test Site). Figure 4.9
shows spatial distribution of '¥Cs contamination density, with the pattern
from the explosion of 1953 indicated (Izrael er al., 1994).

It is obvious that spatial distribution patterns will depend much on the size
of the cloud and on meteorological conditions. particularly on changes in wind
direction at high altitude.

Figure 4.10 shows the relationship between the amount of radioactive
products 4(R) in various patterns from the explosions of the Semipalatinsk
Test Site (Loborev et al.. 1994) and the distance R. One characteristic peculi-
arity of these relationships is that they are power functions:

A(R) = AR (4.8)

Another peculiarity is the occurrence of a conspicuous curve at the beginning
of the pattern: it is practically absent in the case of ground explosions, close to
ground zero for tower explosions and is variably located depending on the
relative height of the explosion for air explosions.

Particularly well studied are patterns of underground cratering explosions
{Izrael, 1974). The main characteristics of such explosions carried out in the
USA and former USSR are given in Table 4.3. A peculiarity of cratering
nuclear explosions is the formation (besides the cloud) of a base surge vield,
which results in a circular contamination of the ground zero region (Nordyke
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Figure 4.9 The area around the Semipalatisk Test Site contaminated by "Cs (Ci km ™ multiply by 3.7 % 10" (o obtain becquerels).
The survey was undertaken in 1991 {based on Scientilic Production Enterprise (SPE) *Aeropeologia’ data). Spatial patterns attributable
o incividual explosions are shown. in
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Figure 4.10 Relationship between the amount of radicactive products A(R) in the

fallout pattern from the nuclear explosion and distance R from ground zero. Data are

for surface nuclear explosions on STS: {a) 12 August 1953 (b) § October 1934 (c) 2
August 1955; (d) 24 August 1956; (¢) 7 August 1962; (I) 30 October 1962.

and Wray, 1964; lzrael er al., 1970a,b). This contamination, unlike surface
contamination, is volumetric in character: i.e. radioactivity is found at depth,
down to tens of centimetres and more (Figure 4.11; Izrael er al., 1970b).
Figures 4.12 and 4.13 show the surface pattern of contamination following
the underground nuclear explosions *1003° (USSR (lzrael er al., 1970a) and
Sedan (USA) (Klement, 1964), Figure 4.14 shows changes in the dose rate and



Table 4.3  Basic data concerning experimental cratering nuclear explosions®.

Type Name of the
explosion

Mediom vield  “Chagan’ (" 1H4")
“Sedan’
‘Schooner

Low yield ‘Cabriolet
‘Sary-Uzen (11003%)
‘Danny-Boy'

Very low yield ‘Telkem-1" (T-1)
‘Sulky’

Row explosion  *Buggey’
Telkem-2" (T-2)
Taiga’ ("Canal’)

Country  Yield, ki

LISSK 40+
LISA 104
LISA 30
LISA 23
USSR L1
USA 0.43
LISSR 0.2
LISA 0.092
LISA .08 = 5

LISSR 0.24 = 3
LISSR 15 =3

Depth, m

175
191
108

52
48
135

il4
274

41.2
34
|28

mflkt '

41
S0
30

44.8
48
43.2

51
56

4]1.2
5l

Clowd
height, m

4R00
30004200
4000

120
300
300
200

)
450

Amount of
material
deposited over
the pattern®**, 1

1400
1200 1440
40

7
s
17-30

0.4

Radioactivity
fraction
deposited over
the pattern, %

20
417

i

0.2

.3

* Al basic data are shown in accordance with official publications (Mikhaloy e af . 1996) and (US DOE, 1994)
** Yield on fission 15 7 kb in accordance with Mikhailov ef af, (1996),

*% On power density field.

L¥
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Figure 4.11 The relationship between the specific soil beta-activity and depth in the
profile for explosion 1004,

total amount of radicactive iodine at the ground surface along the plume axis
of explosion *1003", and Figure 4.15 shows the relationship between the total
amount of '*'[ and the distance from ground zero for three crater explosions
(Izrael et al., 1970b).

4.2.2 Remote pattern (tropospheric fallout)

The remote pattern is characterized by larger spatial scales and much lower
contamination densities as compared to the proximal pattern.

Figure 4.16 (Izrael er al,, 1995) shows data on the measured activity of
radioisotopes “*Zr + **Nb and "Ru measured in the USSR after a series
of the 1961 high-vyield nuclear explosion at the Novava Zemlya Test Site. In the
autumn of 1961, 11 nuclear explosions of more then 1 Mt yield were conducted
there, and on 23 and 30 October 1961 two very large devices, with yields of
12,5 and 50 Mt, were exploded (Mikhailov er al., 1996). The explosions were
conducted at an altitude of 3.5 and 4 km. The nuclear clouds from all these
explosions, having reached a high altitude, spread towards the continental
territory of the former USSR (primarily towards the south to southeast). The
contamination over a vast area of the former USSE was investigated in April
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Figure 412 Gamma-radiation dose rate distribution m the fallout patiern, one day
after explosion *1003".

1962 by sampling the snow cover present before the nuclear test and which had
not melied before sampling.

At least two vast zones of radioactive contamination were found: the first
zone in the west of the Ural Mountains (Uralskie Gory). and the second in the
Taymyr (Taimyr) peninsula and central Siberia. The maximum surface con-
tamination in April 1962 was: total activity up to 1000 mCi (37 GBg) km%;
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Figure 4.13 Gamma-radiation dose rate distribution i the pattern of fallout contami-
nation (a) and in the pattern of proximal contamination (b) one day after the “Sedan’
explosion.

#Zr + **Nb up to 300 mCi (11.1 GBq) km ?; '“Ru up to 55 mCi (2.0 GBq)
km 2. No noticeable ruthenium isotope fractionation relative to **Zr was
noticed. This contamination corresponds to a maximum exiernal gamma dose
radiation of 0.2-0.3 rem (2-3 mSv) between the time the fallout was formed
and its complete decay.

In contrast, in the remote fallout from the ‘Sedan’ crater explosion at a
distance of about 1000 km from ground zero. substantial radionuclides frac-
tionation was observed (Table 4.4). It is to be noted that the tritium deposition
in the remote fallout from the Chagan crater explosion, shaft “1004" is close to
the deposits of other volatile explosion products (Table 4.5).
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Figure 4.14 Dependence of gamma-radiation dose rates, R/ (a) and integral amount
of radicactivity, R km* h™' (b) on distance R along the fallout-contamination axis from
explosion *1003",

A remote pattern of radionuclide fallout was produced by the crater explo-
sion ‘Schooner’ (USA, NTS, 8§ December 1968), as measured over Europe and
the USSR.

4.2.3 Global fallout

The products of the very high-vield nuclear explosions reached the higher
atmosphere and the lower stratosphere and were transported and deposited
globally in a matter of weeks, months and years, mainly in the same latitude
belt as the test site.

Figure 4.17 shows the distribution of **Sr at the Earth's surface in 1963-64
{Klement, 1964). At that time the average deposition density of ™Sr in the
Northern Hemisphere (in the band between 70°E and 140°E) was 40 mCi (1.48
GBaq) km 3, whereas that of *"Cs was 1.85 times as much. The distribution
of *’Cs (contamination density, mCi km?) of global origin over the territory
of the former USSR in the late 1960s is shown in Figure 4.18 (obtained by
airborne-gamma survey) (Boltneva er al., 1977).

At first, global fallout included the short-lived radionuclides ('*Ce, %*Zr +

¥*Nb. ¥Mn, etc). In total 19.3 MCi (714 PBq) *Sr. 33 MCi (1.2 EBq) '*¥Cs
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Figure 4.15 The relationship between '*'I integral amount and distance along the
fallout-contamination axis for three crater explosions.

and up to 1600 MCi (39.2 EBq) of tritium were released into the atmosphere
before 1963 (Klement. 1964). It is interesting to note that deposition of '*"'Cs

over central Europe after the Chernobyl nuclear power plant accident is 1.9
MCi (70.3 PBq).

4.2.4 The modelling and prediction of radioactive fallout

Residence times and geographical distribution of the explosion debris and
products are determined by the local and global air mass movements and
meteorological conditions, as well as by the size and physical properties of the
explosion. Any prediction of radioactive contamination deposition requires a
detailed knowledge of all processes involved and the physical collection of
actual contamination data. This information makes it possible to reconstruct
(model) the radioactive contamination source and the various stages of its
distribution.

Based on experimental data the contamination source is modelled either as
an instantaneous point source (with particles and radioactivity carrier size
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Figure 4.16 A map of the **Zr + **Nb deposition pattern based on measurement data

of 1962, Sample number (numerator) and terrain contamination density by the end of

May 1962 in mCi km~? (denominator) are given near the sumpling points. Arrows show

mean wind velocity direction at 0-153 km height on 23 (1), 24 (2), 30 (3) and 31 (4)
October 1961, To convert mCi to becguerels multiply by 3.7 x 107,

distribution, equations (4.1) and (4.2), for settling velocity)—if there is no wind
shift—or as a vertical linear source if there is a windshift. Point-source con-
tamination modelling is the most universal. According 1o experience gained,
however, in most cases modelling of an instantansous point source is more
applicable when developing scenarios for variable contamination patterns.

A model for the fallout prediction from atmospheric plumes emanating from
underground explosions has been developed. The busic variable in estimating
the fallout pattern in the absence of wind shifts in the atmosphere is settling
velocity, W, of the radioactive particles. A simplification of the radioactive
particle distribution in the base surge and main cloud is assumed such that at
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Table 4.4 Relauve content (%) of radionuclides in the remote zone of the *Sedan’
explosion (about 1000 km from ground zero).

Radionuclide Caleulation Air filter samples Fallout samples
{lzrael, 1974) (Krey and Fried, 1963) (Krey and Fried. 1965)

BSr 40 43 18

S + Wy 0.35 (.25 0.2

T : 0 0

iy - 34 28

Ry £= 4.0 29

98R u = 0.9 0.8

1% 0.3 0.8 .45

140Ry 24 24 EE!

g 1 23 24 33

41ra & 0 49

140, - 0 0.8

Mo = 0.4 1.0

Table 4.5 Tritium fallout over the pattern rom explosion “1004° (1965).

Tritium

Distance from Precipitation concentration in Tritium deposition,

ground zero, km  collection peried precipitation, TR mCi km™?

200 D+2 - D+14 29000 = 1500 043
12 days

450 D+1 - D#13 8400 = 1200 500
12 days

500 D=+10 11 500 £ 1200 90
1 dav

S00* =10 10500 £ 200 B2
1 day

5= D+2 - D+13 5300 = 1000 42
1] days

500 D+3 - D+10 3600 = 1000 60
7 days

550 D+6 - D+14 EROO = 1230 240
B duays

1800 D+3 12900 = 1500 20
| day

3300 D+3 — D+10 4700 £ 1000 45
T davs

S50% Explosion time 2000 £ 1000 l4

4000=== Explosion time 1000 £ 1000 10

* Second sample.

** Third sample.
**% Background samples taken outside the patiern {area of contamination).
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Figure 418 The 'VCs contamination density in the former USSR (mCi km 1) pevenled by surveys conducied
between 1968 and 1974,
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altitude H there is a point source of a dispersed aerosol with distribution
N{W), for which the observed fallout pattern can be calculated (Petrov and
Pressman, 1962; Izrael ¢r al., 1970a). The expression for the fallout pattern
resulting from this distribution with an average wind velocity ¥ is

QHVN (%) 2

Xy s ——  deyen) 4.9)
Pxy) V27a, (x)x? . {

where O is the total source strength (Bq), o,(x) is the dispersion of the distri-
bution p{x,y) in the y direction (km) and N(HVF/x) is the volume density of the
particles according to the particle settling velocity, W = HVix.

The total radioactivity (in Bg) at t = h + | hours is related to the explosive
power P (in kt) by A (h + 1) = 4.5 x 10°P and the dose rate can be related to
the fallout pattern by

Plxy) = kyplx,y) (4.10)

-5 -
w. h=1 m(/isheight of the measurement of the dose rate).
Bqg km—*
For atmospheric explosions Q = Ax; for underground explosions @ = Ay x I(h).
where is I{/i) is the fraction of the total radioactivity released into the atmosphere.
The term o,(x) may be calculated using equation (4.11)

[ pxney

o)== (4.11)
: Varp (x, 0)

where k; =

A function of distance from ground zero s,(x) is described by

7,(x) = (a3 + 0.01x2)172 (4.12)

where o7 is related to the horizontal dimension of the main cloud and defines
the transverse distribution near ground zero. It is possible to write for the

volume density

HV 1v2x px 0V HV)?
N( - ) = ) = Var pi(x. 0)(HV) (4.13)

AxIih)

Experimental data for explosions ‘1003", “Sedan’. “Danny Boy', and ‘Neptune’
are used to determine the function v(w) (see Figure 4.19). In this case Niw) =
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Figure4.19 The dependence of volume density, 1{w), on w ( particle settling velocity) for
fallout patterns from explosions. (1) *1003°, (2) *Danny Boy', (3) *Sedan’, (4) ‘Neptune’.

I/w and the intensity for a radionuclide can be esuimated by the appropriate
function ,(w) using equation (4.9), in this case Q, = A, % Ith).

A caleulation for the fallout patterns resulting from the detonation of a row
charge of nuclear explosives may be made by means of equation (4.14) in
which N explosives are placed in a line of length L. For the wind direction
normal to the row, the doses Dy in the separate fallout tracks are given by

Dy (x.3) = NDy(x.0) g %‘ [o (?) + a(c:—)} (4.14)
¥ F

where §(2) = /2/7 [ e '"?dt is the probability integral.
If for Dy, the dose from a single explosion

oo = (0.1x)% then Dy(x,Li2) = ND(x,0) (4.15)
with a maximum error of 17% when L{2g,<1.

Figure 4.20 shows the long-distance radioactive fallout rate for test explo-
sion “1003" using a deposition velocity of 7= 3.6 % 1072 km hr .
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Figure 4.20 The relationship between the radioactive fallout rate and distance for an
cxplosion vield of 1.1 kt.

43 LOCAL AND TROPOSPHERIC FALLOUT PATTERNS IN
DIFFERENT COUNTRIES

4.3.1 French tests

The French nuclear tests in the atmosphere were carried out at Hamoudia near
Reggane in the Algerian Sahara in 1960 and 1961 and on the uninhabited atolls
of Mururoa and Fangataufa in French Polynesia from 1966 to 1974 (Doury
and Musa, 1996), Fifty tests were carried out, four on barges (in 1966 and
1967), forty-one under other conditions (balloon, tower, aircraft) and five tests
of very low energy, so-called “for security’. The total energy of all tests is
equivalent to 10 million tons (10 Mt) of TNT.

The report of Doury and Musa (1996) at the SCOPE-RADTEST Workshop
in Bejing, 19-21 October 1996, included surface plots of four proximal
{immediate) fallout patterns resulting from the atmospheric nuclear explosions
that took place on the atolls of Mururoa and Fangataufa. The characteristics
of the explosions are listed in Table 4.6.

The explosions differed from each other both in their power (from 34 to 955
kt), and the heights at which the nuclear devices were situated at the moment

of the explosion (from 3 to 480 m). This illustrates the different relationships
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Tabled.6 Characteristics of four atmospheric nuclear explosions conducted by France
in the Southern Hemisphere.

Date 24.09.66 05.06.71 12.06.71 14.08.71
Name Rigel Dione Encelade Rhea
Tvpe of explosion Barge Under an Under an Under an

air balloon  air balloon  air balloon
Place Fangataufa Mururca Mururoa Mururoa
Total power, kt 125 34 440 955

Height of the nuclear
device at the moment

of explosion, m 3 275 450 480
Height of tropopause, km 12.7 12.9 17.5 -
Height of cloud base. km 7.0 12.0 13.5 15.5
Height of clowd top, km 13 14 17 20

between the amount of the material deposited and the parameters of the
explosions and meteorological situations. The pattern shown in Figure 4.21 is
characterized by high-dose rate levels up to 100 rad (1 Gy) h™! one hour after
the explosion at a distance of up to 70 km. it corresponds to a powerful
explosion (125 ki) and a low height of the nuclear device at the moment
of explosion. These circumstances led to the generation of a large number of
particles, resulting from the melting and evaporation of the device, the barge
and seawater, which formed such an intensive pattern at distances exceeding
1000 km from the epicentre.

Figures 4.22-4.24 show configurations of the proximal (immediate) fallout
patterns of three atmospheric explosions conducted with the help of air
balloons. In spite of great differences in the power of the explosions (34, 440
and 955 kt) the observed dose rates differ only slightly from each other in their
proximal (immediate) fallout patterns. They were found to be less than 1 rad
{0.01 Gy) h™! even 1 hour after the explosion.

The cumulative fission energy of the French tesis can be estimated at 63500
kt. a little less than 3% of the world total. It represents, assuming that all the
fission products are about evenly distributed world-wide, an average
rrradiation equivalent of 11 days of natural radioactivity. The low tropospheric
values (in relation to the stratospheric values) are a beneficial result of the
explosion technique called “under balloon’.

43.1 UK tests

During the period from 1952 to 1991 the UK carried out 43 nuclear explosions,
21 (1952-1958) being atmospheric, and 24 (1962-1991) underground ( Bulletin
af Atomic Scientists, 1995). All the underground explosions were conducted
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125 kt fission test explosion on a barge, Rigel, on 24 September 1966, at Fangataufa.
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Figure 422 Proximal (immediate) fallout (isodose rates and isochrons) ofa 34 ki fission
test explosion beneath an air balloon (275 m), Dione, on 3 June 1971, at Mururca.
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Figure 423 Proximal (immediate) fallout (isodose and isochrons) of a 440 ki fission
test explosion beneath an air balloon (450 m), Encelade, on 12 June 1971, at Mururoa.

jointly with the USA_ They were described in official publications (US DOE.
1994), under the name ‘Joint US-UK". They were conducted at the Nevada
Test Site, and their nuclear devices were located in shafts.

On 3 October 1932, surface nuclear explosion “Hurricane’ on the western
shore of Trimouille island initiated the atmosphenc testing of nuclear weapons
by the UK. The power of this explosion was equal to 25 kt (Norris er al., 1994).
Following this, from a report (Haywood and Smith. 1990) presented to the
SCOPE-RADTEST Panel in Vienna in January 1994, the UK conducted some
tests in the Maralinga and Emu areas (southern Australia) in the period of
1953-1957. In order to assess the potential irradiation doses that the future
residents of these areas could be exposed to, research activities were conducted
in these areas in the late 1980s, To this effect, in addition to the obvious studies,
aerial gamma-spectrometric surveys were performed. Some results of these
surveys of proximal patterns of 2! Am are shown in Figure 4.25 (Maralinga).
Figures 4.26 and 4.27 show the values for ""'Cs at Maralinga and Emu
respectively. As follows from Figure 4.25 the *'Am patterns (from nuclear
explosions with plutonium devices) are much pronounced and can be singled
out and have more or less one initial position. Figure 4.26 shows quite another
picture. Here individual '*Cs patterns relating to separate explosions do not
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Figure 4.24 Proximal (immediate) fallout (isodose rates and isochrons) of a 933 kt
fission test explosion beneath an air balloon (480 m). Rhea, on 14 August 1971, at
Mururoa,

stand out against the general pattern of contamination. In contrast, we see two
distinctly pronounced and separated '*'Cs patterns in the Emu area (Figure
4.27). This must be attributed to the fact that only two explosions (Totem-1, 14
October 1953 and Totem-2, 26 October 1953) were conducted in this area.

433 USA tests

For the period of nuclear weapons testing from 1945 to 1992 the USA carried
out 210 atmospheric and nine crater nuclear explosions (US DOE, 1994).
Among these explosions. 129 could potentially have led to surface patterns: 9
crater, 36 barge, 28 surface and 56 tower explosions,
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Figure 428 Contamination pattern from nuclear tests carried out at the Nevada Test
Site up to 1938 {(Dunning, 1959). See glossary for conversion of roentgens Lo grays.

During the testing, the open press published duta concerning mainly the
radioactive patterns that originated from the crater and surface explosions
known as ‘Plowshare’; namely ‘Danny Boy' (5 March 1962), ‘Sulky’ (18
December 1964}, ‘Sedan’ (6 July 1967), ‘Cabriolet’ (26 January 1968), '‘Buggy
A-E' (3 December 1968), "Schooner’ (8 December 1968), Some information on
these explosions is shown in Table 4.3, and Figures 4.13 and 4.19.

Some literature data on the ground radioactivity patterns from single or
multiple nuclear explosions are available. In 1959 a work entitled Fallowt from
Nuclear Weapons Tests was published in the USA (Dunning, 1959), in which a
generalized map is presented on irradiation doses assessed over areas adjoining
the Nevada Test Site for the whole test period before the 1958 moratorium.
The map is reproduced as Figure 4.28: the total potential exiernal exposure
dose, in roentgens to humans outside the Nevada Test Site, should they have
been at one of the poinis on a permanent basis, are given. At the same time one
can asscss from the same figure the integrated contamination pattern from the
nuciear explosions conducted at Nevada Test Site before 1939: doses of up to
10 roentgens (86.9 mGy) are entirely located in the Siate of Nevada. Values of
5 (43.5 mGy) and 2.5 roentgens (21.7 mGy) are spread in paiches over the
States of Utah and Arizona. The densely populated Siate of California is
practically not contaminated.
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In the work Radiological Conditions at the Bikini Atoll, Republic of the
Marshall Islands: The Prospects for Resertlement (IAEA. Vienna. 1996), the
¥7Cs pattern contamination is provided of the 1993 mapping of soil con-
tamination levels for Bikini Island at Bikini Atoll (Figure 4.29, dose rate, mGy v
'). The survey was conducted in the framework of the Republic of the Marshall
Islands Radiological Study (NWRS) using solid-state type detectors installed at
a height of 1 m above the soil surface. The isolines of the soil *'Cs contami-
nation density (in a 10 cm layer) at Bikini Island (Bg g-' of dry soil) are shown.
These results were obtained by Lawrence Livermore National Laboratory in
1981using aerial gamma-spectrum measurements. The table in Figure 4.29
makes it possible to compare external exposure dose rates and soil contami-
nation densities due to '*"Cs, The area of Bikini Island is less than 4.5 km2, the
maximum density values of the soil contamination by '*’Cs in the 10-cm soil
layer are around 12 Ci (444 GBq) km=. In addition to '*"Cs, the radionuclides
H08r, 239+290py and **! Am are fixed in the soil.

4.3.4 The former USSR tests

The main programme of nuclear weapon testing in the former USSR was
carried out at the Semipalatinsk Test Site (STS), where on 29 August 1949 the
first mational nuclear explosion was conducted: and at the Northern Test Site
Novaya Zemlya (NTSNZ), where the last explosion was carried out on 24
October 1990. The total number of nuclear tests conducted within the former
USSR Test Sites is 586. In addition, according to the programme of peaceful
use of nuclear explosions, 129 nuclear tests were carried out within the former
USSR but outside the Test Sites, including 91 tests in the territory of the
Russian Federation, two in Ukraine, 33 in Kazakhstan, two in Uzbekistan and
one in Turkmenistan (Mikhailov ef al., 1996).

For the period of 1949 to 1962 at the Semipalatinsk Test Site, 25 ground
nuclear explosions (Mikhailov er al., 1996), i.e. those explosions where the
expanding fireball touches the ground surface, were carried out. As a result
great amounts of soil were swept into the explosion cloud.

Under these circumstiances, particles may be activated and contribute to the
radioactive fallout patiern in the direction of the prevailing winds. This pattern
has been registered by radmeter equipment at a distance of hundreds of kilo-
metres from the centre (epicentre) ol the explosion considered, during the first
days, weeks and even months after the explosion. A special survey method was
established, which took the height of the flicht and the terrain relielf into
consideration.

In this context it is ¢ssential to analyse the generalized map of the proximal
fallout patterns (up to hundreds of kilometres) attributable to the STS nuclear
tests (Figure 4.30). This generalized map was published for the first time by
Logachov (1996). From this map it can be concluded that among the nuclear
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CONTOUR AREA Cs Ganverss Exposure Rate | Average 'Cs Activity in Top 10 cm
{mGyfa) of Sail (Bg/g)
A < (09 < 0,007
B 0.005 - 0.026 0.007 - 0.02
& 0.026 - 0055 0.022 - 0.048
D (.035- 0,102 0.048 - 0.089
E 0.102 - 0,168 0.089 - 0.148
F 0.168 - 0.292 0.148 - 0.259
G 0292 - 0438 0259-0370
H 0.438 - 0.657 0.370 - 0.629
1 0.657-1.02 0.629 - 0.925
1 1.02- 145 0.925 - 1.30
K la5-2.19 130-1.85
L 219-292 1.85-2.59
M 292.438 2.59-370

Figure 4.29 The '"'Cs gamma-radiation dose rate and average '*'Cs activity in the top
10 cm of soil on Bikini Island at Bikini Atoll.
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Figure 4.30 Map of fallout patterns from atmosphenc and ground surface tests at the
Semipalatinsk Test Site. Isodose lines give estimated cumulative unshielded doses on the
ground (isodose lines are in roentgens; 24.09.51, etc., is the date of the relevant explosion).
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test explosions the following have to be considered as capable of damaging the
population of the nearby regions (mainly Semipalatinsk, castern Kazakhstan
and the Altai region of Russia): 29 August 1949 (22 ki, explosion on a tower,
30 m), 24 September 1951 (38 kt, explosion on a tower, 30 m), 12 August 1953
{400 kt, explosion on a tower, 30 m, the first thermonuclear explosion in the
former USSR), 22 November 1955 (1600 kt. airdrop, height of explosion,
15350 m), 24 August 1956 (27 ki, explosion on a tower. 100 m), 7 August 1962
(9.9 ki, surface explosion) and 15 January 1965 (140 kt. underground crater
explosion). The isolines shown on the map present the total external dose after
the complete decay of all the radionuclides.

An airborne gamma-spectrum survey in 1991 was carried out by the Scientific
Production Enterprise “Aerogeologiva’, mainly within the STS. It displaved the
existence of patterns which can still be observed. They are characterized by
levels exceeding 300-3500 mCi (11.1-18.5 GBq) km* attributable to '*'Cs,
originating from the following nuclear explosions: 29 August 1949, up to 12-18
km in a direct line from the epicentre (probable); 24 September 1951, up to 55—
63 km; 12 August 1953, up to 80-95 km; and 15 January 1965 (‘Chagan’), up to
13-18 km (see Figure 4.9). As can be seen from Figure 4.9, beyond these
distances the pattern of contamination cannot be outlined by a single con-
tinuous isoline, and they become indistinguishable from the regional and then
the global background fallout levels.

Some information on these and other explosions is provided in Table 4.3 and
in Figures 4.8, 4.9, 4.11. 4.12_ 4.14, 4.15 and 4.16.

4.3.4.1 The First Nuclear FExplosion in the former USSR in 1949

The first test of a nuclear weapon was performed in the former USSR on 29
August 1949, The nuclear device was mounted on a tower at a height of 30 m.
The energy release was about 22 kt. The upper nuclear cloud edge reached a
height of 7.5-9.0 km. The weather at the time of the nuclear test was very
unstable: intermittent rain accompanied by strong gusts, The medium wind
speed in the transport laver was 40-60 km h-', with gusts up to 75 km h *,
A week later, on 5 September an aerial radiation survey was carried out
beginning with the settlement of Dolon located near the STS boundary
towards the town of Bijsk. In the period from 7 to 13 September a ground-
based survey was performed in human settlements and along the route of the
automobile radiation patrol. The gamma-ray intensity was measured using the
same instrument. Gamma-radiation, dose-rate airborne measurement data
were scaled to a height of | m above the ground surface with the help of height
coefficients characteristic of a non-fractionated mixture of Z*Pu fission pro-
ducts of an age of one week. All measurements were carried out at time P + 7
according to the Way-Wigner law, with a decay exponent of n = 1.2. These
archive data available at STS at the beginning of 1993 are presented in Figure
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Figure 4.31 Airborne gamma dose rates (filled circles) one week afier 29 August 1949
explosion at 5TS. The continuous line shows experimental data and the possible shape
of the curve is shown as a dashed line. The figure is taken from Andrushin et al. (1994),

4.31 as filled circles. Approximation of the experimental data carried out at
STS is shown as a continuous line (Andrushin er af., 1994), and a dashed line
shows the possible shape of this curve,

A reconstructed area of the radicactive fallout pattern, as isolines of gamma-
ray doses at complete decay of radioactive fallout, is shown in Figure 4.32.
Taking into account the possible errors that could occur when measuring
gamma-ray dose rates, calculating exposure doses and interpolating to deter-
mine the position of dose isolines, it can be asserted that the maximum error
for the terrain gamma-ray dose does not exceed +100¢.

4342 Formation of an Artificial Reservoir [ crater explosion "1004°)

On 15 January 1963 the first underground nuclear explosion to create a crater
was carried out at the confluence of two rivers—Chagan and Achan-Su. A
nuclear device with a power of 140 kt was ignited at a depth of 175 m in slightly
watered sandstone with an admixture of lignite—clavey schist. The power
originated from the fission reaction is 7 kt of the total value (Mikhailov et al.,
1996). As a result of the explosion, a crater was formed with a diameter 400-

430 m at the original ground surface, and a depth of about 100 m. Its volume
was 6% 10° m’®,
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A characteristic feature of this explosion was the generation of a powerful
base surge (by the middle of the second minute), with a diameter 5000 m and a
height reaching 2.5 km. It spread to the north, and a formation in the shape of
a pillar with a height of up to 2.5 km moved in a northeastern direction. The
stabilization height of the radicactive cloud of the explosion was 4.5-4.8 km,
The distribution of the radioactivity with depth in the zone of the base surge is
shown in the Figure 4.11.

Observation of the radioactive contamination in the proximal zone during
the period of immediate radioactive fallout. and also after this period, was
carried out by means of ground-based and airborne radiation surveys. OF the
total amount of radicactive products generated by the explosion about 2004
was deposited within the proximal zone during the immediate phase.

Figure 4.33 shows a map of the radioactive fallout pattern, presented as
dose-rate isolines at the ground surface, in mR h !, 24 h after the explosion,
This map was compiled on the basis of an air gamma survey of the territory
during the first two davs after the explosion.

At present, the mean radiation level is about 0.2 mR (1.7 uGy) h™! in the
epicentre zone of the explosion, reaching 4-8 mR (35-70 pGy) h ' at certain
observation points. The main gamma emitters are '7Cs and the long-lived
radionuclides of induced activity, "Co and '¥2'%Eu,

4.3.5 Chinese tests

China started atmospheric nuclear explosion testing in 1964, and a total of 22
tests were conducted (Zhu Changshou er af., 1994), as reported during the
SCOPE-RADTEST Workshop in Beijing 13-21 October 1996. In their report
to the same Workshop, Zheng Yi et al. (1996) referred to the fact that ‘the data
on vield and type of nuclear burst of these are quoted from the paper by De
Geer'. At the Workshop (Beijing, 19-21 October [996), De Geer presented a
report “Chinese Atmospheric Nuclear explosions from a Swedish Horizon' i
which he included a summary of Swedish observations of Chinese nuclear test
explosions in the atmosphere during 19641980, and Chinese experts presented
a number of reports on the problem of radicactive deposition monitoring across
the territory of China.

Since the end of 1930 a survey of radioactive contamination in the environ-
ment has been conducted in China. A system of investigation and a monitoring
network for environmental radioactivity was organized by the Ministry of
Health in the early 1960s, and operated by the sanitary-epidemiclogical
stations and medical institutes in every province, autonomous region and
municipality throughout China, forming a nation-wide environmental radio-
activity monitoring network of 45 stations. The Laboratory of Industrial
Hygiene of the Ministry of Health acts as the technical guidance centre.
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Figure 434 Variation of the annual average daily deposition of gross beta activity
in China.

The gross beta activity in atmospheric fallout is a simple and sensitive
indicator for monitoring the short-term pattern of contamination from radio-
active fallout. Monitoring results show that the peak value of the annual
average daily deposition of gross beta activity occurred in 1962, which was the
result of early fallout from large-scale nuclear weapon explosions in 1962 in
central Asid. Smaller peaks occurred in 1966, 1971, 1973 and 1977, registering
the radioactive contamination from atmospheric nuclear tests conducted in
China (Figure 4.34) during those years.

Environmental contamination from ' following nuclear explosions was
observed in some regions of China. The short half-life of '*'I means that it is
not well mixed in the atmosphere before deposition or decay. Consequently,
concentrations in air or deposition at particular sites vary with meteorological
conditions and are not necessarily representative of a larger region nor of a
latitudinal band. Environmental contamination of '*'l following nuclear
explosions in some regions such as in Lanzhou. Xining and Shenyang. was
significant. The levels of radioactivity attributable to '*'I in some regions in
China are listed in Table 4,7. The vanation in levels of radioactivity attribut-
able to '] after the fifth nuclear test in Shenyang is shown in Figure 4,35, The
peak value of radioactive contamination by '*'T was about 710 Bq m %, The
increased level of radioactive contamination from this source continued for 10
days (Figure 4.33).
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Table 4.7 Deposition of "*'l in some

regions in China.

Test Deposition
numbser Region (kBg m )
4 Xi'an 0.33
3 Shenyang 48
12 Lanzhou 5.1
15 Lanzhou 10
18 Hohhot 0.22
2 Xining 10
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Figure 4.35 Levels of radivactivity as a result of the deposition of 1 after the fifth

4.3.6 Indian tests

nuclear test in Shenvang.

It 15 well-known that in 1974 India carried out an underground nuelear explo-
sion. the only one in its programme at that time. The explosion took place in the
Rajasthan Desert (Pokran) on 18 May 1974, lts power was equal 1o 12 ki
Indian specialists aimed to make this explosion completely contained to prevent
any release of radioactive products to the atmosphere. All the material on this
problem for inclusion in SCOPE-RADTEST was presented by Dr Mishra. who
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sent them to Essex on 6 March 1997. Nevertheless, in carrving out the contained
explosion, the Indian specialists took complex measures to cope with possible
situations arising from releases to the atmosphere. Some of the measures were
taken before the explosion. other were taken afterwards,

As an important part of the public and environmental programme for the
experiment, a network of meteorological stations located very near surface
ground zero was set up several months before the experiment. The climato-
logical data from three meteorological stations (about 100 km from the site in
various directions) for three decades and hourly surface and upper atmospheric
wind observations from April to June of 1972 and 1973 were examined for
planning the experiment. Also 24-, 48- and 72-h lorecasts were available to
warn of unusual weather changes such as cloudiness. storms, dust storms. etc.,
if any. On the basis of these observations and site topological considerations,
the following conditions of the experiment were arrived at:

wind direction from the SW to W, preferably WSW;
wind speed—minimum 15 km h~', maximum 20 km h™';
atmospheric stability:

no temperature inversions.

R b

These criteria ensured that in the unlikely event of release of radicactivity and
formation of a radioactive cloud, the expected direction of cloud travel would
have been towards an uninhabited region, i.¢. in the ENE sector, unti]l the
predicted maximum radiation exposure resulting from the passage of the cloud
and deposition of radicactivity on the ground surface reaches insignificant
levels.

The wind direction at the time of the experiment was WSW at a mean speed
of about 20 km h-!. The experiment was planned to be executed at a time when
this wind direction was very constant and corresponding meteorological con-
ditions were favourable. Atmospheric parameter measurements made by a
ground-level barograph within a few kilometres of surface ground zero gave no
indication of any air blast due to the release of cavity gases.

In addition to two health physics laboratories, a large amount of field
monitoring equipment was kept ready. Equipment for on-the-spot checking of
fission product contamination of water and vegetation was also provided.
Prior to the experiment, several deposition trays and thermoluminescent dosi-
meters were distributed on a radial grid at 11.25% angular spacing and varying
distance intervals. Extensive radiation monitoring of the site and analysis of
samples before and after the experiment showed that no radicuctivity had been
released to the atmosphere during the experiment.

Five underground nuclear explosions (Table 4.8) were carried out by India
during the period 11-13 May 1998 at the Pokhran range in the Rajasthan
Desert. Their parameters were published in BARC News Letter, 172, May
1998.
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Table4.8 The five underground nuclear tests carried out by Indin

in May 1998,
Type Time Date  Estimaed vicld (kt)
Thermomnclear 1545 11598 13
Fissson 1545 11598 15
Experimental 1545 11598 ~02
Experimental 12.21 13598 -~ 0.5
Experimental 1221 13.5.98 ~03

44 RECONSTRUCTION OF FORMER FALLOUT PATTERNS USING
MATHEMATICAL MODELS AND ARCHIVAL DATA

The reconstruction of radioactive patterns and of possible exposure doses of the
population from nuclear explosion tests seems a priority task. The reconstruc-
tion of radioactivity contamination patterns means the restoration of their main
charactenistics based on available but incomplete data about the source, the
weather conditions. the dose rate, and the distribution of radionuclide contami-
nation. Usuoally reconstruction has involved the restoration of contamination
by patterns formed by incidents that occurred many vears previously. Interest
in the problems of reconstruction has increased much since the Chernobyl
accident.

Modelling of radicactive fallout from past nuclear explosions seems neces-
sary in order to reconstruct (or to be more precise, to construct) the patterns of
radicactive contamination, i.¢. assess the configuration of the contamination
pattern.

In order to perform the reconstruction, it is also mecessary to restore the
meteorological situation at the time the nuclear tests were conducted. As an aid
to recomstruction, use is made of information about the radioactive con-
tamination patterns resulting (rom previous explosions.

When solving the problem of the transport of contamination from different
types of sources, use is made of either numerical methods. for solving a three-
dimensional turbulent diffusion equation, or various versions of the Monte
Carlo method.

This section deals with the spread of contaminants in the atmosphere based
on the trajectory model for particle transport in an inhomogencous wind field
when random deviations from trajectories simulating particles diffusion in the
turbulent atmosphere are superimposed on the ordered particle motion. Such
approaches have been used in 2 number of studies, =.g. when implementing the
programme on assessing models of long-range radionuclide transport and
comparing calculation results with data on radioactive deposition from the
Chemnobyl accident (the ATMES Programme), established by the CEC in
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1992. This calculation technique uses both a one-step for integrating a particle
motion equation based on the interpolation formula for horizontal wind speed
components and a procedure of plotting random deviations of particle coordi-
nates at each step of the iniegration. Random deviations, different for different
particles, lead to the scatter of their trajectories in space, and, finally, to the
scattering of particles depositing on to the underlying surface, The simulation
modelling of scattering contaminants consists in this case in the selection of a
distribution parameter of random deviations for each step to obtain a corre-
spondence to the real distribution characteristics of deposited radioactive
particles in the cloud pattern.

It is found that horizontal scattering of contaminants is approximately
descnibed by a two-dimensional Gaussian distribution with a standard deviation

a{t) = a 1) (4.16)

For the time interval of 1-2 days the standard deviation o, , = a l{r) (lzrael et
al., 1970a) varies with the distance from ground zero I{1) (scattering regime 1),
whereas for long time intervals o = v2Kr (regime 2).

The increment of dispersion from one act of a random deviation of particle
coordinates to another is. for the first regime

aﬁ.ﬂ'ﬁ_] = nzlf —.n.z!f__l = ,11[2 Loy +A LA g (4.17)

where A I; = 1; - 1,_; is the distance travelled by the particle along its trajectory
between scattering acts. For the second regime

Acl, =2K (4 - 41) =2K Aty (4.18)

where Ar,_; is the time interval between scattering acts.

The sum of random deviations specified in the simulation process as
E}-':j C7;» where 5; is the sequence of accidental (in quasi-stochastic calcula-
tions) numbers equiprobably located in the interval [-1/2, 1/2] with a dis-
persion o2 = {5 and C; vAo? /o2, determines regimes | and 2, correspondingly.

Particles which appeared random (n) form a symmetrical distribution
+£431 G relative to the zero deviation, with a distribution density maximum
at this point (for n = 2). There are no particles outside the said interval. The
interval becomes longer as n increases, and for a limited number of deviations
from the centre the distribution asymptotically approaches normal. The best
result can be obtained when using group values —=371", ~; rather than
accidental values.

The time step between the acts of particle dispersion is assumed to be
constant, At = 1 h. The points where the particle is subjected to dispersion
according to the initiation process can be dozens of kilometres apart. Even the
spatial distribution of these points for the totality of the particles under
consideration, is obtained by random variation of the initial step within the
limits from 0 to At up to the first act of dispersion for different particles. It also
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provides filling of the whole time period ¢>0 by acts of dispersion when the
number of particles is great.

In the interval between scattering acts one calculates the horizontal particle
displacement in the wind field and its settling out by gravity, The particle
coordinate values obtained at the end of the interval are supplemented by the
random (gquasi-stochastic) deviations referred to above. and a new particle
location becomes initialized for the next interval of the ordered particle motion,
gte., until its deposition on to the underlying surface.

In addition to particle gravitational deposition one takes into account
capture by the underlying surface in the surface air laver, by adding the capture
rate to the deposition rate, which can have an important influence on the
deposition of finely dispersed fractions.

Horizontal particle transport is calculated based on data from the objective
analysis of the three-dimensional wind field, presented in the form of latitude
and longitude wind speed components on a uniform 2.5°%2.5° grid for
standard isobaric levels. The particle horizontal coordinates are calculated in
units of a specified grid AG = 2.5° For this purpose, U and &, are multiplied
by 180/7R - AG - cosy, and ¥V and «, are multiplied by 180/=R - AG, where R s
the Earth’s radius and - is the geographical latitude.

The angular displacement speed specified at the four corners of the square
grid under consideration are interpolated to an internal point in the cell
{including the cell boundary) by the formulae

Usdeldt=U {1l —x} {1 -1+ ax(l -+ Liap+ Us(l —x)p

V=ddi= V(1 -x)(l -3+ Vax (1) + Vixp+ Va(l-x)y (4.19)

where 0 <x <1, 0<y<1 are the local coordinates relative to the left lower cell
angle (LY} V), and the corners are numerated counter-clockwise,

To integrate the systems of equations (4.19) together with the equation for
particle gravity settling

dzfdr = - W (4.20)

one applies a one-step algorithm, where the solution is given in the form of the
Taylor series segment (Demidovich er al., 1967),

1 1
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Figure 4.36 Maup of calculated particle deposition from the nuclear explosion of
12 August 1933 at the Semipalatinsk Test Site.

where derivatives of the second and higher orders are found through a sequen-
tial differentiation system (equation 4.19).

Deposition of contaminants onto the underlying surface is calculated in two
stages. In the first stage, one specifies in a source a fictitious particle distribu-
tion with gravity sedimentation rates. This provides their relative number in
the deposition region under consideration, The coordinates of each particle
deposited are calculated.

In Figure 4.36 a map is shown with particles deposited from the nuclear
explosion of 12 August 1953 at the Semipalatinsk Test Site. The distribution
density of the number of particles of all fractions with height is shown in the
form of a truncated symmetric Gaussian distribution 9.6 <h <15 km with a
maximum distribution density five times as much as that at the boundaries (/i is
the height of the middle of the cloud).

In the second stage of the calculation one determines the total particle
activity for each fraction in accordance with the lognormal distribution of
activity over the particle diameter, The deposited particle coordinates found at
the first stage (discrete activity distribution) are considered as centres of
supplementary continuous activity distribution of fictitious particles on to the
underlving surface. This provides a calculation of depositional density and
smoothes the statistical scatter of the design data.
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Figure 437 Dose rate values in the axis of the cloud pattern after the nuclear explosion
of 12 August 1953, 26 hours after the explosion; A, measured values (Logachov, 1954);
%, calculated values.

For example, one calculates the dose rate distribution in the cloud pattern
from the surface nuclear explosion of 12 August 1953, The explosion yield was
400 kt. The caleulations were performed for the radioactive particle transport
from a linear vertical source with a height distribution of the activity in the
form of a truncated Gaussian distribution. Particle size activity distribution is
approximated by a lognormal law. In the calculations the distribution para-
meters are assumed to be the same as those of surface explosions for the Nevada
coherent soils: lgé = 2.053 and & = 0.732 (Stewart. 1956). It is noteworthy that
particle activity distribution parameters are related to the type of the soil of the
underlying surface, and for the Semipalatinsk Test Site they do not differ much
from those given above, Figure 4.37 gives the experimentally measured dose
rates in the axis of the cloud pattern from the explosion of 12 August 1953, at
26 h after the explosion compared with the calculated values. Dose-rate distri-
butions in the intermediate and remote zones are shown in Figure 4.38 in the
form of isolevels of the dose rate logarithm according to the original data. The
calculations show that a vast territory was contaminated by this cxplosion,
including West Siberia and the southern part of the Altai Republic.
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Figure 4.38 Calculated distnibution of the dose rate in isolines logarithm isolevels in
the intermediate and remote zones dose rate. R h' (85 mGy~').

45 RADIOACTIVE CONTAMINATION OF GEOLOGICAL
FORMATIONS, UNDERGROUND WATER, GAS AND OIL BY
UNDERGROUND NUCLEAR EXPLOSIONS

The problems of the underground water contamination from underground
nuclear explosions, as well as the contamination of oil and gas where stimulated
production is carried out with the help of nuclear explosions, were discussed by
Izrael et al. (1971). In the broken rock surrounding an underground nuclear
explosion, three typical zones can be identified: the initial spherical cavity. the
collapsed rock column and an adjoining zone of fractured rock. The geo-
metrical parameters of these zones can be calculated approximately using
empirical formulae. The generalized configuration of the destruction zones and
their approximate typical dimensions based on numerous studies are given in
Figure 4.39 (lzrael et al , 1971).

A spherical cavity is formed as a result of pressure forces in a high-
temperature epicentral zone. At the moment cavity formation is over the
pressure of the vapour and gases that fill the cavity is approximately equal to
the lithostatic rock pressure at ground zero. As a result of the blast wave effect,
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Figure 4.3% Configuration of zones of rock destruction in and around the cavity
formed by a contained, underground nuclear explosion.

the zone of collapsed and fractured rocks spreads out around the spherical
cavity. In the process of cavity cooling and condensation of the evaporated
substances the pressure in the cavity drops. As a result the crushed and frac-
tured upper rocks collapse and form a collapse ‘column’ or ‘tube’ (seldomly

encountered in the exceptional circumstances of nuclear explosions in plastic
rocks such as salt).

83
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The specific nature of the radioactive contamination of all zones of the
collapsed and fractured rock is much dependent on conditions at the moment
the cavity collapses. Investigations have shown that most of non-volatile
radicactive products are concentrated in the fused rock, which when falling in
from the cavity walls form a lens in the lower third of the cavity and drag along
the rocks that happen to fall into the melt before its solidification. The melt
volume is below 3% of the cavity volume.

Gaseous radioactive products, e.g. radionuclides of inert gases as well as
their decay products, remain in the cavity until its collapse, although a possible
partial release of gas and volatile products through rock fractures cannot be
excluded, The cavity collapse causes gases leaving the cavity to quickly fill
the vacuum in the collapsed column zone. The fracture zone located outside
the collapsed column is filled more slowly by the radicactive gases, because this
requires an air exchange or displacement of the air in the fractures.

Radionuclides of inert gases ('*Xe and *Kr). of iodine (**'I and '*I),
tritium (*H) and of radionuclides of gaseous precursors (*'Sr, '¥7Cs, #Sr, 'Y,
190Ba) or volatile gases per se ('*2Te, '“*Ru. '™Ru, '**5b) are most important
when spreading in broken rocks. Radionuclides of inert gases spread into the
collapsed rock zone; if this zone is connected with the ground surface then a jet
of inert radioactive gases can be formed in the atmosphere. Radionuclides
133%e and #Kr, and to some extent '**Xe, are of greatest importance. Because
of their high volatility. the radionuclides of iodine (particularly '*'I) are
of significant importance as a potential source of contamination of the
environment, at least during the first three months after the explosion. Most
important for the contamination of broken rocks will be radionuclides of the
inert pas decay products: ¥Sr, ¥Cs, ®8r + *Y, 7Y and “"Ba + La,
because the half-lives of the gaseous precursors of these radionuclides are
comparable with the duration of the phases of formation of the ‘collapse
column’,

Figure 4.40 shows the relationship between the moment of collapse and the
amount of radionuclides contaminating the column of collapsed rocks. Inde-
pendent 2*U fission neutron vields are used for the calculation. The results are
given in Ci of the ith radionuclide per kiloton of fission yield of nuclear
explosion.

The maximum volume of zone 11 (Figure 4.39) is determined by the volume of
the fractured rock (in this case the specific rock contamination must decrease
with the distance from the centre), and the minimum value ¥5 is determined by
the volume of the chimney rubble. In this case the rock contamination can be
close to uniform.

One more zone (I11) must be mentioned (Figure 4.39). In this zone one can
detect isotopes of elements that have chemical compounds which are volatile at
relatively low temperatures; '*?Te + 132, %Ry + '"Rh, '"“*Ru and '**Sb can
be considered as typical representatives of this group of radionuclides.
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Figure 440 The relationship between the activity of various radionuclides contami-
nating the broken rocks and moment of cavity collapse (LCi = 37GBq).

The secondary processes of migration and post-explosion radionuclide
redistribution are mainly linked to their solubility. ic. to the ability of the
radionuclide to transit from explosion products to water solutions. Most
underground nuclear radioactive explosion products in the zone of the frag-
mented rocks are connected with the solidified melt and are not prone to
leaching or scavenging. Rocks in the chimney rubble are mostly contaminated
on the surface. and this defimitely may promote the transfer of radionuclides to
waler solutions. The same applies to particles produced in cratering explosions.
The extent to which radioactive products in a particle pass into the water 1s
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variable: for example, particles with a volume activity distribution lose as a
whole about 1-4% of the total activity to water.

The solubility data of the radionuclides are related to their gaseous pre-
cursor history; the most soluble radionuclides being those adsorbed on particle
surfaces after the formation from their gaseous precursors. The solubility of
radionuclides without gaseous precursors is very low. The relative solubility
with respect to 1.0 for *Sr, is as follows (Izrael, 1974):

!WE E 125gp 140g, W3Ry 106Ry 130 137Cs 41Ce MY BZr 1 Ce #Mn.®Co
1.25 1.0 0.3 024 01 004 0.02 0.01 — 0.0M

The redistribution or subsequent transport of the radioactive debris has been
examined previously in the context of hydrological transport. During the year
following the ‘1003" explosion, groundwater flowed into the crater to a total
volume of about 500 m*. Radiochemical studies of the water in the crater were
undertaken to examine the way the crater filled and the role plaved by ground-
water in creating artificial reservoirs. The major radionuclides observed were
59Gr, *8r, 'Ry and '™Ru. Also detected were '378b and '"VCs. It was noted
that **Sr and '¥7Cs were in cation form.

Groundwater transport of the radionuclides was studied with a network of
observation holes established at the *1003" explosion site, at depths of 26 to
50 m. and located from 200 to 700 m from the emplacement hole (lzrael er al ,
1970a). Systematic hydrogeological observations were begun two months after
the explosion. The authors noted that the crater shape was preserved during
one year period and that the water levels in the holes were lowered by 0.7 to
1.3 m. They concluded that infiltration of groundwater into the crater
occurred. Measurements in the observation holes confirmed the absence of
radioactivity contamination in the holes even after several years following the
explosion.

Consider the possibility of radionuclide migration with the underground
witer, outside. By writing down an ion exchange equation, the reaction constant
can be determined and then the K. constant., which is referred to as a distri-
bution factor. The letter indicates the relationship of bound ions in solid and in
liquid phases. The K value changes within the range of 10'-10° for different
minerals and radionuclides. The mean K, values are 102-10° for ruthenium,
10-2 = 10* (10° in some cases) for strontium, and 1042 % 10° for cerium.

The average Ky value for a one-year mixture of fission products is estimated
as 370. It is evident that K3 = 0 for tritium (lzrael, 1974). Thus the ion
exchange processes lessen the potential hazard of underground water con-
tamination, firstly due to decrease of ion transport velocity in comparison to
the water flow velocity and secondly due to concentration decrease in migra-
tion. The flow velocity of a given substance (F,) in the underground water can
be expressed by the following formula:
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F,= Flll + pKy) i4.22)

where F is water flow velocity and Ky is the relation on mineral weight to
water weight per volume unit of the given mineral and p is apparent density of
porous medium/void fraction: usually Ky = 4-5. It follows from equation
(4.22) that a given ion type velocity migrating with the water, flows at a rate
100 to 1000 times lower than the water flow velocity. For example, *"Sr
migration of 1 km distance will take years, even if F}, velocities are relatively
high (about 10 m/day ).

Based on the above data. consider a specific case and assess possible oil
contamination when stimulating oil production with nuclear explosions. It is
known that the former USSR was first to use a contained nuclear explosion for
stimulating oil production. For that purpose, on 30 March 1965, first two
devices of 2.3 kt were exploded simultaneously in the oil block, then on 10 June
1963, one more device of 7.6 kt was exploded (Kedrovsky, 1970; Mikhailov et
al., 1996). A calculation model is described in detail by lzrael er al. (1971a).
Here only the input parameters and results are considered.

Radioactive contamination by radionuclides with volatile precursors, such as
#gr, Y08, 13705, etc., was determined as a maximum assessment, i.e. with a
uniform distribution of 40% of the above radionuclides produced by the explo-
sion in the zone of chimney rubble and fracturing. It was assumed that operating
holes were located in the fractured zone. The oil well discharge was assumed to
be 30 t day'. The fractured zone volume in the calculation model considered is
about 10® m*, and at a mean rock porosity of about 18% (in the case considered
it changed from 0.5 to 35%,) and o1l specific gravity of 0.86 g cm* (Kedrovsky,
1970), the specific oil content in the rock equals 0.15 g cm . The coefficient of
radionuclide transit into the oil was assumed to be equal to 102~ 107, which is in
a good agreement with values obtained in practice (Kedrovsky, 1971).

The calculated data (Tables 4.9 and 4.10) are confirmed experimentally by
oil contamination values in the experimental explosion described (Kedrovsky,
1970, 1971),

The '*’Cs concentration, for example, in the oil from a hole at 40 m from
ground zero, 2-4 years after the explosion, was below 107 Ci 1" (37 Bg 1)
{Kedrovsky, 1970).

Among all the applications that have been studied in the USA., the use of
nuclear explosives for the stimulation of production from gas reservoirs 1s the
closest to commercial utilization. Two field experiments have been conducted,
projects ‘Gasbuggy’ and ‘Rulison” and a number of other gas stimulation
experiments are under preparation. *Gasbuggy” was a 29 kt explosion carried
out at a depth of 1292 m in December 1967. It provided the first data in the
physical and chemical effects of a nuclear explosion in a gas reservoir. The
changes in concentration of tritium and **Kr in the gas after explosion
*Gasbuggy” are reported by Nordyke (1971),
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Table 4.9 The time that oil is delivered into observation holes at different distances
from the source.

Distance 0.5 m Il m im 10 m 50m
Time (1.6 day 2.5 days 52.5 days 250 days 17 vears

Table 410 The ith radionuclide content in the oil g4+) delivered into the oil at various

time intervals, Ci I~ (Bg I")
1 1 day 10 days 6l davs 1 vear 2 years 4 vears
“WSe 4107 5-10°* 4400 o BSI0°1% 7071
i (147) (185) (163) (3.7 (13.7 107 (2.6:10°%
Bics: 707 51074 751070 1019 141010 1.7-10-0
(10 (1.8) (128) (3.7 {(5.2) (6.3)

46 ECOLOGICAL EFFECTS OF NUCLEAR TESTING

Ecological studies have been conducted at several nuclear explosion sites.
which include sites of cratering experiments and sites used for testing nuclear
Weapons.

The effects of the testing programme at these sites cannot, in general, be
ascribed solely to radiation, because of the concomitant effects of blast and
heat. Furthermore, human exploitation of the natural resources in the test
areas has changed markedly as a consequence of the testing programme.
Although many significant and complex effects on ecosystems have been
observed, the recovery processes following test explosions have been relatively
rapid and vigorous. Deleterious effects on marine and terrestrial populations
have not been persistent, presumably because of the rapid decline 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 localities (IAEA,1992).

4.6.1 Case study: Mururoa and Fangataufa

A summary is provided of the main results of the ecological studies performed
by French scientists at the atolls of Mururoa and Fangataufa, which appears in
the conclusions of the Volume IIL, Le milien vivant ¢f son évolution (Bablet ef
al., 19935}

4.6.1.1 Conseguences of the presence of the 'Cenire d Expérimentation du
Pacifigue (| CEP)" an Terrestrial Flora and Fauna

In 1994, the terrestrial Aora, which was destroyed or burnt by the effects of
atmospheric tests, is little different from the onginal flora, both in diversity and
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in size. However, on some mounds, those nearest to the oldest trials, the size of
some plants (Guettarda and Scaevola) is smaller than in 1966. This is atni-
buted to the degradation of the soil, already oniginally less fertile, by the
thermal flash of atmospheric tests. Fangataufa sheltered. in 1966, numerous
colonies of birds whose nest sites were spread all over the emerged crown.
Their number, which was greatly diminished as a result of the direct effects of
the size of the nuclear tests and the disappearance of their habitat, was restored
after restoration of their habitat. In 1994, the population of birds was com-
parable to that in 1966. Meanwhile, species of small size have vanished. and the
nests sites are now himited to the motu (mound) of the Pavillon sector. Ths
reduction of the habitat was due to atmospheric tests. but also to the presence
of humans and the civil engineering work, which drove the birds towards the
most distant and least perturbed mounds. Eventually. the proliferation of the
iron tree, Casuaring equisetifolia, with an arrangement of branches that does
not aflow the building of nests could explain the relative standstill of this
situation. Experiments have been carried out on germinated nuts of coconut
palm trees planted on the mounds nearest to high-energy atmospheric tests, in
order to study the fate of vegetation under the conditions of extreme pressure,
temperature and radiation. Those that survived do not show any residual
anomalies. The consequences of radioactivity induced by the atmospheric tests
have been very weak in comparison with the blast and thermal wave, Any after
effects of radiobiological origin, that is to say generated by direct irradiation
from the atmospheric tests or their fallout, has not been apparent, either in the
realm of vegetation or animals,

The underground experiments carried out beneath the raised crown resulted
in a compaction of soil around the surface ground zero points. In the south-
west sector, where the high-energy shots were carried out, some mounds
originally were very slightly raised, but are now immersed and this has caused
the disappearance of terrestrial vegetation.

4.6.1.2 Conseguences of the Presence of the CEP for the Marine Flara and
Fauna

The thermal flash of megaton 1ests has destroyed a high proportion of superficial
coral and mollusc populations, in particular those of the external plates and of
the algal crest near the ground zero point of the tests. The whitening of certain
sunviving colonies, by the loss of their zooxanthellae, has been regularly
observed up to the cessation of the atmospheric tesis. The phenomenon has
introduced a disequilibrium into the ecosystem comparable with that produced
after the passage of a tropical cvclone or an abnormallv hot summer period.
Fifteen years afier the end of atmosphernic testing. the coral population of those
exiernal plates was restored, with a diversity and a rate of recovery comparable
with those existing before the tests. The rapidity of this restoration is probably
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explained by the weak degradation suffered by the substrates. The population of
molluscs of these areas has also been re-established to levels comparable with
those of 1966, except for Tecarius grandinarus, populations of which still remain
scattered. The pressure waves induced by the atmospheric and underground
tests in the lagoon have resulted in hard substrate degradation and some increase
in the rate of sedimentation. From this perspective the underground events had a
greater impact on account of their dispersion and the considerable pressure that
they generate around the surface ground zero points,

The vitality of the coral communities of the Mururoa and Fangataufa atolls
varies greatly from one site to another, from one biotope to another, as a function
of the natural environmental conditions and past and present perturbations.

Owerall, the recolonization of the coral is active, but the restoration of coral
populations following the atmospheric tests is more advanced than in the much
more recent underground tests, which have generated a greater degradation of
the substrates. The populations often present a voung character, with some-
times a dominance of pioneer species, indicating a community still badly
structured. Locally, the bioconstructor organisms can sirongly compete with
substitution populations: soft algae, Zoantharia, Alcyonaria and Actiniaria. In
a number of cases, such as the east sector of Mururoa near the base or the
navigation routes, the appearance of certain substitution populations can be
linked to urbanization or human presence.

On the coral constructions of these sectors, the appearance of populations of
Palythoa has been noted since 1969, with the subsequent, often cyclic, develop-
ment of Zoanthus and Rhodactis. A reduction follows in the species diversity of
Madreporaria by elimination of a species that does not tolerate the rise in
nutrients and suspended or sedimented materials. The echinoderms and algae
offer good examples of the spatio-temporal vanability of populations due to
perturbations in the surroundings by nuclear experiments. Comparable demo-
graphic expansions can be seen in zones near urban waste. On these sites, the
strongest densities observed sometimes are attributable to the large quantities of
organic material dispersed in the environment. The opening of the Fangataufa
passage and, to a lesser degree, the augmentation of exchanges of water with the
ocean by the hoa from the southwest of Mururoa, should modily certain
populations. This is already most apparent where plankton is concerned. The
populations of molluscs of & more open Fangataufa lagoon should evolve
towards greater specific diversities and reduction in the density of original
dominant species. This tendency seems to be appearing but, taking into account
the impact of the nuclear events, it is still too soon for confirmation.

4.6.2 Case study: Nevada Test Site

Extensive searches for ecological changes in contaminated areas have also been
carried out at the Nevada Test Site. In most of these studies, however. the
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contamination consisted principally of mixed fission products. and, except for
the work reported by Rhoads and Platt, the more dramatic ecological effects
were generally attributed to non-radiological perturbations. The best oppor-
tunities for searching for ecological effects from plutonium alone exist (in a
number of areas) adjacent to the Nevada Test Site in arcas used for *safety shot’
tests. These tests involved detonation by conventional explosives of plutonium
in various containment configurations, Studies of small mammals and grazing
cattle in these areas have failed to discover any evidence of radiogenic patho-
logy. Varney and Rhoads have examined shrubs in areas assumed to have been
contaminated primarily with plutonium. Although their data implied that such
shrubs had increased frequencies of chromosomal aberrations to controls. the
evidence was not conclusive (Hanson, 1980),

The development of the Plowshare programme and the execution of the
SEDAN event stimulated detailed radioecological studies of long-lived radio-
nuclides. The distribution of tritium in the SEDAN ejecta field, climatic eftects
on this distribution, and inventory data were described in this research; the
integrated inventory of radionuclides in SEDAN ejecta indicated that tritium
was the most abundant radionuclide on the basis of activity per surface unit.
The biological significance of residual tritium at SEDAN crater was evaluated
in plant and animal studies

4.6.3 China

In China. the Institute for Application of Atomic Energv, established in [960
under the auspices of the Chinese Academy of Agricultural Sciences, con-
ducted radioecological experiments to study the behaviour of fission products
from fallout origin in crops and soils (Xu Shiming e @f, 1996). On-the-spot
pot culture experiments on crop plants were performed in the proximal area of
a low-altitude nuclear explosion. Other experiments were performed using the
fallout collected in the area of nuclear explosion tests. The results show that the
fallout (0.3% solubility) contributed a little to the internal contamination of
crops via roots. Unfortunately. in most of those experiments. which appear to
have been conducted in the 19603, only measurements of total beta or gamma
were carried out, therefore. the valuable information that can be derived from
these experiments is limited.

4.6.4 Former USSR

The estimation of genetic effects caused by nuclear tests at the Semipalatinsk
Test Site was presented during the I1 NATO-ARW. Barnaul (Shumny and
Shevchenko, 1994), Recurring atmospheric nuclear explosions at this test site
contaminated certain areas of Altai from 1949 through to 1962 by us much as 3

Gy, which is enough to cause genetic effects. Mutagenic effects of irradiation in
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Altai can be evaluated very approximately by examining organisms that differ
in the length of generative cycles and occupy different ecological niches. The
succession of generations is accompanied by climination of mutant variants,
and so is an additional factor that prevents an =asy analysis. Therefore it was
urgent to uncover possible traces of exposures to ionizing radiation in the
hereditary material of currently living organisms. among them plants and
animals which (or whose ancestors) have ever been exposed 1o radioactive
fallout from the Semipalatinsk nuclear tests. With that objective, the
cytogenetic and some biochemical markers of exposure to radiation have
been analysed in material from human residents. animal populations
{Chironimids) and plant populations (Scotch pine) of the affected Altai arcas.

4.64.1 Cyiogenetic Monitoring of the Natural Populations of Chironomids

There has been a three-time monitoring of seven Chironomid populations of
Altai monitored on three occasions in 1992-1993. In some of the regions
investigated the dose of ionizing radiation peaked at 3 Gy after the 1949
explosion. Today, soil concentrations of '*'Cs near the lakes are two to three
times as much as the global fallowt background. Study of chromosome
polymorphism in the populations of the two species of the Altai Chironomids
(C. rentans and C. balatonicus) revealed wide chromosome polymorphism in all
populations studied, both in the polluted regions and in the conventional
control, The findings show a difference witnessed by ‘bundles’ of five 1o seven
unigue sequences not reported in any other populations ever studied, except in
the Cheliabinsk populations, where the level of radioactivity still remains high.
It is noteworthy, that both the Altai and the Cheliabinsk populations are 60-
90 generations removed from those exposed to the explosions of 1947 and
1957. respectively. Part of the neutral or adaptive chromosomal anomalies
induced by radiation can persist through many generations. The unique
sequences therefore may be regarded as ‘radiation records’ induced in the
Chironomid genome following the exposure to radiation, which have persisted
for 60-90 generations.

46.4.2 Examination of Wild Populations of Plants

Analysis of genetic and cytogenetic parameters of higher plants in Altai
populations exposed to ionizing radiations has been performed by a team of
sclentists ﬁum the Institute of Cytology and Genetics of the Siberian Division
of the Russian Academy of Sciences and from the Institute of General Genetics
nfﬂkaanﬁmdun_\ of Sciences. The Scoich pine (Pinus silvestris) 15 a
natural test system for assessing remote genetic hangovers of exposure to
radiation. The mutational events induced in the vegetation by nuclear tests
may be identified as differences between wild populations from polluted
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regions and control regions, using a series of parameters, such as pollen
fertilityv. seed production, germination of seedlings. number of cells with
chromosomal aberrations in seedlings going through mitosis I, frequency of
meiotic anomalies and polymorphism for seed storage proteins. On the whole,
this study provides evidence that radioactive pollution of the regions has
induced lower pollen viability and fertility, rendering more seeds unviable,
giving rise to meiotic anomalies and raising concentrations of rare and null
variants of storage protein in the seeds of wild populations of the Scotch pine.

4.6.4.3 Lichen—Beindeer— Human Foodchain

Radioecological peculiarities around the Novaya Zemlya (Russia) test site have
been investigated by Ramzaev's team since 1961, with special emphasis on the
lichen-reindeer—human foodchain. The studies show that the structure of the
lichen could increase the adsorption surface to a value 20 to 100 times greater
than in grasses; furthermore the concentration of '¥'Cs in the thalle is 200 times
greater than in the agueous solution of '¥'Cs. In the case of *Sr this factor is 20
times greater. Another interesting observation is that the absence of roots n
lichens created the illusion that the radionuclides in soil are inaccessible:
actually lichen possess special features in regard to this and in three months
lichen can absorb caesium from soil 200 to 400 times more than grasses can.
The degree of assimilation of ™Sr from soil is almost the same as in grasses
(0,1-0,3%). These peculiarities of lichen have created preconditions for height-
ened levels of radionuclides (especially '*7Cs) in the subsequent portions of the
foodchain, such as in reindeer, whose principal fodder for seven to eight months
is lichen (Ramzaev et al., 1993).
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5 Pathways for Internal and External
Exposure

P. J. COUGHTREY, R. J. C. KIRCHMANN, F. HARRIS
AND 5. L. SIMON

5.1 INTERNAL EXPOSURE PATHWAYS

5.1.1 Introduction

The main pathways leading to intake of radionuclides by humans following a
nuclear explosion are inhalation of contaminated aercsols or gases and
ingestion of contaminated water or foodstuffs as discussed below. Radio-
isotopes of iodine, strontium and caesium are of most interest in this respect
because they are both released in considerable quantities during nuclear
explosions (Chapter 4) and are readily transferred to humans by foodchain
pathways and then subsequently absorbed through the gastro-intestinal tract.

5.1.2 Inhalation

Inhalation of radicactive gases and aerosols may occur during the initial
passage of the radioactive cloud and at later times as a consequence of
resuspension of material previously deposited on vegetation and other
surfaces. In this respect, it is necessary to consider both humans and grazing
animals, where inhaled material may either be absorbed via the lungs or
removed from the lungs to the gastro-intestinal tract for subsequent absorp-
tion. For humans, there are internationally accepted models such as those
developed by ICRP (1980) for calculating absorption of radionuclides
following inhalation, taking into account factors such as particle size and
radionuclide composition. Such models are based on ICRP ‘reference man’
(1973) and therefore may not be entirely appropriate to the populations
surrounding nuclear test sites at the time and conditions in which the most
significant explosions occurred. Analysis of exposure pathways during the
passage of a radioactive cloud is relatively straightforward. It involves
application of ICRP models with appropriate modification of parameters to
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take into account factors such as the distribution of particle sizes within the
cloud and the physical and chemical form of radionuclides within such
particles.

Muodels for application to grazing animals that form a potential pathway for
transfer are not as well developed as are those for humans. According to
conditions during the passage of the cloud, it is quite possible that inhalation
could contribute to concentrations of radionuclides in animal products. This
was demonstrated clearly after the Chernobyl accident where '*'] exposure of
housed animals via inhalation resulted in contamination of milk. although at
much lower concentrations than were observed for animals exposed to similar
air concentrations but in free-grazing conditions (Coughtrey et al,, 1990).

Analysis of inhalation pathways following a nuclear explosion reguires
consideration of the extent of ground contamination and the degree to which
deposits are resuspended to the atmosphere at various times after the deposi-
tional event. Resuspension varies as a function of the nature of the ground
surface (e.g. urban or rural conditions), meteorological conditions (e.z. wind
speed, rainfall) and physical disturbance, such as that created by agricultural
activities (ploughing. rainfall) and urban activities (e.g. street sweeping. spray-
ing with water to reduce dust, etc.). It is particularly sensitive to local climate
and envirenmental conditions,

The importance of the inhalation pathway for an individoal member of a
potentially exposed population will depend on the following factors.

1. The time of year at which the event occurred (affecting both ground
conditions and the person’s habits),

2. Location and activity during the passage of the cloud. i.e. whether indoors
or outdoors, whether at work or at rest, and the nature and pattern of
work,

3. Nature of place of residence following the passage of the cloud. i.e. whether
rural or urban.

4. Occupation following the passage of the cloud, ie. whether working
indoors or outdoors and, if the latter, whether involved in activities which
result in, or are related to, higher-than-average resuspension.

For grazing animals a further set of factors apply, i.e. their location at the
time of passage of the cloud, and their subsequent husbandry and feeding
behaviour following passage of the cloud.

Such factors have to be taken into account when estimating exposure to
radionuclides that have been released from nuclear explosions. Their nature
and relative importance will have differed between test sites, and according to
the vear in which the most significant event(s) occurred (due to societal
changes) and the season of the year in which those tests occurred. Their
contribution to uncertainties in estimated doses cannot be ignored.
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5.1.3 Ingestion

Ingestion of radionuclides by humans following nuclear explosions can occur
from consumption of contaminated vegetable and animal products, water and,
in some cases, soil. The latter can be guite important for children. The main
pathways that require consideration whilst estimating doses are summarized in
Figure 4.1.

Plant products may be contaminated directly as a consequence of deposition
of particles, in which case radionuclide intake by humans will depend to a large
extent on the manner in which plant-based foodstulfs are prepared prior to
consumption. Plant products may also become contaminated indirectly as a
consequence of the translocation of radionuclides from foliage or from the goil
to the harvested product. In this case the intake by humans is less sensitive to
the method of food preparation. For short-lived radionuclides such as '*'1,
direct contamination tends to dominate over indirect contamination. The
opposite applies to longer-lived radionuclides such as **Sr and Cs.

Radionuclides can be transferred to products derived from grazing animals
as a consequence of ingestion of contaminated plants, water and soil, Meat and
milk are by far the most important pathways in this respect. Radionuclides
such as "*'T and '*Cs are transferred relatively effectively to both meat and
milk, with transfer to milk of goats and sheep more effective than that for
cattle. Contamination of meat with '*'T is of little significance apart from the
thyroid, which is generally not consumed by humans. In contrast, '*'Cs is
relatively uniformly distributed throughout the body of most grazing animals
and 1s retained with a biclogical half-life ranging from several days to a few tens
of days (Coughtrey et al., 1983-86). Contamination of meat with radiocaesium
can therefore provide a pathway for protracied exposure of humans according
to the extent to which it remains available to the animal via consumption of
plants or seil. Radiostrontium tends to be accumulated in the skeletal parts of
most animals and therefore is not of relevance for meat products.

The transfer of radionuclides to animal products is sensitive to both diet and
animal husbandry. In general, free-ranging animals show higher transfers of
radionuclides than do those which are kept in more intensive systems. This is
the effect of a combination of factors, such as the areas available for grazing,
selectivity during grazing, and the quantity of soil in the diet.

There are wide ranges in reported feed-to-meat and feed-to-milk transfer
factors for radionuclides such as *Sr, "I and "¥'Cs. If specific data are not
available for specific assessments it is important to select parameter values
which relate as much as possible to the particular conditions of the assessment.
The use of generic or average values could, in many cases. result in an under-
estimate of the actual transfer.

The behaviour of radionuchides in aquatic ecosystems can be very complex

according to the mechanism of entry, i.e. direct deposition or transfer from the
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surrounding watershed. initial physical and chemical form of the radionuclide.
and the physical, chemical, hydrological and biclogical characteristics of the
ecosystem. Nevertheless. the potential contamination of aquatic organisms,
especially fish, with radiocaesium should not be ignored. especially as concen-
trations can be maintained for prolonged periods where potassium concentra-
tions of the ecosystem are low or where the potential for fixation in mineral
sediments is limited.

The transfer of *"Sr. '*'I and '*7Cs to humans via the foodchain is also
dependent on chemical factors such as the background stable iodine content of
soils, plants and animals, and nutrient status | potassium in the case of radio-
caesium and calcium in the case of radiostrontium). Where concentrations of
stable iodine are low, intakes of '*'1 may be transferred more effectively to milk
and blocked less readily by the thyroid. The behaviour of *Sr in the environ-
ment is related to that of calcium. There is good evidence to indicate that its
transfer through soil-plant-animal foodchains is related to that of calcium. The
link between potassium and radiocaesium is not as clear as is that berween
calcium and radiostrontium. The long-term availability of '¥7Cs for uptake by
plants is related to the quantity of available potassium in soil as well as to the
quantity of specific minerals which can result in adsorption or fixation of the
radionuclide. The discrimination between Cs and K is much greater than is that
between Srand Ca,

5.1.4 Ingestion pathways for populations close to test sites

At the time of the most important explosions at different test sites, there were
specific environmental and population conditions which were very different
from those that are experienced in equivalent populations at the present time,
Such conditions could, potentially, have important consequences when recon-
structing past exposures. The following sections summarize those factors that
are known to have been relevant for specific populations and test sites.

5.1.4.1 Nevada

The main radicecological impact of explosions at the Nevada Test Site (NTS)
has been demonstrated to be contamination of milk with "', Analysis of
radipiodine concentrations in milk has indicated more than an order of
magnitude variation in transfer to individual cattle within a herd (Appleby,
1998), As a consequence it was necessary to consider bulk milk and milk from
farmyard cattle separately. Additionally, because there are differences between
the transfer of radioiodine to goats milk compared with cows milk it was
necessary o consider separately the consequences of testing for consumers of
goats milk.
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During reconstructions of the consequences of testing at NTS, assumptions
concerning agricultural practice have proved to be very important, as have
assumptions about the distribution of contaminated products, such as milk, to
populations outside the area immediately affected by the explosions (Church et
al,, 1998).

Dose reconstructions at WTS identified the need for application of site-
specific data for interception fractions of fallout. Information derived from
studies in 1953 indicated interception fractions that were ten times lower than
values which would otherwise have been derived from the literature (Appleby.
1998). For wet deposition, experimental studies were required to derive
appropriate parameters (Bouville ¢ al., 1998) and it was recognized that local
enhanced levels of fallout could be related to thundershower activity (Church
et al., 1998).

Mathematical models such as PATHWAY have been applied during recon-
structions of doses from testing at NTS. This has required & major investment
in analysing data and in selecting parameters which are appropriate to agri-
cultural and other conditions which existed at the time of the tests (Appleby,
1998; Bouville er al., 1998; Church et al., 1998; Coughtrey er al., 1998),

Assessments of the potential impacts of contamination of groundwaters as a
consequence of testing at NTS have involved extremely conservative assump-
tions, for example abstraction of drinking water from wells driven into the
contaminated agquifer (Anspaugh, 1995).

5.1.4.2  Semipalatinsk

As at NTS, assumptions concerning interception have proved to be important
in dose reconstructions for tests at Semipalatinsk. Data from the 1962 explo-
sion indicate that only particles <75 um would have contaminated grass and
that the availability of young. growing. grass was a major factor in uptake of
radionuclides by cattle. Assumptions about changes in solubility with distance
also proved to be very important (Gordeev et al., 1998).

Gordeev et al. (1998) also reported the results of investigations on a herd of
100 dairy cows located 105 km from the site of test explosions. These investi-
gations were used to derive time-dependent parameters for the uptake of a
range of radionuclides to cows milk. They also demonstrated the marked
effects of time of year on rate of decline of radionuclide concentration in cows
milk. as well as the effects of rainfall following periods of drought.

For bread products, Gordeev et al. (1998) reported that the ratio of specific
activity in fresh grain to that in grass was 0.22 and provided relationships for
estimating specific activity of radionuclides in bread products. In this respect it
was noted that there were differences between bread that was produced from
‘highest grade’ and ‘second rate’ flour.
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Vlasov (cited by Coughtrey, 1998) reported that variability in external dose
was only a factor of 0.2 whereas for ingestion doses it was a factor of 1.7.
Ingestion doses from agricultural products were between 0.2 and 1.2 times
external doses (Shoiket, cited by Coughtrey, 1998). It is not clear why this ratio
was higher for Semipalatinsk tests than for NTS tesis (Anspaugh, 1993). One
factor could be the large differences that existed between diet and lifestvle of
the two populations.

Fallout from Semipalatinsk was distributed over large distances and in
different directions. Significant differences in deposition and environmental
behaviour were observed at different distances from the source, reflecting
partially the nature of the affected ecosystem. Some information exists on site-
specific transfer factors for Semipalatinsk fallout but such information appears
1o be far from complete (Coughtrey, 1998).

Studies following excavation of Lake Chagan have demonstrated higher
concentrations of radionuclides in horse meat relative to that from cattle. This
is thought to reflect differences in grazing habits; horses grazed feather grass
and wormwood near to Lake Chagan whereas catile grazed cultivated pastures
{Akhmetov et al., 1994). Additionally, fish and water birds may have provided
a possible route for ingestion of radionuclides by the local population. Such
pathways have been reported not to provide any danger to human health
(Akhmetov er af,, 1994),

In a recent study (IAEA, 1997), data on local dietary habits were obtained
by talking to local inhabitants. The information obtained indicated that most
of the foodstuffs used in settlements close to the test site were locally produced.
The principal exceptions were flour, rice and sugar. The diet appeared to be
dominated by animal products and bread or other flour-based foodstuffs, Fruit
and vegetable production was stated to be variable but generally low and some
individuals claimed to eat no fruit or vegetables. Table 5.1 provides a summary
of dietary information provided to the IAEA mission. It is not clear to what
extent the lifestyles and habits observed in 1994 reflected those that would have
pertained during the period of testing at Semipalatinsk. However. the obser-
vations that milk and milk produets formed a significant contribution to diet,
that drinking water was mostly provided from wells. and that fruit and
vegetables appeared to be grown in small plots adjacent to houses and farms,
are not untypical of what might be expected for the rural populations present
in the 19505 and 1960s. If anything, it can be assumed that locally grown or
produced foodstuffs would have formed an even greater proportion of diet at
that time.

5.1.43 Novaya Zemlva

The main radicecological impact of explosions at Novaya Zemlya has been via
the lichen-reindeer—-human foodchain (Ramzaev et al.. 1993). Radionuchide
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Table 5.1 Summary of dictary information provided by inhabitants of scttlements near
the Semipalatinsk site in 1994 (IAEA, 1997).

Location  Source of foodstufl Foodstuff Deetails

Dalon Home produced Meat Beef, mutton, poultry
Vegetables Carrots. tomatoes, cabbage,
potatoes, cucumbers

Fruit Plums, melons
Milk Muostly turned into milk
products
Eges
Brought in from elsewhere  Bread
Flour
Sugar
Rice
Animal feed  Hay, wheat, barley and millet
Beriozka Home produced Meat
Farm Milk No vegetables, no fruit
Eggs
Brought in from elsewhere  Flour Bread is made at the farm
Akzhar  Home produced Meat Beef. mutton, poultry

Vegetables Carrots, tomatoes, cabbage,
potatoes, cucumbers

Fruit Blackcurrants, strawberries
Milk Mostly turned into milk
products

Mushrooms  From the woods
Brought in from elsewhere Bread
Flour

transfer through this foodchain was approximately 10-100 times more effec-
tive than for the grass-cow-human foodchain, and the absorbed doses for
radiocaesium and radiostrontium in reindeer were quite close to limits that had
been established for persons who worked with radiation. The highest contami-
nation of reindeer occurred in the Kola peninsular (Murmansk Province),
some 300-600 km from Novaya Zemlva. Here the transfers appeared to be
more efficient than for other areas such as Yakutia.

The critical group for Novava Zemlya has been established as the aboriginal
dwellers of the extreme North who were emploved in reindeer breeding
operations, herdsmen, reindeer breeders and their family members (Ramzaev
et al., 1993). This reflects their consumption of contaminated meat, use of
melted snow for drinking and cooking, consumption of freshwater fish, and
consumption of partridge meat. The size of the group was estimated at 30000
persons. A further 300000 persons (mostly small-city dwellers) also consumed
reindeer meat but at much lower rates. Alaskan natives were less at risk due to

different practices in herding and the time of slaughtering reindeer.
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5144 Pacific

The key factor in Pacific tests is whether thev occurred over water or land and
whether or not the population had been evacuated (Doury, 1996). For the
Marshall Islands the main problem was radiocaesium and the terrestrial
foodchain (Kirchmann er al., 1993). Assumptions concerning lifestyle proved
to be critical in estimating doses due to very specific practices, such as the
collection of sap from trees, the drying of fish on roofs, cooking outdoors, and
the methods used for collection and storage of water for drinking and washing
{Simon, cited by Coughtrey, 1998). Dose estimates proved to be very sensitive
to assumptions about the environmental half-life of radiocaesium in contami-
nated ecosystems.

The behaviour of radiocaesium in tropical ecosystems is very different from
that in temperate environments (Kirchmann er af,, 1993). This needs to be
taken into account when estimating doses and when considering issues such as
the migration of radiocaesium to groundwaters,

An TAEA Advisory Group (IAEA, 1998) reviewed the two independent
assessments that had been performed to evaluate the potential doses to a
population that might live on Bikini Island in the future, and provided the
data given in Table 5.2, This serves to demonstrate the great range in food
items currently consumed in the region. There is no reason to believe that a
similar variety in diet would not have existed at the time of testing of nuclear
devices. Table 5.2 emphasizes the importance of breadfruit and coconut in
the diet. Coconut appears to have a particularly high uptake of radiocaesium.
Little is known of the uptake of radionuclides by many of the listed dietary
components.

In 1994, Service Mixte de Surveillance Radiologique et Biologique de
I'Homme et de "Environment (SMSRB) investigated the levels of radioacuvity
in dietary components of inhabitants of French Polynesia. The study involved
171 samples and a breakdown of the various food types involved is given in
Table 5.3 (SMSRB 1994). It emphasizes the diversity in diet of inhabitants of
1slands.

3145 Lob Nor

Very little information has been obtained on the environmental and population
characteristics of persons likely to have been affected by explosions at Lob
MNor. It can be assumed that, at the time of the explosions, there would have
been considerable variability in the environments that were affected and in the
living and dietary habits of the affected population.

Liu Ying and Zhu Changshou (1996) commented that potentially critical
groups living in the north of China and in Inner Mongolia had not been
investigated. Zhu Changshou et al. (1996) provided estimates of doses for
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Table 5.2 Diet models for adults potentially living on Bikini island

(LAEA, 1998).

Local component Local foods

of an ‘imported’ only diet
Food stufl foods diet (g day ') (g day )
Reef fish 242 56,8
Tuna 13.9 72.0
Mahi mahi 1.56 214
Marine crabs 1.68 19.5
Lobster 388 352
Clams 4.56 58.1
Trochus 010 0.24
Trdacna muscle 1.67 11.4
Jedrul 308 19.4
Coconut crabs 313 4.9
Octopus 4.51 49.0
Turtle 4.34 17.8
Chicken muscle 8,36 31.2
Chicken liver 4,50 17.7
Chicken gizzard 1.66 3.32
Pork muscle 5.67 13.9
Pork liver 2.60 6.70
Pork heart 0.31 0.62
Bird muscle 271 26.4
Bird eggs 1.54 22.8
Chicken eggs .25 41.2
Turtle eges 9.36 235
Pandanus fruit B.66 63.0
Pandanus nuts 0.50 200
Breadfruit 272 186
Coconut julce 99.1 333
Coconut milk 519 122
Drinking coconut meat 31.7 181
Copra meat 12.2 71.3
Sprouting coconut 7.79 122
Marshalese cake 11.7 il
Papava 6.59 27.0
Pumpkin 1.24 544
Banana 0.02 0,58
Arrowroot 393 G4 9
Citrus 0.10 0.20
Rainwater 313 29
Wall water 207 430
Malolo 199 ]

CofTezftea 238 0
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Table 5.3 Produce harvesied or fished locally or brought in
from other islands in French Polvnesia (SMSREB, 1994),

Main dietary component Break down of component

Beverages

Meat

Fish

Sea foods

Leafy vegetable

Fruit-type vegetable

Root vegetables

Fruit

Local beer
Pinzapple juice
Drinking waler
Local milk
Local goat meat
Local dog meat
Local beel
Local eggs

Local pork
Local chicken
Big eye scad
Skipjack meat
Freshwater prawn
Coral fish
Yellowfin tuna meat
Clam

Spiny lobster
Octopus

Brisley turban
Cabbage

Leck

Lettuce

Taro leaves

Egg plant
Cucumber
French beans
Tomato
Breadfruit tree fruit
Carrot

Manioc

Turnip

Sweet potato
Potato

Taro roots
White taro roots
Pineapple
Avocado
Banana

Lemon

Coconut meat
Mango
Muskmelon
Orange and tangenne
Grape frun
Papaya

Water melon
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urban and rural communities and noted higher doses for rural populations
compared with urban populations. This effect was attributed to the overall
higher dietary intake of rural populations. Regional differences were attributed
to differences in the content of cereals in the diet. Hou Jicle er al. (1996) noted
the occurrence of hot particles at Wulumgi in Xinjiang Province following tests
in 1962 and identified a critical group of herdsmen who may have consumed
snow meltwater. Liu Ying and Zhu Changshou (1996) noted that milk was not
a major dictarv component for adults but that the dose to infants was higher
than for adults due to intake of '*'l with contaminated milk. Zhu Changshou
and Liu Yimmg (1996) noted that the main components of Chinese food are
cereals and vegetables but that both milk and fish were significant due to
radioecological transfer.

A further and potentially important factor may be dietary intakes of stable
iodine. Some of the Chinese Provinces potentially affected by explosions at
Lob Nor showed low dietary iodine intakes, in some cases to such an extent
that measures were taken for human health purposes (Hou Jiele er al., 1996).

3.1.46 Maralinga

Palmer and Brady (1988) provided a very detailed study on the diet and
lifestyle of aborigines in the Maralinga area. Cooked meats consumed by
aborigines include kangaroo, rabbits, turkey, edible grubs, lizards and goanna.
The total bush meat consumed per person per year was approximately 221 kg
(605 g day~'). Kangaroo represented the most commonly consumed meat,
followed by rabbits and then turkey. Grubs, lizards and goanna were con-
sumed at a much lower rate. All cooked meats were considered to provide a
potential for contamination because of preparation on leaves or a piece of
cardboard on the ground, the use of earth ovens and the fact that rare meat is
moist. Kangaroo was also stored for up to three days in trees during winter
prior to consumption.

It was notable that the specific population studied by Palmer and Brady
(1988) had not only a very high intake of meat but also of bread and flour.
Additionally. relative to the Australian diet in general. the daily intake of eggs
was high.

It is clear that the application of average statistics would not account for the
likely impacts of past nuclear weapons testing on local aborigine populations
that would have been particularly susceptible, both as a consequence of their
particular diet and their habits.

5.1.5 CONCLUSIONS

The sites chosen for testing of nuclear devices in the 1950s and 1960s have a
number of common factors relevant to pathways for radionuclide transfer.
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First they were all in remote locations, 1.e. surrounded by large land masses
(NTS, Semipalatinsk, Lob Nor, Maralinga), or the sea (Marshall Islands,
French Polynesia. Novaya Zemlya). Secondly. because of the location and
often hostile environmental conditions, the local populations present at the
time of the tests often lived very close to the land, obtaining much of their
agricultural produce locally. Water would have been obtained from rainwater
{e.g. Marshall Islands). local wells (Semipalatinsk) or melted snow (Novaya
Zemlya), In several cases the basic foodstuffs would have represented locally
produced meat often raised in semi-natural conditions (e.g. kangaroo at
Maralinga, reindeer in areas affected by testing at Novaya Zemlya, and
possibly horses at Semipalatinsk), or milk (either the household cow as at NTS
or in areas of the Altai affected by testing at Semipalatinsk, or even goats and
sheep). Basic diets would have been supplemented by smaller contributions of
unusual foodstuffs such as mushrooms (in temperate climates), grubs and
lizards (in Australia), and seafood (in island populations).

The environmental conditions associated with the test sites are not, in
general, those for which the majority of radioecological information on radio-
nuclide transfer applies. This factor, in conjunction with the specific dietary
intakes of the affected populations needs toc be taken into account in dose
reconstruction studies. Whereas extensive information is available for
populations affected by tests at NTS, and some information is available on
potential dietary intakes for populations affected by testing in the Pacific,
Maralinga and local populations at Semipalatinsk, much less information is
available for more distant populations affected by testing at Novaya Zemlya,
Semipalatinsk and Lob Nor, Careful consideration of basic radioecological
information is required when performing dose reconstructions, The accuracy
of such studies would be improved considerably by utilization of site-specific
information.

52 EXTERNAL EXPOSURE PATHWAYS
£.2.1 Natural radiation sources

5.2.1.1 Cosmic Radiation

Cosmic rays, which originate in space, and solar particles enter the Earth’s
atmosphere and begin a cascade of secondary interactions and decavs. The
resultant ionization is a function of both altitude and latitude. The ionizing
component of cosmic rays produces, on average. an absorbed dose rate in air
of 32 nGy h™! at sea level in the mid-latitudes, corresponding to an effective
dose rate of 32 nSv h-'. The neutron component of cosmic rays results in an
effective dose rate of 3.6 nSv h™', The intensities of both components increase
with altitude, more so for the neutron component.
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Taking into account shielding by buildings for the ionizing component and
the distribution of world population with altitude. the population-weighted
average annual effective dose from cosmic rays is 380 uSv. The effective dose
rate received during a commercial flight is about 3 pSv h™'; the per caput
annual effective dose for the world population due to air travel is 2 uSv.

5.2.1.2 Terrestrial Radiagtion

Exposure to gamma tays from natural radionuclides occurs outdoors and
indoors. Surveys by direct measurements of dose rates have been conducted
during the last few decades in many countries. National averages range [rom
24 to 160 nGy h!

The dose rate in air outdoors from terrestrial gamma rays in normal
circumstances is around 57 nGy h'. National averages range from 24 to 160
nGyv h™!. Soil and survey data yield similar values. Communities living on
mineral sands may well be exposed at two orders of magnitude more.

The gamma-ray dose rate indoors is estimated to be 80 nGy h', the
population-weighted mean of measured values world-wide, and the range of
reported national averages is 20-190 nGy h~'. These results are in accordance
with values inferred from outdoor measurements and the concentrations of
radionuclides in building materials. Applying a coefficient of 0.7 Sv Gy ' to
convert absorbed dose rate in air to effective dose and using an indoor
occupancy factor of 0.8, the world-wide average annual effective dose from
external exposure to terresirial radionuclides is 0.46 mSv.

In comparing the indoor and ourdoor averages, it is seen that the overall
effect of surrounding building materials is to increase the dose rate 40-50%.

The ratio of indoor to outdoor dose rates varies from 0.8 to 2.0 In only two
countries, Iceland and the USA, are average absorbed dose rates indoors
judged to be less than outdoors. This ratio is sensitive to the structural
properties of dwellings (materials, thicknesses and dispositions) and is of
limited utility for estimating exposures in particular cases from outdoor data.
However, the relatively narrow range of the indoor-outdoor ratio reflects the
fact that building materials are usually of local origin and that their radio-
nuclide concentrations are similar to those in local soil. The building materials
act as sources of radiation and also as shields against outdoor radiation. In
wooden and lightweight houses, the source effect is negligible and the walls are
an inefficient shield with respect to the outdoor sources of radiation, so that the
absorbed dose rate in air could be expected to be somewhat lower indoors than
outdoors. In contrast, in massive houses made of brick, concrete or stone, the
zamma rays emitted outdoors are efficiently absorbed by the walls, and the
indoor absorbed dose rate depends mainly on the activity concentrations of

natural radionuclides in the building materials.
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5.2.2 Artificial environmental radiation
5221 Deposition

Mechanisms of deposition were discussed in some detail in the UNSCEAR
Committee’s 1964 report. After entering the troposphere from above, fission
products are transported down to the level of the rain-bearing clouds, mainly
by turbulent mixing. This downward movement is enhanced over anticyclonic
systems and restricted over cyclonic systems. Below this level, the radioactive
particles are rapidly washed out by precipitation and deposited upon the
surface. In addition, dry removal of fission products takes place through
several mechanisms. Dry removal by sedimentation requires particles to be
larger than about 5 ym and is important only in local fall-out. Dry deposition
of world-wide fallout makes an important contribution to the total fallout only
in areas of low rainfall.

Fission products can enter rainwater by processes within the cloud, the so-
called rain-out, or can be picked up by raindrops below the cloud, the so-called
wash-out. For aerosols of small particle size the wash-out is relatively quite
slow so that rain-out is probably the most important wet-deposition process.
The small contribution of wash-out processes to total deposition probably
accounts for the fact that the activity of fission products in ground-level air
does not seem to be greatly influenced by precipitation rates.

5222 External irradiation

Several of the artificial radionuclides that are present in fallout emit gamma
rays and thereby give rise to an external radiation dose. In addition to various
short-lived radionuclides. the most important of which are **Zr and **Nb. the
main contributor 1o external gamma radiation is '¥'Cs, which has a physical
half-life of 30 years.

In principle it should be possible to calculate the external doses from the
short-lived radionuclides using the deposition data for each radionuclide and
appropriate dose-rate conversion factors. For '*’Cs the distribution has been
assumed to be exponential with a mean depth in the soil of 3 cm. For the short-
lived fission products a linear distribution was assumed.

For the short-lived fission products, there is little leaching into the soil
before they decay, but for '*'Cs, Gale er al. (1964) found there was a rapid
movement into the soil during the first few years and henceforth the distri-
bution remained fairly static. The amount of penetration depended upon the
soil type, but in all cases most of the '*’Cs remained in the top 10 cm of soil.
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6.1 INTRODUCTION

The estimation of local and regional doses resulting from environmental
releases from nuclear weapons tests conducted at the main nuclear test sites is
discussed in this chapter. Global doses, as estimated by UNSCEAR for all the
tests from all nuclear test sites, are also presented.

The main nuclear test sites that are considered are; the Nevada Test Site and
the Pacific Grounds for the explosions carried out by the USA, Semipalatinsk
and Novaya Zemlya for the former USSR, Lob Nor for China, Mururoa and
Fangataufa for France, and Australian sites for the UK.

The status of dose reconstruction at these nuclear test sites is first described
in general terms. More technical sections then address specifically:

1. the mdividual doses from external irradiation:
2. the individual doses from internal irradiation.

The nature and amount of information that are available vary according to the
nuclear test site that is considered. Although efforts have been made in this
chapter to present similar information for all nuclear test sites, this has not
always been possible.

The wartime explosions at Hiroshima and Nagasaki are considered to be
bevond the scope of this report.

6.2 NEVADA TEST SITE (USA)

The USA began atmospheric testing of nuclear-weapons-related devices at the
Mevada Test Site (NTS) on 27 January 1951, Testing continued intermittently
until 5 August 1963 when the USA sipned the Limited Test Ban Treaty
prohibiting the testing of nuclear weapons in the atmosphere, underwater, or
in outer space (US DOE, 1994). During the period of atmospheric testing, 103
tests were conducted shove ground surface at the NTS and 14 other tests were
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at depths where containment was not expected (Church et al., 1990). The total
energy vield of these explosions was approximately 1 Mt of TNT-equivalent
explosive energy. Most of the atmospheric releases of radicactive materials,
including about 5 EBg of '*'T and 6 PBq of “7Cs, took place in test series
conducted in 1951, 1952, 1953, 1955, and 1957.

In addition. approximately 800 tests, conducted underground since 1951,
were designed for containment of radioactive debris; 38 of these had releases of
radioactive materials that were small in comparison with those of the atmo-
spheric tests, but sufficient to be detected by monitoring equipment located off-
site (IUS DOE, 1994,

6.2.1 Status of dose reconstruction

Public concern began to surface in 1953, when several detonations of the
Upshot-Knothole test series led to considerable fallout to the north and east
of the test site, and continued to build during the late 19505 and early 1960s
{Church ¢t al., 1990), Congressional hearings were held in 1957, 1959, and 1963
to evaluate the impact on the public from fallout of nuclear explosions (US
Congress, 1957, 1959, 1963). Although estimated doses to local populations
from external irradiation, reported by Dunning in 1959, were low and of little,
if any, local concern, the precise magnitude and uncertainty of those exposures
were not well established during the 1960s and 1970s. Public action groups
were formed to seek Federal Government relief for ‘fallout victims', and
Congressional Representatives from the States of Utah and Nevada began
proposing legislative relief for persons suffering from cancers allegedly caused
by radiation. By the late 1970s, hundreds of damage claims had been filed with
the US Government alleging that illnesses, primarily cancers, resulted from
nuclear testing activitics at the NTS. The publication of one particular epi-
demioclogical study (Lyon er al., 1979) implied a causal relationship between
radioactive fallout deposition and childhood leukemia. Public personalities
and some scientists questionad the reliability of exposure estimates provided in
1959, especially as doses from internal irradiation had not been considered.
These events and concerns prompted the need for a thorough re-evaluation of
radiation exposures to the public from fallout produced by nuclear detonations
at the NTS (Church er al.. 1990; Whicker er al.. 1996). In the 1980s, four major
dose-reconstruction studies were undertaken; these studies are now completed.
The four major dose reconstruction studies are known as:

1. the Off-site Radiation Exposure Review Project (ORERP) study of the US
Department of Energy (DOE);

2. the Utah leukemia case-control study;

3. the Utah thyroid cohort study;

4. the National Cancer Institute (NCI) fallout study.
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The first three studies are concerned with doses received by ‘local’ populations
{less than 800 km from the NTS)., whereas the fourth study deals with the
estimation of thyroid doses received by populations across the continental
USA. In all of these studies, uncertainty estimates were attached to the calcu-
lated doses. The second and third studies were conducted in the framework of
epidemiological studies (Land. 1996).

6.2.1.1 The ORERP Study of DOE

In 1979, DOE established the Off-site Radiation Exposure Review Project
(ORERP) to:

I. collect and organize at one central location all relevant documents and
data pertaining to fallout in the off-site area and make these documents
available to the public;

2. produce a dosimetric re-evaluation of the off-site area characterized by
region, community/locale, and agefoccupation (Church ef al., 1990).

A methodology was developed by the ORERP to model doses to individuals
resulting from specific NTS events. This methodology is based on the estab-
lishment of databases containing, for each location of interest, an estimate of
the exposure rate at 12 h after each event (H + 12) along with the estimated
ume of arrival (TOA) of the fallout at that location. Measured and calculated
relationships between exposure rate and relative amounts of each fission and
activation product for each NTS event as a function of time after the explosion
(Hicks, 1981, 1982) were then used to estimate the deposition per unit area of
ground (also called deposition density) of each radionuclide. These exposure
rates and deposition-density estimates were used both to calculate external
doses and to estimate doses from internal irradiation based on environmental
transport models.

The first phase of the ORERP, designated as Phase [, was performed at
locations within approximately 300 km of the NTS, where ground-monitoring
personnel measured gamma exposure rates following nuclear events. These
survey-meter readings. along with available fallout patterns, were used to
compile the Town Data Base, with 1910 records involving 74 events at 353
locations (Thompson er al., 1994). Each record in the Town Data Base con-
tains the values and estimates of uncertainties for H + 12 exposure rate and
fallout arrival time for an event at a given location (Thompson, 1990).

The second phase of the ORERP, designated as Phase II, included the states of
Arizona, New Mexico, Nevada, and Utah (excluding areas in the Phase 1 study
region), southeastern California, western Colorado, southern Idaho, south-
eastern Oregon, and southwestern Wyoming. An analogue of the Town Data
Base, the County Data Base (CDB), was developed for the 142 counties and

county segments that are part of the Phase I study region (Beck and Anspaugh.
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1991). The County Data Base was constructed from *’Cs deposition-density
estimates for each of the 142 counties and county segments for each NTS event
that deposited significant fallout in that county. The manner in which the TDB
and the CDB have been prepared has been described in detail by Beck (1996).

Doses from external irradiation were calculated stochastically using Monte
Carlo techniques for nine agefoccupation categories for each Phase I location/
event combination in the Town Data Base and for each county/event com-
bination in the County Data Base (Henderson and Smale, 1990).

Doses from internal irradiation were estimated using the PATHWAY model
{Whicker and Kirchner, 1987). The modelling approach used state-of-the-art
dynamic models and site-specific data on agricultural, lifestyle, and environ-
mental transport parameters. Where possible, model predictions were tested
against actual, independent data sets prior to use for this analysis. Compu-
tations were carried out for 15565 location/event combinations, 20 radio-
nuclides, four age classes. and 22 organs. Uncertainties in data and model
parameters were propagated to dose estimates using Monte Carlo simulation
techniques. The shapes and magnitudes of uncertainty distributions of the
parameter values that were used in the models were estimated based upon
extensive literature searches, the elicitation of expert opinion, and the judg-
ment of the investigators. The radionuclide concentrations in foodstuffs, the
human intakes of radionuclides, and the resulting estimated radiation doses
were typically best described as lognormal distributions. Therefore, medians or
geometric means (GM) and geometric standard deviations (GSD) were used as
the descriptors for central tendency and dispersion, respectively, of the radio-
nuclide concentrations in foodstuffs, of the human intakes, and of the
estimated doses (Kirchner er al., 1996; Whicker et al., 1996).

6.2.1.2 The Utah Leukemia Case-conirel Study

The Utah leukemia case-control study, which was funded by the National
Cancer Institute, was designed to test earlier observations (Lyon er al., 1979;
Machado et al., 1987) that seemed to indicate an excess of childhood leukemia
in southern Utah following atmospheric testing of nuclear weapons at the
NTS. A subject’s inclusion in the leukemia study, either as a case or as a
control, was based on the following criteria:

1. a date of birth prior to | November 1958, as listed in the records of the
Church of Jesus Christ of Latter-Day Saints (LDS);

2. a date of death between 1 January 1952 and 31 December 1981, as indi-
cated on a Utah death certificate (Stevens er al., 1990; Simon er al., 1995).

Cases consisted of all individuals who met these criteria and died of leukemia;
1177 cases were identified. A control population of 5330 subjects was selected
randomly from deceased Utah residents and were matched by age, sex, and
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vear of death. Information on the residence of the subjects during the period
was made available by the LDS Church from its records exclusively for this
analysis. Therefore, a criterion for inclusion in this study was membership in
that church.

The tissue of interest for leukemia is the active bone marrow. When all
pathways of exposure are considered, external irradiation from radionuclides
deposited on the ground present by far the most important dose contribution
to the active marrow (Beck and Krey, 1983). Active marrow doses from
external irradiation were calculated for all of the 1177 cases and 5330 controls
included in the study. The information necessary to perform those calculations
includes:

1. the residence history of all individuals considered:

2. the temporal variation of the exposure rates at each location where the
cases and controls resided during the exposure period:

3. an age-dependent conversion coefficient from exposure rate to active
marrow dose;

4. shielding factors accounting for the fact that people spend most of their
time indoors where exposure rates are lower than in the open.

The dosimetry methodology was based on the two ORERP databases (the
TDB and the CDB), which provide estimates of exposure rates outdoors at
12 h post-detonation as well as the time of arrival of the fallout cloud at each
location, with their associated uncertainties. The variation with time of the
exposure rate had also been estimated by Hicks (1982) for each NTS event
within the framework of the ORERP. A residence history database was con-
structed for all individuals considered using mainly the Deceased Membership
File and the Church Census Record of the LDS Church, although supple-
mentary information was provided by telephone and city directories (Simon et
al., 1995). Conversion coefficients from exposure to active marrow dose and
shielding factors were taken from the literature (Simon er af., 1995). The dose
assignment for the 6507 subjects in the case-control studv is one of the most
comprehensive and detailed ever assembled for an investigation of radiation-
induced leukemia,

6.2.1.3 The Utah Thyroid Colort Study

The Utah thyroid cohort study. which was also funded by the National Cancer
Institute. was a follow-up to a study conducted in 1965-1970 by the Bureau of
Radiological Health, in which children living in Washington County, Utah,
and Lincoln County, Nevada, had been examined for the presence of thyroid
abnormalities, and children of Graham County, Arizona, had been used as a
control group (Rallison er al.. 1974). The Utah thyroid cohort study consisted

of locating the same cohort of subjects identified in the 1965-1970 study and of
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re-examining them for the presence of thyroid neoplasms and other thyroid
disease. Altogether, doses were assigned for 3545 subjects, of which 3122 were
re-examined (Till ef al., 1995).

Thyroid doses from NTS fallout are mainly due to the consumption of
foodstuffs contaminated with '*'I, with other, minor, contributions resulting
essentially from the consumption of foodstuffs contaminated with '*31, from
external irradiation from fallout activity deposited on the ground, and from
inhalation of air contaminated with both ''I and '**I. Because of the smaller
mass of their thyroid gland, children receive higher doses than adults for a
given intake of '*'I. The consumption of fresh cows milk usually accounts for
most of the dose because milk is consumed regularly and in large amounts and
because of its short shelf life. Other foodstuffs with short shelf life, such as
leafy vegetables. may also contribute significantly to the thyroid dose. The
information necessary to calculate the thyroid doses received from ingestion by
all individuals in the cohort includes:

1. the deposition densities of '*'T and '**I;

2. the transfer coefficients from the deposition densities to the radionuclide
concentrations in cows milk and other important foodstuffs;

3, the dietary and lifestvle habits of all individuals in the cohort;

4, the thyroid dose coefficients,

The deposition estimates were obtained using the ORERP methodology and
the two ORERP deposition databases, supplemented with an additional
database, the Other Locations Database, specifically developed for this study.
Deposition estimates were ascertained for 5804 locations of subject residences
andfor locations of milk producers. The transfer coefficients from the deposi-
tion densities to the radionuclide concentrations in cows milk, goats milk, and
leafy vegetables were obtained using a suite of models and a survey of dairy
management practices (Simon et al., 1990), A diet, lifestyle, and residence
history survey was conducted to obtain specific information on the milk con-
sumption rates, the frequency of consumption of leafy vegetables, the source of
milk and vegetables, as well as on residence history. Finally, the age-specific
thyroid dose coefficients were based on literature data.

.2.1.4 The NCI Fallout Study

The NCI fallout study consists, in part, of an assessment of the exposure of the
American people to '*!1 in fallout originating from the NTS (Wachholz, 1990).
This study is carried out in response to Public Law 97-414, Section 7(a), which
sets forth three requirements:

(1) conduct scientific research and prepare analvses necessary o develop valid

and credible assessments of the risks of thyroid cancer that are associated with
thyroid doses of Iodine 131,
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(2) conduct scientific rescarch and prepare analyses necessary o develop vahd
and credible methods to estimate the thyroid doses of Todine 131 that are received
by individualks from nuclear bomb fallout;

(3) conduct scientific research and prepare analyses necessary to develop valid
and credible assessments of the exposure to lodine 131 that the American people
received from the Nevada atmospheric nuclear bomb 1es1s.

The estimation of the exposure and thyroid doses received by the Amenican
people as a result of '] fallout from the NTS has been completed (NCL, 1997).
Following the recommendations of the advisory commuttze that was estab-
lished to assist the NCI in addressing these tasks, thyroid doses are estimated
for representative individuals in each of the approximately 3100 counties of the
contiguous USA for each event at the NTS that resultad in significant fallout.
Exposures to *'I m fallout resulted mainly from the pasture—cow-milk food-
chain. Other. less important exposure routes (inhalation of '*'I-contaminated
air, and ingestion of foodstuils other than fresh cows mulk) are also considered,
but in a much less detailed manner. In the assessment of the exposures from the
pasture—cow—milk foodchain, estimates are made of:

1. the activities of *'I deposited on soil and vegetation:

2. the amount of '*'I consumed by dairy cows and the resulting '*'l con-
centrations in cows milk;

3. the '] ingested by people;

4. the absorbed doses from '*'I in the thyroids of people (Bouville er al.,
1990).

Conceptually, this study is very similar to the ORERP study (as far as the
estimation of thyroid doses from '*'I is concerned) and to the dosimetric effort
related to the Utah thyroid cohort study. The basic differences between the
three studies are that:

1. in the NCI fallout study, the populations across the contiguous USA are
considered, whereas the other two studies deal only with people residing in
a few states in the vicinity of the Nevada Test Site;

thyroid doses in the ORERP study and in the NCI fallout study are
assessed for representative, unspecified individuals, whereas thyroid doses
to identified individuals are estimated in the Utah thyroid cohort study.

o

Special efforts were made to reconstruct the deposition of 'l across the
USA for each significant event at the Nevada Test Site. EML (Environmental
Measurements Laboratory) gummed-film data collected between 1951 and
1958 from the 40 to 95 monitoring sites located throughout the country at that
time were used to calculate estimates of daily depositions of *'1 at those sites
(Beck et al., 1990). Deposition of '*'I between monitoring sites was estimated
by interpolation using precipitation data and approprate statistical tech-
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niques, especially kriging (Gogolak er al., 1988). For those tests during which
the gummed-film network was not in place (i.e. during the Ranger test series in
1951 and for tests carried out after 1958), an atmospheric dispersion and
deposition model was developed to provide estimates of '*'1 during those tests
in the areas of the USA where rainfall coincided with the passage of the fallout
cloud (Hoecker and Machta, 1990). In addition, the ORERP estimates were
used for locations in the vicinity of the Nevada Test Site.

The assessment of the thyroid doses also necessitated information on the
pasture practices, milk distribution, and consumption in the continental USA
in the 1950s. Special surveys, along with extensive literature searches, were
carried out for that purpose (Dreicer et al., 1990).

6.2.2 Local and regional doses from external irradiation

Doses from external irradiation have only been estimated by the ORERP for
the populations of the Phase 1 and Phase 11 areas. Historical results for the
Phase 1 area have been compiled and analysed by Anspaugh and Church
(1986) and by Anspaugh er al. (1990) to estimate the cumulative collective and
individual exposures by the community in that region. The results are
presented in Tables 6.1 and 6.2; the total collective exposure is estimated to be
about 80 000 person-R.. the most important contributions being due to the test
series of 1953 and 1955. Most of the exposures were less than 0.5 R (4.3 mGy)
and were essentially due to short-lived radionuclides (with a half-life of less
than 100 days).

Thompson er al. (1994) used those historical records and the published
fallout patterns to prepare the Town Data Base, which provides estimates of
exposure rate at H + 12 and of fallout arrival time for 74 nuclear events and
353 locations of interest in the Phase I area. A similar effort was carried out for
the Phase IT area and resulted in the County Data Base (Beck and Anspaugh,
1991). These two databases, used in conjunction with the radionuclide
distributions published by Hicks (1981), allow estimates of the deposition
density of all significant radionuclides produced by each NTS event to be made
for any location in the Phase 1 and the Phase II areas.

Using the Town Data Base and taking into account the amount of shielding
afforded by structures for nine generic lifestyles, Henderson and Smale (1990),
within the framework of the ORERP, derived estimates for:

1. whole-body and skin doses due to gamma rays emitted by the radicactive
materials deposited on the ground;

2. skin doses due to beta particles emitted by radioactive products deposited
on the skin;

3. skin doses due to beta particles emitted by the radioactive materials
deposited on the ground.
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Table 6.1 Cumulative collective estimated external exposure
by test series and time period (based on Anspaugh er al., 1990).

Collective exposure

Test series Year (person-R)
Ranger 1951 Small
Buster-Jangle 1951 610
Tumbler-Snapper 1952 4700
Upshot-Knothole 1953 40000
Teapol 1955 14 000
Plumbbhob 1957 11000
Hardtack 11 1958 1500
Sewveral 19611963 610
Many 19631975 320
Total (rounded) TE OO0

Table 6.2 Distribution of individual cumulative exposures during three
time periods (Anspaugh ef al, 1990),

Persons within exposure range

Exposure range (R) 1951 to 1958 1561 10 1963 1963 10 1973

<001 to 0.1 &1 000 180 000 [ 80 O
0.1 to 0.5 80000 480 ]
05w 1.0 15 000 0 0
1.0 1o 5.0 20000 0 0
30 to 10,0 520 ] 0
10.0 to 15.0 45 fl 0
Total (rounded) 180000 180000 180 (0

Organ and fetal dose estimates were also caleulated. The nine lifestyles con-
sidered included four adult lifestyles classified according to the type of occupa-
tion: homemaker, employed indoors (school teacher, sales clerk, ete.), emploved
outdoors (farmer, telephone linesman, etc.), and shepherd (assumed to be full
time outdoors). The other five lifestyles were age-dependent: newborn (birth to 4
menths), infant (4 months to 1 y), pre-school child (I to 6 y). elementary student
(61012 v), and secondary student (12 to 19 y). The results show, as expected. that
the greater whole-body doses from external irradiation are received by people
spending all or most of their time outdoors (Henderson and Smale, 1990). Fora
given place of residence, however, the differences in the whole-body doses
received by persons in the nine lifestyvle categories are relatively small.
Estimates of bone-marrow doses for the 6307 study subjects of the Utah
case-control study were also denived from the Town Data Base and from the
County Data Base (Lloyd er al., 1990; Stevens et al., 1990; Simon et al., 1995).

In the conversion from exposure to dose, an age-dependent conversion factor
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Table 6.3 Utah case-control study: summary of active marrow
doses (mGy) for 6507 study subjects (Simon er al., 1995),

Cases Controls Overall
Mean dose 29 27 28
Median dose 32 3l 2
Mode id 34 id
Minimum 0 ] 0
Maximum 26 e »

Table 6.4 Comparison of exposure estimates (R) obtained by various methods (based
on Haskell er al. (1994) and on Lloyd er al. (1950)). The exposures refer to outdoor
locations and are integrated from time of arrival of fallout to infinite time,

Location Soil Cs* Gummed film’ Survey meter? Brick TL®
Hy. NV 1.3 L7

Humicane, UT 42 3.0 6.4
Kanab, UT 0.7 23 29

La Verkin, UT 42 53 4.7
Las Vegas, NV 0.1 0.3

Leeds. UT 53 2.1
Saint George. UT 3.7 5.3 6.2
Salt Lake City, UT 1.2 1.2

Washington, UT 24 4.7 19

* Exposures based on measurements of ""Cs in soil (Beck and Krey, 1983),

" Exposures based on a reappraisal of total beta deposition messured with gummed film (Beck,
1984).

¥ Exposures based on the reanulysis of suevey meter readings (Anspaugh and Church, 19%6); results
were converted to outdoor exposures over Infinite time.

" Exposures derived from measurements of dose to quartz inclusions in bricks (Haskell ¢ wl,, 1994),

was used, but it was assumed that the amount of shielding afforded by struc-
tures was the sume for all subjects. Summary results are presented in Table 6.3,
The median dose was estimated to be about 3 mGy, both for cases and for
controls. The maximum doses were 26 and 29 mGy for cases and for controls,
respectively. The minimum doses were zero. as it was assumed that people who
lived outside of the domain considered (i.e. part or all of Utah, Nevada, Idaho,
Wyoming. Colorado. New Mexico, and Arizona) during the period of inten-
sive fallout (from 1951 to 1958) received no dose from NTS fallout.

For the purposes of validation, brick samples were taken from structures
standing since the beginning of the fallout period and were analysed by means
of thermoluminescence dosimetry (Haskell er o/_ 1994). Data shown in Table
6.4 indicate general agreement between the results obtained with this technique
and with other methods used 10 derive the Town Data Base and the County
Data Base.
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6.2.3 Local and regional doses from internal irradiation

Doses from internal irradiation are mainly due to inhalation of air contami-
nated with radioactive materials and to ingestion of foodstuffs contammated
with radioactive materials. As far as local fallout is concerned, doses from
internal irradiation are, for most organs and tissues, substantially smaller than
those from external irradiation. The notable exception is the dose to the
thyroid from internal irradiation, which dominates heavily over both the doses
from external irradiation and the doses from internal irradiation to other
organs and tissues (Whicker er al,, 1996),

Only the thyroid doses are considered in this section. As mentioned earlier, the
thyroid doses from NTS fallout resulted essentially from the ingestion of milk
contaminated with '3'1; other, usually less important, pathways of exposure are
the consumption of lealy vegetables and eggs.

Thyroid doses from NTS fallout received by the populations of Phases [ and
I1 of the ORERP have been studied extensively. Anspaugh er ol (1990) com-
piled the estimates of thyroid doses for an infant living in S5t George. Utah
when the event HARRY occurred on 19 May 1953, St George was one of the
more heavily impacted communities and the event HARRY accounted for
most of the thyroid doses in that area. The results of Anspaugh er al. (1990) are
presented in Table 6.5, It is of interest that the historical values, which were
derived from meagre information, are relatively close together. and that they
compare well with the modern value of Ng et al. (1990), calculated for the
ORERP. and with the preliminary estimate of the NCI fallout study, which
was added to Table 6.5 for comparison purposes.

Estimates of individual thyroid doses for the 3545 subjects considered in the
Utah thyroid cohort study are summarized in Tahle 6.6 (Till er af., 1993),
Overall mean thyroid dose for the cohort was 98 mGy. with a median dose of
25 mGy. The maximum calculated thyroid dose for any subject was 4600 mGy.
For practical purposes, zero doses were assigned to 133 subjects who did not
reside within the domain considered between 1951 and 1958,

The importance of the contribution of the consumption of milk to the
thyroid dose is illustrated in Table 6.7. The mean dose among the subjects who
did not drink milk was 12 mGy, whereas the mean dose among the subjects
who drank milk was 100 mGy. Of particular importance are the 155 subjects
who drank goats milk at some point in their childhood. The mean dose among
this group was 300 mGy. and the highest dose (4600 mGy) was found for an
individual in that group. Five subjects received an absorbed thyroid dose
greater than 3000 mGy: all of them drank milk from a familyv owned goat.
These data clearly demonstrate the importance of the goat milk pathway (Till
et al., 1995),

Another important feature of the Utah thyroid cohort study is the evalu-
ation of the radiciodine exposure while in utero. A total of 480 subjects were
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Table 6.5 Historical and current estimates of thyroid dose for an infant

living in St George., Utah at the time of the event HARRY (19 May 1953)
{Based on Anspaugh er ol 1990).

Thyroid dose (Gy)

Authors Central estimate and range of uncertainty
Mays (1963) (.68

Reiss (1963} 1to7

Pendleton et @l (1963) .84

Knapp (1963) 1.210 44

Tamplin and Fisher (1967) 0.78 (0.2 to 1.6)

Perez and Robinson (1967) 068

Ng et al. (1990) 0.66 (0.2 to 1.9)

NCI ({preliminary) 0.5 (0.2 to 1.4)

Table 6.6 Summary of thyroid doses (mGy) from Utah thyroid cohort study (Till

et al,, 1995),
Washington Graham County, Lincoln County,

County, Utah Arizona Mevada Owverall
Number of subjects 1 896 13649 280 3545
Mean dose 170 13 50 98
Median doss T2 3.6 28 25
Minimum 0 0 0 0
Maximum 4600 450 840 4600
Mean GSD 23 a0 Z:7 2.8

Table 6.7 Comparison of thyroid doses (mGy) between milk dronkers and non-milk
drinkers (Till er al., 1995).

Won-milk drinkers  Milk drinkers  Goats milk drinkers

Number of subjects 120 3337 135
Mean dose 12 106 300
Median dose 0.5 30 39
Maximum dose 25 4600 4600

exposed i wiere during the fallout period. The average dose to the thyroid of
the fetus was 39 mGy; this accounted, on average, for about 20% of each
subject’s thyroid dose (Till er al., 1995).

The NCI fallout study is the only one in which thyroid doses have been
estimated for each county of the USA and for each important nuclear test that
was conducted at the NTS, The methodology and the data used to estimate
the thyroid doses, along with illustrations of results, are available in hard-
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Table 6.8 Comparnson of per capita thyroid doses (mGy)
summed across all NTS events.

ORERP NCI (1997)

St George, UT 245 [13

Utah County, UT 125 62
Las Vegas, NV 113 7.8
Salt Lake County, UT 6l 40
Weber County, UT 42 42
Bernalillo County, NM 24 23
Los Angeles County, CA 0.67 0.93

copy (NCI, 1997), and the detailed results for each nuclear test, several age
groups, and several types of diet have been posted on the Internet (address:
httpwww neinth gov). Table 6.8 presents a comparison with ORERP's esti-
mates of NCI calculations of per capita thyroid doses summed across all NTS
events for localities in Phases [ and I1. The NCI resulis are, for most localities,
similar to those of ORERP, given the large uncertainties attached to the
estimation of doses received about 40 years ago. An important result of the
NCI fallout study is that deposition of *'I from NTS fallout occurred at one
time or another in every county of the contiguous USA and that it is likely that
almost all, if not all, of the people who resided in the contiguous USA between
1951 and 1958 received a thyroid dose from NTS fallout. The collective thyroid
dose to the USA population from NTS fallout is estimated to be 4% 10°
person-Gy, corresponding to a per capita thyroid dose of about 20 mGy (NCI,
1957):

0.3 PACIFIC: ENEWETAK AND BIKINI (MARSHALL ISLANDS)

The USA conducted 105 tests in the Pacific Region between 1946 and 1962: 12
at Johnston lsland, 42 at Enewetak (Eniwetok), 24 at Bikini (including one
shot detonated 100 km west of Bikini), 24 at Christmas Island. and three
elsewhere in the Pacific (US DOE, 1994; Simon and Robison, 1997). Explosive
yield values are available for all but five of those tests. The total energy yield of
the tests with available vields was slightly greater than 151 Mt (Simon and
Rohison, 1997). From the point of view of radiation doses, the tests conducted
at Bikini and Enewetak Atolls in the Marshall Islands were the most import-
ant, The 24 tests conducted at Bikini Atoll had a combined vield of about 77
Mi: of special importance among those tests was the shot Bravo, a 15 Mt
thermonuclear test conducted in March 1934, The 42 tests detonated at
Enewetak Atoll had a combined yield of about 32 Mt (Simon and Robison,
1997).
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6.3.1 Status of dose reconstruction

Dose assessments have been made for the populations of the Marshall Islands,
essentially for three reasons:

I. the relocation of the 166 inhabitants of Bikini Atoll and of the 1435

inhabitants of the Enewetak Atoll to other islands of the Marshall Islands

archipelago before the first tests in those atolls (June 1946 at Bikini and

April 1948 at Enewetak);

the heavy fallout in Rongelap Island and Utirik Atoll resulting from the

test Bravo in March 1934;

3. the radiological study covering all atolls in the northern Marshall Islands
that was commissioned by the Republic of the Marshall Islands Govern-
ment in 1989.

[

Detailed information on events related to atomic weapons testing in the
Marshall Islands can be found in Simon (1997).

6311 Bikini and Enewetak Atolls

The Bikini Atoll consists of a number of small islands on an elliptical coral reef
surrounding a lagoon. The total land area is about 6 km®. Most of the 23
nuclear tests that took place at Bikini Atoll were conducted on barges
anchored in the lagoon or on the reef. All islands were subjected to varying
degrees of proximal fallout, Most of the radioactive contamination on Bikini
Island was due to the Bravo test of March 1954 (Gudiksen ef al., 1976). A few
of the individuals of the Bikini community that had been relocated in 1946
returned to live on their native islands in 1970 after a dose assessment
determined that rehabitation was acceptable. However, it was later discovered
that the lifestyles of the returned residents resulted in greater internal doses
than anticipated (Miltenberger et al., 1987). Consequently, the small Bikini
community was relocated again in 1978 and, as of 1997, had not returned
(Niedenthal, 1997). An extensive database of radionuclide concentrations in
the atoll ecosystem has been developed and used to make dose assessments for
all exposure pathways for resettlement options at Bikini Atoll (Robison er al.,
1996a).

The scographical structure of the Enewetak Atoll is similar to that of the
Bikini Atoll. At the time of their relocation in December 1947, the Enewetak
people comsisted of two groups: the DRI (Displaced Resident Indigenous)
Enjebi. who owned the land rights on islands in the northern half of the atoll,
and the DRI Enewetak, who owned the land rights on islands in the southern
half of the atoll (Robison er al., 1987). An extensive radiological survey of
the atoll was carried out in 1972-1973 in order 1o mitiate preparations for the
return to the atoll of its owners (US AEC. 1973). The survey results were
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sufficient to determine that islands in the southern half of the atoll could be
resettled because the potential doses were very low; however, the potential
doses for the northern half of the atoll were judged to be too high to allow
resettlement of the relocated Enjebi people. Resettlement in the southern part
of the atoll took place in 1979, following clean-up of the atoll and a series of
new environmental radiation measurements (Robison et al., 1987). A new dose
assessment for the Enjebi Island was prepared in 1987 on the basis of the
analysis of the *"Sr and '*7Cs concentrations in many samples of food crops
collected between 1979 and 1987 (Robison er al., 1987), To date, the southern
half of Enewetak Atoll is inhabited and the northern half of the atoll is only
available for food gathering and visitation, and not for unrestricted living
(Marelli, 1994).

The dose assessmenis related to the Bikini and Enewetak Atolls rely essen-
tially on the large number of environmental radiation measurements that have
been made in the last four decades. With the exception of the southern half of
the Enewetak Atoll, the doses may be delivered only if the populations are
resettled. Those potential doses would be primarily due to the ingestion of
foodstuffs contaminated by '*7Cs, Strontium-90 and the transuranic radio-
nuclides (****2%Py and **' Am) would contribute relatively little to the internal
dose. The external dose from '¥7Cs deposited on the ground would be the
second most important pathway of exposure. Inhalation, dnnking water, and
marine food pathways would contribute only slightly to the dose (Robison et
al., 1996a).

6.3.1.2  Rongelap Island and Utirike Aroll

In the early morning of 1 March 1954, a thermonuclear device named Bravo,
with an explosive vield of 15 Mt. was detonated on a tower at Bikini Atoll. An
unexpected wind shear condition resulted in heavy fallout eastward rather than
over open seas Lo the north. About 3-6 h after the explosion, the radicactive
cloud deposited particulate, ash-like material on 64 inhabitants of Rongelap,
located about 200 km eastward of the detonation site. on 18 other Rongelapese
who were fishing and gathering copra at the nearby Ailingnae Atoll, and on 23
fishermen on a Japanese vessel, the 5th Lucky Dragon (Conard, 1980; Lessard
et al., 1985; Robbins and Adams, 1989), Slightly further east, 28 American
servicemen on Rongerik Atoll were exposed. About 20 h after the explosion,
the radicactive cloud reached Utirik, located about 600 km from the detona-
tion site, where 167 people were affected by a much decreased, invisible fallout
{Robbins and Adams, 1989; Conard, 1992). Within a few days, the Marshallese
were evacuated from Rongelap, Ailingnae, and Utirik Atolls to Kwajalein
Atoll for clinical evaluation and treatment (Cronkite er al,, 1997). When
radiation levels on the residence islands decreased to acceptable levels, the
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people were allowed to return. The residents of Utirik returned to their atoll in
June 1954, The residents of Rongelap Atoll were returned to their homeland
in June 1957 with restrictions imposed as to which islands could be visited and
which could be used for gathering food. However, in 1983, the Rongelap
Community, concerned about the safety of their people. enlisted the assistance
of Greenpeace 1o evacuate them from their islands to an island in the
Kwajalein Atoll (Marelli, 1994). Finally, the 23 fishermen of the 5th Lucky
Dragon, their radiation exposure unbeknown to the authorities, returned to
their Japanese harbour after 14 days of navigation and were hospitalized in
Tokyo (Conard et al., 1980),

Assessments of the doses received before evacuation have been made on the
basis of limited personnel monitoring (radiochemical analyses of urine
specimens and whole-body gamma spectrographic analyses) combined with
the results of radiation measurements on the affected Atolls (Conard et al.,
1980). The doses received before evacuation were essentially due to external
irradiation from short-lived radionuclides (with radioactive half-lives of up to a
few days) present in the radicactive cloud or deposited on the ground, and 1o
internal irradiation caused by the ingestion of short-lived radioiodines
deposited on foodstuffs and on cooking utensils (Lessard er al., 1985).

The doses received afier the Rongelap and Utirik people returned to live on
their home islands are due to radionuclides with relatively long half-lives
(principally "Co, ®*Zn. ™8r, and '*'Cs). Those doses were assessed on the
basis of a large number of measurements on people and in the environment
(Conard er al., 1980). The potential exposures that could be incurred if the
Rongelap Atoll were resettled in the future have also been estimated on the
basis of extensive radiological surveys (Robison et al., 1994),

6.3.1.3  Other Marshall {slands

Even though several radiological surveys and dose assessments had been
sponsored or conducted by the US Government in the most affected islands
and atolls; as well as in the northern Marshall Islands, the entire nation of the
Marshall Islands had never been evaluated until the Republic of the Marshall
Islands (RMI) commissioned in 1989 an independent radiological monitoring
programme—the Nationwide Radiological Study—to determine the degree of
deposition and the geographical extent of weapons test fallout over its nation,
the total land area of which is 180 km?, divided among 29 atolls and five
separate islands, distributed over 6% 10° km” of ocean (Simon and Graham,
1994a b, 1995; 1996). The Nationwide Radiological Study was completed in
1994, In that Study, all 29 atolls in the Marshall Islands were surveyed. Over
1300 in situ gamma spectrometry measurements were made and over 800 soil
surface samples were analysed for gamma emitters ("*’Cs, essentially) and
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239+230py, Native fruits, in particular coconut, were also sampled extensively.
External and internal dose assessments were made on the basis of those
measurements (Simon and Graham, 1997).

6.3.2 Local and regional doses from external irradiation

4.3.2.1 Bikini and Enewetak Atolls

External exposure calculations related to the eventuality of a resettlement of
the Bikini Atoll were made by Robison e al. (1996a). These calculations are
based on;

1. measurements of exposure rates made on Bikini Island in 1978 and 1993—
the values are decay corrected to 1999, date assumed for the resettlement;

2. assumed distributions of time indoors and outdoors. based on observations
and on discussions with Marshallese people.

Assuming that:

I. 10 h day ' are spent in the house where the average exposure rate is 1.6 R
g

2. 9 h day ! are spent around the house and village areca where the average
exposure tate is 8.5 R h1;

3. 3 h day ! are spent in the interior region of the island where the average
exposure tate is 19 R h';

4. 2 hday ! are spent on the beach or lagoon where the average exposure rate
is0.1 R b}

the whole-body dose from external irradiation arising from '*"Cs released
during nuclear weapons testing is estimated to be 042 mSv y ! in 1999
(Robison er al., 1996a), Doses for years other than 1999 can be estimated
assuming an annual decrease of about 2%, The effective dose aceumulated over
70 v would be 15 mSv (Robison e al., 1996a).

Similar calculations were made for Enjebi Island in the northern part of the
Enewetak Atoll on the basis of measurements made in [979 after debris,
bunkers, and some soil had been removed (Robison et al., 1987). The average
annual whole-body dose from '7'Cs was estimated to be 0.22 mSv y~! for 1990
(Robison er al., 1987): the corresponding value for the vear 1999 would be 0,18
mSv v~ !, The effective dose accumulated over 70 ¥ would be approximately 8
mSv (Robison ef al., 1987). A more recent evaluation by Simon and Graham
(1995) vielded approximately the same value for the median annual whole-
body dose in Enjebi Island, and a value of 0.094 mSv y ! (in 1994) for the

entire northern part of the Enewetak Atoll, In comparison, the median value
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Table 6.9 Estimated whole-body doses from external irradiation
resulting from the Bravo shot. The doscs are calkculated from the
onset of fallout until evacuation time (Lessard er al, 1985).

Estimated whole-body dose (Gy)
Location Sondhaus and Bond, 1955 Lessard er af., 1985

Rongelap 1.75 19
Ailingnac 0.69 1.1

Rongerik 0.78 0.81
Utink 0.14 011

for the annual whole-body dose for the entire southern part of the Marshall
Islands, which was resettled in 1979, was estimated by Simon and Graham
(1995) to be 0.0056 mSv y~! in 1994,

6.3.22 Rongelap Island and Utirik Aroll
Dose estimates from external irradiation are available for:

1. the early exposures {before evacuation or before the Japanese fishermen
returned

2. dose evaluation made by Lessard et al. (1985) on the basis of measurements
of the radionuchide composition of fallout and of exposure rates. Resnlis
are presented in Table 6.9; the two sets of values are in fairly sood
agreemenl. The whole-body doses are estimated 1o have been of the order
of 1 Gy at Rongsalap. Ailingnae and Rongerik. and about 0.1 Gy at Utrik.

The 23 Japaness fishermen of the 5th Lucky Dragon were exposed 1o heavy
fallout that was deposiied on the entire boat (dack. cabins, etc.). During the
most intensive fallout period, the fishermen could not keep their mouths and
eyes open, and fallout deposited on the deck was thick enough to show
footprints (Conard er al.. 1980). The doses from external irradiation due to
radioactive materials deposited on the boat were estimated to range from
about 1.7 to 6 Gy. depending on individual behaviour in the boat and the
contamination of the cabin, Those doses were received during the 14 days
separating the onset of fallout and the return to harbour: half or more of the
external doses were received during the first day after the onset of fallout
(Conard et al., 1980).

Residual Exposwres Whole-body doses from external irradiation that were
received up to 1979 by adults who returned to their islands in the 1950s are
estimated to amount to about 20 mGy for Rongelap and 30 mGy for Utirik
{Conard er al.. 1980).
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Potential Exposures The whole-body doses from external irradiation that
would be incurred if the Rongelap Island, located in the southern part of
Rongelap Atoll, was resettled have been estimated by Robison er al. (1994) to
be essentially due to '*’Cs and to amount to 0.11 mGy y~' during the first year
of resettlement (assumed to be 1995) and to accumulate to 39 mGy over a 70-y
time period. Annual doses for other years of resettlement can be estimated
using a decay rate of about 2% per year.

There is a significant difference between the southern hall and the northern
half of Rongelap Atoll. The concentration of radionuclides in soil and
vegetation is about a factor of five lower in the southern half of the atoll.
Contamination levels in the northern half of Rongelap are more similar to
Bikini Island because the centreline of the fallout pattern crossed the northern
half of Rongelap Atoll (Robison et al.. 1996b). Resettlement of islands located
in the northern part of Rongelap Atoll would result in doses higher than those
estimated for Rongelap Island.

6.3.2.3  Other Marshall Islands

The whole-body doses from external irradiation in the remainder of the
Marshall Islands were estimated by Simon and Graham (1994a) to be. on
average, much smaller than those obtained for Bikini, Enewetak., Rongelap.
Rongerik, Ailingnae, and Utirik Atolls. Current average whole-body dose
rates are estimated to be less than 0.01 mSy y-! in the remainder of the
Marshall Islands.

6.3.3 Local and regional doses from internal irradiation

6.3.3.1  Bikini and Enewerak Atolls
Dose assessments are available for;

1. the people who resettled Bikini between 1971 and 1978, and the southern
part of Enewetak Atoll since 197%;

2. the people who could resettle Bikini and the northern part of Enewetak
Atoll m the future.

For those populations who were not exposed to early fallout, internal effective
doses resulting from nuclear testing in the Marshall Islands contribute about
9004 to the total effective dose from external and internal irradiation. These
internal doses are mainly due to the consumption of foodstuffs contaminated
with '*Cs; their magnitude vary according to the origin of the consumed
foodstuffs.
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Table 6.10 Estimates of 70-y effective doses for
Bikini Island residents for current sland conditions
when imported foods are available (‘mixad diet’) and
when only local foods are comsumed (*local diet’)
{Robison e al, 1996a).

Ty effectuve dose (mSv)

Inmternal _
%7{25 130 530
5y 1.5 10
o 0.051 0.44
Am 0.075 0,26
Inhalation
139+ 240py 0.23 0.23
HAm 0.15 0.15
External 15 15
Total (rounded) [ 50 560

Bikini Aroll Greenhouse er al. (1980) calculated the total whole-body doses
received by the Bikini residents between 1971 and 1978; they estimated that the
average whole-body doses. from external and internal irradiation. were 2-3
mSv y .

The internal doses that would be delivered to people resettling Bikini Island
in 1999 were estimated by Robison er al. (1996a). using extensive radionuclide
concentration data derived from analysis of food crops. ground water, cstern
water, fish and other marine species, animals. air. and soil. Two types of diet
were considered: one with local foods only, the other with a mixture of local
foods (60% of the diet) and imporied foods (40% of the diet). Using the
assumption that only local foods would be consumed (“local diet’), the maxi-
mum annual effective dose would be about 15 mSv y~', and the effective dose
accumulated over 70 v would be 560 mSv (Robison ¢t al., 1996a), If a mixture
of local and imported foods (‘mixed diet’) is assumed, the estimated doses are
lower: the maximum annual effective dose would be about 4.0 mSv v~', und the
effective dose accumulated over 70 y would be 150 mSv, Table 6.10 presents
the contributions of inhalation and ingestion and of several radionuclides to
the internal 70-y effective doses estimated assuming a ‘local’ and a ‘mixed’ diet:
doses from external irradiation are added for comparison purposes, It is clear
from Table 6.10 that most of the estimated doses arise mainly from “'Cs
uptake via the terrestrial food chain, and that *Sr contributes very little to the
effective dose via ingestion; this is in contrast to what is generally observed in
continental, silica-based soils, for which the uptakes of **Sr and of '""Cs are of
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the same order of magnitude. It is worth noting that a comparison, for the
exposed populations of Rongelap and Utirik, of the estimated '"'Cs derived
from assumed dietary intakes and from measurements by the whole-body
counting method show that the two sets of values are in good agreement if it is
assumed that the diet includes both local and imported foods (Robison and
Casper Sun, 1997).

Enewetak Atell  Similar calculations were made for Enjebi Island in the
northern part of the Enewetak Atoll (Robison et al.. 1987). Using the assump-
tion that only local foods would be consumed (‘local diet’), the maximum
annual effective dose would be about 3.2 mSv v ', and the effective dose
accumulated over 70 y would be 115 mSv (Robison er al., 1987). If a “mixed
diet’ is assumed, the maximum annual effective dose is estimated to be about
1.5 mSv y !, while the effective dose accumulated over 70 v would be 54 mSv.
Simon and Graham (1995) used different dietary assumptions to estimate
effective doses from internal irradiation for the northern and the southern part
of Enewetak Atoll; for persons eating a diet of about 18% locally grown foods
and 82% imported foods, they estimated median annual effective doses of
about 0.2 mSv y~! (in 1994) for the northern part of the Enewetak Atoll, and
of about 0.01 mSv y~! (in 1994) for the southern part of the Enewetak Atoll.
The corresponding values for persons eating a diet of about 75% locally grown
foods and 23% rice with no other imported food would be about 1 and 0.03
mSv v, respectively.

6.3.3.2  Rongelap Island and Utirik Atoll
Dose estimates from internal irradiation are available for:

1. the early exposures (before evacuation or before the Japanese fishermen
returned to harbour);

2. for the residual exposures received by the people who resettled Rongelap
between 1957 and 1985, and Utirik Atoll since June 1954;

3. for the potential exposures that could be incurred it the Rongelap Atoll
were resettled in the future.

Early Exposures Because of the evacuation of the most affected populations
within a few days after the detonation, the doses from internal irradiation are
essentially due to the inhalation and ingestion of short-lived radionuclides. The
most important of those are the radioiodines, which concentrate in the thyroid
gland, and the radiotelluriums. which decay into radioiodines. A thorough
evaluation of the thyroid doses was performed by Lessard er al. (1985), That
evaluation is based on the measurement of '*'l in a pooled sample of urine
collected on the 17th day post-detonation from 64 persons evacuated from
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Table 6.11 Estimated intakes of radiotelluriums and of radioiodines, in MBa,
resulting from the shot Bravo. The intakes are calculated from the onset of
fallout until evacuation time (Lessard et al.. 1985; Robbins and Adams, 1989).

Intake* (MBq)

Radionuclide Half-life (h) Rongelap Ailingnae Utirik
o 29 1.6-3.0 0.5-09 0.3-0.6
b U 78 10-20 27-48 21-41
L 193 2.0-3.6 0.4-0.7 0.5-0.9
. 2.3 11-21 15-4.4 1.2-4.1
1351 20.8 4477 11-21 5.9-12
o 0.8 2544 16-29 -

i | 6.7 T0-130 15-44 29-532

* The intake varies with age; the lower value is Tor [-v olds and the higher is for adults.

Rongelap Island. Complementary measured or derived information include the
initial time of arrival of fallout and its duration, the size and radionuclide
composition of the fallout, and dietary and living patterns. The intakes of
radiotelluriums and of radiciodines, estimated for the atolls of interest from the
onset of fallout unul evacuation time, are mainly due to the contamination of
foodstuffs and of cooking utensils, as the preparation and consumption of food
in the open was a common practice among the Marshallese people. Estimated
values of intakes are presentied in Table 6.11. The intakes of all radioiodines
and radiotelluriums are estimated to have been higher at Rongelap than in the
other atolls. The intake of '*'I, a radionuclide with a relatively long half-life of
8 days, is greater at Utirik than at Ailingnae, but the situation is reversed for all
other radionuclides shown in the table, which have a shorter half-life than '*'I,
This is due to the fact that it took about 20 h longer for the radioactive cloud 1o
reach Utirik than to reach Ailingnae, allowing the short-lived radiciodines
to decay substantially during that period of time. The estimated thyroid doses
for the evacuated people of the three atolls are presented in Table 6.12; there is
a strong variation as a function of age, with maximum values for the infants,
who have a smaller thyroid than older children and adults. About half of the
thyroid dose was due to the mtake of I, whereas '*'I contributed 10-15% of
the thyroid dose at Rongelap and Ailingnae, and about 20% at Utirik (Lessard
ef al., 1985). The maximum thyroid doses are estimated to have been four times
the average (Lessard er al., 1985).

The thyroid doses from *'I that were received by the 23 Japanese fishermen
of the 5th Lucky Dragon were estimated by external counting to range from 0.2
to 1.2 Gy (Conard er al., 1980). In addition to '*'I, other short-lived radio-
iodines contributed to the thyroid dose. Assuming that the fishermen inhaled
radioiodines for 5 h after the detonation, the total thyroid dose was estimated
to have been about 0.8 10 4.5 Gy (Conard et al.. 1980).
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Table 6,12 Estimated average thyroid doses® from internal irradiation due to
the shot Bravo (Lessard et al., 1983).

Average thyroid doses from internal irradiation (Gy)

Age Rongelap Ailingnae Utirik
Adult male 10 T8 1.5
Adult female 11 249 1.6
Fourteen-year old 14 4.1 22
Twelve-vear old 16 4.5 24
Nine-year old 20 54 30
Six-vear old 24 6.4 34
One-year old 50 13 6.7
MNewbom 2.5 - (.3
In wters, 3rd trimester 6.8 = 1.0
In weero, Ind trimester - 4.9 26

* The maximum thyroid doses are estimated 1o be four times greater than the average
thyroid doses.

Residual Exposures Whole-body doses from internal irradiation that were
received up to 1979 by adults who returned to their islands in the 19505 are
estimated to amount to about 20 mSv for Rongelap and 140 mSv for Utirik
(Conard er al,, 1980). Most of the whole-body dose at Utirik was contributed
by %5Zn, a radionuclide with a radioactive half-life of 245 days, Rongelap was
resettled three vears after Utirik. allowing time for %Zn 1o decay to very low
levels before Rongelap was resettled. Consequently. the internal doses received
by the people who resettled Utirik are substantially greater than those received
by the people who resettled Rongelap, even though the fallout levels at Utirik
were lower than at Rongelap.

Potential Exposures The effective doses [rom internal irradiation that would
be incurred if the Rongelap Island had been resettled in 1995 have heen
estimated by Robison er al. (1994) to be essentially due to the ingestion of
foodstuffs contaminated with '¥'Cs (Table 6.13). Using the assumption that
only local foods would be consumed (‘local diet’), the maximum annual effec-
tive dose would be about 0.48 mSv y~!, and the effective dose accumulated over
70 v would be 18 mSv (Robison et al., 1994), If a ‘mixed diet” is assumed, the
maximum annual effective dose is estimated to be about 0.26 mSv v, and the
effective dose accumulated over 70 v would be 9.7 mSv. Simon and Graham
(1994a.b) used different dietary assumptions to estimate effective doses from
internal irradiation: for persons eating a diet of about 18% locally grown foods
and 82% imported foods, they estimated median annual effective doses of
about 0.3 mSv y ! (in 1994); the corresponding value for persons eating a diet
of about 75% locally grown foods and 25% rice with no other imported food

would be about 1 mSv y..



138 NUCLEAR TEST EXPLOSIONS

Table 6.13 Estimates of 7{-y effective doses for Rongelap

Island residents for current island conditions when imported

foods are available (*mixed diet’) and when only local foods
are consumed (‘local diet”) (Robison er af., 1994),

T0-y effective dose (mSv)

Mode of exposure ‘Mixed diet”™  “Local diet’
Internal
Ingestion
g 5.3 13
“sr 0.15 048
2400y 0.060 0.23
Mam 0.057 0,10
Inhalation
JJQ'PJIJ.‘.'PU U. 1 3 ﬂ_13
Hlam (.08 (.08
External 39 3.9
Total (rounded) 9.7 1%

6.3.3.3  Other Marshall Islands

The effective doses [rom internal irradiation that are currently received in the
remainder of the Marshall Islands were estimated by Simon and Graham
{1994a) to be, on average, less than (.1 mSv v ! for persons eating a diet of
about 75% locally grown foods and 25% rice with no other imported food.
Cumulative effective doses incurred between 1959 and 1994 would be. on

average, less than 5 mSv (Simon and Graham, 1994a). Almost all of the
effective doses is due to 1¥7Cs.

64 SEMIPALATINSK (KAZAKHSTAN)

The Semipalatinsk Test Site (STS) is situated in Kazakhstan. at a distance of
about 200 km from the border with the Russian region of Altai. The former
USSR began atmospheric tests of nuclear devices at the Semipalatinsk Test
Site on 29 August 1949, During the period of nuclear weapons testing, 456 tests
of nuclear devices were carried out at that site (Mikhailov, 1997). There were
88 atmospheric tests and 30 surface tests. The last atmospheric test was con-
ducted on 24 December 1962. The first ground thermonuclear test on 12
August 1953 (400 kt) and the high-altitude nuclear test on 22 November 1933
(1.6 Mt) had the greatest vields. The total energy vield of atmospheric nuclear
explosions at Semipalatinsk Test Site was about 6.6 Mt (Dubasov er al., 1994).

Following the signing of the Limited Test Ban Treaty (Moscow, 1963),
which banned nuclear tests in the atmosphere, open space and under water,
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exclusively underground tests in galleries and mines in mountain rocks were
conducted at the STS. More than 300 devices were exploded underground
including four excavation explosions of which two cratering explosions took
place on 13 January 1963 (140 kt) and on 14 October 1965 (about 1 kt)
(Loborev et al., 1995; Mikhailov, 1997), The last nuclear test conducted at the
STS occurred on 19 October 1989,

The main contributions to the local and regional environmental radioactive
contamination are atiributed to the atmospheric nuclear tests that were
conducted on 29 Aupust 1949 (22 ki), 24 September 1951 (38 kt), 12 Auguost
1953 (400 kt), 16 March 1956 (14 kt) and 24 August 1956 (27 ki), These tests
are estimated to have contributed more than 25% of the expected collective
dose of the exposed population living close to the STS (Dubasov et al., 1994a).

Underground tests, in comparison, have a small environmental and health
impact. The radiation impact of underground tests could result from the
leakage into the atmosphere of noble radicactive gases from the excavated
underground cavities produced by the tests. Due to the mixture with atmo-
spheric air, however, concentrations of radicactive noble gases rapidly
decreased with distance and. as a rule, remained undetected with radiation
survey instruments bevond the boundaries of the testing grounds of the STS.
Those releases of radicactive noble gases resulted in negligible radicactive
fallout on the ground surface. Thus, underground nuclear tests produced prac-
tically no impact on the environment and on the health status of the population
residing close to the STS. An exception must be made for four experimental
cratering detonations performed within the scope of a programme on the use of
nuclear tests to develop the country’s economy on 13 January 1965 (140 k). 14
October 1965 (1.1 kt), 21 October 1968 (0.24 kt) and 12 November 1968 (0,24
kt) (Andryshin er al., 1996).

6.4.1 Status of dose reconstruction

Isually after the tests, measurements of gamma radiation levels were con-
ducted around the STS. In some cases these measurements extended as far
away as 1000 km (Anonymous. 1994). In the former USSR regime, until 1991,
results of these measurements were strictly classified and kept in archives of the
Ministry of Defense and other State Depariments (the State Hydrometeor-
ology Committee, and the Federal Agency of Medical-Biclogical and Extreme
Problems of the Ministrv of Public Health). Nevertheless in the population of
the regions adjoining the Semipalatinsk Test Site there was an awareness of a
potentially negative health impact of the tests that were conducted at the
Semipalatinsk Test Site. These feelings became public during the late 1980s,
and. more widely, in the early 1990s.

In 1993 a resolution of the Government of the Russian Federation marked

the beginning of a Federal programme on the rehabilitation of the population
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and on social and economic development of settlements of the Altai Region
exposed to nuclear tests at the STS. The scope and character of rehabilitative
measures applied 1o certain groups of individuals is specified in regulatory texts
and Is expressed in terms of effective dose (Gordeev, 1995c). All persons
exposed to nuclear tests at the 8TS are divided into two groups:

I individuals with & total effective dose greater than 250 mSv, as well as their
children and grandchildren;

2 individuals with effective doses lower than 250 mSv but greater than 50
mSv together with their children and grandchildren.

Persons assigned to the first group are entitled to compensation measures
whereas members of the second group members benefit from general social
measures. Ordinary sanitary and hygienic control of the health status is
administered to subjects exposed to doses less than 50 mSv.

A law adopted in Russia in 1995 extended social benefits and compensations
to the population exposed due to place of residence when the nuclear detona-
tions were performed. Thus. the problem of dose reconstruction for irradiated
individuals primarily onginated within the scope of a social problem to identify
the groups of residents that were exposed to nuclear tests,

Within the scope of the scientific direction of the Federal programme on
rehabilitation of the population and social and economic development of
settlements of the Altai Region exposed to nuclear tests, 8 number of well-
known retrospective population dose reconstruction methods were applied: the
mathematical modelling of fallout formation and of further migration of
radionuclides in the environment (Loborev er al.. 1994); use of radiation survey
measurements conducted immediately after the tests (Loborev er al., 1994;
Gordeev et al,, 1994, 1995a); measurements by electron paramagnetic resonance
(EPR) of radiation effects in tooth enamel of exposed individuals (EPR
dosimetry) and of thermoluminescence (TL) of quartz—ceramic materials (TL
dosimetry) (Gordeev et al., 1995b); and measurement of residual activities of
long-lived radionuclides, in particular, *’Cs, in the soil (Lagutin er af., 1994),

Presently, there are several groups of Russian experts that are actively
involved in the reconstruction of doses received by the populations of the
Altai region as a result of nuelear explosions at the Semipalatinsk Test Site, The
most important groups are those from the Moscow Institute of Biophysics (IBP)
and from the Central Physical-Technical Institute (CPTI) of the Russian
Ministry of Defense. Although both groups assess the doses from external and
from internal irradiation, the group [rom the Central Physical-Technical
Institute concentrates on the atmospheric transport of radioactive particles and
develops mathematical models of atmospheric dispersion of radicactive par-
ticles and of their deposition on the ground. The main concern of the group
from the Institute of Biophysics is the estimation of internal radiation doses
resulting from the deposition of radicactive materials on the ground. Their
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models simulate the transport of radioactive particles in soil, vegetation and
anmimals, the activity intake by human beings, and. finally the doses from
internal irradiation.

6.4.2 Local and regional doses from external irradiation

The essence of mathematical modelling as a method of population dose
reconstruction lies in the use of a set of physical and mathematical models that
describe all stages of transformation of radioactive products in space from the
moment of the explosion to the formation of external individual doses. Such a
set. ordinarily, comprises the following mathematical models and methods:

1. a physico-mathematical model of the formation of the isotope content and
radioactive characteristics of radioactive particles:

2. a4 model of a volumetric spurce of the contamination of the environment,
which is a sum of expressions that describe the distribution of radioactive
particles by size and space of the cloud when the cloud stabilizes in the
atmosphere:

3. a physico-mathematical model of the distribution of radioactive
admixtures in the atmosphere;

4, a method of calculation of dose fields above a contaminated area.

The method described was established by a group of scientists from the
Central Physical-Technical Institute of the Russian Ministry of Defense
(Loborey et al., 1994b), This group proposed a model for the lformation of the
isotope content of radioactive particles that described processes of the forma-
tion of two types of particles.

1. Particles formed due to the intensive heat and mechanical impact of
the detonation on the soil covered by the fireball at initial stages of its
development. The distribution of the mass of these particles by size is
approximated by a logarithmic normal law with parameters that depend
upon the nature of the ground surface (granite, clay, sand).

The formation of particles conditioned by mechanisms associated with the
condensation of soil vapours and vapourized constructional materials of
the ammunition and fission products of the nuclear fuel. The distribution
of these particles by size in accordance with the available material is also
approximated by a logarithmic normal law, with the median diameter of
the distribution and the mean squared deviation of the diameter’s
logarithm being ~ 1.7 mkm and ~0.15, respectively.

[

In the case of ground tests at given heights —0.3< H = Hig"* <0.3 (H is the
absolute height of the test, m: g is the yield of the test. t), in order to represent
the formation of particles, an unbalanced molecular—Kkinetic model is used.
The model makes use of a complex approach to the problem under study, the
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general features of which are described by Freiling er al. (1968). A closest
analogue of the model was published by Krasilov et af, (1971) with its complete
description given in a book that was published recently in Russia (Bocharov et
al.. 1997).

In the case of detonations at given heights /> 0.3 m t'?, the calculation of
the isotope content is performed on the basis of a hall-empirical lractionation
scheme, which represents the sum of models known in the literature as models
of ‘the distribution by radius degrees’ (Freiling. 1961) and “the thermodynamic
balance” (Miller, 1953; Izrael, 1973).

The model of a volumetric source of radioactive contamination of the
environment is based on results of modelling the development of the cloud
from the test using numerical methods and actual data obtained by radiation
survey using aeroplanes to monitor clouds from nuclear explosions. In accord-
ance with the data, the distribution of particles in the radicactive cloud and the
size of particles is approximated using the following laws:

l. in the horizontal plane by a circular normal law with a height-dependent
variation;

2. in the height of the cloud by a normal law with parameters (the vertical
variation, the position of the center of the mass) that depend upon the yield
and type of the detonation;

3. in the size of particles by a logarithmic normal law with a median value
that depends exclusively upon the height (decreases with the height by an
exponential law), with constant decrease.

The distribution in the atmosphere and the fallout of radicactive particles
under the influence of air currents, atmospheric turbulence and gravity are
described by a half-empirical equation of turbulent diffusion. The method
applied to solve the problem was a system of equations that represent space and
time evolution of the distribution the mass concentration of particles, numerical
solutions for different fractionations. The density of radioactive fallout is found
by summing all size fractions of particles. A detailed description of the mathe-
matical model of fallout of radioactive particles following a nuclear test is given
by Bocharov et al. (1997).

Based on the models described above, densities of the contamination of the
surface with certain radionuclides and the fallout dispersion content present
initial data for calculations of external exposures of an individual and the
intake of radionuclides with contaminated air and foodstuffs of local origin.
To estimate oral intakes 4 method of accumulation coefficients described in the
literature (Gusev er al., 1991) is applied. Adjustments concerning conditions of
major agricultural work and a migration chain of radionuclides characteristic
for the area under study are made to the method adopted. The transfer from
intakes of radionuclides to internal doses is carried out by means of the dose
coefficients recommended by the ICRP.
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Specialists from the Central Physical-Technical Institute (CPTI) of the
Russian Ministry of Defense (Loborev ef al., 1994) and the Moscow Institute
of Biophysics (IBP) (Gordeev er al., 1994, 1995a.d) proposed methods of
population dose reconstruction based on the radiation survey data. Mathe-
matical models at three levels form the foundation of the methods adopted.
Models are intended for the calculation of: '

1. radiation situation parameters which determine external and internal
exposure (absorbed doses in the air from the radicactive fallout and the
cloud, the concentration of radioactive products in the above-ground air,
the density of soil contamination with certain radionuclides when fallout
stopped):

2. parameters of the radiation and hygiene situation (contamination of the
vegeiation. meat, milk and other products of local onigin);

3. effective doses of external and internal exposures as well as doses in critical
human organs.

The methods developed (Gordeev er al., 1994, 1995a.d; Loborev er al, 1994)
utilize, on the whole, similar input information. Their main component is the
level of gamma radiation measured by the radiation survey above the area of
radioactive fallout. The methods differ in ways of determining derived para-
meters that depend on the detonation’s characteristics and vield: the CPTI's
method uses the mathematical models described above (Loborev er al., 1994),
whereas that of the IBP applies empirical formulae derived by processing
experimental data.

The following expressions are proposed for calculations of the density of soil
contamination, inhalatory and oral intakes of radioactive products:

P'.- "5'["'_} J‘i Y;

b 'r‘-*-"*[‘?]"m'“l’{‘}u[h—I.}}; (6.1)
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where o; is the density of soil contamination with the fih radionuclide when
fallout 1, stopped; GI™* is the value of inhalatory intake of the ith radionuclide
during fallout formation; G is the intake of the ith radionuclide with the jth
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foodstuff in case of the aerial contamination of agricultural products; P. is the
yield of gamma radiation from the radioactive cloud above ground at a time r.
after a test; A; and Y, are the constant of nuclear fission and the cumulative
output during the fission of an fth radionuclide: Ag, and Y, are analogous
values for '*’Cs: &(d) is the relative contribution of !*’Cs into a total gamma-
equivalent of a mixture of fission products which are contained in a particle of
a diameter d; d is the median size of particles which formed fallout at the point
under study; k. is the ionizing gamma-constant of '*'Cs (k, = 3.242 R m™¥Y/
(mCi h™\)); k is the stretch coefficient—if [P,] = R h ', [¢,] = Cim?, [k,] =
R cm ¥(mCi h™'), then & = 3.3; r.c(d) is the fractionation coefficient of an ith
radionuclide to '¥’Cs in a particle of size d; V; is the rate of human lung
ventilation; H; is the annual consumption of a jth product; k is the coefficient
of the transition of an ith radionuclide from fallout into a jth food product
provided its complete biological availability and a maximum retention of
particles by the vegetlation; dp is the rate of a ‘dry’ precipitation of an
imponderable admixture on the surface (3; = 0.036 km h™'); fy(d) is the
distribution of radioactive fallout particles in a given area by size; Wid) is
the rate of the gravitational precipitation of a particle of diameter &; af-(d} is the
content of an ith radionuclide in the volume and on the surface of a particle of
diameter d; k%(d) is the coefficient of biological availability of an ith radio-
nuclide—in order to estimate the value of the coefficient it is recommended to
apply the following expression

_ad]

kf S »
a;-(d)

(6.4)

where aj{d) is the content of an ith radionuclide on the surface of a particle of
diameter o 3,(d) is the function that represents an expression of the coelficient
of the primary aerial contamination of the vegetation from the size of fallout
particles—according to Vlasov et al. (1994)

; == 1~d£ I'-‘irlh
%ld) = {{djdu}‘",a’ > do, (63)

where n; is the coefficient dependent upon the type of the vegetation and the
stage of its development (1, = 0.8. . .1.1) and d; = 40. . .50 pm; and a,{(d) is the
coefficient of aerosol aspirations, with

_J1,d <350 um
as(d) = {ﬂ.n’ > 50 pm (6.6)

Equation (6.1) reflects a theoretical connection between the yield of gamma
radiation above an infinite flat source with an even distribution of the activity
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and radiation characteristics of the source. Equation (6.2) reflects a connection
between the fallout density and the concentration of radicactive products
weighted in the near-ground air during the passage of the cloud, Equation (6.3)
is the result of the method of coefficients, with adjustments made for the
dependency of coefficients of the primary aerial contamination on the size of
fallout particles.

Radiation characteristics of particles (aﬂd}._, afid), &ld)) in equations (6.1) to
{6.3), coefficients of fractionation of radionuclides (r c.(d)) as well as a
characteristic of particle fallout distribution in an area ( fy(d), d), and the time
f; of their fallout, are derived with the help of the models described above.

Formulae described below form the basis of the dose reconstruction method
(Gordeev et al, 1994, 19953.d). For the relationship between the surface
density of soil contamination, =, and the level of gamma radiation, F.,

aelf) = ap Pt}
is used for the total of fission products and
oi(t = 24) = o; P, (t = 24) X7

is used for individual radionuclides, where oy, o, 3; are empirical coefficients
F. (¢ = 24) is the level of gamma radiation calculated from the moment it was
measured to 24 h after the test and X, is the distance estimated by the formulae

_ WX
X" Ho¥

with X the distance from the centre of a test to the given settlement taken along
the route of the radioactive cloud, W, the rate of the gravitational precipi-
tation of aerosol particles with an aerodynamic diameter d = 50 um, H,,,, the
maximum height of the lift off of the radioactive cloud when it stabilized in the
atmosphere and ¥ the average speed of the wind from maximum altitude to
the ground surface.

The distance to the centre function of the proportion of radioactive fallout
products on the surface for particles of diameter < 50 um is determined by

Na<so = 1 — [l — 0.6( Hmax I}}_D'g]exp{—ﬁ‘»Xj} (6.9);

It is assumed that it is this fraction of radioactive particles that determines
contamination of the vegetation in the area of radioactive fallout and the
intake of radioactive products in the inhalatory system.
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The moment when fallout ceases is determined by
X
iy =_|?+ Fa¥ !6"]}

Ly . : ,
where At = 1.5 _F_: and £, is the width at distance X from the centre of the test,
External pamma exposure, D, is determined by

9.44
Dex: = 0.87 - P, (24) {ﬁ (Tu +
1

U —Ty\ k- At
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where T is the period during which an individual remained outdoors within
24 h; k, is a coefficient for which the value depends upon the character of the
distribution of radicactive products in the cloud from the test (k. = 68. . .91)
k. 15 @ coefficient that represents reduction of gamma radiation from fallout
through shielding by a building: &.4 is a coefficient that represents reduction of
gamma radiation {rom the cloud through shielding by a building, The first item
in equation (6.11) conditions the dose obtained from the moment when fallout
ceases to a complete fission of radionuclides, and the second conditions the
dose over the period of fallout.

To calculate average fallout concentrations of radioactive products in the
above-ground air a theoretical expression is used which describes a relationship
between the value sought and a dose of radipactive aerosols weighted in the air
in approaching their even distribution in space, i.e.

-~ _ kD
= &I'E’q‘

{6.12)

where D4 1s the dose due to exposure to the cloud of the test; E. is the average
yield of gamma radiation of the cloud of the test: and k is the sizeable
coelficient.

The value of the dose accumulated during the [allout period (the second item
in equation (6.11)) is taken as an evaluation for the value Dga.

The value of the inhalation intake of an ith radionuclide in a critical organ is
further derived from the expression

G = Cs nu<sos Vi At Fu - K (d < SO)F, (6.13)

ar®

where k! (d < 50) is the coefficient of biological availability (solubility) of an ith
radionuclide in particles of size d<30 pm; £, is the coefficient for the

precipitation of the aerosol in respiratory organs (assumed Fy = 0.7); and F),
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Table 6.14 Estimates of external doses, in mSv, in the open and for two groups of
inhabitants of the village Veselovarsk in the Altai region after the explosion of 29 August
194% {Barkovski er al, 19935),

Time of dose integration Out of doors Farmers Indoor workers
Dose during the passage of the cloud 7.9 [.8 1.2

Daose for the first day 104 Al 21

Dose for the first three days 146 g5 28

Total dose 305 189 &1

is the proportion of an ith radionuclide [rom its total detained in respiratory
organs which reaches a critical organ, provided there is complete solubility of
the radionuclide.

The St Petersburg group (Barkovski ef af., 1995) assumed in their external
dose assessment that radioactive fallout remained at the ground surface and that
the ground surface was a two-dimensional plane (assumption of an infinite plane
source), They took into consideration the fraction of time that people spend out
of doors, and the fraction of time that people spend in wooden or brick houses,
ete. Doses were calculated for 22 tissues and organs of the body. This model was
used for instance to estimate doses for inhabitants of the village Veseloyarsk in
Rubtsovsk district after the explosion of 29 August 1949 (Table 6.14). Because
the outdoor exposure rates are substantially higher than the indoor exposure
rates in the same locality, the average external doses received by indoor workers
(0.06 Gy) are smaller than those received by farmers (0.2 Gyv),

The second approach to estimate the deposition of radicactive materials on
the ground, and, subsequently, the doses from external irradiation, 1s based on
the contemporary measurement of long-lived radionuclides such as '*7Cs, 8,
#9.240py, ete, in the soil. Tt is supposed that if the radionuclide composition of
every test explosion is known, the composition of deposited radionuclides at
that time can be determined from the contemporary meuasurement of a few
long-lived radionuclides (Kozmin et al., 1996; Izrael er al.. 1998). This method
requires very precise measurements of many barely detectable concentrations
of radioactive materials in many places and at different depths. This approach,
which was used to reconstruct doses from the Nevada Test Site (Beck and
Krey, 1983; Beck, 1996). has yet to be applied to the Semipalatinsk Test Site.

In addition. it may be pointed out that a number of dose estimates have been
derived from thermoluminescence (TL) and electron spin resonance (ESR)
measurements (Gordeev er al., 1995b; Takada er al., 1996; J, Takada, personal
communication, 1997). Thermoluminescence measurements of a few samples
of bricks collected in 1995 in populated areas near the Semipalatinsk Nuclear
Test Site point to whole-body doses of 0.21 Gy in Tchagan, 0.27 Gy in
Izvyetska, 0.36 Gy in the city of Semipalatinsk, and 0.89 Gy in Dolon (Takada
et al.. 1996; J. Takada, personal communication, 1997). The doses in Dolon
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Table 6.15 Collective doses of external irradiation resulting from the consequences of

nuclear tests by 5-v periods following the beginning of ground and atmospheric tests,

for the inhabitants of a number of population centres of the Abay, Beskaragay and
Zhanasemey districts and Semipalatinsk city (Tsvb er al, 1990,

Collective dose {person-3v)

District or settlement 19491953 19341958 1958-1963 Total
Abay district 602 018 - 602.2
Beskaragay district 1330 11 5 1397
Zhanasemey district 0.1 6 6.1
Semipalatinsk city : 607 _ 607
Totals (rounded) 1900 620 56 2600

and Tchagan are similar to previously reported values (Tsyb er af, 1990);
however, the value for the city of Semipalatinsk, which is much higher than
previously reported (0.006 Gy), will have to be confirmed (Takada er al.. 1996).

Estimates of collective doses from external irradiation are available. In the
vicinity of the Semipalatinsk Test Site, the largest collective doses were received
in the Abay and Beskaragay regions of Semipalatinsk Oblast and in Semi-
palatinsk City (Tsyb et al., 1990). Results are presented in Table 6.15 according
to 5-y intervals between 1949 and 1963; according to the results of that Russian
study, the total collective dose from external irradiation is estimated to be
about 3000 person-Sv for the populations living close to the test site (Tsyb er
al., 1990), In Table 6.16, these estimates are compared with those that can be
derived from recent publications by scientists from Kazakhstan (B.I. Gusev
and N.N, Kurakina, unpublished data, 1996: Kazakhstan, 1997). The dose
estimates derived from the Kazakhstan studies are higher than those presented
in the Russian study: the reasons for the differences between the two sets of
results remain to be explained. Regarding the population of the Altai region, it
is estimated (Kiselev ei @l., 1994) that the collective effective dose received by
that population is 42 000 person-Sv, including a contribution of 32 000 person-
Sv from the explosion of 29 August 1949 and a contribution of 3000 person-Sv
from the explosion of 7 August 1962,

A research group from the Altai State University is actively working on the
development of methods of population dose reconstruction using the present
value of fallout 37Cs on the ground (Lagutin er al., 1994), The basis of the
proposed method of external dose reconstruction is made from mathematical
models intended for the description of the formation of particles and assess-
ment of parameters of the dispersion content of radioactive fallout at assigned
distances from the test ground.

The model of formation of radioactive particles is similar, in regard to its
content, to the one put forward by Izrael (1973). This model is used to estimate
activities of nuclei of an ith radionuclide that formed mside (F{t)) and on the
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Table 6.16 Estimates of doses of external irradiation received by the populations of
Kazakhstan living in the vicinity of the Semipalatinsk Test Site during the 1949-1962
time period (Gusev and Kurakina, 1996; Kazakhstan, 1997; Tsvb et al., 1990}

Collective dose? (person-5v)

Average
1960 external dose’ Kazakh Tsyb et al.,
Dristrict or city population®  (person-mSv) studies 1990
Abay district:
Karaul 2333 3579 836
Sarzhal §32 [163.3 863
1804 (total) 602 (total)
Beskaragay district:
Budene 325 1679.4 546
Dolon 906 2174 1967
Kanonerka 1227 B0 1032
Mostik 637 ik B
Tcheremushky 531 153 8l
3634 (total) 1397 (total)
Zhanasemey district
Sarapan 187 ~= 400 75
Znamenka Q03 ~ 400 360
435 (total) 6.1 (total)
Semipalatinsk city 163 000 37 607 (total)
Sum of collective
doses (person-Sv) 5900 2600

* Gusev and Kurakina {1996},

T Except for Semipalatingk city, the astimates of average external dose are taken from Kazakhstan
(1997),

*Values of collective dose were. for the Kazakhstan studies. obtained as the products of the 1960
population and of the average external dose; the values referred to Tavb et ol (1990) are direct
quotes from that reference,

¥ The estimated average externdl dose for the Semipalatinsk study was obtained as the guotient of
the collactive dose reported by Teyb ef ol (19907 and of the 1960 population.

surface (S5,(r)) of radioactive particles. By the model of asrosol fallout the value
of the expression F/S; is estimated, where F, is the volume of fusion of all
radioactive fallout at some distance from the centre of the explosion, and S, is
the surface area of these particles. Further, from derived values of parameters,
the density of fallout of an ith radionuclide is calculated:

Filtik + Silt)
Ves(t* )k + Ses(e*)

(1) = ocs(t”) (6.14)

where Vrg(s*), Scel#*) are activities of '7Cs in the volume and on the surface
of particles at a time 1* > 20 min;
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SC)

with F/S the relation of a fusion volume to a surface of all particles engaged in
the irradiated area; o¢;(t") is the density of fallout of '¥7Cs calculated as

acs(t) = (oes(ty) — og, (1)) exp{ (1, — 1*) A} (6.16)

with ae.(#,) the density of contamination of soil with '¥'Cs measured at a time
t, after the test, a7 (t,) the density of global fallout of *7Cs at a time 1, and Ax,
the radicactive decay constant of '*'Cs.

Estimation of effective doses of external exposure is performed with the help
of rate dose coefficients (pSv s~1)/{Bq m~?) for different gamma irradiation
nuclides. Values of the coefficients in question are obtained from published
data (Jacob er al., 1988).

In order to make up a list of tests that resulted in fallout on the territory of
the Altai Region. trajectories of the transport of air masses from the centre of a
test were modelled (Loborev et al., 1925). In addition. an analysis of fallout of
beta radiation on meteorological stations and adjacent areas, from 1932 to
1962, was carried out (Gamayunov et al., 1995).

An interesting method of identification of nuclear tests that could have
conditioned radioactive fallout in areas with an anomalous content of '¥7Cs
was proposed by Izrael er al. (1998). The method is based on the analysis of the
content in radicactive particles identified from the radioactive fallout pattern
of some long-lived radionuclides—nuclear fuel fission products, soil neutron
activity ('**Eu, ""Eu, etc.), and the comparison of the ratio of their particle
content with similar ratios for other products of a test. Implementation of the
proposed method, however, requires precise measurements on the edge of
capabilities of modern equipment.

Of other studies related to dose reconstruction methods, noteworthy is the
work by Barkovski er of. (1994a) that demonstrated the necessity to consider
behaviour styles of a population in contaminated areas. and the one by Vlasov
(1994) who put forward a probability method of calculation of the structure of
radicactive contamination of agricultural products,

For practical application of methods of mathematical modelling in problems
on dose reconstruction it is necessary to have detailed information on the
structure of air currents when nuclear test explosions were performed, A
network of stations for high altitude sounding of the atmosphere in the area of
Western Siberia—Kazakhstan was not dense enough to reconstruct the strue-
ture of air currents with required precision today. For this reason, methods of
full-scale mathematical modelling have not been widely adopted in practical
works on reconstruction of doses of Altai Region and Kazakhstan populations
due to nuclear tests at the STS.
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At present the first results of the Altai population dose assessment have been
obtained on the basis of data from measurements of current '*'Cs contami-
nation of soil. These results, however, have not been published vet.

More reliable and numerous data on the assessment of doses of Altai and
Kazakhstan residents have been obtained with the help of methods based on
mathematical processing of archival radiation survey data. In particular,
Loborev er al. (1994) and Djachenco er al. (1998) with use of actual data
(Andrvshin er af., 19%3) conducted reconstruction of external and internal
effective doses and thyroid doses of residents of the Altai Region and
Kazakhstan due to nuclear explosions on 29 August 1949 and 7 August 1962,
This group of specialists estimated doses for the population of a number of
settlements in Kazakhstan due to all nuclear explosions at the 8TS (Loborev et
al.. 1997). Gordeev et al, (1995c) estimated thyroid doses for the Altai Region
population due to the nuclear test on 7 August 1949, The results obtained
demonstrate the following details.

The nuclear explosion on 29 August 1949 produced the greatest impact on
the Altai Region population. In the Uglovski district maximum external dose
(ED) values attained ~ 1300 mSv, the length of an area from the centre of the
test where doses exceeded 250 mSv was ~ 270 km (Loborev et af., 1994), and
the collective dose for the Altai Region population was about 30 000 person-Sv
{Djachenco er al,, 1998).

The largest area of contamination—practically three-gquarters of the Altai
Region territory—was the result of the explosion on 7 August 1962 (Loborev
er al.. 1994). High post-test population exposures are not expected: the highest
ED wvalues, formed in the northeastern part of the region, did not exceed 30
m3v, with the collective dose for the regional population being about 3000
person-5v (Djachenco et al., 1998).

6.4.3 Local and regional doses from internal irradiation

As for doses from external irradiation, doses from internal irradiation are
derived from the knowledge of the activities that were deposited on the ground.
There are four possible ways for radioactive materials to enter the human body
(Gordeev er al., 1994):

through food, when people eat foodstuffs polluted by radionuclides;

1.

2. by the inhalation of polluted air;

3. contact, when radioactive materials penetrate through skin;
4. through wounds,

The most important pathways of exposure for the general population are
usually ingestion and inhalation,
Internal dose by oral intake of all radionuclides, except radiciodines, is

derived on the basis of the method of accumulation coefficients. To estimate
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intakes of radioiodine with milk an exponential model is applied. The model
has the following formula

A1) = i - exp{ = (N + Ap) (1 = timax) } (6.17)

where A4;(¢) is the specific contamination of milk with an jth radionuclide at a
time ¢ after a test; Ajqa i5 the maximum specific contamination of milk
monitored at a time fma A 15 the constant of the fission of an ith iodine: and
Ap 1s the constant of biological purification of pastures.

The calculation of internal exposure through rates of oral and inhalatory
intakes of radionuclides in the organism is performed on the basis of dosi-
metric models of organs which the authors have developed themselves, and,
generally speaking, are different from dosimetric models recommended by the
ICRP. Researchers from the Moscow Institute of Biophysics have developed
an elaborate model for the assessment of internal doses (Gordeev er af., 1994,
1995a.b). In the model for inhalation, it is assumed that particles with a size
exceeding 50 um are too large to enter the respiratory system through either
the nose or the mouth. Another assumption is that radioactive materials enter
the human bedy through unprotected breathing organs only at time D(¢), when
the radioactive cloud passes the locality considered.

The amount of radicactive materials which can enter into the respiratory
tract system and remain there, G, is calculated as:

Onet = Fae " CHX XX R

where Fyir is the fraction of inhaled activity that remains in the respiratory
svstem: C is the average concentration of radioactive aerosols near the ground
during passage of the radioactive cloud (Ci I"')—it is proportional to the net
dose. contained in the cloud, when it passes the location: V is the breathing rate
(L h™1): and R is the fraction of activity in the cloud that can be inhaled. A
similar expression is recommended for the calculation of the amount of any
particular radionuclide in the body. After that it is possible to estimate the
distribution of inhaled radioactive materials in different organs of the human
body, e.z. nose, lungs, blood and thyroid.

The main source of internal radiation is food. According to Gordeev et al.
(1995a), food is responsible for 90-95% of the dose from internal irradiation.
One of the most important parameters that enters into the caleulations is the
fraction of fallout activity that is retained by vegetation: Gordeev er al. (1994,
1995a.b) estimated the values of this parameter as a function of the distance
from the centre of explosion and the density of vegetation. In agricultural areas
where cows are kept on pasture, milk is the main pathway of exposure to
humans. According to Gordeev et af, (1995¢), if A, is the rate of radioactive
decay of radionuclide i, and A, is the rate of grass growth, then concentration
of a radioisotope in milk at moment ¢, 4(7), may be expressed by the following
formula:
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A = A 2 expl — (A + Ao (7 — Tma)]

where 7. 18 the time of maximum radioiodine concentration in milk and g,
describes the maximum concentration of the radionuclide ¢ in cows milk—it is
proportional to daily grass consumption and inverse to excretion of the
nuclide,

Although most fission products have a low uptake to blood, some of them,
such as 1, Cs, and Sr are absorbed effectively by the blood system and accu-
mulate in various tissues and organs of the body. In the model of Gordeev et
al. (1993a), the distribution between organs and tissues of the most important
radionuelides entering the human body with milk is estimated. The net dose for
a given organ by the ith radionuclide DY as a function of (1) milk consumption
V... measured in litres, (2) the effective energy of beta irradiation of ith radio-
nuclide E;, and (3) the mass of the considered organ, m, is:

_512x 1078 E 1

! 1— . b
Dy ok 3 +J".P{ exp|—(A J'tp}ﬂ]}
L ERM 1 exp(h = A
N—%

where g; is the amount of the considered radionuclide that enters the body in
the first day, it is proportional to Vi f; is the amount of the nuclide that
reaches the considersd organ; the last portion of the nuclide enters the body at
the moment & A is a constant of effective excretion of the nuclide from the
body daily; and A, + A, is an effective rate of milk purification from the ith
radionuclide.

With the help of this model, doses arising from internal irradiation were
calculated for inhabitants of the Altai region after the explosions of 7 August
1962 and 15 January 1963, Calculations include estimates of internal thyroid
doses for almost every village in the Altai region that was exposed to radiation
impact resulting from the nuclear test of 7 August 1962 (Anonymous, 1995),
These dose estimates, shown in Table 6.17, were obtained by specialists from
the IBP.

Table 6.18 gives obtained doses in different organs of an adult from tests on
29 August 1949 and 7 August 1962 (Loborev et al.. 1994: Djachenco er al.,
1998). For the test on 29 August 1949 a point is considered ~ 240 km away
from the centre of the explosion on the axis of the route of the radicactive
cloud (Uglovski district), For the test on 7 August 1962, & point is considered
at a maximum fallout area in the northeastern part of the region (Zarinski
district).

As seen from Tables 6.17 and 16.18, there is a significant difference in
thyreid dose assessment of residents of the Zarinsk district after the explosion

on 7 August 1962, Doses calculated by the IBP’s methodology (Gordeev et al.,
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Table 6.17 Internal thyroid doses due to the nuclear test on 7 August 1962,

mGy.
Age group
Settlement 1y S5y 10 y 15y 20y
Aleisk 280 140 110 69 61
Baevo 390 280 230 15 120
Barnaul 320 150 120 75 62
Burka 310 150 i2 73 61
Alambai* 19000 9200 T30 4500 3700
Rassvpnaya* 20000 Q400 7500 4600 3500
Kalmanka 220 100 83 68 57
Kozikha 230 150 120 73 60
Pospelikha 290 440 360 220 190
Rodine 400 190 130 94 T8
Rubtsovsk 380 290 240 140 130
Uglovskoie 420 210 170 110 100

* Settlements of the Zarinsk district located in an arez of maximum fallout.

Table 6.18 Estimated doses, mGy, in different organs of a hypothetical
adult. For the test explosion on 29 August 1949, the location considered is a
point approximately 240 km away from the STS in the Uglovski district; for
the test on 7 August 1962, the location considered is a point at a maximum
fallout area in the northeastern part of the region (Zarinski district).

Dose, mGy

Test on Test on
Organ 29 August 1949 7 August 1962
Urinary bladder 20 25
Stomach 37 4.6
Small intestine 56 7
Upper part of the large intestine 230 29
Lower part of the large intestine 660 84
Kidneys 20 2.5
Liver 21 2.6
Lungs 3h 34
Skeleton 116 15
Yellow bone marrow 136 19
Red bone marrow 70 9.5
Skin 18 24
Spleen 20 25
Testes 19 24
Thyroid 2800 240

Uterus 2] 2.7
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Table 6.19 Feed-animal transfer factors from feed to animal products (meat and milk)
(Vlasov er al, 1994),

Feed-meat (Bq kg 'W(Bg day™") Feed-milk {Bg I-')(Bq day ")

Radionuclide Minimum Maximum Minimum Maximum
Sr 20= 10 6.0% 1074 1.0x1073 201072
Zr 50x107 [.5% 10" s0x1077 1.5» 1078
Ru 20107 4.0 10 1.0x10* 1.8% 107
I 20x 107 R s0x 1077 1.53x 1072
Cs 5.0%10-7 1.1% 10! s.0=10-? 1.5% 102
Ba 25% 1077 7.5%10°° ENTE R 7.0 10°°
Ce s0=10°7 1.5x10°° S50 1077 1.5%10°°
Pu 50> 1077 1.5% 1078 F0x107 1.5= 10"

1995d) are nearly a magnitude higher than those derived by the methodology
developed by the CPTI (Loborev er al.. 1994).

Another model was developed in Obninsk (Vlasov., 1994). The model
assesses the contamination of agricultural products, starting from grass to
meat, by randomly distributed radionuclides with a given composition. The
model takes into account land-use structure, soil conditions, inhomogeneity of
contamination of arable land, etc. The model was used to estimate the con-
centrations of different radionuclides (5r, Cs, Ce and Pu) in agricultural
products of the Altai region after the explosion of 7 August 1949 (Vlasov et al.,
1994). The animal-feed transfer factors for radionuclides from fodder to
animal products (meat and milk) are shown in Table 6.19.

Estimates of doses from internal irradiation are also available for the
populations living in the vicinity of the Semipalatinsk Test Site (Tables €.20 and
6.21). Internal doses presented in Table 6.20, presumably in terms of effective
dose, are about equal to those due to external irradiation (Kazakhstan, 1997).
In Table 6.22, collective doses from internal and external irradiation are
compared (Tsyb et al. 1990). In Table 6.22, the internal doses are expressed in
terms of organ or tissue doses: as expected, the thyroid doses are much greater
than the external doses.

6.5 NOVAYA ZEMLYA (RUSSIA)

The first nuclear weapons test at Novaya Zemlya (Northern Test Site) was an
underwater shot of 3.5 kt conducted on 21 September 1955, and the last one
was an underground test on 24 October 1990 (Andryshin er al., 1996). Novaya
Zemlya was the site of the largest nuclear weapons test, a 50 Mt explosion at
an altitude of about 3.5 km on 30 October 1961. In all. 130 nuclear tests took
place at Novaya Zemlya, with a total explosive yield of 265 Mt (Andryshin et
al., 1996).
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Table 6.20 Estimated doses of external and internal irradiation received by the popu-
lations of Kazakhstan living in the vicinity of the Semipalatinsk Test Site during the
19491962 period (Kazakhstan, 1997).

1960 Average external Average internal Average total

District or city population®*  dose! (mSv) dose? (mSv) dose (mSv)
Abay district:
Karaul 2335 1379 520 BE0
Sarzhal 832 1163.3 1300 2460
Beskaragay district:
Budene 325 1679.4 1800 3480
Dolon 06 2174 2300 4470
Kanonerka 1227 8409 Q50 1790
Maostik 637 12.7 9.9 23
Tcheremushky 531 152 110 260
Zhanasemey district:
Sarapan 187 ~ 400 ~ 400 ~ 800
Znamenka 03 ~ 400 ~ 400 - BOO

* Grusev and Kurakina (19%1
! Kazakhstan {1997}
t Kazakhstan (1997)

Table 621 Estimated thyroid and effective doses
received by residents of the city of Semipalatinsk, Ust-
Kamenogorsk, Kurchatov and the settlement of Chagan,
for all 1ests conducted at the STS (Loborev et al., 19971

Adult thyroid Effective

Settlement dose, mGy dose, m3v
Semipalatinsk 28 4
Ust-Kamenogorsk 80 36
Kurchatov 310 i}
Chagan 630 230

Table 6.22 Collective doses of external and imternal
irradiation (Tsyb et al.. 1990).

Collective internal (numerator)
and external (denominator)
doses ( person-Sv)

District or settlement Thyread Bone marrow
Abay district 1896/602 1956/602
Beskaragay district 21641330 5471330
Zhanasemey district 661 ~/6.1

Semipalatinsk city 61000607 -faly7
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6.5.1 Status of dose reconstruction

Even though the nuclear tests conducted on the Novaya Zemlya islands
accounted for about half of the total energy yield of all nuclear tests carried out
world-wide, there is very little available information on the local and regional
doses resulting from those tests. It is likely, however. that the local doses to off-
site residents were relatively low for two reasons.

1. most of the atmospheric devices were exploded at high altitudes, so that the
expanding fireball did not touch the ground surface. Under these condi-
tions, fallout occurs very slowly and is diluted over very large areas. Only
one surface test was conducted, a 32 kt detonation on 7 September 1957,
There were also 17 underground tests that vented, resulting in most cases in
on-site contamination only (Dubasov et al., 1994).

2. The Novaya Zemlya test site is large and isolated. The two Novaya Zemlya
islands together measure about 900 km in length and &1 300 km? in area.
The nearest village, Amderma, is 280 km away. The much larger popu-
lation centre of Arkhangelsk is approximately 1000 km away, and three
villages lie at intermediate distances (IPPNW, 1991).

An integrated research programme of analysis of the seismic, radiation,
sanitary, and ecological situation in the area of the Novaya Zemlya test site has
been undertaken (Dubasov er al., 1994b) but resulis have not been published
yet. The available information is mainly related to on-site contamination and
to the doses received by reindeer herders, who are the critical population in the
lichen—reindeer—human foodchain. High values of '*'Cs concentrations, and,
to a smaller degree, of "’Sr, have been observed in reindeer meat, which is
the staple food of the reindeer herders. These '*"Cs concentrations roughly
decreased with distance from the test site. Levels of '*'Cs in reindeer were high
because the lichens, which are an important food for these animals duning
winter, effectively entrap a substantial fraction of the '*"Cs activity falling on
to them. and retain it for several years. A comprehensive investigation of this
foodchain has been performed for the entire Russian coast of the Arctic Ocean
(Ramzaev er al., 1993).

6.5.2 Local and regional doses from external irradiation

Current exposure rates in the Novaya Zemlya islands vary generally from 8 to
12 uR h~!, which is similar to the range observed in adjacent areas and rep-
resents essentially natural background radiation (Dubasov e af, 1994b).
However, much higher exposure rates can be measured in small areas locally: in
zone ‘A", where the surface nuclear test was detonated on 7 September 1957, the
exposure rate does not exceed | mR h™! in an area less than 10 m?; in zone ‘B,

which is the site where the underground nuclear test conducted on 2 August
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Table 6.23 Measured concentrations of '¥’Cs (Bg kg ') in lichen, reindeer, and other
environmenlal materials from the Russian coast of the Arctic Ocean, from 1963 to 1990
(Dubasov er al., 1994).

Type of sample 1963 1969 I97T0-1978 1980-1988 |988-1990
Moss 172260 260-370 300550 120430 150-18D
Lichen TE0-17T00 1 300-1700 T50-1500 - —
Reamndesr meat 75370 S0-1 100 B0-370 80| 80 4073
Fish 26-3.7 1.1-1.8 30-37 26-3.7 26
Milk - 0.2 0.56 0.11 0.04
Geese, ducks - 22 11-15 75-15

1987 vented, the exposure rate is up 10 80 4R h' in an area of about 100 m*; and
in zone *C’, which was the site of atmospheric explosions, the exposure rate does
not exceed 50 pR h~' in an area of about 0.5 km? (Dubasov ef al., 1994b).

Information on exposure rates or doses from external irradiation in ofT-site
areas has not been found,

6.5.3 Local and regional doses from internal irradiation

Results of measurements of *¥’Cs in lichen, reindeer. and other environmental
materials from the Russian coast of the Arctic Ocean are presented in Table 6.23
(Dubasov er al., 1994b). The "*’Cs levels in reindeer meat are much greater than
those in milk, fish. peese, or ducks. Therefore. people such as reindeer herders,
who use reindeer meat as a staple food, received much higher internal doses
than the urban residents. who consume reindeer meat only occasionally. 1t is
estimated that the reindeer breeders have received internal effective dose rates
from "*'Cs and, to a smaller degree, from *Sr. of 1 mSv y~! on average since the
early 1960s (Ramzaev er al., 1993); the doses to urban residents, in contrast. are
estimated to have been about 100 times lower (Ramzaev er al., 1993).

6.6 LOB NOR (CHINA)

China conducted 34 nuclear weapons tests between 1964 and 1988; of these, 22
were atmospheric tests and the others were underground (IPPNW, 1991; De
Geer, 1996; Liu Ying and Zhu Changshou, 1996). The total explosive yield of
the 22 atmospheric tests was about 20 Mt

6.6.1 Status of dose reconstruction

Little information is available on dose reconstruction efforts carried out in
China. For each test. several surveying methods were used in order to determine
the trajectory of the cloud carrying the radicactive debris. Balloons released
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before the test helped to predict the trajectory of the radicactive cloud. After the
test, an asroplane equipped with sensitive radiation monitoring instruments
flew back and forth to determine the position of the cloud and to measure
exposure rates. Also, sounding balloons carrying radiation detectors were
released below the radioactive cloud in order to measure the vertical profile of
radioactivity within the cloud (Zheng Yi et al., 1996). A model of atmospheric
transport and deposition was developed in order te predict external exposures
up to a distance of 800 km downwind from the test site (Zheng Yi er al., 1994,
1996).

In addition to the early detection system described above, a nationwide
monitoring network for environmental radioactivity of 43 stations was set up
in the early 1960s by the Ministry of Public Health (Zhu er af, 1994). Moni-
toring data include the deposition densities of important fallout radionuclides
and radionuclide concentrations in air, drinking water and in foodstuffs
(China, 1990, 1995). Doses are derived from the measured levels using ICRP
and UNSCEAR models (Ye, 1994: Zhu er al, 1994; Liu Ying and Zhu
Changshou, 1996).

6.6.2 Local and regional doses from external irradiation

The absorbed doses in air measured outdoors in several population centres
located downwind from the test site at distances ranging from 400 to 800 km
are presented in Table 6.24 (Zheng er af, 1996). The measured levels, which
include exposures resulting from all important Chinese tests, are compared
with predicted values obtained using the atmospheric transport and deposition
model (Zheng Yi er al., 1996). A reasonable agreement between measured and
predicted values is obtained for most cities. The average absorbed dose in
outdoor air is .18 mGy; assuming that people spend. on average. 80% of their
time indoors where the shielding factor to outdoor radiation is 0.2, and that
the conversion coefficient rom absorbed dose in air to effective dose is 0.7
(UNSCEAR, 1982, 1993), a mean effective dose of 0.044 mSv is estimated for
the populations living downwind of the Lob Nor nuclear test site at distances
ranging between 400 and 800 km.

6.6.3 Local and regional doses from internal irradiation

The environmental contamination caused by '*'1 has been reported by Liu
Ying and Zhu Changshou (1996). The highest deposition levels measured in
the stations of the nationwide monitoring network are presented in Table 6.25.
and estimated thyroid doses for adults are shown in Table 6.26. The adult
thyroid doses are lound to range from 0.06 mGy in Taivuan to 2.5 mGy in
Lanzhou; thyroid doses to infants would be about 10 times higher. The average

thyroid dose received by the Chinese population as a result of the tests
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Table 6.24 Outdoor air absorbed doses, in mGy,

in urban areas located between 400 and 800 km
downwind from the Lob Nor test site (Zheng Yi

et al., 1996),

Predicted Measured
City or town dose (mGy)  dose (mGy)
Xihu 008 0.07
Anxi 0.4 0.064
Tashi 0.065 .10
Qlaowan (.51 0.14
Yumenzhen 0.015 g.12
Yumenshi 0.064 0,024
Tinia 0.0045 0.45
Tiavuguan 0.031 .44
Averags 0.108 0.176

Table 6.25 Fallout of "*'I, in kBg m™> in some regions of China
iLiu Ying and Zhu Changshou, 1996).

Test number and date Region 1311 deposition (kBg m™2)
4 (27 October 1966) Xi'an 0.33
5 (28 December 19664) Shenyang 4.8
12 (7 January 1972) Lanzhou &1
15 (17 June 1974) Lanzhou 10
18 (17 November 1976) Hohhat 022
22 (16 October 1980) Xining 10

Table 6.26 Thyroid and effective doses to adults

resulting rom

M1 produced in nuclear tests in

China (Liu Ying and Zhu Changshou, 1996).

Thyreid Effective
Region dose (mGy)  dosc (mSv)
Changchun 0.16 0.0081
Shenvang 2.2 0.11
Taivuan 0.059 0,003
Xi'an n.i4 0072
Hangzhou 0.15 0.0077
Changsha 0.11 0.0054
MNanning 0.097 0.005
Hohhot na7 005
Xining 20 0.1
Lanzhou 2.5 .13
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conducted at Lob Nor is estimated to be about 0.14 mGy (Lin Ying and Zhu
Changshou, 1996).

The long-lived fission products ®“Sr and '¥'Cs have been monitored
throughout China since the early 1960s. Even though the average deposition
density of *Sr seems 1o be have been lower in China than in the remainder of
the Northern Hemisphere, the internal doses from “'Sr are estimated to be
higher in China than in the remainder of the Northern Hemisphere. This
apparent discrepancy is explained by the fact that the Chinese diet is not
typical of that of the populations of the Northern Hemisphere (Liu Ying and
Zhu Changshou, 1996), The average effective dose resulting from the intake of
*08r is estimated to be 0.27 mSv (Zhu et al., 1994). Most of this effective dose is
due to tests that were not conducted on Chinese seil.

6.7 SOUTH PACIFIC: MURUROA AND FANGATAUFA (FRANCE)

The French nuclear tests in the atmosphere were carried cut at Hamoudia near
Reggane in the Algerian Sahara in 1960 and 1961, and on the uninhabited atolls
of Mururoa and Fangataufa in French Polynesia from 1966 to 1974 (Doury and
Musa, 1996). Nuclear tests were interrupted in the Sahara in 1961 because of the
impending independence of Algeria in 1962. French Polvnesia was then selected
as a new test site, mainly because only 5000 inhabitants lived within a 1000-km
radius of the planned ground zero in Mururca (IPPNW, 1991). Four atmo-
spheric tests were conducted in the Sahara and 46 in Polynesia (four at
Fangataufa and 42 at Mururoa). The total energy vield of the 50 atmospheric
tests is equivalent to 10 Mt of TNT (Doury and Musa, 1996). After 5 June 1973,
all tests in French Polynesia were conducted underground (IPPN'W, 1991).

6.7.1 Status of dose reconstruction

No public information has been found on dose reconstruction efforts related to
the tests conducted in the Sahara. Regarding the tests conducted in French
Polynesia. annual reports on the radiological situation in populated atolls and
islands around Mururoa and Fangataufa are made available to the public and
dre communicated to the United Nations (see, e.g. RF. 1970, 1984, 1993, 1995,
1996). Because French Polynesia is composed of a very large number of islands
scattered over large distances—thousands of kilometres—in the South Pacific,
radiological monitoring has been mainly carried out for several islands deemed
to be representative of large archipelagos or groups of islands:

1. Tahit (110000 inhabitants) for the Society Islands, located at more than
1000 km away from Mururoa and Fangataufa:
2. Tureia atoll (140 inhabitants), the population centre in the Tuamotu

archipelago that is the closest (120 km) to the test site:
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3. Hao (1100 inhabitants), also in the Tuamotu archipelago;

4. Manpareva (600 inhabitants) for the Gambier Islands;

5. Tubuai (1700 inhabitants) for the Tubuai archipelago;

6. Nuku Hiva (1800 inhabitants} and Hiva Oa (1500 inhabitants) for the
Marquise Islands (RF, 1984).

Doses are assessed on the basis of radiation measurements for the selected
islands covering the terresirial and the marine environments. Although occa-
sional venting may have occurred following the underground tests conducted on
or after 1975 (IPPNW. 1991), it does not seem to have led to a detectable
increase in the exposure rates or in the radionuclide concentrations in foodstuffs
(RF, 1984): this implies that annual doses have generally decreased since the
mid-1970s,

6.7.2 Local and regional doses from external irradiation

Doses from external irradiation have only been reported since 1982 the
effective dose rates ranged between 1 and 10 5v v! in 1982 (RF. 1984) and
were estimated to be less than 4 Sv v~ in 1995 (RF, 19935).

6.7.3 Local and regional doses from internal irradiation

Daoses from internal irradiation have only been reported since 1982; the
effective dose rates have been estimated to range from 2 to 32 Sv vy in 1982
(RF, 1984) and to be lower in the early 1990s (RF, 1993, 1995, 1996). Table
6.27 summarizes the dose estimates for the populations of various atolls and
islands of French Polynesia in 1982 (RF, 1984), As in the Marshall Islands,
most of the dose is due to the residual presence of ¥Cs in the environment.
The collective effective dose rate for the populations of French Polynesia is
estimated to have been about 1 person-Sv in 1982,

Even though doses were not reported before 1982, estimates can be derived
from reported radionuclide concentration measurements in foodsiuffs. For
example, the thyroid doses due to the contamination of milk by *'I in Tahiti
have been calculated by the UNSCEAR Committee for most years during the
atmospheric testing period in French Polynesia (UNSCEAR, 1977). Results
are presented in Table 6.28: the highest annual thyroid doses to infants are
estimated to have been about 7 mGy and to have occurred in 1974,

6.8 EMU, MARALINGA AND MONTEBELLO (AUSTRALIA)

Twelve full-scale tests of nuclear weapons were conducted by Britain in
Australia in five series between 1952 and 1957, In October 1952, the only test of
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Table 6.27 Estimates of effective doses received in French Polynesia in 1982, as a
result of atmospheric tests carried out at Fangataufa and Mururoa from 1966 1o 1974

(RF, 1984).
Effective dose rates (Sv v') Collective
effective
External Total dose rate
Location irradiation  Inhalation  Ingestion  (rounded) (man Svy')
Tahit 1.1
Papectc 5 0.06 52 10
Pasza 5 .06 42 §
Hitias 3 0.06 54 10
Tezhupoo 5 0,06 4.7 10
Tuamotu 0.035
Toreia 1 0.06 123 3
Hazo 1 0.06 23 3
Gambicr 0.m
Mangareva 1] 0.06 3] 20
Marquisss 0.04
Nuku-Hiva 3 0.06 24 5
Australes 0l
Tubua; 5 (.06 154 20

Table 6.28 Concentrations of '*'1 in milk in Tahiti and correspond-
ing thyroid doses to infants during the atmospheric 1esting period in
French Polynesia (1966-1974) (UNSCEAR, 1977).

Time-integrated milk Estimated thyroid dose

Year concentration (Bq day 17" to infants (mGy)
19646

1967 170 (.55

1968 | 80 0.6

1969

1970 410 i.3

1971 670 21

1972 40 0.12

1973 410 1.3

1974 2200 6.8

the series Hurricane was conducted on a ship near Montzbello Island, WA in
October 1933, the two tests of the series Totem were carried out in Emu Field,
SA; in May—June 1956, the two t1ests of the series Mosaic were detonated on
Montebello Island, WA four more tests were conductad in the series Buffalo in
September—October 1956 in Maralinga, SA; finally. in September-October
1957, the three tests of the series Antler were detonated in Maralinga, SA. The
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yicld of these tests varied from 1 to 60 kt of TNT-equivalent; the total energy
vield of those 12 tests was less than 0.2 Mt of TNT-equivalent (Wise and
Moroney, 1985).

6.8.1 Statos of dose reconstruction

Rough estimates of dose have been made for local population centres as well as
for population centres throughout Australia (Wise and Moroney, 1985).

The main bodies of radiation data and other relevant information available
to estimate the doses resulting from those tests include:

1. for the nine nuclear tests comprising Mosaic, Buffalo, and Antler—total
beta activines of radionuclides in fallout deposition and In air from
Australia-wide monitoring programmes (Butement er al., 1937, Dwver et
al.. 1957);

for all 12 nuclear tests—trajectories taken by the radioactive clouds across

Australia (Gale, 1954; Gale and Crooks. 1934;: Peirson, 1955; Butement

er al., 1958; Phillpot, 1957, 1959) and meteorological conditions for popu-

lation centres, including rainfall;

3. for the seven tests of Buffalo and Antler—external dose rate and total beta
activity of radionuclides in fallout deposition and in air within the
proximal region of fallout (Carter, 1957; Clay, 1957; Cater, 1958),

4, for the two tests of Totem—airborne survey of ground contamination
{Cambray and Munnock, 1954);

5. for the three tests of Hurricane and Mosaic—ground contamination of the
nearby coastal region of the mainland and of distant population centres
(Gale and Crooks, 1954, Matthewman, 1957).

T
'

6.8.2 Local and regional doses from external irradiation

External doses from local fallout are not available for the senies Hurricane,
Totem, and Mosaic of 1952, 1953, and 1956, respectively. External doses for
the senies BufTalo and Antler of 1956 and 1957 were estimated from the local
measurements of exposure rate and fallout deposit, assuming that the external
dose rate vanied as a function of time, ¢, as r'~, and integrating the external
dose rate to 1 yv. Results are presented in Table 6.29. The whole-body doses
from external irradiation are estimated to have been <1 mGy in all Jocal
population centres that were monitored.

For distant population centres throughout Australia, the external whole-
body doses IN7) for the series Mosaic, Buffalo. and Antler were cakulated
using the following equation:
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Table 6.29 Estimated average external whele-body doses
from proximal fallout from nuclear tests of the series Buffalo
and Antler (Wise and Moroney, 1983).

External whole-body

Series and test  Population centre dose (mGy)
BufTalo, test 1 Coober Pedy 0.2-0.68
Buffalo, test | Ingomar 0.17-0.3
Buffalo, test 1 McDouall Peak 03
Buffalo, test 3 Maralinga Village {.003
Buffalo, test 4 Coober Pedy 0.045
Buffalo, test 4  Ingomar .12
Antler, test 1 Emu 0.05-0.37
Antler, test 2 Coober Pedy 004
Antler, test 2 Ingomar 0.02
Antler, test 2 Mabel Creek 0,035
Antler, 1est 3 Bulgannia (0,003
Antler, test 3 Ealbara 0.26-0.27
Antler, test 3 McDouall Peak 0.003
Antler, test 3 Mulgathing 0.1

DIN=017%x0"5x Fx §

where D, in mGy, is the external whole-body dose delivered during the first
year following the explosion (In fact, Wise and Moroney (1985) express the
external dose in terms of effective dose equivalent. The numerical results of
the two quantities are similar in the case of external irradiation from fallout.):
f, in days, is the time of fallout measurement after the explosion, in the range
from 0.1 to 20 days; F, in MBg m 2, is the amount of fallout per unit area of
ground; and S is a shielding factor that takes into account the ground rough-
ness and the absorption of gamma radiation by walls (For Australian con-
ditions, the average value of § was estimated to be 0.28 for urban centres
and 0.34 for rural communities. The overall average for Australia was taken to
be 0.34.).

The number of distant population centres that were monitored was 85 for
Buffalo and Antler, and 29 for Mosaic. Estimates of external doses are avail-
able for each monitored population centre and for each test of the three series.
External doses for the series Hurricane and Totem were estimated by scaling
the results from similar nuclear tests of the series Mosaic. Buffalo, and Antler
according to the known yields of the explosions. The average doses from
external irradiation for the Australian population were found to be quite low:
0.0011 mGy for Mosaic, 0.004] mGy for Buffalo, and 0.0031 mGy for Antler
{Wise and Moroney, 1985),
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Table 6.30 Estimates of average individual and collective effective
dose eguivalent commitments resulting from fallout in the British
nuclear tests in Australia, 19521957 (Wise and Moroney, 1983),

Collective effective

Series Test Average cffective dose equivalent
dose eguivalent (mSv) { person-5v)
Hurricane 1 0.012 110
Totem 1 0.007 T0
Totlem p. 0.006 60
Mosaic 1 0001 10
Mosaic 2 000535 32
Buffalo 1 (L0088 B3
Bulfalo 2 0.0012 11
Buffalo 3 0.0059 A
Buffalo 4 0.011 101
Antler | 0.0003 3
Antler 2 0.0030 8
Antler 3 0.0125 118
Total (rounded) 0.07 T00

6.8.3 Local and regional doses from internal irradiation

Doses from internal irradiation were evaluated for: (1) the ingestion of fallout
radionuclides in food, (2) ingestion of fallout radionuclides in drinking water,
and (3) inhalation of fallout radionuclides in air. Standard models of environ-
mental transfer from deposition to air, drinking water, and foodstufts were used
{Wise and Moroney, 19385). It was found that internal irradiation accounted, on
average, for 83% of the total effective dose equivalent.

Estimates of individual effective dose equivalents, averaged over the entire
Australian population, and of collective effective dose equivalents are presented
in Table 6.30 for each of the 12 tests. The average individual effective dose
equivalent for all tests conducted in Australia is estimated to be 0.07 mSv,

$.9 COLLECTIVE DOSES TO THE WORLD'S POPULATION FROM
ALL TESTS

Collective doses to the world’s population from all tesis have been estimated
by the UNSCEAR Committee (UNSCEAR, 1977, 1982, 1993). In order to
estimate the lull radiation impact of the tests, the UUNSCEAR Committee uses
the concept of collective dose commitment, which includes the doses delivered
in future times, until complete decay or removal from the environment of the
radionuclides produced by the nuclear explosions. The collective effective dose
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Table 6.31 Collective effective dose commitment to the world's population from
atmospheric nuclear testing (UNSCEAR. 1993).

Collective effective dose commitment

Activity (1004} person-Sv)
prodoct
Radionuclide  Half-life iEbg) External Ingestion [Inhalation Total
""EZ' 5730y 0.22 25800 2.6 25800
b B 300 0.91 1210 677 1.1 1890
s 286y (.60 4006 29 435
el i 4.0 d 143 272 6.1 278
106R 14 avad 11.8 140 B2 222
*H 123y 240 176 13 159
*Mn 3124 5.2 181 04 184
1#4Ce 285 d 29.6 44 122 165
13ty g02¢ 63l 4.4 154 6.3 164
b 352d = 129 2.6 131
12*gh 2.1y 0524 88 0.2 hixs
Py 24 100 v (00652 |8 36 58
#am 432 y - 8.7 44 33
140Ry 128 d 732 449 0,81 (.66 1 |
PRy o3d 238 39 1.8 41
?"'—'Pu 6560 vy (0.00435 1.3 38 39
*Fe 274y 2 26 0,06 26
Hpy 4.4 v 0.142 .01 17 17
¥er 50.6 d 91.4 45 6.0 1
My 58.5d 116 59 8.9
o zsd 254 3.3 1.4 4.7
Total (rounded) 2160 27200 440 30000

commitment to the world’s population from all tests is estimated to amount to
3% 107 person-Sv (UNSCEAR.. 1993).

Table 6.31 presents the contributions of the most important radionuclides
and exposure routes to the collective effective dose commitment. By far, the
most important radionuclide is '*C. Because of its very long half-life (almost
6000 v) and environmental mobility, “C will keep delivering very small dose
rates to the world’s population during thousands of years at about the same
rate as it does now. 1t is the accumulation of those very small dose rates for a
very long time over a very large population that explains the large contribution
of *C to the collective effective dose commitment from nuclear weapons
testing.

The second most important radionuclide with respect to the collective effec-
tive dose commitment is '*’Cs. The importance of '*'Cs has already been noted
in doses from local and regional falloat,

Because of its short half-life (about 8 days), '*'l is enly the ninth contributor

to the collective effective dose commitment.
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6.10 CONCLUSIONS

Dose estimates resulting from nuclear weapons testing have been reviewed.
Emphasis has been placed on the doses from local fallout (within a few
hundreds of kilometres from the test site) and from regional fallout (within a
few thousands of kilometres from the test site. Because the test sites are
isolated and tests can be conducted under favourable meteorological
conditions (avoiding the exposure of relatively close residents), doses from
local fallout were usually low. It is only when unexpected events occurred (such
as those related to the Bravo test) that high radiation exposures were incurred.
Extensive dose reconstructions related to local fallout have only been carried
out so far for the tests conducted by the USA.

There is little information on the doses from regional fallout. The study
related to the Nevada Test Site indicates that high exposures occurred mainly
when the passage of the radioactive cloud coincided with rainfall,

Finally, the doses from global fallout have been reviewed extensively by the
UNSCEAR Committee and are only briefly discussed in this document,
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7.1 INTRODUCTION

In the early 1960s, global fallout from nuclear testing and its possible effect on
human health became a major public concern. This concern and reduced
international rivalry led in August 1963 to a limited ban on atmospheric testing
(UNSCEAR. 1993). Atmospheric tests by countries developing nuclear arms
went on until October 1980, albeit at a much lower frequency. At the end of
atmospheric testing, 2 total explosive yield of 545 Mt TNT-equivalent had been
released. Longer-lived radioactivity totalled about 2300 EBq (1 Ebg = 10'% Bq)
originating from fission of ***Pu, **3U and **U (total fission yield about 155
Mt): much of that yield came from the third stage of the large bombs based on
the fission-lusion-fission process. In addition, fusion reactions resulted in the
production of large amounts of *H and '*C, 240 EBq and 0.22 EBq, respec-
tively. International assessments (UNSCEAR., 1982) of the ensuing total
effective dose commitment to the world population were derived by the sum-
ming up of exposures from external radiation, inhalation, and ingestion on the
basis of population-weighted fallout deposition, and resulted in an estimate of
3.7 mSv for a theoretical immortal human being living through the whole
testing period in the Northern Hemisphere. Seventy per cent of the dose
commitment is delivered by '*C at a very low dose rate, i.e. only 10% until the
year 2200. The next-ranking radionuclides are *'Cs (13% contribution), *Sr
(3%), **Zr (2.4%), ""°Ru (1.9%), *Mn (1.5%), "**Ce (1.4%) and "] (1.4%). The
relatively unimportant ~?Pu causes only 18 uSv or 0.5% of the total dose.
The collective committed effective dose to the world population amounts to
about 3 % 107 person-Sv (UNSCEAR, 1993).

As far as possible health effects are concerned. the radiological burden
from global fallout contributed only a small fraction to the detriment caused
by natural and anthropogenic exposures to ionizing radiation. Therefore,
noticeable increases in cancer, genetic, or teratogenic effects, are not to be
expected. However, in those instances, where atmospheric bomb testing led to
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considerable local contaminations, exposures of the populations in the vicinity
of test sites might have been far higher than the global mean value. For
example, external exposures exceeded 1 Gv on several occasions, and thyroid
doses from ''I ranged up to 200 Gy in one instance. Exposures at this level
pose a considerable health risk and might have led, or may still lead, to
significant changes in morbidity and mortality. At a time when formerly
classified information is increasingly accessible, careful assessments of local
exposures and health effects are becoming possible. Although doses decreased
rapidly with time after the explosion, a careful reconstruction is needed as a
prerequisite for the proper evaluation of present and future health risks to the
affected populations.

7.2 RADIATION AND HEALTH

7.2.1 Biological effects of radiation

An understanding of radiation-induced health effects has to be built from basic
concepts of radiobiology as given in this introductory section. Biological
effects of ionizing radiation result from the modification and destruction of
cellular components. The large energies released in fission reactions or radio-
active decay are in the range of MeV per decay (1.6 % 10~ I). In comparison,
the binding energy of typical chemical bonds in organic molecules amounts to
only 300 kJ mol™, i.e. about 3 eV or 5% 10-'? J per single bond. An electron of
1 MeV energy produces about 30 000 jonizations in an aqueous solution and a
still larger number of excitations over the short distance it travels. Biological
response to such highly localized energy depositions is complex, and depends
on many different parameters. Radiation quality, i.e. ionization density along
particle tracks, is important. In view of the fact that the exposures considered
here are made up almost exclusively of gamma and beta radiation, i.e. sparsely
ionizing low LET (linear energy transfer) radiation, the following considera-
tions of basic principles of radiation biology are restricted to this radiation
quality.

1. About 70% of biological damage from low LET radiation is due to the

indirect action of free radicals, and 30% to the direct action on the target

molecule. The indirect radiation component can be strongly modified by

the presence of oxygen. radioprotectors, and radiosensitizers.

Cells from different tissues vary markedly in radiosensitivity. At doses up

to about 2 Gy, low LET radiations are relatively inefficient in killing the

majority of the stem cells of a tissue. The survival curve shows a steeper

downward slope at higher doses.

3. The radiosensitivity of cells varies according to their stage in the cell cycle,
the G2 phase prior to mitosis being most sensitive. In general. the

[
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sensitivity of mammalian cells to ionizing radiation is directly proportional
to their rate of cell division. and inversely proportional to their degree of
cellular differentiation. Therefore, the cellular kinetics of tissues is
important in terms of response to radiation, embryo/foetus and newborn
being more sensitive than adults.

Radicals, formed mainly by interaction of radiation with water molecules in
the cell, may react with critical structures, such as the DNA of the cell nucleus,
the carrier of the genetic information. The amount of primary radiation
damage in biological structures per unit dose is modified by many physical and
chemical agents. The most significant chemical medifier is molecular oxygen,
because. by combining with primary free radicals formed from water, it can
vield more damaging agents. such as the peroxyl radical. Many constituents of
the cell can scavenge radiogenic free radicals before they attack eritical
structures. Radioprotector melecules containing sulfhydryl groups, such as
glutathione or cysteamine, are most important in the aqueous environment of
the cells; other molecules, such as hydroguinones (vitamins E and K) also
protect from free radicals in lipid compartments. At a later stage, electron and
hydrogen donors may restore the native chemical structures through the
breaking up of labile bonds of radicals with cellular macromolecules. For an
in-depth treatment of molecular radiation biclogy, the reader is referred to the
excellent monographs devoted to this field (see e.g. Hall, 1994).

7.2.2 Health effects

Non-repaired or incorrectly repaired modifications of radiation-induced DNA
damage can affect cellular and organ functions and consequently the health of
the organism. Table 7.1 shows how distinct radiation effects at the cellular level
are limked to clinical endpoints, Some of these health effects emerge only at
higher dose rates. Many deterministic effects are due 1o loss of proliferative
capability and result only when a high proportion of the stem cells of a
functional unit are affected; hence, they exhibit a stcep dose-effect relation-
ship, wsually with a threshold in the range of a few sieverts. In general,
deterministic effects show up soon after exposure. Local skin burms, epilation
(hair loss), or thyroid dysfunction are typical examples of deterministic effects
found in the most highly exposed victims of atmosphernic tests.

More subtle changes in the genome may lead 1o stochastic effects such as
cancer or germline mutations, which may even express themselves decades or
generations later. For this class of damage, theorv predicts that loss or modi-
fication of genetic information in one single stem cell may cause functional
inabilities. deregulation of cellular growth and later on. cancer.

Loss or alteration of crucial genetic information in gonadal cells can result in

an elevated risk of hereditary diseases in subsequent generations.
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Table 7.1 Classification of cellular damage caused by ionizing radiation. and the

resulting effects on the organism.

Existence of  Dose
Cellular change Effects on organism threshold >8y

Cell death Acute loss of body functions, Yes 30
death due to CNS (central nervous
svatem) syndrome, vascular collapse

LDsyng in humans -5
Loss of prolilferative  Loss of immune and barrier functions. (Yes) 1-2
capacity death within weeks from breakdown

of the immune system, intestinal linings
Disruption of organ  Developmental defects during ? 0.1
formation embryogenesis
Cell transformation  Tumours. cancer after a latepcy period (No)

{oncogene activation, ranging from years to decades
LUMOUr SUPpPressor
ingctivation)

Cell mutation Changes in the DNA of germ cells
increasing the potential of genetically
caused defects in offspring No

The following clinical endpoints need to be considered as potential results of
exposures from atmospheric bomb tests.

1. Acure effects (deterministic effects) typically have threshold doses and
include skin burns, epilation, teratogenic effects, wasting syndrome. thyroid
gland dysfunction and autoimmunodisease. Substantial organ doses in the
range of 1 Sv or more are needed for the induction of such acute effects.
Thus, only relatively small numbers of people. such asa ship crew and
Pacific islanders after the Bravo test (see section 7.3.3), and villagers in the
nearfield of the Semipalatinsk Test Site (see section 7.3.2), are known 1o
have incurred acute effects such as radiation sickness, skin bums and
thyroid malfunction. Deterministic effects may be the result of external
whole-body irradiation (wasting, spontaneous abortion), of skin and hair
contamination with local fallout (epilation, skin burns), or of ingestion or
inhalation (thyroid dysfunction).

Teratogenic e¢ffects from exposure to ionizing radiation in early pregnancy
are of special concern. During brain formation in weeks 8 to 11 (and less so
until week 21} fetal cells were shown to be especially sensitive to irradiation
(UNSCEAR, 1993). In the absence of definitive data, a relatively low
threshold dose of 100 to 200 mSv has been assumed.

[N ]
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3

Late somatic effects, especially cancers, are regarded the most critical
stochastic effects of radiation, and the linear non-threshold model is
applied to assess the risk of cancers at low-dose radiation. The reason for
this is based mainly on two sets of considerations. One is an analysis of
radiation effects in which biologically harmful damage, such as DNA
double strand break, is induced by even a single track of radiation.
Secondly, epidemiological studies indicate that the incidence of solid
tumours among atomic bomb survivors increases linearly with dose to as
low as 0.2 Sv. However, molecular biological analysis suggests that the
process of carcinogenesis involves many genetic and epigenetic steps in the
same cell lineage, which should lead to highly non-linear dose—effect
relationships. In addition. detailed analyses indicate that biological
responses differ qualitatively and quantitatively between different cells,
tissue and organisms. In view of these uncertainties, the probability of

induction in a single individual is prudently assumed to be about 5x 10-%

mSv~! effective dose for mortality from all malignancies. The following

malignancies are of special concern:

{(a) Lewkemia, a malignant growth of transformed precursors of white
blood cells may develop in only a few years after radiation exposure.
An increase in the incidence rate of this disease is generally relatively
easy to detect because leukaemia normally s a rare disease. Thus,
leukemia is often taken as a direct and early indicator for the quanti-
tatively more important but protracted risk of solid tumours, such as
lung, colon and breast cancer,

(b) Thyreid tumonrs and carcinomas are of great concern because fission
radionuclides of iodine are produced with a high vield, are mobile in
the foodchain and are actively concentrated in the human thyroid
gland. Consequently, thyroid doses may be orders of magnitude
higher than whole-body doses. Fresh milk supply from contaminated
meadows that may reach small children is a critical exposure pathway.
In addition, recent findings in the aftermath of the Chernobyl accident
suggest that the infant thyroid gland is more sensitive to ioniring
radiation than has formerly been inferred from a large data base on
the carcinogenic effect of therapeutic doses of '*'I in adults. Excess
nodularity and thyroid carcinomas did occur among children in the
Marshall Islands who were exposed to fallout from a thermonuclear
bomb test in 1954, but the specific contribution of *'I to this excess
cannot be isolated from contributions from other radioiodine isotopes
and external gamma rays from other radionuclides (UNSCEAR,
1994). A recently published analysis of five different studies (Ron et
al., 1995) yielded a pooled estimate of Express Radiation Rate (ERR)
= 7.7 Gy ! with 95% confidence limits of 2.1, to 28.7 for exposure

before 15y of age. There was a marked decrease in ERR with
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Table 7.2 Site-specific lifetime risks for solid tumours and leukaemia
following & whole-body acute exposure of | Sv [UNSCEAR 1994].

Risk of exposure-induced death (REID) (%)

Site of cancer Males Females Both
Leukaemia® 1.3 0.9 1.1
Oesophagus 0.3 0.7 0.5
Stomach 09 20 |4
Colon 0.5 0.6 0.6
Liver 2.2 0.3 1.2
Bladder 0.4 02 0.3
Lung 1.8 il 235
Breast - 20 1.0
Ovary . 0.5 0.3
Other 4.3 2.0 il
Total (except leukaemia)’ 10.4 11.4 10.9
Total 11.7 12.3 12.0

* Leuknemia risks were computed using the excess absolute risk model.
" Solid tumour risks were computed using lincar dose-response models with age-at-
exposure and sex-specific relative risks and a 10-v latency period.

increasing age at exposure, from about 9.6 (for exposure at 0-4 v of
age) to 4.8 {at 5-9 v) and 1.9 (at 10-14 ¥).

(c) Other solid cancers make up the bulk of radiation-induced malignan-
cies in adults. Critical, i.e. radiosensitive organs include: lung, liver,
female breast, stomach, and colon (Table 7.2}, For a review of the
most recent risk estimates the reader is referred to Annex A, Epi-
demiological Studies of Radiation Carcinogenesis of the UNSCEAR
(1994) Report.

4. Genetic effects could not be identified in radioepidemiological studies such
as those conducted in the offspring of atomic bomb survivors of Hiroshima
or Nagasaki, because their normal incidence is high compared with the
relatively low rate by which they are induced by radiation. This auspicious
finding may be explained by the fact that the genotoxic effect of radiation
is generally due to gross lesions such as translocations and deletions, which
kill affected germ cells with no consequent transmission of damage to
future generations. Since there exists no human data base on genetic effects
from ionizing radiation, risk coefficients derived from rodents need to be
used to predict the potential effects in affected populations. The detriment
from genetic effects is estimated to be considerably smaller. about one-
fifth, than that from radiation-induced cancer.

Based on this biomedical knowledge, possible health effects resulting from
local exposures from atmospheric tests may be inferred from a careful
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assessment of doses. For many early atomic bomb tests, no direct measurements
of external doses and exposures from inhalation and from ingestion of con-
taminated foodstuff are available. For this reason, reconstruction of exposures
is needed (see Chapter 6). These calculations must be based on theoretical
considerations such as fission yield, release height, weather conditions, lifestyles
and monitoring data on residual long-lived radionuclides in the environment.
Although such ealculations usually are fraught with considerable errors, the
exercise 1s still important for the identification of potentially affected popu-
lations. These assessments allow the concentration of health care resources and
professional activities on those in need of treatment or counselling.

In line with the generally short half-lives of radionuclides from fallout the
remaining, present-day exposures are generally very low, ie. a fraction of
natural exposures. Thus, regulations concerning agricultural practices or life-
style are not needed at this time; potential long-range transfer of *H (*H»0) in
underground aquifers, or **Pu in the topsoil of anid environments and some
tropical islands near ground zero locations are exceptions to this statement.

Since radiogenic cancers are indistinguishable from spontaneous cases, a
direct assessment of health effects must rely on complete health records, and
registers of cancer incidence and birth defects. Disease and death rates would
have to be compared for study periods from the onset of tests to the end of the
lifespan of the populations possibly affected, and appropriate controls would
have to be established. In general, no prospective studies and registers are
available that fulfil this condition. Possible radiation-induced diseases must,
therefore, be assessed retrospectively. Often the populations have lifestyles and
disease rates that may deviate substantially from international averages. In
such instances it is a generally accepted approach to estimate pasi and future
health impacts from local fallout by multiplying collective dose estimates with
risk coefficients for radiation-induced diseases, such as cancer, The risk coeffi-
cients are predominantly based on radioepidemiological findings and on the
radiobiological knowledge of the effects of ionizing radiations that has been
gained in molecular, cellular, and animal studies.

7.2.3 Radioepidemiology

Radioepidemiological studies assess health risks in irradiated populations and
correlate excess morbidity or mortality with radiation exposures. In the case of
atmospheric bomb testing, retrospective and prospective cohort studies were
initiated in all areas which have encountered local fallout. However, some of
these studies only started recently and are still hampered by secrecy on the part
of the source term, ie. the released radioactivity, and poor health records.
Psychosocial stress not directly linked to radiation dose. feelings about being
abused again for scientific purposes not well understood by the local popu-
lation, and compensation issues are important problems to be addressed.
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Doses and dose rates from local fallout have in most instances been of a
magnitude where biological response has not resulted in deterministic effects
and only stochastic effects are possible. However, thyroid and skin doses, and
in a few cases whole-body doses, in some cohorts reached levels which cause
deterministic effects. In two cases, following the Bravo test in the Pacific and
from the first test in Semipalatinsk, such effects were reported. Lens opacifi-
cation may also be a deterministic endpoint to be taken into consideration
under these conditions.

Quantitative estimates of cancer risks from ionizing radiation in humans are
mainly derived from studies on highly exposed persons (UNSCEAR. 1994).
The survivors of Hiroshima and Nagasaki are the most important cohort for
this information, due to the relatively good estimates of doses, the wide range
of doses experienced, the broad age distribution and highly organized and
detailed medical follow up. The lifetime mortality risk from leukemias and
solid tumours in this group is estimated at about 10 to 12% Sv~! of acute (high
dose rate) irradiation (see also Table 7.2). To account for the presumed lower
biological effectiveness of protracted exposures, the generally employed risk
coefficient for stochastic effects from low doses of ionizing radiation or from
higher doses delivered at a low dose rate (<200 mSv day!) is 0.05 Sv!
effective dose. In view of the relatively large contributions from shori-lived
radionuclides in atmospheric tests, some of the exposures might have been so
acute that the use of a reduction factor (DDREF: dose and dose rate efficiency
factor) in the estimation of risk becomes questionable. However, even in such
extreme circumstances, the dose rate is still much lower than in the case of
Hiroshima or Nagasaki. where practically the whole exposure was delivered in
a few seconds after detonation of the bomb. In that case, the considerable
height above ground of the explosions prevented major local fallout.

Interaction of ionizing radiation with biological structures induces various
changes that are sufficiently stable to serve as indicators of exposure. Indi-
cators of exposure are important for the reconstruction of doses in situations
where some or all exposure pathways are poorly documented. Indicators of
individual risk are emerging from the rapidly expanding knowledge on the
mechanisms of carcinogenesis and on genetic susceptibility. If cell clones are
present that have already undergone crucial transformations towards malig-
nant growth or if there are genomic features, such as heterogeneity for func-
tional tumour suppressor genes, they are to be seen as determinants of health
risks in the remaining lifespan or in subsequent generations.

There is little data available from dosimetric measurements relating to the
short-lived radionuclides from fallout, thus retrospective assessments of past
exposures are subject to considerable uncertainties and errors. Indicators of
exposure in human tissue or blood are, therefore, of considerable interest as
a means to assess the reliability of dose estimates and to reduce the uncer-
tainty inherent in purely computational dose reconstruction. However, the
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quantification of stable radiation-induced changes in exposed persons demands
considerable resources and expertise, and it is, consequently, restricted to
specialized laboratories. A further consiraint is the need for biological
materials, sometimes difficult to obtain for large-scale screening of cohorts
affected by atmospheric bomb tests. Peripheral lymphocytes, in particular,
display rare but radiation-specific lesions such as dicentric chromosomes. In
the absence of physical dosimetry these lesions are particularly suited to
estimate doses, Unfortunately, dicentric aberrations are unstable, so that this
particular signal fades rapidly with time after exposure. There are, however,
two recently introduced techniques that are based on stable signals: the FISH
{luorescent in situ hybridization) method visualizes sitable chromosome
translocations which are not associated with changed numbers of centromeres
per chromosome, and the EPR (eleciron paramagnetic resonance) method
which measures radiation-induced persistent changes in tooth enamel and
dentin. Eve dosimetry based on a quantitative determination of ocult cataracts
is another promising method for retrospective individual dosimetry.

Because of limited resources for radiation-effects research, the study of the
exposed cohorts needs Lo be justified by providing health benefits to those who
were affected by the atmospheric bomb tests as well as providing new knowl-
edge about radiation effects. The development and implementation of methods
to quantify risk to individuals is important, because it can contribute towards
the identification of persons or critical groups who may profit from enhanced
medical surveillance. There have been important recent advances in the deter-
mination of specific changes in the genome of an individual that may reflect an
increased likelihood of developing a specific cancer. The information to be
obtained from individual genetic testing may turn out to be helpful for early
diagnoses and in increased survival rates in those who develop radiation
related cancers.

7.2.4 Learning from the atmospheric bomb tests

A variety of summary reports on high exposures from bomb fallout in the
Pacific and in the vicinity of the Semipalatinsk Test Site suggest that epi-
demiology may not only help in estimating present and future local risks from
such exposures, but may also accrue additional knowledge on radiation risk
factors from these experiences. Whether the in-depth recording and study of
health effects from atmospheric bomb tests will broaden our understanding of
radiation-induced health effects is dependent on many factors. Some of the
necessary prerequisites may be difficult or impossible to achieve. Accurate dose
estimates for a majority of affected persons and reliable health records kept in
consistent format over long time periods need to be produced. The benefits
could be considerable. A full assessment of the health effects from high thyroid

doses produced by short-lived radioiodines from bomb fallout might have
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enabled predictions to be made on the early onset of thyroid carcinoma risk in
Belarus children after Chernobyl.

The significant political and economic changes of the last few years in the
former USSR clearly imperil on-going studies and the initiation of new
investigations in this area (see chart, Burkart. 1996). For these reasons as well
as for ethical reasons, epidemiological activities need to be linked closely to
mitigation activities which benefit members of the cohorts directly. Improved
medical care and counselling of possibly affected persons are needed to relieve
widespread fears and anger about practices of the past, but also to help secure
a stable base for epidemiological work.

1.3 MAJOR AFFECTED POPULATIONS: CRITICAL EXPOSURES
AND HEALTH EFFECTS

7.3.1 Nevada and Utah, USA

Between 1951 and 1962, about 100 atmospheric tests were conducted at the
Nevada Test Site (NTS): some resulted in exposure to nearby populations. The
combined fission vield was approximately | Mt Exposure estimates for
the near-field are available from dose reconstruction efforts. The local popu-
lation that was considered in these studies amounts to about 180000 persons,
who received an effective dose of about 300 person-Sv from external exposure,
Thyroid doses in children may well have ranged up to | Gy.

There have been several health effect studies of cancer risk among residents of
areas downwind from the NTS. These studies were of varying quality, but at
least two were major undertakings involving mdividualized radiation dosi-
metry. Some innovative and sophisticated approaches were used, but the overall
conclusions of the studies were limited, because the radiation doses were too low
to present much of a possibility of learning anything new about risk. The sole
exceplion was thyroid cuncer risk from childhood exposure to 131,

The geographic pattern of exposure was complex (see Chapter 6). but the
highest levels of exposure 10 any sizeable population occurred in the south-
western corner of Utah and in adjacent areas of Nevada and Arizona. Over the
vears, a number of epidemiological investigations have been carried out to
study possible relationships between radiation dose from fallout and disease
occurrence in the affected populations, especially among residents of Utah,
Nevada, and Arizona,

7.3.1.1 Review of Public Health Service Documents

An important source of information on early studies of fallout exposure and
possible radiation-related health effects among residents of areas downwind
from the NTS was the 1979 report of a panel of experts appointed by the



HEALTH EFFECTS 189

director of the National Institutes of Health (NIH). This group was to review
archived Public Health Service (PHS) documents related to the exposure issue.
A network of medical liaison officers was established by the PHS in 1936;
shortly after that it assumed responsibility for monitoring possible adverse
health effects of fallout exposures. This was a consultant service for local
practitioners who might see patients suspected of having radiation-related
disease. and it was also considered to be a surveillance system. The Utah—
Nevada-Arizona Population Siudy was developed in the 1960s with the
participation of the Division of Radiological Health (DRH) and Centers for
Disease Control (CDC) of the PHS. the health departments of the three states,
and the University of Utah. Its purpose was to link and coordinate several
studies, either contemplated or ongoing at the time, including vital statistics
studies in Utah, a CDC investigation of leukemia clusters in Utah and Arizona,
and a thyroid nodule survey in exposed communities in Utah, Nevada, and a
control community in Arizona.

Weiss (1967) reported on a surveillance of thyroid surgery in Utah and
Nevada during 1948-1962 in persons below age 30. An increase over time was
observed in rates of surgery for thyroid cancer in women. Later that rate was
found to be statistically significant in an independent analysis, but no changes
were observed in surgery rates for thyroid adenoma or for non-toxic nodular
goiter. Weiss pointed out that there was a strong likelihood of bias due to
complex and changing histological criteria and due to the impact that publicity
may have had on the frequency with which surgeons in Utah and Nevada
decided 10 operate on the thyroid glands of their patients. These authors also
concluded that later follow-up studies might be more revealing in view of the
long latency period of radiation-induced thyroid cancer.

Screening began in 1965 by the PHS for a study of thyroid disease
prevalence among several thousand junior and senior high school students, all
of whom were 2-3 vears of age at the time of the major fallout event in
southwestern Utah, which occurred in 1953, About half (2298 students) were
located in the vicinity of 8t George, Utah, and another 381 in adjacent areas of
Nevada: 2123 presumably non-exposed controls were selected from Graham
Countv, Arizona. Prevalence of all thyroid disease including nodules was the
same among those assumed as exposed and the controls (Weiss, 1971),
including immigrants to St George from other parts of the country, There were
just two cases of thyroid cancer, both in the non-exposed group. Reactivation
of the study was considered in subsequent years by the Bureau of Radiological
Health (BRH), but was not attempted. In the view of the NIH-appointed panel
of experts. this cohort study was the only scientifically satisfactory study in the
PHS archive for determining whether fallout from the weapons tests had
caused an increased incidence of thyroid disease.

According to documents in the PHS archive, investigations by the CDC, the

Utah State Health Department, and the BRH involved seven leukemia clusters
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identified between 1961 and 1972. The first cluster, investigated by Weiss et al.
of the BRH, was suggested by 11 out of a total of 25 leukemia deaths in
Washington and Iron counties, Utah, during the 15-y period (1950-64) having
had onsets in the 3-y peried 1958-60. A manuscript of this investigation was
prepared, but was not submitted for publication because of severe uncertain-
ties, including the possibility of bias, incongruity with current knowledge of
radiation-related leukemia risk, and uncertainties about the inferential basis
for asserting that a true cluster had occurred. For example. five of the 11
deaths. including two cases of chronic Iymphocytic leukemia (CLL), occurred
after age 30, Normally a radiation-related excess would be expected to be
dominated by childhood leukemias and not involve CLL.

In addition. four cases of leukemia in Fredonia, Arizona (30 miles east of St
George, Utah, and 7 miles south of Kanab. Utah) were diagnosed during
1960-65, two of them in 1960 (ages 48 and 36) and two in 1964 (ages 43 and
[4). The latier two were next-door neighbours. No cases were observed in
Kanab, a much larger town only 7 miles away. One question raised by the NIH
panel of experts was whether the two communities should have been treated as
one. as were the towns of Parowan and Paragonah, Utah, a location less than
100 miles north of 5t George, with a combined population of 1966 in 1960,
These latter two towns experienced two cases of acute myelogenous leukemia
({AML) in Parowan in 1967, one in a teenager and one in an adult who moved
there in 1958, and two cases of ALL in Paragonah in 1969-70, both in
teenagers.

Monticello, Utah, with a population of 1845 in 1960, had four childhood
cases of acute lymphocytic leukemia (ALL) between 1956 and 1965, A uranium
processing plant operated in the town during 1949-60 and a stream contami-
nated by radioactive isotopes ran through the mill property, but there was no
evidence of unusual exposure of the cases. There was no dosimetric infor-
mation to try and relate a cauvsal relationship with fallout exposure.

Pleasant Grove, Utah, a small town 40 miles south of Salt Lake City.
experienced four leukemia deaths in 2 y (1965-67), three of them in children
under the age of 7, i.e. born in 1958 or later. On the basis of birth dates, the
cluster was unlikely to have been related to [allout exposure,

Three cases of acute leukemia were observed in a residential neighbourhood
of South Salt Lake City, a 16-y-old girl and a 10-y-old girl diagnosed in 1968
and another 16-y-old girl diagnosed in 1971. There was no evidence 10 suggest
any specific causal factor.

Eight cases of leukemia observed in Flagstaff. Arizona during 1960-71 did
not represent an unusual frequency given the size of the population, as judged
by Connecticut Tumour Registry rates, and showed no clustering by time or
neighbourhood. Tt was concluded that these cases did not constitute a cluster,

No publications resulted from the seven cluster investigations. The NIH
expert panel report mentions that Clark Heath, who at that time headed the
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Leukemia Unit, Epidemiclogy Branch, CDC, and who directed the investi-
gations of all but the first potential clusters, wrote to an American Medical
Assoctation official in 1971, In that communication he explained that the
findings were not submitted for publication because they were inconclusive and
in his opinion did not suggest that the clusters might be due to fallout exposure.

7.3.1.2  Geographical Studies

One of the last documents mentioned in the NIH expert panel report was a
handout from a talk given by Lvnn Lyon of the University of Utah at the June
1978 meeting of the Society for Epidemiological Research. The subject was an
analysis (published the subsequent year) of death certificates from the Utah
State Register of Vital Statistics in relation to county population stratified by
age, sex, and vear and compared leukemia mortality among children (< 15 v of
age) according to place of residence.

In this study, information on residential histories prior to leukemia diagnosis
or to age 15 was notl obtained because this would have required a far more
expensive study; instead, it was assumed that any child resident in a given
county at a given time had the exposure history of someone who had lived there
up to that time. The vears 1951-1958 were considered to be the period of
substantial fallout exposure in Utah. Children born before 1959 were con-
sidered to have been exposed to some level of fallout in 1951 or later, but to have
been free from prior exposures. during 1945-1950. Children born in 1959 or
later were assumed to be non-exposed. Age-specific comparisons within geo-
graphical areas were made of mortality among children exposed by a given age
and children of the same age who were non-exposed. Exposure status was
estimated by dividing the state into northern (low fallout) counties and southern
{high fallout) counties, Standardized mortality ratios for exposed versus non-
exposed age-year groups were computed for the northern, low fallout region
and the southern, high fallout region, and the two ratios were compared.
Standardized childhood leukemia mortality rates reporied by Lyon er al. were
2.1 and 3.84 for southern and northern Utah, respectively, for non-exposed
children during the pre-testing period 19441930, 4.4 and 4.2 for exposed
children, and 2.0 and 3.3 through to 1975 for non-exposed children born after
1958. Lyon’s conclusion was that the exposed/non-exposed mortality ratio was
significantly higher in the high fallout region than in the low fallout region.
Furthermore, it was concluded that a normal low rate of childhood leukemia
maortality prevailed in southern Utah prior to 1951 and equally among children
born toe late to experience fallout from the NTS, but that there were increases
among exposed children following the initiation of above-ground test explo-
sions at the NTS. The explanation preferred by the authors was that exposure to
fallout had temporarily increased childhood leukemia mortality in southern
Utah.
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An accompanying editorial (Land, 1979) urged caution in drawing firm
conclusions, pointing out that not enough was known about other factors that
might have influenced the comparison. In support of that view, a similar
analysis was presented but based on mortality data for childhood cancers other
than leukemia, This second analysis indicated a quite different interrelation
between region and possible effect. The later analysis was equal in size and
statistical significance but opposite in direction to that observed for leukemia,
thus casting doubt on fallout exposure as a causal factor. Later, Land et al.
(1984) published an analysis of county mortality data for 1950-1978 obtained
from the National Center for Health Statistics (NCHS). That analysis failed to
confirm the Jeukemia findings of Lyon ef al. even though similar analytical
methods were used, Leukemia mortality rates among exposed children were 4.1
and 4.3 per 100000 for southern and northern Utah, respectively. The low
control value of 2.8 in both regions for non-exposed children, yielded exposed/
non-exposed mortality ratios of 1.5 for both regions. Ratios of 1.8, 1.2, and
1.35, similarly calculated, were obtained for eastern Oregon, lowa, and the
USA as a whole, and appeared to reflect a general declining trend in childhood
leukemia mortality rates over the period 1950-1978. However, data for 1944
49, which were not available from the NCHS and had to be deduced from data
presented by Lyon ef al., indicated that only three childhood leukemia deaths
occurred in southern Utah compared with 38 in northern Utah, a remarkable
difference given the approximately fourfold difference in population size at
that time. Thus, the different findings of the two studies could be ascribed to an
anomalously low mortality rate for childhood leukemia in southern Utah
during 1944-49. The low rate might have been due to underdiagnosis of
leukemia or to an identification of leukemia mortality with associated causes of
death.

The preceding year, Beck and Krey had pointed out that, although
Washington County did get more fallout than the rest of the state, the mean
population dose was higher in northern Utah than in the southern part of the
state as a whole.

Johnson (1984) published an analysis of cancer incidence data in 4125
Mormon families (Members of the Church of the Latter Day Saints) in SW
Utah during the period 1951 through to 1962, who were identified from
telephone books in St George, Parowan, Paragonah, and Kanab, Utah;
Fredonia, Arizona; and Bunkerville, Nevada. Family included all persons
related by blood or marriage, and the survev, by trained volunteers from the
surveyed towns, was filled out jointly by the surveyor and the head of the family.
Response items included church membership, effects felt immediately after
fallout, such as skin burns, eye burns, hair loss, change in hair colour, nausea,
and diarrhoea, and diagnoses of cancer among family members. Respondents
reported a total of 288 cancers among 41235 family members for the combined
periods 1958—-66 (chosen 1o detect leukemia) and 1972-80 (chosen to detect
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solid cancers). These rates were 60% higher than the 179 expected according to
published cancer incidence rates for all Utah Mormons and were comparable to
that observed in Hiroshima and Nagasaki survivors who received more than |
Gy, Rate ratios were extremely high for certain cancers: fivefold for leukemia,
eightfold for thyroid cancer. twofold for breast and brain cancer. threefold for
melanoma, and 11-fold for bone cancer. Among those who were reported to
have suffered from acute fallout effects, the rate ratios were 43 for leukemia, 11
for breast cancer, and five for all cancers, numbers considerably higher than
those calculated for A-bomb survivors with near-lethal doses exceeding 4 Gy,

Leukemia clusters had already been reported in all of these communities
except for Kanab and Bunkerville. Excess risks are. of course, likely if
communities are selected because rates are known to be high and are then
compared with other communities or with the state as a whole. This expla-
nation alone would, however, not explain the extremely high ratios reported
for leukemia, or the high rate ratios for other cancers. A critical issue was the
scientific rigour of the data gathering process and the possible lack of attention
paid to problems of bias, which could have affected the accuracy of reporting
of cancer cases and the inclusion of family members in the enumeration.
Reported cancer cases were not confirmed with the state tumour registry, an
important omission. Many other aspects of the study, such as the inclusion of
an acute effects subgroup, also appear questionable.

While the scientific community tends over the long term to separate valid
from invalid findings, poorly conducted studies can result in considerable
confusion. This was the case from the Johnson (1984) article, partly because 1t
was published in the most widely circulated medical journal in the USA. A
partial replication of the Johnson (1984) study was carried out by Machado et
al. using Utah county mortality statistics for 1950-80; their rationale was that
increases in cancer incidence of the magnitudes reported would have to be
reflected in cancer death rates. The Utah communities surveyed by Johnson
(1984) were located in Washington, Iron, and Kane counties in the south-
western corner of the state. and contributed about half the population of these
counties. Fredonia. Arizona. and Bunkerville, Nevada. were not included in
the Machado study because they contributed less than 2% of the populations
of their respective counties, which are large in area and had very non-uniform
distributions of fallout. Migration into the three Utah counties was estimated,
and site-specific mortality ratios relative to the rest of the state were estimated
on the basis of the Johnson (1984) findings and with the assumption that
immigrants and the remainder of the population have the same rates.

The observed mortality ratios were grosslv inconsistent with Johnson's
(1984) incidence estimates. A significant deficit of cancer mortality relative to
the rest of the state was observed in the three southwestern counties and there
was no evidence of excess risk for any solid cancer site. There was a significant

excess for leukemia mortality (Table 7.3), however. it was far smaller than that
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Table 7.3 Leukemia mortality risk, SW Utah vs. the remainder of Utah,
1955-80, by age at death (Machado, Land, and McKay, American Journal
af Epidemiolagy, 1987),

Standardized rate per 10°
per vear {(number of cases) 90
—— confidence
Age at death SW Uah Rest of Utah  Odds ratio interval

All ages 10.30 (62) 6.68 (1219 145 1.18-1.79

0-14 8.20 (9 3.69 (110 2.84 1.65-4.90
15-29 287 (4 221 (122) 1.12 0.48-2.58
30-49 3.45(5) 2.58 (135) 1.39 0.66-2.94
50+ 2580 (44) 17.87 (B52) 1.36 1.06-1.75

predicted according to the Johnson (1984) estimate. The leukemia finding was
generally consistent with what one might expect to find in an irradiated
population. There was no evidence of excess risk in 1950-34, whereas in 1935-
B0—two or more vears after the greatest amount of fallout—there was a
statistically significant excess, It appeared to be largest for childhood leukemia,
but this result was based on only nine leukemia deaths in the three counties.
This was the first statistical evidence of a leukemia excess possibly related to
fallout, for which no obvious explanation unrelated to radiation has so far been
provided. Still it must be noted that it is not necessarily surprising to find a
leukemia excess among residents of an area in which leukemia clusters had been
reported previously. That Washington county had the highest fallout levels in
the state is no proof of radiation causation. The Machado er al. study and the
two previous mortality studies, which were based on geographic contrasts,
differed in one main aspect, namely in the geographic comparisons that were
made. Presumably, the leukemia excess would have been found earlier, if the
high fallout area had been restricted to the southwestern corner of the state.
One of the major limitations of geographical comparisons is that higher
disease rates in a high-dose region is not satisfactory proof of a relation
between the exposure and the disease. A case-control approach. as used in an
NCI sponsored study of leukemia mortality by the University of Utah, could
resolve the uncertainty by basing the inference on individual dosimetry.
Subjects for the study were born before 1 November 1958, and died as residents
of Utah in the period 1952-1981; each subject was required to have a resident’s
death certificate on file with the state of Utah. and to be recorded in the
deceased membership file (DMF) of the Mormon church, which was made
available for the study. The DMF was used to determine residential history
during the period of fallout exposure. Leukemia cases were identified from
death certificates and verified through hospital and physicians’ records; the
1177 cases thus obtained were classified as acute or chronic, and as lymphocytic
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or non-lymphocytic leukemia, vielding a fourfold classification (ALL, ANL,
CLL. or CNL). Controls (n = 5330), individually matched to cases by year of
death, age, and sex, were selected from the DMF and cross-checked with the
Utah death certificate files. Controls could have died from any condition other
than leukemia. Inferences were based on the relative dose distributions among
the cases and the matched controls. Simon er al. have described the process by
which bone marrow doses were estimated for individual study members, based
mainly on their residential histories. Figure 7.1 gives average dose estimates for
different counties, obtained for subjects who remained within a single county
from 1952 to 1958,

The main results of the study are given in Table 7.4. There was a non-
significant association (one-tailed p = 0.08 for trend) between estimated radi-
ation dose and leukemia mortality for all types, excluding CLL which is not
thought to be caused by ionizing radiation exposure. It is somewhat surprising
that the same level of association was observed for CLL, although with even
less statistical significance. As also ohserved in the Machado ¢1 al. study. these
findings were based on small numbers. More pronounced associations with
dose were found for certain subsets, in particular. for leukemia mortality
before 20 y of age (p = 0.02), at any age during 1952--57 ( p = 0.04), and from
ALL. the most common leukemia type among children (p = 0.01). These are
selected comparisons, of course, and they are interrelated, but if there were a
dose response in this population, it might be expected to be stronger in these
comparisons than in some others,

The estimated number of attributable leukemia deaths in the highest dose
group (6 to 30 mSv) of this subset of Utah residents was 6.2, or 36% of 17 non-
CLL deaths. This is nearly twice as high as the number (3.2, or 19%) predicted
according to the leukemia model developed by the 1990 BEIR (Biological
Effects of Ionising Radiation) V Committes, but is nevertheless consistent with
it, given the wide confidence bounds on the case-control study estimate, The
number of leukemia deaths estimated to be attributable to radiation in all dose
groups was 62.2 (6.6% of 939 non-CLL deaths), compared with 30.2 (3.2%)
based on the BEIR V model.

7.3.1.3 A Cohort Study of Thyroid Disease

Almost concurrently with the leukemia case-control study and under the same
NCI contract, the PHS thyroid disease prevalence study of school children in
St George. Utah and adjacent Nevada areas was reactivated by the University
of Utah; a control population was chosen in Arizona. About half (2473) of
the original cohort were included in the analysis. which was based on re-
examination of the subjects’ thyroid glands, interviews with subjects’ parents
about milk and vegetable consumption during the fallout period, and a com-
plex dosimetry system (see Chapter 6).
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Figure 7.1 Map of Utah counties, as divided by Lyon ¢t al. (New England Journal of
Medicine, 1979; 300, 397-402) into northern, “low (allout’ counties and southern, ‘high
fallout” counties, which are separated by the heavy line. The entries below the name of
each county give the average bone marrow doses in the later case-control study (Stevens
et al., Journal of the American Medical Association, 1990; 264, 585-591), estimated for
subjects who remained in & single county during the entire peniod of fallout (1952 10
1938). The absorbed dose estimates are based on an assumed shielding facior of (5.

Estimated thyroid doses from '*!I ranged from low averages of 13 mGy
among subjects exposed in Graham County, Arizona, 50 mGy in Lincoln
County, Nevada, and 170 mGy (maximum 4600 mGy) in Washington County,
Utah. Approximately 73% of the dose was attributed to milk consumption and
the dose estimates varied according to the source of milk and the amount
reported to have been consumed. Thirty-eight of the subjects had non-
neoplastic thyroid nodules at some time during the period 1965-1986, 11 had
benign neoplasms including eight with follicular adenomas; eight had papillary
carcinomas, including one subject with both a non-neoplastic nodule and a
carcinoma. Interestingly, the thyroid cancer rate was nearly twice as high in
Arizona as in Utah, with four cases among eligible subjects in each state,
although age-adjusted thyroid cancer rates are about the same in the two states.

As summarized in Table 7.5, trend tests for dose response were suggestive
for carcinomas (excess relative risk at 1 Gy = 7.9}, with a negative 95% lower
confidence limit (one-tailed p = 0.096); statistically significant for benign and
malignant neoplasms combined (ERR = 7.0, with lower limit = 0.74 and p =
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Table 74 Odds ratios and 95% confidence intervals by cstimated bone marrow doss
(Stevens of al.. Journal of American Medical Association, 1990; 264, 585-591).

Daose intervals p value
for trend
Cause of death 29 mGy 3.0-59 mGy 6.0-30.0 mGy (2-tailed test)
All leukemia 1.0G LOS (091-1.2T) 1.69(101-1E4) 0.068
Chronic lymphocytic
leukemia LoD 106 (0.76-1.50) 170 (061473 =010
All leukemia
except CLL 1.0G 1.08 (0.89-1.30) 1.72(094-3.12) 0.0

0.019), and non-significant for the group of non-neoplastic nodules, benign
neoplasms, and carcinomas combined (ERR = 1.2, with negative lower limit
and p = 0,16), The analyses were adjusted for state, age, and sex, implying that
different zero-dose intercepts were estimated for each subset corresponding to
specific values or ranges of values for ¢ach of these vanables. Therefore, the
estimated regression coefficients were case-weighted averages of subset-specific
cocfficients. Thus, for example. the value ERR = 7.9 for carcinomas reflects
case-weighted. estimated dose response coefficients within Arizona and within
Utah (Nevada did not contribute, having no cases), rather than a contrast
between higher-dose Utah and lower-dose Arizona. The results of an analysis
that was not stratified by state would have been somewhat different. For
example. the estiimated FRR for carcinomas probably would have been
substantiallv lower than 7.9. This is not a criticism of the analysis that was
done but rather an indication of the fragility of these data and the tenuous
character of any conclusion relating the thyroid cancer nisk from fallout
exposure. No separate analysss were reported for non-neoplastic nodules or
benign neoplasms but it was stated that the regression coeflicient for the eight
carcinomas was slightly higher than the one computed for the eight follicular
adenomas considered separately. The point estimate of ERR = 7.9 for
carcinoma corresponds to about 2.7 cases attributable 1o radiation, 0.4 of 4 in
Arizona, and 2.3 of 4 in Utah. For all thyroid neoplasms, the corresponding
numbers were (.24 of 5 in Arizona and 7.6 of 14 in Utah.

7.3.1.4 Nationwide Estimates on Health Effects

A recent report by the US National Cancer Institute (NCI) reassessed thyroid
doses from the NTS for every county in the continental USA and projected
cancer risks for the US population. The overall average dose to the
approximately 160 million people in the USA in the 1950s was estimated to be
20 mGy, with cumulative average doses of 90 to 160 mGy to individials living
m counties of western states located east and north of the Nevada Test Site.



198 NUCLEAR TEST EXPLOSIONS

Table 7.5 Period prevalence of thyroid nodules, benign and malignant neoplasms
combined, and cancers, 1965-86 (Kerber er ol. Journal of American Medical
Asvociation, 1993; 270, 2076-2082).

Thyroid nodules, Thyroid neoplasms,
including neoplasms  including cancers Thyroid cancers

Relative Relative Relative

Dose (mGy) Subjects Number Risk  Number Risk  MNumber  Risk
0n—49 1418 9 1.0 7 1.0 3 1.0
50-249 66 12 09 3 0.8 0 0.0
250-399 240 g 1.9 5 28 2 s
400+ 169 7 23 4 34 | 1.7
Regression analysiss ERR,g, = 1.2, ERR,g, = 7.0, ERR;q, = 7.9

p=0.l6, = 0019, p=0.096,

negative lower 95%  lower 95% negative lower 93%

confidence bound  confidence bound  confidence bound

=0.74

7.3.1.5 Summary

In retrospect, the various investigations of cancer and thyroid disease in areas
downwind of the NTS, and widespread concern among residents of these areas
about possible health effects from fallout, appear to have led inevitably to the
two recent studies carried out by the University of Utah. Despite a large effort,
little new knowledge was gained about radiation related risk. These studies are
a good example of the many difficulties that have to be addressed in order 1o
quantify the small risk associated with low radiation doses by studying the
exposed populations.

In spite of its limitations. the definitive study in Utah, may with its unique
case ascertainment and dose reconstruction. serve as a model for epidemio-
logical studies in areas more heavily affected by atmospheric bomb tests. Its
strength included a statewide tumour registry that met the exacting standards
of the National Cancer [nstitute’s Surveillance. Epidemiology, and End
Results (SEER) Program. residential histories obtainable through the DMF
and census records maintained by the Mormon Church which included most
Utah residents among its members, the County Database and Town Database
of the US Department of Energy for estimates of fallout deposition by locality
and date, and individualized dosimetry and uncertainty estimates,

Given that the dosimetry work will not need to be redone, it may be feasible
to update the thyroid study once or twice during the coming decades. However,
thyroid cancer incidence rates do not increase markedly after about age 35, and
because thyroid cancer is normally an indolent disease, the screening process
may have identified cases that ordinarily would not have been diagnosed or
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would have been diagnosed much later. According to SEER statistics, about 10
lifetime thyroid cancers would, in the absence of radiation exposure, be
expected in a population of 2473 persons with roughly equal numbers of men
and women.

7.3.2 Semipalatinsk and Altai, former USSR*

The Semipalatinsk Test Site in Kazakhstan was used from 1949 onwards (see
Figure 7.2). About 122 atmospheric tests were detonated with a total yield of
6.6 Mt Near-ground, ground-surface or shallow underground nuclear explo-
sions, 1.e. with considerable local fallout, contributed about 550 ki, of which
72% (400 kt) relate to the explosion conducted on 12 August 1953, Shallow
underground explosions were undertaken to test the feasibility of large earth
movements. In a first assessment, collective effective dose from external radi-
ation to the local population is estimated at 2600 person-Sv, ingestion led 1o
2000 person-Sv. Collective thyroid doses for the same population are estimated
at 10000 person-Sv. Several recent publications address exposures and health
risks also in the more distant, but more densely populated Altai area in the
Russian Federation, east of the test site. Maximum effective doses received
within the population from the aimospheric bomb test on 29 August 1949 were
of the order of 2 Sv (Loborev er af., 1994). Estimates of the size of cohorts
exposed to an effective dose of 50-250 mSv and to more than 250 mSv amount
to 270000 and 40000 persons, respectively. A test on 7 August 1962 is assumed
to have resulted in very high thyroid doses from ingested and inhaled short-
lived radicactive iodine isotopes. Maximum organ doses as high as 20 Sv were
reconstructed (Rosenson e all, 1996).

7.3.2.1 Semipalatinsk Region

There are few published research data on the health effects of the nuclear tests
on the population around the STS in Kazakhstan. This is because throughout
the entire period of nuclear testing from 1949 to 1989, only military experts
were allowed to carry out limited radiation measurements such as exposure
doses on the ground. From 1957 to 1960, the Kazakhstan National Academy
of Sciences and the Kazakhstan Ministry of Health sent a research team to
the Semipalatinsk region to investigate the health effect of nuclear tests. No
epidemiological methods for comparative studies were applied. Although they
found higher prevalence in the surrounding villages thun in control villages for

* The sole responsibility for this saction remains with Dirs Shoikhet, Kisetev und Tsukatani who provided most of
the data discussed. Due to formerly restricied sccess 10 classified information on the rdwological mpact of the
Semipalatinsk tests, independent validation i not yet available. Although some of the provisional dostmetric and
heaith data reported below are strongy disputed, there 15 enough direct end circumstantial evidence indicating
considerahle noute and ehronic local health impact, especially from the first explosion in 1949,
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Figure 7.2 Provisional map of fallout trails from atmospheric and ground tesis on the

Polygon test site near Semipalatinsk. Isodose lines give estimated cumulative unshielded

external doses on the ground. Based on data from Kazakhstan and Russian ministries.
Boxes give date and bomb vield in kt TNT.
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symptoms such as bronchial haemorrhage, conjunctive haemorrhage from
mouth and genitals, dystrophia mucosa, asthenia universalis and vegetative
neurosis syndrome, peripheral blood state alteration. juvemile cataract. etc.,
their relation with radioactivity was rejected at a general meeting on the
research team results held in 1961 in Moscow. Since then no further research
by Kazakhstan institutions had been allowed until the independence of the
Republic. The report submitted in Moscow in 1258 described interim results of
the team and was reprinted both in Russian and Japanese in Nagasaki in 1997,

The Kazakhstan Scientific Research Institute for Radiation Medicine and
Ecology started an epidemiological study on cancer incidence around the ST5.
Interim results were reported at the Second Hiroshima International Svm-
posium in 1996 (Gusev et al., 1996). The initial premise was based on the belief
that the main contribution to the formation of the cumulative effective radi-
ation dose derived from the nuclear tests of 1949 through to 1956. It was
during this period that the population around the STS received about 70% of
the total effective dose. Cumulative external doses included contributions from
radicactive clouds and from ground contamination. The internal dose was
estimated from ingestion and inhalation. The calculated effective equivalent
irradiation dose for the exposed group (Main Group) ranged from 0.87 to 4.47
Sv, with an average of about 2.0 Sv. Note that the summary effective equi-
valent irradiation dose for the Control Group was about 0.07 Sv.

The bulk of the Main Group was made up of the populace from nine towns
and villages of Kazakhstan around the STS. The Control Group was formed
from the populace of the Kokpekty district, which is located near the mouth of
Lake Zaisan about 300 km SE of STS. Both groups were formed of approxi-
mately 10000 people. in which the number of men and women was roughly
equil. Individuals of European and Asian descent were represented equally,
The age representation remained practically the same, The “0-to-19" v age
group was the most representative, it comprised half of all those included;
individuals aged 20 to 39 v made up 25 10 28%; and people of 40 y and older
comprised 19 to 24%.

The temporal development of cancer incidence in the Main and Control
Groups was analysed from 1936 through to 1994 at 3-v intervals. The group
aged 40 y and older that is critical for cancer was replenished annually by
individuals of 20 to 39 v of age. and it gradually staried being replenished by
individuals from the starting ‘0-10-19" y age group. Noting that the ‘0-to-19" vy
age group in 1990-1994 consisted of those who were born after 1971, it is
certain that some individuals in the Main Group did not receive a radiation
dose large enough to allow for statistically conclusive findings, despite the
random varation in numbers. Numbers of the population samples fluctuated
for reasons of death and birth rates and natural migration. While those who
arrived from other regions were excluded in the Main Group, arrivals from

other areas were included into statistics in the Control Group, Of vital
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consideration is the number in the Main Group from the village of Dolon,
which had shrunk from 1300 in 1960 to 100-150 by 1985. This group was
replenished by people from another village that is 125 km distant from Dolon
but received a dose of no less than 3 Sv from the first test of 29 August 1949,

At the initial stage of 1936, the official cancer incidence index in the Main and
Control Groups was as low as 61.7 and 63.6 cases per 100000 population
respectively, indicating considerable underreporting of cancer deaths, Begin-
ning in 1960 to 1970, the oncological incidence in both groups kept increasing.
In the Main Group. after the initial level was exceeded in 1960 by 1.5 times
(from 7 to ll; see Table 7.6), a rapid fourfold increase occurred by 1965,
followed by the climax of 36 incidences by 1970. In the Control Group, the
oncological incidence by 1970 had grown by a substantially lower rate. In the
next 5 v, the incidence rate in the Main Group dramatically plummeted from
395 1o 208 cases per 100000 population (see Table 7.7). In the Control Group,
the incidence rate remained practically the same and did not differ statistically
from the Main Group rate. Beginning in 1975, the oncological incidence in the
Main Group again starts 1o grow and, in 1990, it reached its second climax of
354 cases per 100000 population. The relative risk compared to the Control
Group was 2.35 ( p = (L003). Beginning again in 1990, the oncological incidence
in the Main Group takes another dive to reach 215 cases per 100000 popu-
lation. For the Control Group, the level of cancer incidence during the same
period did not change significantly. The tumours localized in the gastroenteric
tract dominated the structure of the oncological incidence; the carcinoma of the
oesophagus was the Ieading ailment in this structure. although there was a
substantial change in the structure of oncological morbidity during the study
period. According to the Kazakhstan national statistics, cancer of the oesopha-
gus among the populace of the Semipalatinsk Region i a local pathology, and
its spontaneous level exceeded three- or fourfold that of the national average.
By 1970 (14 y after 1956). it climaxed with 186 cases per 100000 population.
Among the participants in the Control Group the cancer of the oesophagus
incidence grew at a slower pace. Since 1973, a considerable decrease has been
steadfastly observed in the incidence of cesophagus cancer among the Main
Group, whose rate statistically equalled that of the Control Group.

During the atmospheric nuclear tests an average of 344 000 residents, primarily
of the Semipalatinsk Region, were exposed to irradiation. An average of 28 000
people received doses of more than | Sv from the passing radioactive clouds and
radioactive fallout on the sround (Table 7.8). Alter 1962, it was this exposed
population only that became the subject of all-round research of early and
delayed effects of irradiation. An average of 37 200 residents of the Semipalatinsk
Region could have received doses of 0.35 to .00 Sv. The majority of the
population, that is some 280000 people, received doses from 0.07 to 0.35 Sv,

Naturally, any medical research and examination of health effect will have
to be conducted in such a way as to differentiate population groups with real



Table 7.6 Tumour incidence among exposed and control populations (1956—1994),

Population
All sites
Cresophagus
Stomach
Lung
Leukemin

{hers

Yeur

Study groups 1956 |5 1965 1970 1975 19840 1985 19490 1994

Fxposed M) 0 9125 i 200 Q510 B0 93200 10250
Control 100125 10000 11325 11265 10950 11130 11270 10950
Exposed 7 I 29 6 20 27 2% 13 2
Control f 10 14 I 17 It 17 17 17
Exposed 5 ) It 17 10 12 1§ [ T
Control 4 i f 9 g 7 f 7 i
Exposed 2 | 5 7 k] 4 4 6 3
Control 2 I 4 4 2 3 i 3 4
Exposed | 2 3 [ 3 2 4 2
Control | I I I I 2 2 I
Fox povsead 2 4 dq 2 5 R 3 2
Conirol 2 3 2 | 3 ] 2 I
s posedd ] 2 5 4 3 b ] b
Control f I ] 4 2 [0 3 5

Total

213
130
95
fal)
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26
18
10
25
13
40

21




Tahle 7.7 Tumour incidence rate® and relative risk’

Year

Study groups 1956 1960 1965 1970 1975 1980 1985 1990 1994

All sites Exposed 62 111 301 395 208 284 291 354 215
Control 63 99 140 141 151 146 153 151 155
Relative risk 0.97 .13 215! 2,791 I.38 |04 190 2.35! 1.38

Oesophagus  Exposed A 7l 16 | 56 104 126 14 107 08
Control 42 54 il ™ bl vl 54 i 55
Rekilive risk 104 1.19 276! 24 1.30 .97 212 .73 .25

* Incidence rate is in cases per 100000 persons and not adjested by ape and sex distribotion.
!V Significance level of the relative risk: " <0.05; ' <001,
" Incidence rate and relative risk are corrected using Table 7.6

Table 7.8  Population around Semipalatinsk nuclear test sile,

Do Year Agpe distribution
erjuivalent — = = - e Papulation - -
(mSv) 1949 1951 [953 1955 1956 1957 [958 1960 1962 (10" 0-19y 20y

1000 145 T 125 C280 14560 13440
350-999 10.0 5.6 27.5 - 19.5 21 21 : 372 17856 19344
T0-349 210 27.5 115 56 13650 5.7 ol - 157.0 Bl 640 75360
<70 1250 413 973 125 915 565 423 760 Ted 2220 113220 108 780
Towl 167.5 Bdd4  |50.8 I8.1 1560 0.3 50.5 Ta 7600 344.0 161 1200 182 BED

* Including the popubation of the Al Region, Russi.
U Including the population of east Kazikhstan Oblist
P including the popultian of Pavlodar Ohlust
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but different irradiation doses from those with the same rate of disease and
disorders but in the absence of radiation. From this point of view, the above
comparative groups would be suitable for further cohort study. It is desirable
for such @ study to make a careful and objective dose-reconstruction for the
non-uniform nature of exposure caused by nuclear explosion. It has to be
remarked also that there should be no retroactive alterations, deletions or
additions to the input data, There is a possibility in this type of study that
newly added cohorts could affect the health results in such a way as to decrease
the incidence in the latter half of the study period.

A cross-sectional study, an epidemiological survey in Semipalatinsk Region,
by Belozerov and Dzhasybaeva from the Almaty Medical Institute of
Kazakhstan, also showed an interesting result. Prevalence of general diseases
in 1990 was compared between eight districts (rayons). These eight districts are
rural, and consist of almost the entire Semipalatinsk Region. Equivalent
radiation doses were around 0.5 Gy in three districts. 0.5-1.0 Gy in two districts,
and 1.5-2.0 Gy in four districts. Kokpekty district was again chosen as a control.

From the Primary Health Documents, prevalence rates were analysed for
each of the eight districts and control districts for infection and parasitosis,
endocrinopathy, skin and subcutaneous tissue diseases, diseases of the blood
circulation system, urinary and genital diseases, respiratory diseases, digestive
disease, blood and haematogenous tissue diseass, congenital malformation,
mental disease. ete. The prevalence rate of each disease was summed using a
weighting system for each district, The scores correlated well with the level of
radiation doses, in which the higher ones are from those districts where dose
levels range from 1.5 to 2.0 Gyv.

The joint agreement of the governments of Russia and UK on co-operation
in the fields of medicine and public health produced in 1994 a comparative
study of childhood cancer incidence in four regions around STS by Zaridze er
al, (1994), Cancer records were gathered for children aged up to 14y
diagnosed in hospitals in the Pavliodar, Karaganda, Semipalatinsk and east
Kazakhstan regions. For each case, details recorded were the site of tumour,
sex of the patient, resident state (urban or rural), nationality, and district of
residence. The main aim for this study was the association between risk of
childhood cancers and distance of residence from the STS. Fifty-five districts in
all were classified into four groups with respect to the distance of residence: 400
km or more, 300-399 km, 200-299 km, and 200 km or less. For common
cancers (acute leukemia, lymphomas, brain tumours. bone sarcoma and kidney
cancer), data were analysed using Poisson regression, with incident cases offset
by population estimates. in order to assess the extent and significance of the
effect of distance from STS.

Statistically significant differences between regions were noted with respect to
rates of acute leukemia, brain tumours and all sites combined, The highest rates
of leukemia were in Semipalatinsk Region. Results with respect to distance
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showed that there was a significant trend of increasing relative risk (1.00, 1.52,
1.65, and 2.02) with increasing proximity to STS for all sites combined, While
acute leukemia makes up 36%: of all cancers, it showed a modest relative risk of
1.76 associated with living less than 200 km from the STS, compared with living
more than 400 km away, Factors other than distance from the STS had an effect
on cancer risk. Rural residential status is associated with considerably lower risk
of acute leukemia, non-Hodgkin's lymphoma and brain tumours.

7.3.2.2 Health Effects of the Nuclear Tests Conducted at the Semipalatinsk
Test Site for the Population of the Alwai Region

The Altai Region is an administrative unit of the Russian Federation located
to the northeast of the Semipalatinsk Test Site (STS). Atmospheric nuclear
tests were conducted at the STS from 1949 1]l 1962, Weather conditions in this
region resulted in most fission products being transported towards the Altai
Region (Loborev er al.. 1984). Over a long time the medical and demographic
situation in the Altai Region has been under stress. as shown by high mortality
rates. in particular, from tumours, respiratory. infectious and parasitic diseases
(Shoikhet er al., 1994).

To assess the impact and effects of the nuclear detonations the Government
of the Russian Federation set up the ‘Semipalatinsk Test Site—Alai” Federal
Programme (Shoikhet er al., 1994).

Fallout from 48 out of 133 atmospheric nuclear tests is presently known to
have affected the Altai Region, with the greatest contribution being from the
first nuclear test carried out at the 5TS on 29 August 1949, As a result of the
fallout from this test, effective doses in certain setilements in the southwest of
the Altai Region exceeded 2.5 Sv (Loborev er al., 1994), with the collective dose
being 32 000 person-5v (Algazin er af., 1995). Exposure was mostly acute: up to
7004 of the entire external dose was accumulated within the first month after
fallout, and approximatelv 30% effective external dose occurred within the first
4 days. The internal dose accumulated more slowly: during the first month,
> 4%, during the following 3 y, > 73%.

A register of the irradiated population was compiled within the framework
of the ‘Semipalatinsk Test Site—Altai® Programme and now lists 40235
exposed individuals,

Since 1992, the programme has been carrving out studies on health effects of
the nuclear test conducted at the STS on 29 August 1949 for residents of
affected settlements.

Risk of Mortality from Different Fallout-related Diseases Currently a vast
amount of dats on mortality and causes of death for 44 y after exposure
among individuals exposed to the nuclear test on 29 Aupust 1949 has been
collected. On analysis, special attention is paid to the assessment of actual risks
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found among irradiated individuals in comparison with risk values estimated
using different projection models.

Estimations of risks of mortality from malignant tumours derived using the
methodology of the latest modification of the BEIR V model (NAS, 1991) for
risk analysis (BARD), which has been developed within the framework of the
‘Semipalatinsk Test Site—Altai” Programme (Belvaev ¢ gf., 1994), indicate that
about a half of excess deaths from radiation-induced cancer due to the test of
interest had occurred prior to 1994, with the other half to be expected after 1994,
Time-mortality distributions for various types of radiation-induced cancer
differ: excess mortality [rom leukemia and thyroid cancer began relatively early,
to reach maximum values 10-15 v after exposure. with a maximum of cancer in
respiratory organs after 15-20 v: the peak of annual mortality for other cancer
types was expected much later: within 30-35 v for the female breast and within
45-35 vy for other cancer types.

In order to study mortality among men affected by the detonation on 29
Aupust 1949, permanent residents of exposed settlements were selected. The
study did not include individuals who had moved out from the affected areas.
Residents of 36 settlements from five Altai districts were enrolled in the study
cohort. In accordance with values of mathematical expectations of probable
ED (Effective Dose v. Glossary) without relation to their dispersions, four
dose groups were made up. The first dose group comprised individuals with
ED 0.010-0.179 Sv, the second group comprised individuals with ED 0.180-
0.349 Sv, the third group comprised individuals with ED 0.350-0.999 Sv, and
the fourth group comprised individuals with ED > | Sv, Mean ED values in
groups were estimated to be 0.088, 0.244, 0.468, and 1.525 Sv, respectively,

The cohort comprised a total of 4595 individuals with the total of years at
risk being 146751.89 PY (person years).

Two groups made up the control cohort. The first group comprised 1433
male residents of areas unaffected by the test of interest (three control dis-
tricts). The second group included 2489 individuals who had moved 1o the
irradiated areas after the exposure period (immigrants). The total years at risk
in the control cohort was 132780.89 PY.

In order to study causes of death. copies were made from death certificates
available at the Altai Region registration office issued for residents of the
above settlements from 29 August 1949 till 31 December 1993. Further coding
of causes of death was performed under the ‘International Statistical Classi-
fication of Diseases and Health Related Problems, ninth revision” (ICD-9). The
analysis covered death certificates of irradiated residents who had died in the
same settlements (the main cohort), immigrants and residents of three settle-
ments located in control districts,

The retrospective mortality study revealed no differences in mortality rates
from all causes of death, between the exposed and the control cohort for the

period 1949-1993. An age-at-exposure analysis showed that individuals with
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Table 7.9 Assessment of risk coefficients (confidence intervals (95%) in
parentheses) of mortality from non-malignant diseases among men exposed
to the nuclear test on 29 Augost 1949 (1949-1993),

Dose group
Age at
exposure (Y) 1 2 3 4
0-19 (1,98 097 098 097
(0.76-1.24) (0.74-1.18) (0.80-1.19) (0.59-1.49)
20-49 (1,92 0,94 (89 0,96
(0.97-1.07) (0.84-1.10) (0.79-1.09) (0.85-1.19)
= 50 1.46* 1.37* 1.35* .15
(1211378 (1.18-1.58) (1.19-1.59) (0.85-1.32)
All ages .99 0.98 0.97 0.96
(0.89-1.10)  (0.90-1.07)  (0.89-1.05) (0.81-1.11)
* p<0.05.

age > 20 y at exposure have a statistically significant increase of mortality
from all causes of death, For men aged > 50 v at exposure, the relative risk
(RR) was 1.35 (1.25-1.45) and elevated in all time intervals, For the group
aged 20-49 y at exposure, the risk of mortality from all causes of death in the
main group was higher during first 24 y since exposure, with RR being 1.19
(L.O8-1.81), but during last 20 y is lower than in the control cohort.

Regarding non-malignant diseases, in general. in individoals aged <50 v at
exposure, mortality rates in all dose groups did not differ from those in the
control cohort. However, for persons aged > 50 y at exposure, the relative risk
of mortality [rom non-malignant diseases was significantly higher than in the
control cohort practically in all dose groups and ranged from 1.15 to 1.46
(Table 7.9).

The relative risk of mortality from solid cancers of all sites for 44 y was 0.96
(0.76-1.20) for the group with mean ED of 0.088 Sv, 1.04 (0.87-1.23) for the
group with mean ED of 0.244 Sv, 1.16 (0.99-1.36) for the group with mean ED
0.468 Sv, and 1.38 (1.04-1.79) for the group with mean ED > 100 cSv;. With a
minimum 10-y latent period excluded from the analysis of deaths from malig-
nant tumours that occurred earlier, elevated relative risks were observed in the
third and the fourth groups of 1.23 (1.03-1.45) and 1.43 (1.04-1.91), respec-
tively (with a minimum 10 y latent period excluded from the analysis of deaths).

The highest relative risk value was registered during first 10-29 v following
the exposure, namely 1.32 (0.94-1.70) in the first group, 1.31 (1.01-1.70) for
the second group, 1.52 (1.21-1.90) for the third group, and 1.84 (1.18-2.72)
for the fourth group. A particularly substantial increase of this value was
detected 20-29 y after exposure, when it was estimated as 1.69 (1.21-2.30) in
the group with mean ED of 0.468 Sv and 2.32 (1.34-4.31) for the group with
mean ED of 1.152 Sv,
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Table 7.10  Assessment of risk coefficients (confidence intervals (95%) in
parentheses) of mortality from all malignant neoplasms among men
exposed to the nuclear test on 29 August 1949 (1949-1993).

Dose group
Age at
exposure (Y) 1 2 3 <
0-19 0.95 0.57 1L.13 1.03
(0.55-1.32) (.32-0.92)  (0.74-1.65) (0.33-2.40)
20-49 0.93 0.95 .24 1.56
(0.69-1.23) (075-1.19)  (1.03-1.47 (1.04-2.08)
>-50 L17 1.42 1.00 1.65
(0.66—1.89) (1.01-1.93)  (D.67-1.44) (0.90-2.77)
10-59 1.01 0.93 136 L.65
(0.80-1.28) (0.77-1.12)  (L.07-1.47) (1.22-2.18)
30-49 0.95 0.94 [.45 1.80
(0.64-1.36) (0.69-1.22) (1.15-1.81) (1.19-2.61)
40-39 1.14 1.25 155 205

(0.17-1.72y  (0.91-1.67)  (1.15-2.05)  (1.29-3.08)

An age—effect analysis indicated that among persons aged 20-49 at expo-
sure, the mortality risk was significantly elevated in the third and fourth dose
groups, with RR being 1.24 (1.03-1.49) and 1.50 (1.04-1.08), respectively.
Relative risks of cancer mortality were estimated [or the stratum 30-49 vy at
exposure to be 1.45 (1.15-1.81} for the group with mean ED of 0.468 Sv and
1.80 (1.19-2.81) for the eroup with mean ED of 1,525 Sv (Table 7.10),

Digestive and respiratory cancer were major contributors among malignant
tumours, Collected data for malignant neoplasms of digestive organs demon-
strate that 10-29 y following the test, there were already reliable values of
the relative nisk in the second, third and fourth groups, ie. with mean ED
= (.244 Sv.

Malignant tumours of respiratory organs ranked second among rates of
other cancer sites. In the first dose group they made up 30.9%, in the second
group, 26.9%, in the third group, 37.7% and in the fourth group, 37.5%, i.e.
they were noted more frequently in groups with higher ED. For 44 v the
relative risk of mortality from respiratory cancer was derived 1o be 0.91 (0.51-
1.34) in the dose group with ED 0,088 Sv, 0.78 (0.54-1.08) in the dose group
with ED 0.244 8v, 1.37 (1.06--1.73) in the dose group with ED 0.468 Sv, and
1.77 (1.09-2.71} in the dose group with ED > | Sv. Similar data were obiained
when excluding the first 10 y of the latent period. In 10-29 y after the test the
relative risk of mortality was significantly elevated for dose groups with ED
0.468 Sv and 1.525 Sy, being 1.71 (1.15-2.41) and 2.81 (1.45-4.92), respec-
tively, The highest estimates were derived for the interval 20-29 y after the
detonation, when it was 2.09 and 3.96 in the dose groups with ED 0.468 Sv and

1.525 Sv, respectively.
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Thus, during the first 24 y men aged > 20 v at exposure had an elevated risk
of overall mortality: the relative risk of mortality was 1.16 (1.05-1.27) for the
cohort 20-49 v at exposure and 1.34 (1.23-1.45) for the cohort > 50 v at
EXpOsure,

Prevalence af Chironic Non-malignant Diseases  The study's main cohort com-
prised men and women from the registry of the Institute of Regional Medico-
Ecological Problems. Barnaul. These people lived in the same settlements and
survived till 1 January 1993, Residents of 33 settlements of five Altai districts
were chosen for the cohort and divided into three dose groups in accordance
with levels of mathematical expectations of probable effective doses without
relation to their dispersion. Residents of 12 settlements of five districts with ED
0.010-0.179 Sv were assigned to the first group. residents of 14 settlements of
three districts with ED 0.180-0.349 Sv were assigned 1o the second group,
residents of seven settlements of two districts with ED > 0.350 Sv were
assigned to the third group.

A total of 5063 individuals (2054 men and 3009 women) was drawn for the
main cohort with the ratio of men to women being 1:1.46.

The control cohort consisted of two groups of individuals who matched the
study group in age, that is thev were born before April 1930. Residents of 21
settlements of nine northwestern, northern, eastern and central Altai districts
not affected by the test of interest were enrolled in the first group. The second
group comprised individuals who had arrived a1 the exposed areas after the
detonation. They lived in 16 settlements of four irradiated districts.

The controls consisted of 9921 individuals (4003 men and 5916 women) with
4 ratio of men to women of 1:1.35.

Total prevalence rates of diseases of the endocrine, nervous, cardio-vascular,
genito-urinary, osteomuscular systems, diseases of respiratory and digestive
organs. the skin and subcutaneous fat, nervous disorders in all dose groups of
the main cohort exceeded the rates in the control cohort. Among exposed
subjects the highest prevalence for all diseases was found in the group with
maximum ED (in the third group) while the lowest prevalence rate was
registered in the second group, with the first group occupying an intermediate
position. This was characteristic for men and women in all age strata. Whereas
the total prevalence of diseases of all the above classes among male controls was
3341.3(3274.4-3408.1). in the third dose group it was 6376.5 (6181.4-6583.4), in
the first dose group it was 4970.4 (4778.0-5179.0) and in the second dose group
it was 4050.7 (3875.9-4210.0), i.e. RR was 1.91 (1.85-1.97). 1.49(1.43-1.55) and
1.21 (1.16-1.26), respectively. For women in the dose group with the maximum
ED (the third group). RR ranged from 1.87 to 1.96. in the first group it ranged
from 1.55 to 1.65 and in the second group it ranged from 1.28 to 1.36 as
compared with the control cohort. It is noteworthy that prevalence of a total of
diseases among women exceeded that in men in both main and control cohorts.
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A similar picture could be seen in the totality of diseases of inner organs
(diseases of the endocrine, cardio-vascular, genito-urinary svstems and diseases
of respiratory and digestive organs). The RR in men was 1.84 (1.75-1.93) in
the third dose group, 1.41 (1.32-1.50) in the first group. and 1.12 (1.06-1.18) in
the second group. whereas in women it was 1.96 (1.91-2.02), 1.56 (1.50-1.62)
and 1.29 (1.25-1.34), respectively. It is notable that individuals exposed as
children (under 15 y of age) ran a higher risk of all diseases. In the third dose
group the RR for the totality of all diseases was 2.03 (1.93-2.13) among men
aged <13 v at exposure, and .78 (1.70-1.87) for men aged > 135 v at exposure,
while among women it was 1.97 (1.90-2.05) and 1.83 (1.78-1.88), respectively.

The prevalence of all diseases of the endocrine system, digestive, metabolic
and immune disorders (class II1. ICD-9) among women in all dose groups was
higher than in the control cohort, maximum estimates being in the third dose
group. Among women exposed as children to highest doses (the third group).
RE was 2,73 (1.97-3.28), 2.17 (1.72-2.65) in the first group and 1.69 (1.38-
2.06) in the second group. and among individuals at age > 15 y at exposure,
RR was 2.27 (1.91-2.64) for the third, 1.83 (1.39--2.32) for the first, and 1.53
(1.24-1.90) for the second dose groups.

Among men, an elevated risk of the diseases of this class in general was
constantly registered in all age strata exclusively in the dose group with the
highest ED (the third group). while such a risk was found only for individuals
exposed as children in the other two dose groups. Estimation of prevalence of
thyrond diseases showed that despite being the same among women in all dose
groups. prevalence rates were considerably higher in both age strata than in the
control cohort. In general the RR with these diseases was 3.69 (2.84-4.80) for
the first, 2.48 (1.90-3.22) for the second and 3.05 (2.39-3.87) for the third
groups.

Prevalence of circulatorv diseases among men in the first and third dose
groups exceeded that among controls in all age strata, with RR for the entire
male cohort being 1.66 (1.55-1.77) in the third and 1.40 (1.29-1.52) in the first
dose group. Prevalence in the second group did not differ from that of the
control cohort. Unlike men, an elevated risk of all circulatory diseases was
noted among women in all age and dose groups. It attained highest values in
the third dose group and was 1.94 (1.86-2.02) for the entire cohort. The
minimum value of the risk was derived in the second dose group at 1.25 (1.17-
[.32). the first dose group occupied an intermediate position, with the risk
being 1.67 (1.57-1.77).

Prevalence studies of respiratory diseases indicated that only men in the
third group had an elevated nisk for the totality of diseases of this class. being
.69 (1.48-1.92) and 1.39 (1.19-1.61) for individuals aged under and above
I3 v a1 exposure, respectively,

For the totality of digestive diseases as well as for some specific diseases of
this class (ulcers, chronic gastritis, chronic diseases of the liver and cirrhosis,
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cholelithic disease and chronic cholecystitis) the risk was elevated among men
in the first and third dose groups in all age strata and in the second group only
among men exposed as children. The RR was 1.81 (1.61-2.03) for the totality
of digestive diseases, respectively 2.40 (1.85-3.12) and 1.56 (1.05-2.23) for the
gasiric and duodenal ulcer, 2.29 (1.97-2.66) and 1.74 (1.42-2.12) for chronic
gastritis, 2.60 (1.31-4.16) and 2.23 (1.62-2.99) for chronic diseases of the liver
and cirrhosis, 3.11 (2.66-3.64) and 1.96 (1.56-2.43) for cholelithic disease and
chronic cholecystitis. In case of diseases of the intestine, in the third and second
dose groups, elevated risk was noted at any age at exposure but in the first
group only among individuals with age <15 vy at exposure,

The prevalence study of diseases of the genito-urinary system among men
demonstrated that for the totality of the diseases it was higher than among
controls, in all age strata in the first and third dose groups and among men
irradiated as children in the second group, Individuals exposed as children ran
a higher risk than those aged > 15 y at exposure, e.g. in the third group RR
was 3.76 (2.89-4.89) and 1.48 (1.13-1.92), respectively. A similar situation
could be seen in the other two dose groups.

Neurotic disorders (neuroses, neurocirculatory distonia) among both sexes
were more frequently registered in the second and third groups, the latter
having the highest prevalence. For men of the third group relative risk was 3.34
(2.94-3.54) and among women it was 1.63 (1.43-1.85), while in the second
group it was L44 (1.17-1.76) and 1.30 (1.12-1.50), respectively. Subjects
irradiated as children had a higher risk. which was 4.26 (3.12-5.09) among men
and 2.26 (1.96-2.60) among women, being 2.18 (1.68-2.82) and 1.05 (0.83-
1.31) among men and women at age > 15 y at exposure, respectively.

In cases of diseases of the eve and its annexes among both sexes, only in the
third group was risk elevated. being 1.67 (1.21-1.80) and 1.64 (1.43-1.74),
respectively. Risk rates of the age strata showed no differences.

Special attention was paid to a pathology such as the cataract. Its highest
prevalence was found in the third dose group, being 2.01 (1.67-2.41) for men
and 2.35 (2.11-2.63) for women.

The analysis of diseases of the osteomuscular sysiem demonstrated that risk
was significant in general for class X (ICD-9) as well as for some groups of
diseases (arthropathies and osteochondropathies) among both sexes in all dose
groups, especially in the first group.

The analysis indicated that prevalence of diseases of the endocrine, nervous,
cardio-vascular, genito-urinary, osteomuscular systems, respiratory and
digestive organs, the skin and subcutaneous fat, and mental disorders among
exposed persons exceeded that of the non-exposed persons for both sexes and
in all age-at-exposure groups. Most substantial values were found among
individuals irradiated as children to doses 0.350-1.309 Sv, The prevalence of
diseases was higher among women than among men in all age and dose groups.
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7.3.3 Marshall Islands, Pacific. USA

From 1946 to 1958, 66 atomic weapons with a total explosive vield of more than
100 M1t were detonated at two atolls (Bikini and Enewetak) of the Marshall
Islands. Due to misjudgements in weather predictions, a large thermonuclear
test on 28 February 1954 (Bravo, 15 Mt) led to the contamination of the
inhabited islands of Rongelap, Allingnae and Utirik. Despite an earlier routine
of temporary relocations, financial constraints and experiences from the first
thermonuclear blast had led 1o a change in policy, requiring evacuations only if
justified by local fallout (Cronkite er al., 1997), Due to an unpredicted shift in
winds and concomitant problems with cloud-tracking planes, information on
the amount of unpredicted fallout emerged slowly and evacuation by plane and
ship took place only on 3 March. At Rongelap, about 200 km away from Bikini,
external gamma doses in air were in the range of 1.9 Sv, Extremely high organ
doses resulied from short-lived iodine and tellurium. For Rongelap, average
thyroid doses for adults, children of 9 v and children of | ¥ were estimated at 12,
22 and 32 Gy. Maximum values for the same age groups reached 42, 82 and 200
Gy. respectively. Doses lower by about a factor of seven were received by the
Utrik population (Simon, 1997; Howard, 1997). The number of highly exposed
persons was 249, 12 were exposed in utero. Exposures of inhabitants at other
atolls in the Marshall islands are estimated to be considerably lower.

7.3.3.1 Acute and Deterministic Health Effects

About 25% of the Marshallese but only 3% of the military personnel experi-
enced itching and burning of the skin from high surface beta doses. Skin lesions,
ulcers, which subsequently became infected. and sometimes patchy epilation
(hair loss) occurred (Cronkite ¢ al, 1997). After healing, depigmented scars,
particularly on the feet, were evident. Bathing, changing of clothes or wading in
the sea was shown to reduce skin effects considerably. Blood counts showed a
reduction of granulocyies to about one-fourth of the normal values. Due to low
platelet counts, few cases of excessive bleedings developed. One of five women
pregnant at time of exposure experienced a stillbirth,

In view of the highly visible acute effects, considerable but sometimes poorly
coordinated efforts were undertaken to secure proper long-term medical care
for those affected. Cultural barriers and growing bitterness and resentment
towards the USA even led to a temporary boyeott of medical teams. Later
findings include a slight increase in miscarriages and stillbirths. Regular
examination of the eves did not show radiation-induced cutaracts. Some
children, especially boys less than 10 v of age lagged in growth, It was shown
that this was a result of hypothyroidism and subsequent thyroxin therapy was
able to correct growth deficiencies. Thyroid dysfunction was the major late

effect. Since 1966 the exposed Marshallese population is on a lifetime thyroxine
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replacement therapy in the hope of reducing the development of malignancies
of the thyroid gland.

7.3.3.2 Long-term Health Effects

As expected from the high organ doses. a considerable increase in benign and
malignant thyroid conditions was recorded (Howard er al., 1995). In the most
heavily exposed groups from Rongelap and Ailinginae, comprising 86 people,
23 developed benign thyroid nodules and five developed thyroid cancer. In the
highest exposed group, nodule prevalence rose quicker and reached 59% in
children under the age of 10 at the time of the bomb. In retrospect these
findings were first indications of the higher sensitivity and lower latency for
thyroid carcinomas in young children, as found later in the near-field of
Chernobyl. A study by Hamilton et al. (1987) also considered possible effects
on the thyroid gland in people living on 12 additional atolls in the Marshall
Islands previously considered unexposed. A relatively high prevalence of
thyroid nodules was also found on Likiep, Wotje. Lae, Ujae and Wotho., A
correlation of nodule occurrence both with distance from Bikini and angle
from main fallout trails was postulated. The prevalence rate seemed to decrease
approximately threefold for every 160 km distance and twofold for every 10°
angle. Preliminary results from further studies show similar but non-significant
findings (Fujuimori er al.. 1996; Takahashi er al.. 1997).

In view of the small group affected, increases in the incidence of other
malignancies will be difficult to discern. One case of myeloblastic leukemia
developed in a boy aged 19 v, exposed to 1.9 Gy at 1 v of age. The probahility
of a radiation causation is to be considersd high.

In addition to the direct biological effects of ionizing radiation, psychosocial
stress from displacement and major changes in lifestyle, diet, job opportunities,
etc. is an important factor in the affected Marshallese communities. Some of
them have been subjected to repetitive relocation (*nuclear nomads’) leading to
major psychological trauma.

7.3.3.3 Japanese Fishermen

The Bravo explosion also exposed 23 fishermen aboard a Japanese fishing
vessel, the Fifth Fukuryu Maru (the Lucky Dragon). The distance from ground
zero to the ship was only 190 km at the time of explosion. Starting about 3.5 h
after the explosion, white ashes began to fall on the vessel and continued for
several hours. The crew fell sick, returnad to their home port and were
subsequently hospitalized with acute radiation syndromes in Tokyo. Early
measurement data indicated a specific activity of up to 4% 10" Bq g ' in the
coral reel ashes that fell on the ship (Kumatori et al., 1980). Estimates of the
resulting external doses for individual members of the crew ranged from 210 7
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Gy for two weeks. High skin contaminations were found on unprotected parts
of the body. Thyroid doses from inhaled and ingested '*'1, '*°L, and **I were
estimated from measurements after return. The internal contribution was in
the range from (0.8 to 4.5 Gy. Since most of the dose was delivered by short-
lived fission products, acute effects, such as prodromal syndrome (fatigue,
headache. nausea, vomiting. diarrhoea, anorexia). conjunctivitis, skin lesions.
and epilation occurred. Haematological changes were examined from 16
March and were compatible with the above dose estimates. One fisherman died
a few months after exposure, probably due to serum hepatitis contracted in the
course of numerous blood transfusions (Kumatori er af., 1980). Examinations
of spermatopoiesis showed a drastic decrease in the number of spermatozoa in
all cases that were examined, Recovery took up to 2y, Thirty-six healthy
children were born to the crew members in the 13 v following the incidence.
Two spontaneous abortions and one stillbirth, all in the peried 1956 to 1960,
were recorded (Eisenblud, 1997). With the exception of residues of skin lesions
and slight disturbances of liver function in several fishermen, the long-term
follow-up showed that the health status of the cohort returned to normal,

7.3.4 Novaya Zemlya

The near-field of Novaya Zemlva. the second of two major atmospheric bomb
test sites in the former USSR, was evacuated before the onset of the nuclear
tests: accordingly. no acute human radiation exposures were reported from this
area. However, the large amounts of fission products released to the environ-
ment led to an elevated deposition of ¥7Cs, *8r, and other longer lived radio-
nuclides in territories bevond 60° N latitude, especially in the Murmansk
province, the northwestern Russian districis of Neneisk, and Komi ASSR
(Ramzaev er al., 1993). The lichen-reindeer-human foodchain caused internal
exposures in reindeer breeding communities up to 10 mSy effective dose per
3.7=10° Bg km. About 30000 persons in the far North of Russia were
thought to consume 250 g of venison per day. Another 300 000 persons in small
northern communities still have elevated consumption rates compared with city
dwellers. A maximum measured body burden of 1.8 = 10" Bq (3 uCi) causes an
annual dose of 8 mSv (Ramzaev et af,, 1993). Cancer death rates in the native
population of the far north are quite high. For all cancers and for oesophagus,
rates of 276 and 131 per 100000 y~! are reported. where the All-Union values
are 125 and 6.9, respectively (Ramzaev ef al, 1993). However, a comparison of
the cancer rates in the different regions of the far north showed a negative
correlation with '¥Cs body burdens of reindeer and humans, the eastern
regions Yakutia and Chukotka showing the lowest “'Cs values but displaying
the highest cancer rates (Ramzaev et al., 1993). Climate stress and an unhealthy
food basket was shown to correlate much better with elevated cesophageal

CanceT.
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7.3.5 Australia (Maralinga, Emu, Monte Bello Islands)

Operations involving only devices with yields in the kiloton (kT) range took
place off the Monte Bello Islands in Western Australia, or at Emu Field or at
the Maralinga Range in South Australia. There were 12 separate detonations
with total yields at each site of 100 kT (three tests), 18 kT (two tests) and 61.5
kT (seven tests) respectively. In addition there was an experimental pro-
gramme, mostly at the Maralinga Range, which comprised a series of minor
trials together with clean-up operations. This resulted in a long-term local
problem near ground-zero sites from the dispersal of about 25 kg **Pu in the
course of small-scale experiments with non-nuclear explosions. In view of the
low estimated maximum individual doses of less than 1 mSv, no visible health
effects are to be expected. The resulting collective dose for the entire Australian
population is estimated at 700 person-Sv and therefore only a fraction {rom the
dose resulting from global fallout from atmospheric testing in Australia (Wise
and Moroney. 1992). Personnel from the UK were based at the last locations
for the trials, and personnel responsible for the aircraft that sampled radio-
active clouds from the explosions were based in Western Australia.

7.3.6 Malden and Christmas Islands, UK and USA

Operations with higher vields took place at Malden Island and Christmas
Island in the Pacific. There were nine separate detonations with total vields at
each site of 1,22 Mt (three tests) and 55.6 Mt (six tests) respectively, No critical
exposures or health effects to native inhabitants were reported.

737 Algeria

Four fission tests, containing one of medium energy (67 kt) and three of low
energy (3, 2, and 0.7 ki, respectively), in the desert zone of southwest Reggane
in the Algerian Sahara marked the beginning of the French nuclear tests
programme. Very little information on dosimetric data or local contaminations
of agricultural systems from these four tests has been published. It is possible,
however, that beginning with some measurement of radionuclide concentra-
tions in the atmosphere arising from personal archives (Doury, 1960, 1961),
and from simple calculation, to proceed to some tentative dose reconstructions
from which general tendencies can be deduced. Out of the first four French
tests only the first one needs attention, with radiological consequences esti-
mated at few mSv to a small number of people. Populations or agricultural
areas possibly concerned were remote enough from ground zero or possible
fallout trajectories.
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7.3.8 French Polynesia (Fangataufa and Merurea)

Morurca and Fangataufa, the atolls where the French army performed 44
atmospheric nuclear tests from 1966 to 1974, are situated in the Tuamotu—
Guambier archipelago, which is the largest and the most sparsely populated
archipelago in Polynesia. The Gambier islands, and atolls of the Tureia, Hao.
Tekakoto, Reao and Nukutavake communes are less than 500 km from
Moruroa. All these atolls are within the 140° part of the circle streiching from
gast-southeast to north-northeast of Moruroa. Hence they are more likely to
have been contaminated by the nuclear tests, which were optimized to preserve
Papeete, 1250 km west-northwest from the test site.

De Vathaire and le Vu (1996) studied overall and cancer mortality in French
Polynesia between 1984 and 1992 giving special attention to possibly exposed
and non-exposed communities in the Tuamotu—Gambier archipelago. In the
study period 8217 deaths were registered in a mainly Maori population of
about 160000, The age-standardized annual mortality rate was 1098 and 769
per 100000 for males and females. respectivelv. A large fraction of cause of
death was poorly specified, ranging from 21% in the Society islands to 62% in
the Tuamotu—Gambier archipelago. A total of 1222 cancer deaths were regis-
tered, leading to an annual death rate of 167 and 131 per 100 000 for males and
females, respectively. Female cancer mortality rates were above average in the
Tuamotu—Gambier region. The excess was due 1o cancers of the digestive
tract, lung, genital organs, and breast cancer. A comparison of rates between
possibly exposed and non-exposed communities in the Tuamotu—Gambier
archipelago vielded no indications of an increase in those islands and atolls
located less than 500 km from Moruroa. Because of the small population
involved (11000 persons). the power of this comparison is very low. Cancer
rates in French Polynesia, among Maoris in New Zealand and Hawaiians in
Hawaii were found to be quite similar. However. mortality due to lung and
digestive traci cancers for both sexes and to prostate cancer for males was
lower, whereas death rates attributed to oral cavity and bladder cancers in men
and to thyroid cancer in femules were higher in French Polynesia,

In July 1996 a cancer incidence study was started by unit 351 of the French
National Institute of Health and Medical Research.

7.39 Lob Nor, China

The Chinese test site in Lob Nor, Sinkiang, western China, experienced 22 tests
with a total yvield of 22 Mt. It seems that thanks to a late start of the nuclear
testing programme in 1964, the threat of exposure to local populations was well
known and properly taken into consideration. Five small (0.02 Mt each) and a
larger test of 0.3 Mt were detonated on the surface. Only limited information is

available on local deposition following the tests. Available information on
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unshielded external exposures in the range up to 0.5 mGy (Zheng er al.. 1996),
on internal doses, from *°Sr and '*'I (< 2.5 mSv thyroid dose and <0.13 mSv
effective dose), indicate that cumulative effective and thyroid gland doses were
generally too low to produce significant health effects. Estimates of external
doses in areas 400 to 800 km downwind from the test site in Ganso Province
ranged from 0.02 to 0.11 mSv, with an average of 0.04 mSv. Whether small
nomadic local communities, for example those depending heavily on dairy
products from sparsely vegetated areas, might have surpassed the above values
remains to be elucidated.

7.3.10 Other Sites

Additional test sites with little or no open literature on local contaminations
include:

the first US test on 16 July 1945 in New Mexico;

four US tests in the Pacific Ocean, including two underwater expleosions;
three US high altitude rocket tests in the Atlanuc (38° o 30°8);

a large number of US rocket and air drop tests near Johnston and
Christmas Islands;

3. two USSR tests near Totsk, Aralsk.

Bl b=

Although media reports from unverified sources indicate additional secret
small aimospheric bomb iests outside the areas considered in the preceding
sections, no local contaminations and therefore no local exposures and health
effects are known. Claims on the explosion of a device during military exercises
in the former USSR and on an Israeli/South African test in the Southern
Indian Ocean belong to this category.

7.3.11 Test Participants

Personnel involved in setting up and evaluating the explosions were subject to
external exposures and contaminations, especiallv in the early tests. Military
units and ships belonging to the navy were sometimes close to explosions. as it
was their duty to secure the sites, but sometimes also quite simply because of
the immense interest caused by the early tests, Little is known about dose
recordings from the earliest bombs. Especially in the course of these tests, it
has to be assumed that in all affected nations 4 considerable number of tech-
nical personnel. military servicemen and others were exposed to various levels
of radiation. There are a few study groups. for which declassified matenial is
available. Assessments of exposures and of health status—in comparison to
national statistics—were published in the open literature in the case of British
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and US (Johnson er al. 1996) test participants. Despite the considerable
interest and media coverage in the UK and USA for this topic, individual
doses are generally below those experienced by the most affected civilians,
Information on the Chinese, French and former USSR experience is not
available at this time.

7.3.11.1  British Test Participants

Over 27000 persons took part in the UK tests; the largest proportion of men
(39.5%) came from the Royal Air Force (RAF). with rather smaller propor-
tions from the Royal Navy (RN}, and the Army (29.53% and 27.1%. respec-
tively). Less than 4% of the men were civilians. Only a minority of test
participants (11.2%) were National Servicemen and two-thirds of these were in
the Army. Overall, about one man in seven was an officer (here civilians of
social class 1 are included with officers). The ratio of officers to other ranks
was about one to ten in the RN and the Army but about one to five in the
RAF. The operations that took place at the Monte Bello lslands chiefly
involved the RN. The RN also supplied almost half the personnel for Opera-
tion Grapple. For operations at the Maralinga Range, and also for the later
operations at Christmas Island. the RAF supplied the largest number of men.
The Army provided support in all test locations, The proportion of visits that
were made by AWE (Atomic Weapons Establishment) personnel was small at
all operations except Totem at Emu Field. About three-quarters of test
participants were involved in only a single operation, but a few participated in
as many as eight. Civilians tended to be involved in more tests (average of two
per man) than servicemen (average of 1.3 per man).

A large analysis of the health status of the test participants has been
published (Darby, et al., 1993), which involved comparing the mortality and
incidence of cancer in 21 358 men who took part in the tests with those in
22 333 controls and followed up to 1991, In the period more than 10 v after
initial test participation, mortality was found to be low compared with that
expected from national rates both for all neoplasms and for all other causes of
death (SMRs of 0.84 and 0.82, respectively), and rates in test participants and
controls were very similar (RR = 0.97, 90% CI 0.91, 1.04 for incidence of all
neoplasms and RR = 1.02. 90% C1 0.96, 1,08 for mortality from all causes of
death other than neoplasms). Rates were also examined for leukaemia and 26
other types of cancer, and for 15 other causes of death. It 1s concluded that
participation in the nuclear weapon testing programmes has not had a
detectable effect on the participants’ expectation of life, or on their risk of
developing cancer or other fatal diseases. The suggestion from a previous study
that participants may have experienced small hazards of leukaemia and
multiple myeloma was not supported by further follow-up, and the excesses

observed previously are likely to have been a chance finding, although the
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possibility that test participation may have caused a small risk of leukaemia in
the early vears after the tests cannot be completely ruled out,

The total collective gamma dose recorded for test participants in the study
was 17 person-Sv, The largest contribution was for Operation Grapple Z, for
which a collective dose of 3.8 person-Sv was estimated.

7.3.11.2 US Servicemen and Weather Observers

Operation CROSSROADS (the first two tests in the Marshall Islands and the
world’s fourth and fifth atomic explosions) were conducted at Bikini Atoll in
1946, Over 40000 US military servicemen were observers and participants.
Some servicemen boarded ships soon after the tests, washed radioactivity from
the decks and completed various tasks and experiments. Only in 1983 the
Congress of the United States ordered epidemiological studies. Mortality
experience of those servicemen was evaluated by the US National Research
Council (Johnson er al.. 1996) by comparison with a similar cohort of non-
participating veterans. All-cause mortality of the participants was slightly
increased over non-participants by 5% (p<0.001). Smaller increases in parti-
cipant mortality for all malignancies (1.4%, p = 0,26} or leukemia (2%, p = 0.9)
were not statistically significant. In the absence of individual doses, activities
such as boarding target ships after the test were taken as a surrogate of
exposure, The slight increase in mortality remained stable across these groups.
Therefore, it was concluded that these results do not support a hypothesis that
radiation had increased cancer mortality over that of non-participants
(Johnson et al., 1996),

Twenty-eight US Army and Air Force weather ohservers were affected by
the Bravo fallout on Rongerik Atoll. Evacuation 22 to 28 h after onset of
fallout and decontamination procedures helped in keeping external doses in the
range of 330 to 430 mSv. Organ doses from incorporated radionuclides were
estimated at 2.3 Sv and 1.15 Sv for the thyroid and the lower large intestinal
wall, respectively. No information on health consequences in this cohort is
available at this time (Simon, 1997).

7.3.12 Global exposures

Dose assessments (see Chapter 6) show that dose rates and annual doses from
weapons test fallout averaged over the world’s population always remained a
small fraction, i.e. less than 10%, of natural and civilian anthropogenic expo-
sures. Thus, possible health risks were and will always be much too small to be
discernible except in those localized populations discussed in earlier sections. A
comparison of the collective committed effective dose to the world population
from fallout (about 3 x 107 person-Sv (UNSCEAR, 1993)) with other global
sources of ionizing radiation indicates that the total hypothetical risk to human
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health from atmospheric bomb tests equals that from 2.4 v of global exposures
to lonizing radiation from all other sources. This excess exposure and its
potential effects are spread over thousands of vears due to the important
contribution of long-lived *C. Using an ICRP cancer risk coefficient of $ % 10 2
Sv-! and assuming a linear dose—effect relationship down to annual doses in the
range of a few mSv, the global health effects from the cellective commitied dose
from atmospheric testing would convert into 1.5 10° deaths over the next
10000 v. In view of the many uncertainties involved. the wisdom of such

74 INTERCOMPARISONS AND VALIDATIONS

A widely accepted assessment of the environmental and health effects of
atmospheric bomb tests will have to be based on validated local and national
databases. Declassification of important data is under way in most areas. In
order to harmonize the raw data and to allow pooling of findings from indi-
vidual experiences. independent assessments of the information available are
needed. In many cases, data gathered for strictly military purposes will have
first to be transformed, to be of use for radioecological modelling. Up until the
present, international involvement in the analysis and remediation of the effects
of atmospheric bomb tests is nil in most afflicted areas. Given the high level of
professionalism within the teams involved in all aspects of atmospheric bomb
tests, intercomparisons will probably not produce significant corrections to
classified or already available evaluations of environmental and health effects,
For example, a first intercomparison exercise between two Russian institutes
and a German institute to measure '7Cs, "8y, and *'Pu in the environment,
showed little variation between the results obtained by the different labora-
tories. This finding stands in positive contrast to the experience of IAEA after
Chernobyl. where results of **Sr measurements from local laboratories were
sometimes erratic, and generally overestimated the actual contamination.

Health records are available for certain periods from some of the areas
affected bv atmospheric bomb tests. Military and political secrecy interfered
with health related research, but there is no evidence of bias or tampering with
primary data. In line with different developments of biomedical sciences in
different countries, classification schemes for medical diagnoses and pathology
differ sometimes between the former Eastern bloc and Western countries. For
early occurring responses. such as acute deterministic effects and leukemias, a
quantitative picture of radiation-induced changes in population health mav
have to be reconstructed from scant and sometimes incomplete data. As in the
case of shorter-lived radionuclides, any loss of time mm approaching these
unsolved aspects will diminish the chances for a trustworthy and open evalu-
ation of radiological assessments of the past.
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7.5 CONCLUSIONS

Fifty vears after Hiroshima and Nagasakl and the ensuing nuclear arms race,
the open assessment of past. present and future health risks from aimospheric
bomb tests is an important responsibility of the global scientific community.
Considerable suffering was created first by poor professional judgements but
later also by secrecy, neglect, and a lack of responsibility by many in charge of
the bomb tests, Table 7.11 sums up critical health effects noticed in the most
heavily exposed groups in the near-field of atmospheric tests, or anticipated
from information on radiation doses experienced due to radioactive clouds and
fallout. At this time, practically all exposures of significance to individuals
residing in the near-field of atmospheric bomb test sites have already been
received, Thus, prevention of additional exposures is now mainly restricted to
ground-zero sites. Projections of health effects based on dose assessments were
substantiated by acute radiation effects in the most highly exposed cohoris.
Since the potentially more important stochastic risks, such as cancer or
hereditary diseases. express themselves only vears to decades after exposure, a
validation of the predictions of this class of damage can only result by long-
term follow-up of the potentially affected populations, and on & projection of
future risk. Table 7.12 gives an overview of the most critically affected popu-
lations. Table 7.6 indicated the first results from some of the epidemiological
studies of persons exposad in the near-field of the tests.

A provisional account of collective doses in populations greatly affected by
local fallout from atmospheric bomb tests indicates up to 40000 person-5v in
about 0000 persons. Using UNSCEAR (UNSCEAR, 1994) nisk coeffi-
cients for high dese/high dose rate exposures. about 4N excess cases of
radiation-induced death may result from these exposures. Based on provi-
sional data from the former USSR, most of the cases would occur as a result
of exposures around Semipalatinsk. These projections assume that a con-
siderable part of excess morbidity and mortality is still to be experienced in
coming decades. Renewed efforts, mainly in so far poorly assessed areas of
the former USSE., are needed to properly assess exposures and health effects
and to establish a system of health care and compensation for those suffering
from the tests.

In addition to projected health risks from exposures to ionizing radiation,
psychosocial stress resulting from fear, secrecy and poor information, may
have had a negative influence on public health. To help populations in coping
with somatic and psychosomatic effects of the atmospheric bomb tests. a
health care system with specialized services needs should be set up in all
affected areas. Cancer and birth-defect registers are also needed so that all
information can be collected and made available for analysis, Risk assessments
for radiation protection at the workplace, in medicine, and at home have to
rely predominantly on epidemiological data from cohorts andfor exposure
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Summary tuble of critical health elfects experienced in populations exposed to atmospheric testing.

Acute radiation
cllects

Protracted
deterministic
effects

Stochastie effects
(cancer, effects in
next generition)

Health effect

Mausea, dinrrhoen

Skin burns, skin uloers

Epilation

Temporary thyroid
dyslunction

Temporary sterility

Miscirringes

Birth delects

Cirowth retardation from

chronic
hypothyroidism
Scars

Leukacming

Thyroid tumours and
CArCInoOmas

Oiher sohd tumours

Gienetic elfects

Exposure path

Whole-body irradintion
From clowd and ground
contamination

Skin contamination with
fission products

Sealp contamination with
fission products

Inhakation and ingestion
ol short-lived iodines
Whaole-body irradiation
Whole-body irradiation
Whole-body irradiation
during organogenesis
Inhalation and ingestion
ol short-lived iodines

Skin contamination with
lission products

Whele-body irradintion

Inhalation and mgestion
ol short-lived iodimes

Whole-body irradiation

Gonadal exposure at
VOURZET age

Critical populations
Matives not instructed 1o
shelter

Matives, especially children
nol instructed (o
decontaminate

Matives, cspecially children
not instructed to
decontaminate

Children drinking local
milk, cating local produce

sexually active males

Pregnant women

Embryoffetus in weeks 8 1o
16

Children drinking local
milk. eating local produce

MNatives, especiully children
nol instructed o
decontaminale

Children

Children drinking local
milk, eating local produce

Higher nisk m children

Prospective parents

Examples
Marshallese, near-ficld of
Semipalatinsk, lshermen

Marshallese, near-field of
Semipulatinsk, fishermen

Marshallese, near-field of
Semipalatinsk, lishermen

Marshallese, near-ficld of
Semipalatinsk®

Fishermen

Mear-fichl of Semipalatinsk *

MNear-field of Semipalatinsk®

Marshallese, near-field of
Semipalatinsk®

Marshallese

Near-ficld of Semipalatinsk*

Marshallese, near-field of
Semipalatinsk

Near-field of Semipalatinsk®

Elfect too small 1o be seen
against large background

* Mot yet validated

£TC
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Table 7.12 Estimates on affected populations and collective doses.

Test Population near-field Collective dose Reference
(=250 mSy effective dose)  (person-Sv)

Bikin (Bravo) 243 (Islanders) 160 {Eisenblud, 1997)

23 (Japanese fishermen) 80* {Kumatori er al., 1980)
Semipalatinsk 10000 (near-field) (20 000)

40000 (Alrai) (20 000) (Loborev er al., 1994)
UK tests 21 400 (test participants) 17

* Educated guess.

situations quite atypical for routine radiation protection. The most important
data set covering the full range of age groups—the survivors of the bombings
of Hiroshima and Nagasaki—is the result of a single radiation flash lasting
only seconds. Differences in effects per unit dose. between such an instan-
taneous exposure and chronic irradiation, were shown to be large with regard
1o most biological endpoints in experimental systems, but are difficult to
transfer to humans. Here, local exposures from atmospheric bomb tests may
potentially allow improvement of the human database in the direction of more
relevant exposure situations and may contribute to narrowing down
uncertainties for DDREFs for the most important organs and sites in
radiation carcinogenesis. Possibly important confounders, such as ethnicity
leading to different lifestvles. or different genetically determined susceptibil-
ities, may also be addressed.

In view of the large data sets already gathered by national specialists,
international collaboration should first concentrate on the analysis of available
data. Only after a careful assessment of available information on contami-
nations, doses and health effects it is possible to proceed towards additional
activities for validation exercises and for supplementary efforts in dose
reconstruction and recording and classification of health effects. Theoretically,
all important contributions to the collective dose may be reconstructed. but
cost and time constraints will often prevent a full retrospective assessment.
Direct measurements that can be useful include fallout patterns of long-lived
fission and activation products, thermoluminescence dosimetry on tiles and
bricks from buildings inhabited at the time, and modern biological and bio-
physical methods, such as FISH (fluorescence in situ hybridization) for stable
chromosomal aberrations or ESR on tooth enamel or dentin as an indicator
for individual cumulative doses. Internal exposures [rom ingested and inhaled
radionuclides are important in some cases. but difficult to assess retrospec-
tively. The level of ™Sr may still be measured in autopsy samples, or directly in
heavily exposed individuals, as shown recently. For potentially important
contributions from *'l and '*"Cs, only indirect methods are feasible at this
time.



Table 7.13  Selected epidemiotogical studies and first resulis,

Region Population Study design Cohort  Stalus Resulls Relerence
shee
Bikmi Islanders Cohort 245 Ongoing Acule effects, thyroid tumours (Cronkite ef af.,
and earcinomas 1997)
Japanese Cohorl 23 Ongoing
lishermen
Servicemen Cohort A0 (MM Published Acute ellects, skin lesions (slight
feresse i overall morlaliny) Clohimson of af,
[5d)
Nevada Utah Chse-control 177 Pubilished (Shight increase in leukemia)
Utnh/Nevada Cohort 2473 Pubilished Borderling signilicant for
Utith Greographical Published benign and malignant thyrowd

gland neoplasms considerable,
relative increase in leukemia
mainly cue to low rales in

conirol
Semipalialinsk MNear-leld Calior [ Chagonng Actite elfects, thyroid {Rasenson of
CATCIoImas, most cncers” al., 19%96)
Al Colion A0 Cingoing ‘Mot concers’
UK tests Test Color 21 400 Published Mo effeets in latest follow-up

participants

* Mot sigmficant, “cawsal relation or cham doubiful’,

I=d
L]
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8 Fallout Models—Past, Present and
Future

R. D. SMALL

8.1 NUCLEAR TESTS AND THE FIRST FALLOUT MODELS

Most of the energy released by a nuclear explosion is partitioned among blast,
thermal radiation, and electromagnetic effects; together they account for all the
damage and many of the immediate casualties. Some of the energy associated
with these strong effects is involved in the formation and growth of radioactive
particles. Although fallout of such particles contributes to immediate casual-
ties, it is also a threat that persists for tens of years. In fact, fallout sull
continues after the atmospheric 1ests conducted by the USA. USSR, and UK
until 1963, France until 1974 and China until 1980 (De Geer. 1994).

Despite the fact that over time nuclear fallout can cause more casualties than
immediate effects, permanently contaminate large areas. and persist for many
years, fallout models formulated in the 1960s before the development of modern
supercomputers are still in use, As authors of this chapter have shown, such
composite models can serve well 1o assess some past events—as long as the
events are reasonably similar to the model’s data base and the meteorological
conditions are not too different. This is not possible in all cases; as oflen as not,
weapon and weather conditions fall outside the empirical data range. There are
two critical limitations: the first involves particle growth in nuclear fireballs: the
second, nuclear cloud dynamics and the interaction with actual weather systems.

Aerosol dynamics are traditionally the weak point in weapon environment
codes. Emphasis (and millions of dollars) on fireball and transport hydro-
dynamics has led to increasingly sophisticated analyses and codes. Weapon
regime aerosol research, though, has lagged. At present. none of the current
models robustly predict radioactive particle size distributions. accurately par-
tition the radioactivity, or even reasonably accouni for processes controlling
the formanon of particles.

Most acrosol subroutines or deposition codes borrow heavily from
conventional microphysics technology, which works fine (most of the time)
for ambient environments and natural processes. From the nuclear aerosol
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perspective, however, there are critical limitations: nuclear aerosols are likely
to pass through widely varyving thermodynamic regimes outside normal aerosol
environments: and. nuclear aerosols are multispecies with morphologies and
properties unlike normal atmospheric aerosols. Each compromise—especially
in high-energy weapon environments—profoundly reduces solution fidelity,
Recent developments in microphysics, plume, cloud and weather codes have
vet to be applied to nuclear fallout. Except in a few select cases, approxima-
tions that were acceptable for assessing fallout from hundreds or thousands of
weapons in a general exchange, fail when precision is needed.

In the 1950s several modellers noted that fallout depends directly on the
particle size distribution of radioactive particles, which in turn depends on the size
distribution of non-radioactive particles as well as vapours of the bomb casing,
entrained dust, and water (Stewart, 1936; Adams er af., 1960). Although the
microphysics processes accounting for particle formation and growth were
recognized, the high-resolution solutions for nuclear cloud sweep-up (dust)
concentrations, size distributions as well as temperature, velocity and turbulence
fields required to complete a first principle model were beyond computer
capabilities at that time: they have become available only in the last few vears.

The technical problem is easily summarized: Ni100) kt of dust from several
kilometres around the burst are drawn into & nuclear fireball that radiates
N{10)-N(100) kt of thermal energy: added to that mix is N(10) kt of water, and
N(0.1) kt of smoke. Each of these materials has special properties that influence
the growth of radioactive particles and the subsequent fallont cloud dynamics.

In the mix of hundreds of kilotons of materiul added to the nuclear fireball,
the weapon adds roughly 100 kg of radicactive material. The first task of a
fallout model is to determine how it forms, attaches, grows through diffusion
processes and coagulates with other particles., The partition of radiation both
to large and submicron particles and the intéractions with smoke, dust, and
water in the nuclear cloud determines immediate, intermediate- and long-term
fallout dose. No model does this at present.

MNuclear clouds are embedded in natural weather systems and deposition is
either by settling of radioactive particles or episodic deposition by rain.
Weather controls deposition, but there is an important connection or feedback
with the nuclear aerosol. The special physical und chemical properties of the
nuclear cloud determine the partition between interstitial dry particles and
those captured by water. Both influence deposition and most importantly the
timing of rain formation. A little earlier and some areas are spared fallout,
while other areas are heavily dosed. The degree that a nuclear aerosol influ-
ences deposition depends on the type of weather system it is embedded in:
impacts for deep and shallow convective systems. occult deposition, urban area
clouds, and dry settling are different.

Smoke adds a large number of submicron particles that are (mostly)
nucleation centres for water (Pittock er al., 1989), Should those particles
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dominate, a nuclear fog could form thus delaying the formation of large
particles (that fallout rapidly). Dust is just the opposite. creating large particles
that fallout rapidly leading to heavily dosed regions. At the other end of the
spectrum, high burst heights entrain little if any material into the nuclear
cloud: and submicron radioactive particles form that settle very slowly,
reaching the ground months or vears later.

Model builders used nuclear test data from atmospheric test programmes
conducted on three continents in the 1960s to construct empiricisms that
prescribe the size distribution of radioactive particles. This approach com-
pensated for limited computer power and the corresponding poor resolution of
fireball hydrodynamics solutions. Several approximate models were developed
{Pittock er al., 1989), The advantage here is that real data are used in assess-
ments; the glaring disadvantage is that it is very risky to extrapolate the
empiricisms to other vields, soil conditions, urban targets, and meteorologies.

One to two orders of magnitude difference in fallout occurs depending on
whether the particle size distnbution (PSD) is given by commonly used log-
normal, r ¥ or r~* distributions. In fact, new microphysics models (Small ef al.,
1994), now show that there may not be a natural distribution that fits all burst
conditions and yields. Nevertheless. as long as weather conditions are similar
and target conditions match those in Nevada, Semipalatinsk, Novaya Zemlva
and the Pacific; the 196('s generation of models provides reasonable fallout
assessments. The next generation models promise a family of far more versatile
models.

8.2 CREATION OF RADIOACTIVE PARTICLES

Both immediate and long-term fallout depend initially on molecular and
submicron scale interactions. There are other factors. such as height of burst.
vield. bomb construction and the mass entrained, that marter a great deal, but
the important fallout physics occurs at a microscale. The fast formation of
large particles or condensation of bomb vapours on large entrained particles
account for immediate effects and fallout patterns around and downwind of
targets. The very small particles—those <1 pm-—can account for one-half or
more of the radioactivity and are responsible for fallout long after the burst.
Such particles, initially lofted to high altitudes, are the continuing global legacy
of atmospheric bursts (De Geer. 1994). Moreover, it is the very small (sub-
micron) particles that most readily percolate, via many pathways, through the
environment, with a pervasive impact on human health and ecological systems
(Warner and Harrison, 1993).

The energy balances associated with particle evolution are complex and act
through telescoping scales. The balance of heat and work in the expanding
fircball regulates the formation and growth of particles. Part of the fireball

thermal radiation vaporizes dust lifted off the ground by mechanical (blast)
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forces and entrained into the rising fireball by winds generated by the decaying
buoyancy. The vaporized dust is a source of potential energy that is only
released as the vapour nucleates and grows by condensation. From several
kilometres around the burst, as much as 10° 10 10'"' g of dust are drawn into
the fireball; and over tens of seconds. 10'2 to 10" calories are radiated from the
rising cloud, The evolution of particles at molecular and micron scales is
shaped by balances of kilotons of energy and mass. Fallout over continents
depends on the evolution of submicron particles. The physics is entwined in
many scales and the details are important.

The early nuclear cloud models crudely approximated the formation of
particles, The PSDs are based on sweep-up formulations and modified at coarse
resolution either by simplistic microphysics formulations that omit major
particle interactions or by empiricisms borrowed from natural cloud models.
MNeither approach faithfully accounts for all the interactions responsible for
particle growth in nuclear clouds. Furthermore. particles smaller than | um are
usually neglected entirely. This is a critical flaw: such particles play a major role
in the formation of radioactive particles. The consequence of approximating
the microphysics is extreme uncertainty in the calculated PSD and, by
extension, low confidence in fallout predictions or assessment of radioactive
clouds.

Particle formation in nuclear clouds takes place in a fast thermodvnamic
environment. Not only do particles evolve in the rapidly cooling fireball, but
they also quickly grow during the very fast rise to high stabilization altitudes,
There are many paths: some particles form in the early seconds as the fireball
plasma cools and the gas converts initially to molecular clusters and finally
after successive waves of condensation to multicomponent solids: other par-
ticles grow by condensation on nuclei entrained by the rising cloud and by
coagulation. Because of the large thermodynamic gradients any process can be
reversed. Particles grown in one area of the cloud can be evaporated or
*broken” apart in high-temperature regions. Moreover. soil, smoke, or organic
particles entrained by the cloud ablate when suddenly fluxed into the vortex
core. Such processes continue for tens of seconds after the burst.

The microphysics is greatly influenced by the amount of entrained (swept-up)
material. A number of factors determine how much material is added. but it
mostly depends on the height of burst. Close to the ground, mass equal to one-
third of the weapon yield is brought into the cloud: for burst heights greater
than 120 m/kt "7 only the bomb debris contributes to the microphysics.

The rising fireball also entrains low-level humid air and the water vapour
condenses and freezes in a highly surpersaturated environment during the fast
rise to high altitude. Stabilization in the stratosphere is not unusual. The
nuclear cloud water microphysics may differ considerably from natural cloud
processes. The rise is at much higher velocity, leading to greater supersatura-
tion and a much altered balance of nucleation, condensation, and coagulation.
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Moreover, the very high particle concentrations established by incipient par-
ticle formation, smoke particles added by immediate nuclear fires and the
fireball processing of entrained dust provide an excess of condensation sites for
the available moisture. In such conditions it is unlikely that normal cloud
parameterizations apply.

More than one material is involved in nuclear cloud calculations: the radio-
active bomb debris (which decays with time), entrained materials such as 8510,
Al:O;, smoke, organic ground litter, and water. Particles may be either pure or
mixed with varyving fractions of the primary materials. Of special concern is the
very small mass N(10° g) of radioactive material (plus neutron activated
material) in a cloud with N{10'" g) of dust and other materials. The radioactive
mass is negligible compared with the entrained mass. but for fallout it is the
meaningful quantity. Moreover, the radioactive material which is transformed
from a plasma to a frozen solid can serve as nuclei for other condensing vapours,
can itself condense on other particles, or can remain as a pure radionuclide.

There are several processes peculiar to nuclear cloud microphysics calcu-
lations. Radioactive decay produces high-energy electrons and concentrations
of ion pairs; they rapidly recombine but nevertheless can accelerate nucleation,
condensation, coagulation and even the breakup of large agglomerates. Tur-
bulence forced by large shear and large temperature gradients increases
coagulation rates and mixes the small amount of radioactive material through-
out the cloud. Because of the very large temperature gradients, thermophoresis
i5 important near the vortex core. Despite the fact that these and other effects
may occur only for a short time and possibly only in a small area of the fireball,
they may be important in determining the formation and growth of particles
and the partition of radioactivity across the size distribution.

New models, enabled by the massive increase in computing power, couple
high-resolution hydrodynamic solutions of the nuclear fireball with solutions
of the microphysics general dvnamic equation (GDE) for multispecies asrosols
(Small er al, 1994). The new hvdrocode capabilities provide the detailed
thermodynamic (pressure and temperature) and velocity-turbulence maps
needed to ‘drive’ a microphysics calculation of radioactive particle formation
and growth. Such calculations accounting for the first 10-60 s following a
burst require several hours of CRAY simulation time.

Solution of the GDE describes the change in concentration of particles () of
species & by the fundamental microphysics processes of nucleation, coagula-
tion, and condensation (evaporation), ablation and breakup:

(1 i . y :
;En“l.r.n = Z{ELE"'M' v—En (Lt v — £, 0)dE — 1" (v, r}L\En.z{E. an‘iE-r]cE}

A

a .
—m':ﬂ'"fl'.f}gl v, 1)) + S*(v, 1) = n*(v. 1) R{v.1)
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The integrals in the GDE represent the formation of particles of volume v by
collision of small particles and depletion in this size class by collision of
particles of volume v with any other particle. E, is a collection kernel that
prescribes collision rates for different forcings. The rates relate either to
velocity differences caused by shear, turbulence, Brownian motion, or different
settling velocities, or to phoretic forces due to gradients in temperature,
concentration, or charge,

The third term accounts for growth by condensation, g{v, r) distinguishes
evaporation and ablation, because solid particles suddenly immersed in a high-
temperature environmeni lose mass (independent of the difference in vapour
pressures), The last two terms are source and loss terms. Sources include
nucleation of particles from supersaturated vapour, evaporation of com-
ponent(s) from mixed particles leaving a pure particle, and breakup of very
large particles by aerodynamic or electric forces. Losses can occur as a result of
condensation of vapour on pure particles, coagulation of different species
particles, and complete evaporation of particles.

The GDE regulates the competition for vapour and balances the competing
microphysics processes such as nucleation, ablation, condensation, evapora-
tion, coagulation and breakup; it is solved in particle radius space and thus
seamlessly melds with driver models providing the fireball-cloud thermo-
dynamic field. The GDE balances all the effects together. thereby apportioning
pure and mixed particles the correct growth. Solutions specify particle concen-
tration m*(v, 1} for each species (x) tracked from the nuclear plasma to
definition of respirable and deposited radivactive produets. The formulation is
nonlinear, underscoring that approximations based on a simple superposition
of effects are bound to be incorrect.

The next generation of fallout models combining high-resolution fireball
nuclear cloud solutions with interactive solution of the microphysics GDE and
advanced cloud transport models will provide superior assessments of nuclear
events and impacts on environment and humans.

83 WEATHER AND FALLOUT

In the troposphere, weather determines the fate of the radicactive particles or
nuclear aerosol. Winds and thermals advect, moisture scavenges and precipi-
lation rains or washes aerosols (fallout) from the atmosphere. The influence is
not entirely one way, however; aerosols control cloud formation and thus
influence the radiation budget. which in part drives the weather, and most
importantly when, where and how much precipitation occurs. The feedback
is important and underscores the interactive nature of fallout physics. The
interaction of nuclear acrosols and weather is especially important because
departure from ‘normal’ aerosol properties means that rainout and washout
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patterns are significantly changed. Here, the influence of smoke, dust, and
entrained water play a critical role.

The path is direct. Particle morphology, concentration and most importantly
chemical properties determine the probability of nucleating water. Multispecies
(nuclear aerosol, dust. water, salt, pollutants) microphysics processes are
highly competitive, with the largest soluble particles capturing the available
moisture and other particles remaining dry in interstitial air, Compared with
particles nucleating water, dry particles have very low washout rates. If the
nuclear particle is soluble. fallout can be high.

This simple physics accounted for the highly non-uniform deposition pattern
of Chernobyl fallout (Warner and Harrison, 1993). Shallow short-lived con-
vective systems deposited much of the P7Cs/'"Cs in small arcas of Sweden,
Wales. and Belarus (fallout near Gomel was 1500 Bq m™2). Although the
updrafi-precipitation pattern was effective in rainout and washout of Cs,
much of the interstitial radionuclide aerosol was vented through the top of the
system. Other hot spots near hill tops resulted from increased deposition of
soluble radionuclides in feeder—seeder cloud systems formed by crographic
enhancement. Fallout of the dry components was hemispheric, but low dose
and innocuous (although unneeded),

Fallout models currently approximate the aerosol-weather interaction using
conventional cloud microphysics. Although such approaches can estimate
particle growth, which influences settling speed, they are poor predictors of
episodic rain or scavenging—both of which are imporiant for accurate fallout
HSSESSMICLS.

There are many advantages 1o using implicit engineering formulations (such
as those based on Kessler (1969) type bulk parametenzations or (more recently)
on semispectral Berry-Reinhardt parameterizations (Chaumerliac and Rossett,
1989)), Thev are keved to easily calculated bulk measures of the aerosol; they
execute rapidly, require little storage and generally are simple to apply. The
detail is often impressive, with some versions determining 21 types or forms of
particles all based on a few *bulk” parameters,

The only difficulty is that most of the time, the prescriptions are of ques-
tionable accuracy. They can be correct in some cases. especially if the embed-
ding weather duplicates the average conditions the empiricism was built for;
generally they are not. Comparisons at different times and by different groups
have shown that deviations from actual conditions can be quite large (Soong.
1974; Shiino, 1983; Lee and Hong, 1987; Kogan, 1991} This is not surprising
because average weather conditions are usually a poor assumption—poor for
cloud prediction over a target. and likewise poor for prediction of winds and
rain in specific (battlefield, target, or vacation) areas.

Similarly, bulk microphysics formulations based on average aerosols (despite
impressive pedigree) poorly approximate particle growth in ‘non-average’
clouds, eloud development over urban areas, dry deposition. rainout, washout,
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occult deposition, not to mention chemical changes caused by particle ageing
and solubility. The latter is especially relevant as it controls an important
pathway for agent integration in terrestrial and aquatic systems and thus
influences lethal dose and persistence (Wamer and Harmison, 1993).

Muclear aerosols as a class impose additional constraints on using ‘regular’
microphysics approximations, because wartime aerosols are not regular atmo-
spheric aerosols. They have different concentrations, morphologies, properties,
and behave differently in the atmosphere.

Particle concentration along with the size distribution is a key parameter in
all implicit systems. Rate processes such as growth by condensation and
coagulation are prescribed as long as concentrations and distributions reas-
onably represent the empiricism. Greater concentrations that may lead to fog
or marine layers rather than accelerated growth of cloud particles (not all
clouds rain) generally are not well modelled. Similarly, engineering approxi-
mations rarely if at all recognize different balances caused by rapid changes in
supersaturation (characteristic of high-energy nuclear clouds). Small e al.
(1994) showed that such rapid changes in nuclear aerosols lead to episodic
nucleation, formation of submicron particles, and eventually multimode size
distributions. Departure from average conditions may imply a considerable
uncertainty in the eventual size distribution and ultimate rainout, washout, or
dry deposition—or simply put, uncertainty in the fallout. Moreover. such
uncertainties carry forward and, for example, influence estimates of toxic
resuspension.

Particle morphology is an important topic that remains to be included in
fallout models. Departures from spherical geometry lead to different growth
rates for condensation or evaporation (saturation vapour pressures are lower)
and for coagulation (cross-sections and aesrodynamic properties change). Both
processes control particle development and thus fallout velocity; coagulation
influences in-cloud growth as well as capture by raindrops or washout.
Uncertainty in those quantities translates direcily to uncertainty in the location
and intensity (dose) of fallout. Moreover, uncertainty in chemical and physical
agent properties impacts calculation of infiliration and migration through
pervious surfaces and consequently ecological impacts and decontamination
requirements. Growth rates for non-ideal particles is a current area of
emphasis in the aerosol community, and extensions of classical microphysics
theory could be developed for non-spherical geometries.

Chemical and photic ageing are suitable for treaiment in explicit first
principle models because changes penerally occur in one species and the
dvnamics of multispecies interactions are changed. Treatments that prescribe
process rates for nucleation, condensation/evaporation, and coagulation based
on bulk parameters, such as concentration and saturation ratios, have difficulty
modifving those rates to reflect chemical or photic change in surface properties.
In such cases. accuracy and fidelity depend not only on the microphysics
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empiricism (and predicting whether the aerosol is shielded by clouds, exposed to
sunlight, etc.), but also on whether the appropriate physics is even included.

Similar issues apply to chemical processes, such as surface ageing that
changes particles’ affinity to water (hydrophobic to hvdrophilic), phase changes
for elements such as '*'l (three forms are possible—gaseous, particulate and
methyl), exchangeable form and solubility of elements such as '¥7Cs and **Sr.

An immediate jump in capability can be implemented for nuclear aerosols by
including new explicit, multispecies, microphysics capabilities with current
weather (stochastic or deterministic) algorithms. Uncertainties of using ‘normal’
aerosol approximations for nuclear aerosols will be eliminated. Moreover,
explicit calculation of nuclear size distribution. properties, and changes by
chemical, photic and microphysics processes ties in with and provides all the
right information for human and ecosyvstem impact models,
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Appendix: Types and List of Tests

INTRODUCTION

This appendix lists tests which have been carried out by the major weapons
tssting nations, China, France, UK, USA and USSR that have led 1o releases
of radioactivity. In addition to these the first test undertaken by India, in 1974,
was an underground test causing no release. Although India recommenced
nuclear testing in May 1998. conducting a total of five further tests (comprising
three on Monday, 11 May and a further two tests on Wednesday, 13 May).
they have not been reported to have caused any release to the atmosphere.
These underground explosions occurred at the Pokhran nuclear test ground,
located in the northwestern state ol Rajasthan. A review of these tests
appeared recently in Nature (Javaraman, 1998). Subsequently, on 28 May
1998. Pakistan undertook its first nuclear weapons test. exploding five devices
in the Chagai region of their southwestern Baluchistan Province. A sixth device
was detonated two days later.
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Table A2 Nuclear tests by France,
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Table A2 continued,
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Table AY  convinued

Energy (ki) Cloud Head (him)
Time A Altitude  Tropopause —————————
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surlnee
Iower
Tower
LEalloon
Ballown
Balloon
Surface
Balleon
Tower
Rocket
Tower
Balloen

NS
MNTH
Pacific
NTS
NTS
MTS
NTS
Encwelak
Rikini
Bikini
Enewelak
Enewetak
Enewelak
Itikini
Emcwelak
Encwelak
Encwelak
Enewelak
Bikim
Enewelak
Enewetak
Hikim
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Enewetak
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MTS
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NTS
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1.7
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1850
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Table Ad  comrinned.
Energy (ki) ) Cloud Head (him)
Time — Altitude  Tropopause —————
Dase UTC MNoame Tvpe Mace* Fission  Total {m) (hm}) Rase Top
26017157 Puscal-A Shal NTS Slight
OTM8/5T Stokes Ralloon NTS 1%
| BAIBIST Shiasta Tower NTS 17
INRET [doppler Balloon NTS I
MWORSST Franklin Prime Ritlloson NTS 4.7
MINRIST Smaoky Tower NTS -+
U200 ST Cinlifeo Tower NTS I
UE0W ST Wheeler Balloon NTS 0197
(fNST Coulomb-B Surfuce NTS 0.3
DBAHST Laplace Ballpon NTS I
[ 400 ET Fizeau Tower MNTS I
| 6O ST Mewton Balloon NTS 12
230WST Whitney Tower NTS 19
2RM0NST Charleston Balloon NTS 12
OWNST Maorgan Balloon NTS %
06| 2057 Fascal-C Shalt MNTS Shght
O 2H57 Cotlomb-L Surlace NTS 0.5
AT T Tt Yuecn Balloon Pacific 1.7
(15/05/58 Cactus Surlace Enewetik 15
(N RTRS Fir Barge Bikini 1360
I 1105758 Butternut Barge Encwetnk L]
1200558 Koo Surlace Enewetak 1370
| 605158 Wahoo Underwater  Enewetak q
HWOS/5E Hully Rarge Enewetak 59
2105058 Mutmeg Barge Bikini 251
(1558 Yellowwoinl Barge Enewelnk 130
260558 Magnolia Barge Enewetuk 57
MOS8 Tobhaceo Harge Fneweink 116
10558 Sycamaote Ratrpe Bikini 92
206/ 55 Raose Barge Enewetak 15
R Limbrelli Underwaler  Enewetnk )
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T OAMSR
14N 5N
1AM 5K
| R A
2TAMSR
2TN06/5K
RN 5K
SR
01AT/58
020158
OSA075K
| 207158
| 4M0Tr58
1 THOISE
2207158
2200758
26007158
010858
O6/0OR/ 58
1 2708/ 58
I B/OR/SE
27008/ 58
RV TR
(10758
120058
AN SH
[RH TR
2IHN 5K
26N 5K
JRAPNSH
29009/ 58
05/ 10V58
05/ 10/58
(RS 105K
LTRSS
137 IS8

Argus 111
ero
Thermalillor
Eddy
Lumi
Valencin

PN

Barge

Rocket
Surface
Rocket
Surface
Rocket
Rocket
Rocket
Shaft

Shialt

Encwetak

Mk

Encwetak

Emwetak

Johnston Iikind Anca

Encwetak
Johnaton Island Arca
Enewetak
South Atlantic
South Atlntic
South Atlantic
NTS

NTS

NTS

NTS

NTS

NTS

NTS

NTS

NTS

NTS

NTS

NTS

23
e
1450
1n
412

14
32

255

0.02
1-2
1-2
1-2

[TNFRES
LS
(NI
(10115
0,002
Ay
2
L0053
0077
0072
0079
LR E]
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Table Ad  contimed.
I Energy (ki) Cloud Head {hin)
Time = = Alttude  Tropopause —
Date UTC  Name Type Plivce® Fission  Total  {(m) {hm) e Top
14110458 Meptune Tunnel NTS 115
15710758 Hamilton Tower NTS 0.0112
1610758 [Doma A Biallowrn NTS 0037
1710458 Vst Surface NTS 0,024
1R/ 1Er58 o Arriba Tower NTS 0%
ISR Sovormo Barllawmn NTS 1]
M58 Wrangell Tt MTS NN E
2M V5K R ushmore Bl NTS [INE: 1
24410058 Cutron Tower NTS 0.021
24710758 Juno Surface NTS 00017
26/0/58 Ceres Tower MNTS 0.0007
26/ 10758 Sanlond Balloon NTS 4.9
LT TR [De Baca Balloon NTS 2.2
2TIWSE Chiavez Tower NTS [ERIENS
29/ 1058 Evins Tunnel NTS 0.055
29158 Humbaldi Tower NTS 00078
RIITHTHTRE Sonta Fe Bl NTS 1.3
LT TR 18lanea Tunnel MNTS 22
RV [HTR Tt Tower NTS {1,002
150095 Anitler Tunnel NTS 26
Ieiliafn | Shrew Shaf NTH Laow
011Gl Boomer Shan NTS Low
16 Chena Tunnel NTS Low
2W 1G] Mink Shaft NTS Low
NN 1M6] Fisher Shaft NTS 134
[T i Cinome Shan Carlshad, Mew Mexico i
131261 Mad Shaft NTS 0.5
17261 Ringtail Shaf NTS [Low
2212061 Feather Tunnel NTS 15
(02 Stoda Shah NTS 51
62 Armadillo Shah NTS A |

=
L]
=



I 50262
1902162
192162
2400262
O AAG2
030562
ORA62
| 5/0362
2RM0YG2
310362
| 462
2500062
2THAG2
D2A0E02
A5G
D62
O7/0562
DEMAS62
DOFOS62
11/05/62
117052
1 2/05/62
| /05062
1405062
190502
190562
2500502
270562
(EAO2
G2
10662
1 2/06/62
1 30662
| 5662
| TG
| AR

Flaed Tt
Clhinchally
Codsaw
Planypus
Poampsis (Joint LK)
[vnny Hoy
Brisos
Hognose
Hoosie
Chinchitla 11
PMladie
Aol
Ariee
Arkansis
Cuesta
Frigate Bird
tacn
Yukon
Mesillu
Muskegon
Swordfish
Encing
Aunrdvirk
Swinee

el

Cheten
Titninni
Noambe
Al
Truckee
Yeso
Hurlem
Des Moines
inconadn
Dubee

Petit

Shuli
Shalt
Shalt
Shal
Shalt
Crater
Shalt
Shalt
Shal
Shaft
Tunnel
Adrdrop
Adrdrop
Adrdrop
Adrdrop
Rockel
Shadt
Airdrop
Airdrop
Airdrop
Underwater
Adrdrop
Shaft
Adrdrop
Shah
Adrdrop
Adrdrop
Adrdrop
Adrdrop
Adrdrop
Airdrop
Airdrop
Tumnel
Adardrop
Airdrop
Adrdrop

NTS

NTS

NTS

NTS

NTS

NTS

NTS

MNTS

NTS

NTS

NTS

Cheistrons Island wrea
Christous Island area
Christiuss Tslanse aren
Chrstmas Island arei
il

NTS

Christmas Island area
Christmas Island arca
Christmas Iskind aresi
Pacific

Christmas Island area
NTS

Christmas Island area
NTS

Christnms [sland are
Christmuas Island aren
Christnms 1sland area
Chrstmas Isliand area
Christmas sland aren
Christmas Tsland area
Christmus island area
NTS

Christrmus Island area
Christmas Isknd area
Christmus Island aren

5T

Low
Lo

9.5
41

Low
14
Lo
I.RS
L]
410
[
67

Lo
[h
(]

Al

Lo

500
40
07

4.5
71
2.6
41

TR2

210

3000

1200

£
52
22
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Table Ad contimed
Energy (ki) Clowd Head (hm}
Time — Altitude  Tropopause ——————
[Mare UTC Name Type Plitce® Fission  Total  {m) {hm) Hasc Top
2206062 Oowi Airdrop Christmas Isband aren K15
206D Bighom Airdrop Christmas Island aren 650
2IN662 Haymiaker Shalt NTS 7
2RAG02 Ml arshimullow Tunnel MTS Livw
MH662 Bluestome Adrdrop Christmas Lsband aren 1270
DEATHG2 Sedan Crater MTS 11K
N7 Little Feller 11 Surlace MNTS Lisw
(62 Sturlish Prime Rocket Johnston Iskand area (ETH]
I(We7 62 Sunsel Airdrop Christmas Island area 1000
1107462 Pamlice Adrdrop Christmis Islund aren 38R0
1 1o7ia2 Johnme Boy Crater MNTS 0.5
13007462 Merrimac Shaft NTS Intermedinte
| 417062 Small Bow Tower NTH Low
1 70062 Little Feller | Surface NTS Lavwy
2707062 Wichita Shaf MTS Low
20019462 Allegheny Shal NTS Lo
021002 Androscogem Airdrop Johnston Island aren 15
D 1162 Bumpang Adrdrip Johnston Islaned aren 113
1 2710462 Rosmoke Shalt NTS Laow
127 162 Wolverine Shalt NTS Low
18/10/62 Chuma Adrdrop Johnston Island aren I 550
19/ 162 Bandicoot Shalt NTS 12.5
1062 Checkmate Rocket Johnston Island ares Low
26/10/62 Bilvegill 3 Prime Rocket Johnston Island area Submegnton
271062 Calamity Airdrop Johnston Island area RIM)
062 Housatonic Airdrop Johmaton Istand nrea R3O0
(VA1 162 Kinglish Ruocket Johnston Island area Submepnion
1162 Tightrope Rocket Johnston Iskind nrea Low
(K] 1f62 St Lawrence Shalt NTS Low
270 1762 Anncostin Shalt NTS Low
263 Kootanai Shaft NTS Livw

&L



24004063
1 5A0563
250563
2005063
10563
[T AT TR
OGN GA
D OGG3
2500063
20863
[dd1 163
D471 2063

[ 2412063
/1 M6
230164
I
120264
1302064
1240364
130364
1404064
17704464
MO
(7504
14/05004
11706004
25/06004
KIS
170764
23076
19/08/64
05711464
05412464

1612464

Paising
Drouble Tricks
Clean Slate |
Pheswsant

Clean Shate 11
W ubi
Apshapa
Clean Slate 11
Kennebec
Carp
Anchovy
Barracuda
Sardine

Eaple

T

Oeonto

Club

Solendon
Bunker
Handicap
Pike

Hook

Bogey

Pipelish
Drrver
Backswing
Ace

Fade

Db
Cormonmnl (Jomt UK)
Links

Alva

Handcar

Dl (Source- Lower)
Dreall { Tinrger-Upper)
Parmid

Shal
Surlce
Surfuce
Shafl
Surfuce
Tunnel
Shalt
Surfuce
Shafi
Shali
Shali
Shal
Shalt
Shafl
Shalt
Shall
Shalt
Shiafi
Shali
Shalt
Shaft
Shal
Shaft
Shali
Shali
Shaf
Shalt
Shiali
Shatt
Shalt
Shafi
Shalt
Shafi
Shaft
Shalt
Shali

NTS
MAFR
MNAFR
NS
NAFR
NTS
NTS
MNAFR
NTS
NTS
NTS
NTS
NTS
MNTS
NTS
NTS
NTS
NTS
NTS
NTS

NTS
NTS
NTS
MNTS
NTS
NTS
NTS
MNTS
NTS
NTS
NTS
NTS
MNTS
NTH
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Table Ad
Emergy (K1) Clowd Head (hin)
Time — Altitude  Tropopause — -

Dane UTC Mame Type Place* Fission  Total (m) {him) Base Top
18712064 Sulky Shali MNTS 0.092
200165 Tern Shafi NTS < 2
1 2M12/65 Alpaca Shaft NTS 33
1 61265 Merlin Shall NTS o1
180205 Wishbane Shalt NTS =< M)
IG5 Seversucker Shaf MNTS < M}
| 405 Falanguin Crattes MNTS 4.3
2204105 Chenille Shaf NTS <M
OTHISM6S Tee Shan NTS 7
| RS IDviluted Walers Shaft NTS < X
1766 S Tiny Tot Tunnel NTS =20
220765 Pongee Shaf NTS < )
2THRIGS Centaur Shalt NTS < 20
10965 Mioa Shall NTS <

Screamer Shall MNTS =2
2311065 Kermel Shalt NTS < I
16w 12005 Emirsan Shan NTS < 2
22001t Reo Shall NTS = 2
(302000 Flawd 1 Shall NTS =
IR IRTT Fed Hot Tunnel NTS < 2
DTA3BG Finfoot Shall NTS <0

Cinnumon Shal NTS < 0
2304160 Fenton Shafi NTH 1.4
2500460 Pin Stripe Shialt MNTS < 20
1 20005 fiiy Tapestry Shal NTS = 20
O200/H6 Pile Diviver Tunnel NTS 62
| S0 Double Play Tunnel NTS < 20
| 266 [rerringer Shah NTS 7.8
LIFL LGty Ajgax Shal NTS < 20
TR Cerse Shali NS < 20
2] 16h Vil Shiali NTS < I

Idi
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Table Ad  contimed.
? Energy (ki) ) Cloud Head (hm)
Time —————————— Altitude Tropopausg ——————————
e UTC  MName Type Place* Fuission  Total  {m) {hmj Rase Top
| 2N69 Tapper Shall NTS < 20
2T Plicers Shaf NTS =20
[ELN T Rulison Shall Cirand Valley, Colorado 40
| 205 Minule Steak Shah NTS < 2
T Kyuck-A Shaf MTS < )
Kyick-13 Shal NTS <
111/ Fintis Sepweed-C Shal NTS <20
Seaweed-10 Shali NTS = 20
Seaweed-E Shal MNTS < 20
1o 1ives Seaweed-B Shah NTS < 20
20/ 1 ve9 Podd-A Shaf NTS Total 16,7
Pod-B Shafi NTS
Pod-C Shali MNTS
Powil-13 Shal MNTS
(RN Scuitle Shali NTS 1.7
1M1 269 Tun-A Shalt NTS < 2
Tun-B Shalt NS < 20
Tun-L Shuali NTS <20
Tun-12 Shafy MTS < X
210470 Snubber Shualt MNTS 123
OIS0 Hasd-A Shaft NTS < M
Hod-R Shiaft NTS = X
DSMNST0 Mint Leal Tunnel NTS <20
210570 Muanzanns Shalt MNTS < M)
26ST0 Hudson Moon Tunnel NTS = X
26M5T0 Flask-Gireen Shalt NTS <
Flosk-Yellow Shalt NTS < N
Flask-Red Shalt NTS < 2}
2RMOST0 Piton-C Shadt NTS = M
2RSS0 Piton-A Shalt NTS <
Pitom-H Shatt NTS < )

%



I3/ 1FT0

2ESOTO

16/1270

181270
2006471
241471
ISHINRD
303K
{HWEAES
220586
HMOd/EG

Seree-Acajou
Serec-Alhambr
Seree-Clunmods
Truchas-Chacon
Truchas-Chamisal
Truchas-Rodarte
Avens-Andorre
Avens-Alkermes
Avens-Asamile
Avens-Cream
Baneherry
Camphor
Drgonal Line
Riola

Agrini

Misiy Rain
Cilencoe

Mighty Crak

Shafl
Shafi
Shafi
Shafi
Shaf
Shal
Shafi
Shalt
Shaft
Shaft
Shadi
Tunne
Shaft
Shaft
Shal
Tunnel
Shaf
Tunnel

NTS
NS
NTS
NTS
MTS
MNTS
NTS
NTS
NTS
NTS
MNTS
NTS
MNTS
MTS
NTS
NTS
NTS
NTS

AAAAAMNMAANAA
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A A = A

* NTS, Mevada Test Site; NAFR, Mellis Air Foree Range.
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258 NUCLEAR TEST EXPLOSIONS
Table AS Nuclear tests by USSR.

Date Type Location Energy (k1) Notes

XN08M4%  ground SNTS -l First Soviet nuclear test

40931  ground SNTS k]

1E10/51 airdrop NTS 42

120833  ground ENTS L4000 Boosted fission deviee

JIONSI  airdrop S-NTS b

030953 mindrop SNTS iE

00T airdrop SNTS L6

MW0S/S3  airdrop SATS 49

140%58  mrdrop Near Totsk &0 MiEt=ry cxeroise

a5 mrdrop SNTS 02

01/ 1¥SE airdrop 5XTS 003

031058 mindrop SNTS 2

031054 ground SNTS 4

0810¢34  wardrop SNTS 0s

2305 aindrop SANTS 2

IS4 airdrop SNTS 2%

30 ground SNTS i

20735 ground S-NTS 13

020855 ground SNTS 12

(30855  ground SNTS 12

21055 underwater | NZ-NTS 35 First test at NTSNZ

06711455  airdrop S NTS 50

2MIES airdrop SNTS 160 First test of thermonuciear charge
proiolype

0240215  ground Near Aralsk 0.3 Missile launch from MTR

160356  ground SNTS 14

25/03/5%6  ground S-NTS 55

240856 wirdrop 8:NTS &

F0MES6  airdrop S-NTS S

D236 pirdrop S:NTS il

10009/56  airdrop 8-NTS 13

ITN136 airdrop S-NTS L]

141256  airdrop S-NTS 40

190157 space Kapustin Yar? 10 First air nuclear explosion with missile
lzunch from MTR

02/03/57  airdrop S.NTS 19

(30457 airdrop S-NTS 42

06/04/57  airdrop SNTS 57

IFU3T  airdrop S-NTS 680

120457 aindrop SNTS n

160457  aindrop SNTS io

NE/ST  airdrop SNTS 20

260857 airdrop SNTS Ll Safety en

07TONST  ground NZ-NTS n The oalv surface at NTSNZ

1V09/57 amdrop S-NTS 59

240937 mindrop NZ-XTS 1600 First air tes1 at NTSNZ

2B0NET  airdrop SNTS 13

08157  aindrop NZ-NTS 2900

H¥IOYST  underwater NI-NTS 0

WM5T  aindrop XTS v

MR sndrop SNTS 13

ITOLSE  airdrop S.NTS 03

3NMSE  awdrop NZ-NTS Lo



APPENDIX: TYPES AND LIST OF TESTS 259

Table AS  continued

Date Type Location  Emergy (k1) Notes
27258 airdrop NZI-NTS 250
2088 airdrop MZ-NTS 1500
13/03/58  airdrop S-NTS 12
14/03/58  airdrop SNTS 35
14/08358  airdrop S-NTS 40
150358 airdrop NZ-NTS 14
IBOX58  airdrop S-NTS 016
200358 airdrop S-NTS 12
O3SE  airdrop NZ-NTS &30
120358  wrdrop S-NTS [}
300958 mrdrop NZ-NTS 1200
JOUEE  airdrop NZ-NTS W0
02/1W58  airdrop NZ-NTS 290
02/10/58  airdrop NZ-NTS 40
04/1IV58  airdrop NZ-NTS 9
05/1058  sirdrop NZ-NTS IS
OB/ IOV38  airdrop NZ-NTS 55
VISR aindrop NI-NTS (]
12188 sirdrop NILNTS 1450
13w airdrop NZ-NTS 1 500
I8/1V58  airdrop NZ-NTS 2900
IWIVSE  mirdrop NZ-NTS 40
I9/10VS8  sirdrop NZ-NTS <0001
2NIVSS  airdrop NZ-NTS 440
/10058 mirdrop NZ-NTS 2
21058 mirdrop NZNTS 2800
IS airdrop NZL-NTS 1000
ISNWSE  airdrop NZ-NTS 190
25/1W58  airdrop NZ-NTS <Dl
OIf11I58  air Kapust Yur 10 MTR
OXNII/58  adr Kapust. Yar (1] MTR
01096]  mirdrop S-NTS 16
04096]  airdrop S-NTS 9
05/09/6]  airdrop S-NTS 16
06/09/61  awrdrop S-NTS L1
OB/096|  air Kapust. Yiur I MTR
0909761  ground S-NTS 0.38
10W0961  sirdrop S-NTS 2700
1009161 mirdrop S-NTS 12
10V0%6]  airdrop S-NTS 088
110961  airdrop NLNTS 030
1208/6]1  ardrop NZ-NTS 1150
13/09/6]  airdrop NZ-NTS &
1300961  airdrop 5:-NTS 0.001-20
14/09%6]  ground 5-NTS n4
14961 airdrop NZ-NTS 1200
160961  airdrop NZ-NTS 830
17/09/61  airdrop SNTS 20-15%0
180981  airdrop NZ-NTS 1000
18/09/8]  ground §-NTS 0,004
1809461  airdrop S-NTS 078
19/0%/61  ground 5NTS5 0.03

contimics overleaf



260 NUCLEAR TEST EXPLOSIONS

Table AS continued.
Date Type Location Energy (kt) Notes
0/M09/61  airdrop §-NTS 48
20i09fal pirdrop NZ-NTS 1501500
210961 airdrop 5-NTS 0.
2M09i61  airdrop NZ-NTS 260
26MRI61 airdrop 5-NTS 12
OL10/61 airdrop 5-NTS 3
021061 mirdrop NZ-NTS 250
0410061 airdrop S5-NTS 13
0410/61 airdrop MNE-NTS 1300 10000
0610061 airdrop MNE-NTS 4000
0616l air Kapust.Yar 40 MTR
0810061 airdrop NE-NTS 15
11061 uaderground S-WNTS | First Soviet tunnel V-1 underground
test
121061 airdrop 5-NTS 15
171061 airdrop S-NTS 6.6
19/ 10/6] airdrop S-NTS 0.001-20
20010061 sirdrop NZ-MNTS 1450
2371061 underwater NZ-NTS 48
23/10/61  mirdrop NZ-NTS 12500
2310/61 airdrop NZ-NTS 300
231061 tirdrop 5-NTS 0.50
2710061 water surface  NZ-NTS 16
27061 space Kapust.Yar 1.2 First Soviet space explosion
ITIHG]  space Kapust Yar 1.2
IWINGL  airdrop NZ-NTS 50 000 Highest yield Soviet test
310v61 airdrop S-NTS 0.09
AVI61  airdrop NZ-NTS 3000
3/val airdrop NZ-NTS 150—1300
0u11/61 airdrop 5-NTS 27
0211461 airdrop 5-NTS 120
0211161 airdrop NE-NTS 280
021161 girdrop S-KTS L6
0311161 ground 5-NTS <0001
0311461 girdrop S.NTS 0g
04/11/61  airdrop 5-NTS 15
0411161 airdrop MNL-NTS 1501500
0411761 airdrop NZ-NTS ]
04/11/61  ground 5-NTS 0.2
020262  underground S-NTS 0.001-20
010862  airdrop S-NTS 24
0308/62  airdrop S-NTS 1.6
0408/62  airdrop S-KTS 38
050862 airdrop NZ-NTS 21 100
070862  ground SNTS 9.9
L0862 airdrop NZ-NTS 1501500
1840862  airdrop S-NTS 74
18/08/62  airdrop S-NTS 58
2M08/62  airdrop WZ-NTS 2800
21/08/62  airdrop 5-NTS 20-130
22108/62  airdrop NZ-NTS 1600
22862 water surface NZ-NTS ]

2208/62  airdrop 5-NTS 3



APPENDIX: TYPES AND LIST OF TESTS 261

230862 airdrop §-NTS 2.5
25/08/62  pirdrop NZ-NTS 130010 000
2500662 airdrop 3-NTS 0,001 -20
27/08/62  airdrop NZ-NTS 4200
2TIEBY  airdrop 5-NTS 11
/08162 airdrop S-NTS 27
020%/62  airdrop NZ-NTS B0
08/09/62  airdrop NZ-NTS 1900
15562 airdrop MNZ-NTS 3100
160962 airdrop NZ-NTS 3250
18/09/62  airdrop NZ-NTS 1350
19/09/62  airdrop NZ-NTS 150010000
21/02f62  airdrop MNZ-NTS 2400
2M0P62  ground S-NTS 021
24/09/62  airdrop S-NTS 1.2
25062 ground 5-NTS 7
250962 mirdrop MNZ-NTS 19 104}
270962 airdrop NEI-NTS  =10000
280962 airdrop S-NTS 13
07/10f62  airdrop MNZ-NTS 320
B 10f62  airdrop 5-NTS B

0o 10/62  airdrop NZ-NTS 15
10/10/62  airdrop S-NTS 9.2
13110/62  airdrop 5-NTS 4.8
141062 airdrop S-NTS 0.001-20
2010/62  airdrop 5-NTS 6.7
2i0f%e2  airdrop NZ-NTS 8200
2NI0NG2 space Kapust.Yar 300
27710062 airdrop NZ-NTS 260
W62 airdrop S-NTS 7.8
RI0M62 space Kapust.Yar 300
2EM062  airdrop S-NTS 73
29/10662  aicdrop NZ-NTS 360
VIM62 ground 5-NTS 1.2
HW1M62  airdrop NL-NTS 280
VW62 airdrop 5-NTS 10
01/11/62  airdrop S.NTS 3
01f11/62  airdrop NZ-NTS 240
01711562 space Kapust. Yar 300
¥11f62  airdrop NZL-NTS 350
0311/62  airdrop NINTS 45
031162 airdrop 5-NTS 4.7
04/11/62  airdrop S-NTS B4
05/11/62  ground 5-NTS 04
11711762 ground 5.NTS 0l
1311/62  ground S-NTS =001
411762 airdrop S-NTS 12
17711/62  airdrop 5-NTS 18
M11/62 ground S-NTS =(.001
26f11/62  ground 5.NTS 031
011262 airdrop S5-NTS 24
18/12/62  airdrop NZ-NTS 110
I8/12/62  airdrop NZ-INTS 69
1262 airdrop NZ-NTS 8.3
2M12/62 airdrop NZ-NTS 63
2312/62  airdrop NZ-NTS 430

continues overleal’
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Table AS continued.

Dae Tyvpe Location Energy (ki) Motes

231262 airdrop NZ-NTS 8.3

2312462 airdrop NZ-NTS 14

2312462  ground S-NTS <{L0K]

24/1262  ground S-NTS 0.007

231262 ground S-NTS 0,028

24/1262  airdrop NZ-NTS 1100

241262 airdrop NZ-NTS 24 200

251262  airdrop NZ-NTS 3100

251262 airdrop NEZ-NTS B3 Last Soviet air test
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Absolute risk model: Assumes that the radiation-induced cancer nisk 15 independent of
spontancous rie but only a direct function of the radiation dose.

Absorbed dose: Quantity of energy deposited from incident radiation per umit mass of
absorber. The SI unit s the Gray. symbol Gy. | Gy = 1 joule per kz.

Actinides: Series of 15 clements in Group LA of the Periodic Table with atomic
numbers 8% (actimium) to 103 (lawrencium) and inclodme uranium and the
transuranics.

Activation: Induction of radicactivity in a stable clement by irradiation, nsually by
neutrons.

Activation product: Radionuclide generated by the irradiation of a stable nuclide.

Activity: The intensity or strength of a radioactive source: the number of atoms
disintegrating per unit time and emiiting detectable radiation. regardless of source mass.
The S1 unit is the Becquerel, symbol By

| Bq = | disintegration per second
The earlier unit was the Curie, symbaol Ci

1 Ci=37x%10"Bg

Activity median aerodynamic dismeter (AMAD): The diameter of a unit-density sphere
with the same terminal settling velocity in uir as that of the aerosol particle whose
activity is the median for the entire aerosol.

Adsorption: Uptake of & substance by physical or chemical reaction on the accessible
surface of a solid or at a liguid interface.

Aerosol: Solid or liquid particles suspended in a gas.

Alpha particle: Doubly positively-charged particle. an “He nucleus comprising two
prolons plus two neutrons, emitted during the decay of some radionchides.

Atom: The smallest unit of an element. comprising 2 positive nucleus with orbiting
electrons.

m-mmmo{mIMmmmumPlesdlmdeﬁmdummﬂﬁhdth
mass of the oucleas of an isotope of carbon, '*C. The mass of a single proton or neutron
thus approxmmates 10 this unit. Hence the atomic mass of 2n sotope of any clement i

approximaiely equal to the total number of protons and pewiroms in the nucleus,
symbol A

Atomic number- The number of protons in the nucleus of 2n atom. Symbol Z_
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Becquerel: The SI unit of radioactivity, symbol Bg.
| Bg = 1 disintegration per second on average
For multiple unils see Table in appendix.

Beta particle: An elementary charged particle emitted during the decay of many
radioisctopes. When the isotope 15 on the neutron-rich side of the line of stability. the
particle is the negative electron, If on the proton-rich side, the particle is of identical
mass and charge but positive, known as the positron.

Biological cycling: General 1erm covering biologically-mediated transformations and
pathways,

Biological half-life: The time in which a biological system eliminates by natural
processes half the amount of u foreign substance that has entered, This does not include
the spontaneous decay of the foreign substance, such as a radionuclide, for which see
under “Effective half-life”.

Biota: The flora and fauna of a given region.

Case-control study: A method of epidemiological study comparing the background and
life-styles of confirmed cases with those of closely-comparable control subjects not
having the given health problem.

Cluster: The elevated numerical incidence of a given morbidity within a defined
geographical area.

Coefficient of variation; The standard deviation divided by the value of the parameter
considered,

Cohort: A group of subjects of the same relevant category (age sector, gender, specific
background, etc., as required) studied progressively over time.

Cohort study: Epidemiological study comparing exposures in a given cohort with
morbidity incidence.

Collective dose: The product of the average individual dose in 4 population group and of
the size of that population group.

Collective dose commitment: The integral over infinite time of the collective dose rates
delivered to the world’s population as & result of a specific practice (in this case, the
nuclear weapons tests). The actual radiation exposures may occur over many vears after
the explosions have taken pluce and may be recetved by individuals not yet born at the
time of the explosions.

Collective effective dose: Product of the mean effective dose to a group or population
from a given source and the number of individuals in the group. The unit is the person-
sievert. (Definition in agreement with UNSCEAR, 1993,

Committed equivalent dose: Integral or equivalent dose-rate in a given tissue or organ
over time following an intake of radipactive material. Definition in agreement with
European Union.

Concentration factor: Ratio of element or nuclide in a specific organ or tissue of the
consumer (o that in what was consumed, or to that in the environmental medium.

Critical group: Sub-group of the public most affected by a given release of radioactivity.
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Curie: The earlier non-S1 unit of radicactivity, symbol Ci.
1 Ci = 3.7 = 10'° disintegrations per second,

Daughter: Siable or radicactive nuclide resulting from the decay of a parent radio-
nuclide, sometimes down a chain of radicactivity daughters.

Decay: The transformation of a radionuclide, usually by the emission of radiation, into
a more stable nuclide, sometimes via less-stable intermediate daughters.

Decay constant: That fraction of a given initial number of atoms of a radicactive nuclide
which decays in unit time.

Decay-corrected fallont: Measured contamination corrected for radicactive decay 1o
give activities at time of initial fallout.

Decay product: A nuclide, radioactive or stable, resulting {rom the decay of a radio-
nuclide. See under “Daughter™.

Decontamination: The removal or “clean-up’ of radioactivity.

Deposition velocity: The ratio of the activity deposited per unit surface area per second
to the activity per unit volume of air in contact.

Deterministic health effect: Non-stochastic effects. Human health consequences whose
occurrence and severity are a direct [unction of radiation dose, sometimes above a
threshold.

Disintegration: See ‘Decay’,

DNA: Deoxyribonucleic acid, macromolecules in the cell nucleus carrying all genetic
information.

Dose: A general term denoting the quantity of radiation or energy absorbed per unit of
mass, For special purposes, it must be appropriately qualified, If ungualified, it refers to
absorbed dose. The unit of absorbed dose used in the traditional system of units is the
rad (1 rad = 100 erg g "). In the Sl system of units, the unit of absorbed dose is the gray
(Gy). One Gy = 100 rad = 1 J kg .

Dose commitment: The integral over infinite time of the effective doses delivered to the
world’s population by specific events or practices (UNSCEAR., 1993),

Duose rate: Absorbed dose per unit time.

Ecosystem: An environmental unit. including all relevant physical features and all living
organisms which lunction within it.

Effective dose: The sum of the equivalent doses in all tissues and organs of the body.
weighted by their radiosensitivity defined by a Quality Factor. The unit is the Sievert,
symbol Sv, which since the Quality Factor is dimensionless, can be defined in S1 units: |
Sievert = | Joule per kilogram.

Effective half-life: The time in which a radionuclide within a biological system is reduced
1o half its activity by the combined action of radicactive decay and biological
elimination.

Electron: An elementary particle with a unit negative electrical charge and a mass 1/1837
that of the proton. Electrons surround the positively charged nucleus and determine the
chemical properties of the atom.
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Electron-volt: A unit of energy equal to the energy gained by an electron accelerating
through a potential difference of one volt, Symbol eV, 1 eV = L6x 107" erg. For
multiple units see appendix.

Element: Substance comprising only atoms of the same atomic number.
Enrichment: The process of increasing the proportion of a chosen isotope of an element,
Epilation: Loss ol hair.

Equivalent dose: The product of the absorbed dose m the tissue considered and of the
radiation weighting factor of the radiation that causes the absorbed dose. Because the
radiation weighting factor is dimensionless, the unit for equivalent dose is the same as
that for absorbed dose. ] kg~'. However, the unit for equivalent dose has a special
name: the sievert (Sv). Since the radiations that are considered in this report are the beta
and gamma radiation, for which the radiation weighting factors are taken to be equal 1o
one, the numerical value of the equivalent doses estimated in this report, expressed in
sieverts, are the same as those of the absorbed doses, expressed in grays.

Exposure: A measure of the ionisation generated by gamma or X-radiation. The SI unit
of exposure is the coulomb per kilogram, C kg™'. The earlier unit, used in places in this
report, is the Roentgen, symbol R, defined as 1 e.s.u. of ions of each sign generated per
cm’ of air at otp.

1 R = 83.8 ergs absorbed per gram of air at ntp.
Hence 1R =238 = 10 coulombs per kilogram.
and Il R =873 x 1077 Gray

| Gray = approximately 115 Roentgen.

Exposure route: The pathway by which a radionuclide irradiates a biological system.
The main human external exposure routes are radiation from a cloud or a ground
deposit. The main internal exposure routes are by inhalation, ingestion, absorbtion
through skin or entry through cut or wound.

External dose: Dose [rom sources of ionizing radiaton located outside the body.

Fallout; The radioactive debris from a nuclear detonation deposited on the ground from
an airborne cloud. Can be local, regional or global.

Fission: The excensrgetic break-up of the nucleus of an atom into two or more smaller
nuclei. It may be spontaneous or follow the absorbtion of an emergetic particle, usoally
a meutromn, e.g.!

U + ‘o= "Mo + "La + 2'n + 200 MeV

Fission vield: The percentage of fissions leading to a particular nuclide by direct
formation or by decay of precursors.

Fission product: Nuclides (radicactive or stable) resulting from fission. directly or by the
subsequent decay of primary fission fragments,

Fusion: The forming of a single atomic nucleus from two light nuclei, with the release of
ENergy e.g.

H+H="He+'n+ 176 MeV
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Gamma radiation: Photon of high-energy electromagnetic radiation (wavelength of less
than 0.01 nm) emitted in some radioactive decay processes and causing ionisation,

Genetic effects: Viable mutants of genomes that can be transmitted from parent to
oflfspring.

Gray: The unit of absorbed dose in the SI system. symbol Gy. 1 Gy = 1 Joule per kg
Half-life: Time in which half the nuclei of a given radicisotope disintegrate,

Health detriment: An estimate of the reduction of length and quality of life after
exposure o jonising radiation.

Health registry: A data base for morbidity and mortality rates in ¢ohorts or popu-
lations,

Hot particles: Radioactive fallout particles of a few microns or less in dimensions but
with activities up to several orders of magnitude higher than the generality of fallout.

Incidence: Frequency of events. e.g. the development of cancer in a population.
Internal dose: Dose to internal organs and tissues from radioactivity inside the body,

lonisation: The adding or removing of electron(s) from a neutral atom or molecule to
form an ion.

Irradiation: Exposure of matter to ionising radiation.

Isotope: Nuclide of a given chemical element which while having the same number of
protons, Z. in its nucleus has a different number of neutrons. N. and hence a different
alomic mass, A.

Lanthanides: A series of 15 elements in Group HIA of the Periodic Table with atomic
numbers 57 (lanthanum) to 71 (lutetium). Also known as the ‘rare earths’.

Leaching: Removal of the soluble component of a porous solid by the permeation of
WALET.

Mass number: Total number of protons plus neutrons in the nucleus of 4 given atom.
Symbol A.

Muolecule: The smallest particle of & compound capahle of independent existence while
retaining its chemical properties.

MNatural radiation: lonising radiation in the environment from naturally-occurring
radicactive elements and cosmic rays. In the non-ionising context, infra-red, ultra-
violel, solar, ete.

MNeotron: Uncharged elementary particle of approximately unit atomic mass.
Mucleus; The positivelv-charged core of an atom, composed to protons and neutrons.

MNuclide: The isotopes of all elements, each characterized by its number of protons, Z,
and the sum of its protons and neutrons, A, (Sometimes, in addition, by the energy slate
of the nucleus.) A distinct nuclide, even if an unstable isomer, must be capable of
existing for a measureable time.

Parent radionuelide; A radionuclide which vields a daughter nuclide on disintegration.

Person-sievert: A unit of collective dose obtained by multplyving the average effective
equivalent dose by the number of people exposed.
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Plowshare; Name given to nuclear tests carried out in the USA that were intended for
civilian purposes.

Plutonium: A transuranic chemical element of the actinide series in Group [1IA of the
Periedic Table, atomic number 94,

Proton: Positively-charged elementary particle of approiimately unil atomic mass.

Quality factor: Factor to take account of the different degrees of damage 1o tissues and
organs by different types and energies of radiation,

Rad: Earlicr non-SI unit of absorbed dose. | rad = 100 erg g=' = 0,01 J kg™ ! = (.01
Gray.
Radioactive decay: Spontansous disintegration of the nueleus of o radionuclide.

Radioactive equilibrium: The establishment of a radionuclide parent-daughter equi-
librium in which the activity of the daughter is exactly equal to that of the parent,

Radioactivity: Emission of particles or electromagnetic radiation from the nuclei of
unstable atoms in their allempis to altain stability.

Radiobiology: The study of the involvement, use or conseguences of radioactivity in
biological systems,

Radionuclide: An unstable noclide which emits energy (gamma rays) or electric charge
{beta rays) or matter (alpha particles) in order to attain greater stability, sometimes via
a chain of less-stable daughters.

Rainout: The removal of acrosols from the atmosphere by rain.

Relative risk: Assumes that radiation-induced cancer risk is proportional to
spontaneous rate, Le. increasing considerably with age; fits risk for solid tumours in
the survivors of Hiroshima/Nagasaki quite well.

Rem: Earlier non-81 unit of equivalent radiation dose. The produce of the absorbed
dose in rads and the Quality Factor of the radiation. | rem = 0,01 sievert.

Resuspension factor: The ratio of the concentration factor of a radionuclide in air to the
ground surface contamination from which the airborne activity arises,

Risk coefficient: The statistical probability that a paricular stochastic effect will cccur
per unit dose; depending on a wide range of factors.

Roentgen: The carhier unit of jomsation by X-rays or gamma, used in places in this
report. Symbol R. Defined as the X-ray or gamma beam which will generate one
electrostatic unit of ions of each sign per cm” of air at ntp. The unit relies on the
uncertain determination of air ionisation energies and for this reason the Roentgen is
now generally replaced by an 81 unit of absorbed radiation dose, the coulomb per
kilogram.

I B = 83,8 ergs absorbed per gram of air at ntp.
Hence 1 R = 258 = 107 coulombs per kilogram.
and 1 R = 8.73 = 107F Gray

| Gray = approximately 115 Roentgen.

Sievert: The unit of equivalent radiation dose, symbol Sv, The product of the absorbed
dose in Grays and the Quality Factor of the radiation. Although strictly not an 31 unit,
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the Sievert can be defined in SI units since the Quality Factor is dimensionless: 1 Sv = |
joule per kilogram.

SI wmits: Sysiéme Internationale. The agreed system of scizniific units based primaniy
on the kilogram, metre. second. ampere. kelvin, mole and candela.

Skin burns: Acute skin reaction 1o ionizing radiation, may lead 10 local destruction of
Somatic change: Change occurring in biological tissue other than the germ cells.
Sorption: A general term for the processes of adsorption. absorption and persorption.
Spent foel: Nuclear reactor fuel in which neutron-absorbing fission products have
accumulated sufficiently to inhibit the chain reaction.

Stochastic: Pertaining to random variables.

Stochastic health effect: Effects whose probability of occurrence in an exposed popu-
Iation is & direct function of dose. These effects ure commonly regarded as having no

threshold, Hereditary effects and some somatic effects, especially carcinogenesis, are
regarded as being stochastic (see also 7.2,2),

Teratogenic: Inducing defects in a developing embryo or foetus.
Transuranic: Chemical elements with atomic numbers above uranium, **U,

Tritium: A hydrogen isotope, *H, with a nucleus of one proton and two neutrons.
Radioactive, with half-lifc of 12.4 vears,

Tritium ratio, TR: A unil tritium concentration of one “H atom in 10™ atoms of 'H.
giving an activity of 0.118 Bg per ke of water.

Uncertainty: The range of values within which the true value is estimated to lic. tis a
best assessment of the range of possible inaccuracies from both random and systematic

X-radiation: Electromagnetic radiation of a wavelength from 10nm (“soft”™ X-rays)
dnunlnﬂ.ﬂlnm{“hr:f“]{-nn}.mmdmthcndmcmedﬁm of some nuclei. (See

Yield (energy yield): The total energy released in a nuclear explosion. Usually expressed
as the tonnage of TNT which would generate the same energy. | kiloton of TNT is
taken to release 10™ calories, corresponding to the complete fission of approximately 57
g of Z*U or 58 g of **Pu.



Radiation Units

(After: Warner, F. E. and Harrison, R. M. (1993) Radivecology after Chernobyl, John
Wiley & Sons Ltd. Chichester.)

Quantity S1 unit Symbol MNon-51 unit  Symbaol Conversion
Activity becquerel  Bg curie Ci 1Bg=27x10""'Ci
Absorbed dose  gray Gy rad rad 1 Gy = 10 rad
Dose equivalent  sievert Sv rem rem | 8v= 100 rem

Metric Multiples and Sub-multiples

In the metric system of weights and measures, designations of multiples and sub-
divisions of any unit may be armved at by combining with the name of the unit the
following prefixes:

E (exa). meaning 10'® m (milli}, meaning 10}
P (peta). meaning 10 i (micro). meaning 1078
T (tera), meaning 102 n (nano), meaning 1077
G (giga). meaning 10° p (pico), meaning 10-'2
M (mega), meaning 10° f (femto). meaning 10-"
k (kilo). mcaning 10" a (atto). meaning 10"
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Funds to meet SCOPE expenses are provided by contributions from SCOPE Committees, an
annual subvention from ICSU (and through ICSU, from UNESCO), an annual subvention
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