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FOREWORD

Following the Chernobyl accident and on the recommendation of the International Nuclear
Safety Advisory Group (INSAG) in its Summary Report on the Post-Accident Review Meeting on the
Chernobyl Accident (Safety Series No. 75-INSAG-l, IAEA, Vienna, 1986), the IAEA established a
Co-ordinated Research Programme on "The Validation of Models for the Transfer of Radionuclides
in Terrestrial, Urban and Aquatic Environments and the Acquisition of Data for that Purpose". The
programme seeks to use the information on the environmental behaviour of radionuclides which
became available as a result of the measurement programmes instituted in the former Soviet Union
and in many European countries after April 1986 for the purpose of testing the reliability of
assessment models. Such models find application in assessing the radiological impact of all parts of
the nuclear fuel cycle. They are used at the planning and design stage to predict the radiological
impact of planned nuclear facilities, in assessing the possible consequences of accidents involving
releases of radioactive material to the environment and in establishing criteria for the implementation
of countermeasures. In the operational phase they are used together with the results of environmental
monitoring to demonstrate compliance with regulatory requirements regarding release limitation.
The programme, which has the short title "Validation of Environmental Model Predictions"
(VAMP), was started in 1988; it is jointly sponsored by the Division of Nuclear Fuel Cycle and
Waste Management and the Division of Nuclear Safety and is also supported by the Commission of
the European Communities.
At the VAMP Research Co-ordination meeting in July 1993 a special one-day plenary session
was held on the topic "Recent and ongoing environmental impact assessment studies". The collection
of papers presented in the session is rather unique, reflecting the availability of new information from
the environments of former weapons test sites worldwide and also the current concern to evaluate the
radiological impact of events surrounding the early days of nuclear weapons production and testing.
Papers in the session also addressed the reconstruction of radiation doses received in the early phase
of the releases from Chernobyl and assessment of the impact of marine dumping of radioactive
wastes. This report is a compilation of papers presented during the July 1993 Special Plenary Session.

Other reports issued under the VAMP programme are:
Modelling of Resuspension, Seasonality and Losses during Food Processing. First Report of
the VAMP Terrestrial Working Group, IAEA-TECDOC-647 (1992).
Modelling the Deposition of Airborne Radionuclides into the Urban Environment. First Report
of the VAMP Urban Working Group, IAEA-TECDOC-760 (1994).

EDITORIAL NOTE
In preparing this document for press, staff of the IAEA have made up the pages from the
original manuscripts as submitted by the authors. The views expressed do not necessarily reflect those
of the governments of the nominating Member States or of the nominating organizations.
The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an
endorsement or recommendation on the part of the IAEA.
The authors are responsible for having obtained the necessary permission for the IAEA to
reproduce, translate or use material from sources already protected by copyrights.
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INTRODUCTION

The VAMP plenary session held in July 1993 was intended to bring together some of the
scientists currently involved in studies aimed at assessing the radiological impact of past events
concerned with weapons production and testing and with other events, some accidental and others
deliberate, which have resulted in the contamination of the environment. In recent years there has
been an increase in studies of this type. There are several reasons for this. Firstly, there is an
increased awareness among the members of the public who have been potentially affected by the past
releases or by the resulting contaminated environments. This has resulted in political pressure being
brought to bear for investigations to be carried out of the potential health impacts. Secondly,
information on the detailed nature of the events, many of which were formerly secret, has only
become common knowledge in recent years as a result of a dramatic improvement in international
relations. Finally, there is interest, in some situations, in obtaining radiological data from these
events for use in epidemiological studies. The interest from the standpoint of the VAMP study is in
the use which has been made of mathematical models in the assessment studies and in the efforts to
have such models validated and so to demonstrate that the associated results are reliable.

The studies presented in this report can be categorised as follows:
Environments
Environments
Environments
Environments

of weapons testing sites.
of weapons production facilities.
affected by fallout from nuclear accidents.
affected by radioactive waste disposal activities.

In the first category four papers cover nuclear weapons test sites of the USA (Pacific Islands
test sites), of the former USSR (Semipalatinsk) and of the UK (Maralinga/Emu). In the second
category two papers discuss the ongoing studies in the environments of weapons facilities in the USA.
Studies of radiological impact assessment in environments affected by the Chernobyl release are
reported in four papers. Finally a study aimed at evaluating the potential impact of the dumping of
high level radioactive waste in the Arctic Seas is reported.
The objectives of the studies vary although most have the common element of radiological
assessment by means of mathematical modelling. The objectives can be listed as follows:
To evaluate the risks to health in the exposed population;
To provide radiation dose estimates in the exposed population for use in epidemiological
studies;
To evaluate the risks posed by the environmental contamination as an input to decisions on
remedial actions.
The studies do not fall neatly into the above categories; some have more than one objective.
The studies in the vicinity of the Maralinga/Emu and Pacific Islands test sites were primarily intended
to assist in decisions on remediation or on the acceptability or otherwise of land areas for habitation.
The assessments related to the Semipalatinsk test site, the Hanford facility and the other US nuclear
weapons facilities are being conducted in order to evaluate the risk to the local populations. In the
case of some of the US sites, the risk estimates may be used to help establish whether compensation
to affected persons is justified. The assessment study concerned with the waste dumped in the Arctic
Seas is intended to evaluate the possible future risks to various population groups but it also aims to
determine whether or not remedial measures for the wastes can be justified on technical grounds.
Three of the Chernobyl studies are directed towards the retrospective evaluation of thyroid radiation
doses in the early period after the accident occurred when comparatively few relevant measurements
were made. In some cases the work is being conducted as an input to long term epidemiological
studies. Two papers describe programmes aimed at understanding the ecology of radionuclides in the
environments of Chernobyl; measures to assist in the remediation of contaminated areas are also
discussed in one of the papers.

Most of the studies involve some kind of retrospective analysis using modelling techniques.
In most of the cases considered, few data were collected at the time of the event(s), either because
the potential health problems were not properly appreciated at the time and/or because dosimetric
techniques were inadequate. In the case of the Chernobyl accident, there was usually insufficient time
and resources to carry out proper surveys of affected populations. In many of the studies, it is
important for the dose estimates to be validated and therefore, wherever possible, a variety of
independent techniques for dose assessment have been employed.
Some of the studies are still in progress and may take several years to complete. In addition,
other studies are going on in various parts of the world which were not reported at the VAMP
session. New studies may be expected to begin as access to former military sites becomes possible.
Thus, a complete picture of the world's major contaminated sites and of the associated impact on
human populations may not be available for many years.
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ASSESSMENTS IN THE VICINITY OF
NUCLEAR WEAPONS TEST SITES

A DOSE ASSESSMENT FOR A
US NUCLEAR TEST SITE - BIKINI ATOLL
W.L. ROBISON, K.T. BOGEN, C.L. CONRADO
Lawrence Livermore National Laboratory,
Livermore, California,
United States of America
Abstract
On March 1, 1954, a nuclear weapon test, code-named BRAVO, conducted at Bikini Atoll in the
northern Marshall Islands contaminated the major residence island. There has been a continuing effort

since 1977 to refine dose assessments for resettlement options at Bikini Atoll. Here we provide a
radiological dose assessment for the main residence island, Bikini, using extensive radionuclide
concentration data derived from analysis of food crops, ground water, cistern water, fish and other
marine species, animals, air, and soil collected at Bikini Island as part of our continuing research and
monitoring program that began in 1975. The unique composition of coral soil greatly alters the relative
contribution of cesium-137 (l37Cs) and strontium-90 (90Sr) to the total estimated dose relative to

expectations based on North American and European soils. Cesium-137 produces 96% of the estimated
dose for returning residents, mostly through uptake from the soil to terrestrial food crops but also from
external gamma exposure. The doses are calculated assuming a resettlement date of 1996. The
estimated maximum annual effective dose is 4.4 mSv y1 when imported foods, which are now an
established part of the diet, are available. The 30-, 50-, and 70-y integral effective doses are 10 cSv, 14
cSv, and 16 cSv, respectively. An analysis of interindividual variability in 0- to 30-y expected integral
dose indicates that 95% of Bikini residents would have expected doses within a factor of 3.4 above and
4.8 below the population-average value. A corresponding uncertainty analysis showed that after about
5 y of residence, the 95% confidence limits on population-average dose would be ±35% of its expected

value. We have evaluated various countermeasures to reduce 137Cs in food crops. Treatment with
potaséium reduces the uptake of 137Cs into food crops, and therefore the ingestion dose, to less than 10%

of pretreatment levels and has essentially no negative environmental consequencs.

1. INTRODUCTION
Bikini Atoll was one of the two sites in the northern Marshall Islands that was used by the United
States as testing grounds for the nuclear weapons program. Twenty-three nuclear tests were conducted
from 1946 to 1958. The BRAVO test, on March 1, 1954, had an explosive yield that greatly exceeded
expectations, with the result that heavy fallout was experienced at Bikini Island and atolls east of
Bikini Atoll. The Bikini people, since their initial relocation to Rongerik Island in 1946, have had a
continuing desire to return to their homeland. In 1969 a general cleanup of debris and buildings as well
as the planting of coconut, breadfruit, Pandanus, papaya, and banana trees began at Bikini Atoll. After
a preliminary survey in 1970 Bikini families moved back to Bikini Island.
A radiological survey was conducted in 1975, but few samples of locally grown food crops were
available to confidently establish the radionuclide concentrations on Bikini Island to reliably estimate
the dose; predictions based on the preliminary data indicated that when food crops matured the body
burden of 137Cs and resulting doses would exceed federal guidelines. In 1978, when the coconuts started
producing fruits, whole body counting revealed that 137Cs body burdens in the people on Bikini were
well above the U.S. recommended level. Consequently, in August 1978 Trust Territory officials arrived
at Bikini Island and relocated the people to Kili Island.
A preliminary dose assessment of Bikini Island in 1982, and an earlier dose assessment of Enewetak
Atoll, indicated that the most significant potential exposure pathway to the contaminated atolls was
the terrestrial food chain [1, 2]. Nearly 95% of the estimated effective dose at Bikini Island results
from 137Cs; 90% of the total dose from 137Cs arises from ingestion of 137Cs in terrestrial foods, with the
remainder coming from external gamma exposure. We have developed an extensive data base for !37Cs,
9
°Sr,plutonium-239+240 (239+240pu/) and americium-241 (241 Am) concentration in the atoll ecosystem
through the sampling of soil, vegetation, animal, ground water, cistern water and marine species in an
effort to refine dose assessments for resettlement options at Bikini Atoll. In this report we present the
most recent dose estimates, uncertainty in the estimates, and countermeasures designed to reduce the
dose to people resettling Bikini Island.
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2. EXPOSURE PATHWAYS
The radiological dose to inhabitants at the atoll occurs from both external and internal exposure.
Each of these two categories can be broken down further into the following exposure pathways: (1)
External Exposure: natural background radiation; nuclear test-related radiation, (2) Internal Exposure:
natural background radiation; nuclear test-related radiation — radionuclides in terrestrial foods,
marine foods, drinking water and radionuclides inhaled.
The external natural background radiation in the northern Marshall Island Atolls is 3.5 uR h-l or
0.22 mSv y-1 [3] due to cosmic radiation; the external background dose due to terrestrial radiation is very
low in the Marshall Islands. The internal equivalent dose is about 2.2 mSv y1 for natural occurring
radionuclides such as Potassium-40 (4°K), Polonium-210 (2lopo), andLead-210 (2iOpb) that result from
consumption of local and imported foods. The natural background dose is not included in the doses
presented in the paper unless specifically stated.
3. DATA BASES

3.1 External Exposusre Measurements
The external exposure rates at Bikini Atoll were measured by EG&G as part of the aerial survey
conducted in the 1978 Northern Marshall Islands Radiological Survey (NMIRS) [4]. The average
exposure rate on Bikini Island as measured by EG&G in 1978 was abour 31 |iR h-i. In 1986 and 1988
additional external gamma measurements were made of 137Cs and cobalt-60 (SOCo) inside and outside
houses and other buildings, and around the village area; crushed coral placed around the buildings
provides sheilding in addition to the buildings. Measurements at Bikini Island indicate that the
average exposure inside the houses is about 2.1 uR h-l while in the immediate area around the houses it
is 11 |jRh-i.

3.2 External Beta-Particle Exposure
The unshielded beta contribution to the external dose was estimated at Enewetak Atoll in 1980 [5].
More recent studies at Bikini Atoll using new, thinner thermoluminescent dosimeters (TLDs) indicate
that the dose over open ground at 1-cm height is about three times that of 1-m height [6]. Thus, the
unshielded beta dose at 1-cm on Bikini Island could be equal to or slightly greater than the external
gamma dose. However, for a significant part of the day the eyes, upper body, and gonads are at 0.8 m or
more in height above the ground surface. The walls and floors of the houses and the crushed coral
customarily put around houses and the village area absorb most of the beta radiation. In addition, any
clothing, shoes, zories, Pandanus mats, or other coverings also greatly reduce exposure to beta radiation.

3.3 Airborne Radionuclide Concentrations
Airborne concentrations of 239+240 pu and 241 Am are estimated from data development in resuspension
experiments conducted at Enewetak Atoll in 1977, Bikini Atoll in 1978, and Rongelap Atoll in 1991. We
briefly describe the resuspension methodology here; more detail can be found in Shinn et al.[7]. Four
simultaneous experiments were conducted: (1) a characterization of the normal (background) suspended
aerosols and the contributions of sea spray off the windward beach leeward across the island, (2) a
study of resuspension of radionuclides from a field purposely laid bare by bulldozers as a worst-case
condition, (3) a study of resuspension of radioactive particles by vehicular and foot traffic, and (4) a
study of personal inhalation exposure using small air samplers carried by volunteers during daily
routines. The "normal" or "background" mass loading (the mass of solid material per unit volume of air)
measured by gravimetric methods for the atolls is approximately 55 ug nv3. The data from the Bikini
experiments indicate that 34 ug nr3 of this total is due to sea salt that is present across the entire island
as a result of ocean, reef, and wind actions. The mass loading due to terrestrial origins is, therefore,
about 21 jig nr3. The highest terrestrial mass loading observed was 136 |ig nr3 immediately after
bulldozing.
Concentrations of 239+240pu were determined for collected aerosols (1) for normal ground cover and
conditions in coconut groves, (2) for high-activity conditions, i.e., areas being cleared by bulldozers and
being tilled, and (3) for stabilized bare soil, i.e., cleared areas after a few days' weathering. The
plutonium concentration in the collected aerosols changes with respect to the plutonium concentration in
surface soil for each of these situations. We have defined an enhancement factor (EF) as the 239+240pu
concentration in the collected soil-aerosol mass divided by the 239+240pu surface-soil (0- to 5-cm)
concentration. The EF of less than 1 (EF <1) for the normal, open-air conditions is apparently the result
of selective particle resuspension in which the resuspended particles have a different plutonium
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concentration than is observed in the total 0- to 5-cm soil sample. Similarly, the enhancement factor of

3 for high-resuspension conditions results from the increased resuspension of particle sizes with a
higher plutonium concentration than observed in the total 0- to 5-cm soil sample.
We have developed additional personal-enhancement factors (PEF) from personal air-sampler
data. These data represent the enhancement that occurs around individuals due to their daily
activities. The total enhancement factor used to estimate the amount of suspended plutonium is the EF
multiplied by the PEF. Consequently, the total enhancement factor (TEF) used for normal resuspension
conditions is 1.5 (0.82 x 1.9) and for high-resuspension conditions is 2.9 (3.1 x 0.92).
To calculate inhalation exposure, we assume that a person spends l h d"1 in high-resuspension
conditions, 23 h d-1 under normal resuspension conditions and has a breathing rate of 23 m3 per day
(1.2 m3 under high-resuspension conditions and 21.8 m3 under normal-resuspension conditions). The
radionuclide concentrations in surface soil (0- to 5-cm) for Bikini Island complete the information
necessary for calculation of plutonium and americium intake through inhalation.

3.4 Radionuclides in Marine Foods, Soil, and Terrestrial Food

The average concentrations of 137Cs, ^r, 239+240pu ancj 241 Am in marine foods and terrestrial foods

are listed in Table 1. Most of the data for the marine foods is a result of work conducted by Noshkin et
al. [8]. The data for the terrestrial foods are part of our continuing program where samples have been
collected and analyzed from 1975 through 1989 on Bikini Island [9]. The number of samples analyzed for
drinking coconut meat, drinking coconut juice, copra meat, copra juice, Pandanus, breadfruit, papaya,
squash, banana and animals are 797, 732, 188, 177, 66, 41, 93, 53, 39 and 36, respectively. The median
concentration of l3?Cs, 90Sr, 239+240pu ancj 241 Am in soil profiles are listed in Table 2. The soil data is
also part of our continuing program.

3.5 Radionuclides in Drinking Water
The major source of water used in cooking and for drinking is rainwater collected from roofs of houses
and other buildings that is stored in cisterns. If extreme drought conditions occur, then the freshest
groundwater available is used; the groundwater is contaminated with radionuclides from the soil
column. The concentrations of radionuclides in both cistern water and groundwater are listed in Table 1.
For the dose estimates, we use an intake of l L d-1 of drinking water. We assume for the dose assessment
that cistern waster is available for 60% of the year and that groundwater is used for 40% of the year.
Soda and fruit drinks are frequently available and account for some of the daily fluid intake. The total

daily drinking fluid intake from all these sources is between 2 and 2.5 L d-1.

3.6 Diet
The radiological dose will scale directly with the total intake of 137Cs, which is proportional to
the quantity of locally grown foods that are consumed. Therefore, a reasonable estimate of the average
daily consumption rate of each food item is essential. Our laboratory, and others, in concert with local
government authorities, with the legal representatives of the people, and with Peace Corps
representatives, and anthropologists have endeavored to establish and document pertinent trends,
cultural influences and economic realities. The diet model we use for estimating the intake of local plus

imported foods is presented in Table 1. The basis of this diet model was the survey of the Ujelang
community in 1978 by the Micronesian Legal Services Corporation (MLSC) staff and the Marshallese
school teacher on Ujelang [10].

4. DOSE METHODOLOGY

4.1 External Exposure

4.1.1 Gamma Radiation
The external exposure calculations for gamma radiation are based on measurements made on Bikini
Island in 1978 and 1988 that are decay corrected to 1996. The following arbitrary distribution of time
was used to develop the average external exposure:
• Nine h d-1 are spent in the house where the exposure rate is 2.1 uR h-1.
• Six h d-i around the house and village area where the exposure rate is assumed to be 11 uR h-1
(weighted average of outside house and general village sites).
• Seven h d-1 in the interior region of the island where the average exposure is 31 uR h-1 [4].
• Two h d-i on the beach or lagoon where the exposure is 0.1 jjR h-1, based on EG&G data [4].
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TABLE 1. DIET MODEL FOR ADULTS GREATER THAN 18 YEARS: BIKINI ISLAND, LOCAL FOOD
COMPONENT WHEN IMPORTED FOODS ARE AVAILABLE.

Specific Activity in 1996, in (Bq g-i wet wt.)
Local Food

Reef Fish
Tuna
Mahi Mahi
Marine Crabs

Lobster
Clams
Trochus
Tradacna Muscle
Jedrul
Coconut Crabs
Land Crabs
Octopus
Turtle
Chicken Muscle
Chicken Liver
Chicken Gizzard
Pork Muscle
Pork Kidney
Pork liver

Pork Heart
Bird Muscle
Bird Eggs

Chicken Eggs
Turtle Eggs

Pandanus Fruit
Pandanus Nuts
Breadfruit

Coconut Juice
Coconut Milk

Tuba/Jerkero
Drinking Coco Meat
Copra Meat
Sprout. Coco
Marsh. Cake
Papaya
Spuash
Pumpkin
Banana
Arrowroot
Citrus

Rainwater
Wellwater
Malolo
Coffee/Tea
Soila
Total Local

Grams d'l kcal £-1 kcal d'1
1.40
24.2
33.84
1.40
1939
13.9
3.92
1.10
3.56
0.90
1.51
1.68
0.90
3.49
3.88
0.80
3.65
4.56
0.80
0.08
0.10
1.67
1.28
2.14
0.80
2.46
3.08
0.70
3.13
2.19
0.70
0.00
0.00
1.00
4.51
4.51
4.34
0.89
3.86
14.21
1.70
8.36
1.64
7.38
4.50
1.48
1.66
2.46
5.67
4.50
25.52
1.40
0.00
NR
2.41
6.27
2.60
1.95
0.60
0.31
2.71
1.70
4.61
1.50
2.31
1.54
1.63
11.82
7.25
14.04
1.50
9.36
0.60
5.20
8.66
2.66
1.33
0.50
27.2
1.30
35.31
0.11
10.90
99.1
3.46
179.44
51.9
0.50
0.00
0.00
1.02
31.7
32.33
4.14
50.30
12.2
0.80
6.23
7.79
11.7
3.36
39.18
0.39
2.57
6.59
0.47
NR
0.00
037
0.30
1.24
0.88
0.02
0.02
3.46
13.60
3.39
0.49
0.05
0.10
0.00
0.00
313
0.00
207
0.00
0.00
0.00
199
0.00
228
0.00
0.00
0.00
0.10
1322
547

137Cs

3.1 x 1O3
4.8x103
4.8 x 10-3
1.5 x 1O3
15xlO3
4.9 x 104
4.9 x 104
4.9 x 104
4.9 x 104
2.7x100
2.7x100
2.0 x 1O3
3.0 x 104
7.0 x 10-1
7.0x101
7.0x101
7.5 x 100
7.0 x 100
3.9 x 100
4.5x100
2.7xlO3
7.2 x 104
7.0 x 1O1
3.0 x 104
4.5 x 100
4.5 x 100
4.1 x 1O1
1.2x100
5.7x100
5.7x100
3-1 x 100
5.7x100
5.7x100
5.7 x 100
2.4 x 100
1.3x100
1.3x100
1.9xlOi
5.8x102
13xlOi
4.6 x 1O5
4.8 x 1O3
4.6 x 1O5
4.6 x 1O5
2.8 x 100

90Sr
4.9 x 10-5
5.7x10-6
5.7 x 1O*
9.6 x 10-5
9.6 x 10-5
93 x 1O5
93 x 10-5
9.3 x 1O5
9.3 x 1O5
3.8 x 1O1
3.8 x 1O1
4.9 x 10-5
4.9 x 1O-5
1.6x10-3
1.6 x 10-3
1.6 x 1O3
1.6 x 1O3
6.6 x 1O3
3.1 x 1O3
1.6x10-3
25x104
3.8 x 10-4
1.6 x 1O3
4.9 x 1O5
1.0 x 1O1
1.0 x 10-1
7.4 x 1^2
4.9 x 104
3.4 x 10-3
3.4 x 10-3
63 x 1O3
3.4 x 10-3
3.4 x 10-3
3.4 x 10-3
5.2 x 1O2
7.3 x 1O2
73 x 10-2
5.2 x 1O2
73 x 1O2
5.2 x 1O2
1.6xlO5
1.3 x 1O3
1.6 x 10-5
1.6 x 10-5
2.2 x 10°

239+240 Pu

1.3x105
1.9 x 10-6
1.9 x 10-6
3.6 x 1O5
3.6 x 1O5
8.3 x 10-4
83 x 104
8.3 x 104
8.3x104
2.6 x 104
2.6x104
1.3x105
1.3x105
7.7 x 10-6
7.7 x 10-6
7.7 x 1O6
7.7 x 10-6
3.5 x 1O5
1.2x104
5.9 x 10-6
1.3xlO5
13xlO5
7.7x10-6
1.3x105
3.2 x 10-6
3.2 x 10-6
1.8x10-6
1.0x10-6
1.9x10-6
1.9x106
2.7 x 10-6
1.9xlO6
1.9x10^
1.9x10-6
25 x 10-6
2.2 x 1O5
2.2 x 1O5
2.5 x 10-6
2.2 x 1O5
2.5 x 10-6
33 x 1O7
6.1 x 1O7
33 x 1O7
33 x 1O7
4.0 x 1O1

24lAm
65 x 1O6
13 x 1O6
13 x 1O6
2.6 x 1O5
2.6 x 1O5
4.6 x 1O4
4.6 x 1O4
4.6 x 104
4.6 x 1O4
1.9 x 104
1.9 x 104
65 x 1O6
65x10-6 •
6.0 x 10-6
6.0 x 1O6
6.0 x 1O6
6.0 x 1O6
1.2 x 1O5
5.2xlO5 .
1.8xlO5
6.5 x 1O6
65 x 1O6
6.0 x 1O6
65 x 1O6
3.8 x 106
3.8 x 1O6
1.2 x 1O6
8.5 x 1O6
1.1x106
1.1 x 1O6
3.6 x 1O6
1.1 x 1O6
1.1 x 10-6
1.1 x 1O6
3.6 x 1O7
3.0 x 1O6
3.0 x 1O6
3.6 x 107
3.0 x 1O6
3.6 x 1O7
3.7 x 10»
4.4 x 1O7
3.7 x 1O8
3.7 x 1O8
2.8 x 1O1

Bq g-i dry wt.

Although the selection of this particular time distribution is arbitrary, general discussions with
Marshallese people and observations while we have been in the islands make the selection reasonable.
The resultant contributions of 137Cs to the average equivalent dose from a year's occupancy of various
island areas described in the above scenario are: inside houses, 0.015 mSv; elsewhere in the housing
and village area, 0.056 mSv; island interior, 0.35 mSv; beaches and lagoon, 55 nSv. The total average
external dose attributable to such occupancy in 1996 on Bikini Island is about 0.42 mSv y1. Natural
external background is about 0.22 mSv jr1.
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TABLE 2. THE MEDIAN CONCENTRATION IN Bq g-' DRY WEIGHT OF l3?Cs, «Çr, 239+240Pu AND
24lAm IN SOIL AT BIKINI ISLAND.
Soil depth, cm

0-5
5-10
10-15
15-25
25-40

a

No. of
Samples
242
241
238
233
231
178

No. of
Csa
Samples 90Sra
2.3(2.2)
98
1.5(2.3)
98
1.7(2.3)
1.2(1.8)
0.62(1.2)
98
1.6(2.3)
0.23(1.2)
97
0.91(1.7)
0.095(0.85)
89
0.58(1.8)
0.023(0.43)
31
0.34(1.8)
l37

No. of
No. of
Samples 239+240pua Samples
96
0.26(0.44)
220
97
0.26(0.46)
213
97
0.19(0.42)
190
91
0.074(0.25)
139
87
0.014(0.32)
111
30
0.0069(0.20)
43

0-40_____227
0.74(0.86)
89
1.3(1.4)____85
0.18(0.22)
Decay corrected to 1996. Number in parentheses is the standard deviation.

104

24iAma
0.21(0.28)
0.17(0.27)
0.093(0.24)
0.037(0.19)
0.019(0.15)
0.013(0.19)
0.12(0.13)

4.1.2 Beta Radiation
It is impossible to predict precisely what the beta dose to the skin will be, but it is clear that the
"shallow dose" due to both beta particles and external gamma exposure will be only slightly greater
than the dose estimated for external gamma whole-body exposure. This higher "shallow dose" will
occur primarily to the most exposed parts of the body, usually the arms, lower legs, and feet. The skin
is a much less sensitive organ to radiation than other parts of the body; consequently, the beta
contribution to the total effective dose is extremely small.

4.2 Internal Exposure
4.2.1 Cesium-137
The conversion from the intake of 137Cs to the equivalent dose for the adult is based upon the ICRP
methods described in ICRP Publications 56, 61 [11,12], which are based on Leggett's model [13]. The
biological half-life of 137Cs is determined as a function of mass (i.e., age) by the methods described in
Leggett [13]. In a separate report we estimated the comparative doses between adults and children [14].
The results indicate that the estimated integral effective dose for adults due to ingestion of J37Cs and
90
Sr can be used as a conservative estimate for intake beginning at any other age. In this report we
calculate only the doses to adults.
4.2.2 Strontium-90
The model developed by Leggett et al.[15] is based on the structure and function of bone
compartments as generally outlined in the ICRP model [11]. The bone is assumed to be composed of a
structural component associated with bone volume, which includes the compact cortical bone, a large
portion of the cancellous (trabecular) bone, and a metabolic component associated with bone surfaces.
We will not discuss further details of these models, but refer the reader to the original articles and
their associated references for additional discussion and clarification [15, 16]. Doses listed in this
paper are calculated from the Leggett model.

4.2.3 Transuranic Radionuclides (239+240pu an(j 241 Am )
We calculated the equivalent dose from ingestion of transuranic radionuclides (239+240pu aruj 241 fan)
by ICRP methods [17,18]. The amount of ingested plutonium or americium crossing the gut wall to the
blood is assumed to be 1 x 1Q-3 for Pu and Am in vegetation, and 1(H [19] and lf>3 for the fraction of Pu
and Am, respectively, ingested via soil. Of the fraction of Pu or Am reaching the blood, 45% is assumed
to go to bone and 45% to the liver [17,18]. The biological half-life is 50 y in bone and 20 y in liver for
both elements [17]. The quality factor is 20 for the alpha particles from 239Pu, 240Pu, and 241 Am. The
equivalent dose from inhalation for the transuranic radionuclides is based on the intake determined
from the assumptions discussed in the section on Airborne, Respirable Radionuclide Concentrations of
this paper and ICRP dose methodology [17,11]. The 239+240pu anc| 241 Am are considered class W
particles, and the quality factor is 20. Other parameters are as described in the ICRP method
previously discussed for the ingestion of transuranic radionuclides. The activity-median aerodynamic
diameter (AMAD) is assumed to be 1 urn.
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4.3 Body Weights and Biological Half-Life of Cesium-137
Data from Brookhaven National Laboratory (BNL) have been summarized to determine the body
weights of the Marshallese people [20, 21, 22, 23, 24]. The average adult male body weight is 72 kg for
Bikini, 71 kg for Enewetak, and 69 kg for Utirik. We have used 70 kg as the average male body weight
in our dose calculations. The average biological half-life for the long-term compartment for i37Cs in
adults is listed as 110 d in ICRP [11] and NCRP [25]. This is consistent with data obtained by BNL on
the half-time of the long-term compartment in Marshallese [26, 27]. The distribution of biological
half-life in 23 Marshallese adult males is lognormal with a median of 115 d, a mean of 119 d, and a
range of 76-178 d. We used the 110 d half-life because it is based on a much larger sample population
and the difference between it and the 115 d half-life observed in 23 Marshallese males is minimal.
5. COUNTERMEASURES — MITIGATION OF FOOD-CHAIN DOSE

All remedial actions were evaluated against the criteria of reducing the estimated average
maximum annual effective dose to less than the world-wide average background effective dose of
2.4 mSv and the integral 30-y effective dose to less than the federal guideline of 0.05 Sv. A
countermeasure is not recommended to the communities for consideration if it cannot lead to doses below
these criteria. Moreover, we strived for a countermeasure that would reduce the average maximum
annual effective dose to about 1 mSv. Countermeasures evaluated to reduce the dose from 137Cs through
the terrestrial food chain include salt water irrigation (leaching), zeolites and mineral clay soil
amendments, repeated cropping, soil removal (excavation), and potassium (K) treatment. All but the
last two options have been discarded as either less effective or difficult to implement or both.
Experiments at Eneu Island at Bikini Atoll using potassium-rich fertilizers (16N-16P-16K) or KC1
show a reduction greater than 10 fold in the concentration of 137Cs in coconut meat and fluid; the 137Cs
concentrations in foods grown without potassium-rich fertilizer range from 0.24 to 1.3 Bq g-1 wet weight,
while the 137Cs concentrations in foods grown using potassium-rich fertilizer are less than 0.074 Bq g-1
[28]. We began a similar experiment on Bikini Island where the 137Cs concentrations in soil, coconut,

breadfruit, and other local foods are about 8 to 10 times higher than at Eneu Island. The results of that
experiment through August 1988 show that we have reduced the 137Cs concentration in coconut meat and
fluid from a range of 5.6 to 11 Bq g-1 wet weight to aboutO.55 to 0.74 Bq g-1 wet weight; in those trees
where the initial concentration was between 1.9 to 3.7 Bq g-1 wet weight, the potassium treatment has
reduced the 137Cs concentration to less than 0.37 Bq g-l [28].
Of course, excavation of the top 30 to 40 cm of soil over the whole island also will reduce
effectively the potential dose, both external and internal. This option, however, would entail
significant environmental cost, as well as high dollar cost. The removal of the top 30 to 40 cm of soil
would carry with it the removal of essentially all of the organic material—material that has taken
centuries to develop and that contains most all of the nutrients needed for plant growth and provides
water-retention capacity of the coral soil. Moreover, this would obviously require removing all the
mature coconut, breadfruit, Pandanus, lime, and other trees that supply food, windbreak, and shade at
the island and take years to mature. This option would thus necessitate a very long-term commitment
to rebuild the soil and revegetate the island. Such a commitment would, in turn, seem to suggest a
continuous infusion of effort and expertise, the availability of which does not now seem assured. We
have not addressed the matter of the disposal of the very large quantity of removed soil and
vegetation, but recent experiences at other locations indicate that this would present a formidable
problem of both acceptance and cost.
6. UNCERTAINTY AND INTERINDIVIDUAL VARIABILITY IN ESTIMATED BIKINI DOSES

Doses estimated as described in Section 4 are based on distributed quantities reflecting either
uncertainty (i.e., lack of knowledge concerning "the true" value) or interindividual variability (which
hereafter will be referred to simply as "variability", i.e., heterogeneity in values pertaining to
different people), or both; consequently, predicted dose will necessarily reflect both of these
characteristics as well. To characterize such uncertainty and interindividual variability it is
necessary to systematically distinguish these attributes as each or both may pertain to each input
variate [29, 30, 31, 32]. Below, doses to potential Bikini residents are recalculated using a general
method allowing characterization of integrated uncertainty and variability in predicted dose as a
function of distributed input variâtes, that are all assumed to be uncorrelated. The uncertainty and
variability in this dose was modeled solely as a function of uncertainty and variability in predicted
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dose due to ingested 137Cs, since this is clearly the dominant exposure route (see Results). In this
approximation, the complex, multicompartment physiological model used above to calculate internal
adult dose as a function of ingested 137Cs [11, 33, 13] was replaced by a much simpler, singlecompartment model in order to facilitate the Monte Carlo evaluations:
e-toi

at any time tir 0 < f,- < f,

(1 )

qij '(«) = -U + K/ß) (ji(u)

for any time u,tt<u<t,

(2 )

q{j(u) = FBRij e-^i ^~a + K/B)"

for any time u, £,-<«< t,

(3)

where: cjij(u) is the activity, in Bq kg-1 body weight, of 137Cs in the whole body at any time u following
ingestion of an activity Ry (in Bq kg-1 body weight) of 137Cs contained in a food item of type ; at time f,-,
prime (') denotes differentiation with respect to time, A, is the radiological decay rate of 137Cs,
K = LntZJH-1 is the biological loss rate of 137Cs from the dominant "slow" compartment of a reference
adult, F is fraction of ingested dose input to the slow compartment, B represents a dietary-dose-model
bias (i.e., a dose-estimation uncertainty factor) associated with R;y, and ß is a factor representing
uncertainty associated with H.
Daily intakes R;y in Bq kg-1 d'1 of 137Cs in local food items of type; were assumed to be obtained from
independent random samples of such items collected ny days per year from among the possible selections
of the type available on Bikini. The corresponding cumulative dose D(t) from all major exposure routes
was estimated as

D(f)

= D,(t) + Dta(*) +

s
;

ctyGi) du

(4)

1=1 «;

where D x (f) and D-m(t) were taken to be deterministic approximations of adult external-gamma and
Am+Pu inhalation doses, respectively, and where c is a constant.
Variability in the fraction, F, of ingested 137Cs input to the dominant biological compartment was
assumed to be uniformly distributed between an uncertain lower bound ranging between 0.71 and 0.89 and
an upper bound of 1. Thus, uncertainty in F was assumed to be uniformly distributed within ± 5% of an
assumed expected value of 0.9, and variability of (JF) was assumed to be uniformly distributed between
0.8 and 1, where angle brackets « )) denote mathematical expectation only with respect to uncertainty
and an overbar denotes expectation only with respect to interindividual variability. These
assumptions approximately characterize the empirical data on the value of F obtained for 17
individuals reported by Schwartz and Dunning [34].
Interindividual variability in the biological half-time of the dominant slow compartment, H, was
modeled as lognormally distributed based on the data pertaining to 23 Marshallese males indicating a
median of 115 d and a geometric standard deviation (SDg) of 1.23 [10].
For the present analysis,
however, it was assumed that H = 110 d and that SDg = 1.32 for H, based, respectively, on the ICRP [35]
reference mean value (used earlier) and on data reviewed by Schwartz and Dunning [34] indicating
slightly greater variability associated with the parameter among 53 individuals from whom
measurements were available. A geometric mean (GM) value of H (105.9 d) consistent with the values
selected for H and SDg was obtained using the method of moments. Uncertainty pertaining to H was
represented by the independent factor ß assumed to be uniformly distributed (between 0.9 and 1.107),
such that the true value of H pertaining to any specific individual was taken to lie within 10% of the
expected value for that individual.
_
The population-average value of expected annual intake, (R), of total 137Cs activity in the LLNL
model diet for hypothetical Bikini residents as of 1966 (assuming imports are available) was taken to
be 365 x 12.1 Bq kg-1, y1 for a reference adult, based on the analysis of food-consumption-survey data for
34 adult Ujelang females discussed above. Interindividual variability in corresponding expected daily
intakes, (Rjy) was modeled using the empirical distribution of average daily uptakes in Bq kg-1
calculated from the food-survey data for these same 34 adult Ujelang females, which was here
multiplicatively scaled to have the expected daily population average value of 12.1 Bq Kg-1 d-1.
Uncertainty due to random dietary sampling associated with daily 137Cs intake for any given
individual about that individual's mean daily level (presumed constant for each individual) was
estimated under the assumptions stated above that food imports are available and that local foods of
type j are randomly and independently sampled ny times per year from among Bikini sources, using
17

TABLE 3. DIET MODEL: BIKINI ISLAND (ADULTS > 18 YRS).
IA Intake:
Local Foods
Local Food
Coconut
Milk
Meat

Copra Meat
Juice
Total

(ed-i)
51.9
31.7
12.2
99.1
194.9

137

Cs Activity
Mean
SD/Mean
(Bqe-i)
(%)

l37Cs Intake
Imports Available
Mean
SD/Mean
(Bqd-l)
(%)

5.7
3.1
5.7
1.2
3.0

65
73
65
78
73

590

73

4.5
7.5
3.9
6.3

110
64
91
74

54

74

0.70
0.70
0.70
0.70
0.41
4.5
5.7
2.4
0.058
1.3
5.7

64
91
91
75
56
86
65
134
41
118
65

Pork
Heart
Muscle
Liver
Total
Chicken
Muscle
Liver
Gizzard
Total
Breadfruit
Pandanus
Sprouting Coconut
Papaya
Arrowroot
Pumpkin
Marsh. Cake
Coconut Crabs
Subtotal
% of Total

0.31
5.67
2.6
8.58
8.36
4.5
1.66
14.52
27.2
9.16
7.79

6.59
3.93
1.24
11.7
3.13
289
22

2.7

2.9

41

10
11
41
45
16
0.22
1.6
67
8.4

75
56
86
65
134
41
118
65
41

844

99

LLNL-model-diet assumptions discussed previously along with the information summarized in Table 3
about predicted amounts and measured inter-sample variability of 137Cs in different food items local to
Bikini. For the purpose of this analysis, the activities associated with the items listed in this table—
which account for -99% of total 137Cs intake associated with local foods—were scaled to correspond to
an assumption that these items comprise 100% of the local-food diet. Each corresponding coefficient of
variation, ft.- = <TR ,./ <R,y) with respect to presumed dietary sampling error was assumed to be the
measured value appearing in column 6 of Table 3, and was assumed to pertain to every individual in the
modeled exposed population. The local food items appearing in Table 3 were divided into three types
{and the indicated corresponding sampling periods were assumed): pork-related items (MI = 12 y1),
chicken-related items (n2 = 52 y-1), and other items (713 = 182.5 y1).
Finally, a characterization of potential model-uncertainty (i.e., misspecification error) was
obtained using information on how well the LLNL model diet predicted BNL measurements of wholebody dose among different samples of Marshallese people tested during the period 1977-1983 (Figure 1,
discussed in Section 8). Based on these data, potential model-uncertainty for the LLNL model diet
assuming imported foods are available was assumed to be symetrically and triangularly distributed
within ± 25% of doses predicted by the LLNL-model-diet.
To characterize uncertainty and interindividual variability in D(f), we performed Monte Carlo
evaluations of interindividual variability associated with our model of expected dose <D(0> and of
uncertainty associated with our model of corresponding population-average dose D(0 using a general
analytical framework for undertaking integrated analysis of uncertainty and interindividual
variability [29, 31, 36, 32].
7. RESULTS

The estimated maximum annual and integral effective dose for people resettling Bikini Island are
calculated using our diet model, the average radionuclide concentrations in foods, the average
biological removal rates and depositions for the radionuclides in organs or the whole body, and the
average external dose rates. Doses are presented for two cases: imported foods available (IA), and
18
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Figure 1. A comparison of body burden estimates from environmental data and models with direct
whole-body measurements for residents of Rongelap Island.

imported foods unavailable (IUA). The doses listed under the case "IUA" are calculated assuming no
imported foods are available and that only local foods are consumed over the entire lifetime of the
people's residence on Bikini Island. As noted in the Data Base Section on Diet, our observations lead us
to conclude that the latter case is unrealistic over any extended period of time and highly conservative.
Nevertheless, it is presented here so that the reader may apply different assumptions, or the results of
future observations, and develop an apportioned dose estimate. In our model for IA, we have assumed
that 60% of the diet will be made up of imported foods and 40% from locally grown foods.
The average maximum annual effective dose estimated for residents on Bikini Island is 4.4 mSv1.
The 30-, 50- and 70-y integral effective dose for residents of Bikini Island, for IA, are listed in Table 4.
The doses are presented by pathway and radionuclide so the contribution of each pathway and nuclide
can be evaluated. The 30-, 50- and 70-y integral effective doses are 10 cSv, 14 cSv, and 16 cSv,
respectively; the same doses for the local foods only diet (IUA) are 20 cSv, 27 cSv, and 32 cSv.
The relative contribution of each of the exposure pathways is presented in Table 5. The dose from
the terrestrial food-chain pathway accounts for about 90% of the total estimated 30-y integral
effective dose; 137Cs accounts for about 96% of this dose, and 90Sr for about 2%. Any procedure that
would either block the uptake of 137Cs into food crops and/or eliminate it from the soil column would
substantially reduce the potential exposure of the people living on Bikini Island. The external gamma
exposure is next in significance and contributes about 9% of the 30-y integral effective dose.
Based on the analysis of uncertainty and Intel-individual variability in predicted dose, it was
calculated that the expected value of 30-y integral population-average dose, (D(30)) is 9.8 cSv, and
that the chance that <D(30)> > 47 cSv is -1%, e.g., indicating that this is the 30-y dose most likely to be
incurred by the highest exposed among 100 hypothetical Bikini residents. The relationship between
cumulative exposure time t and interindividual variability in <D(f» (Figure 2a) indicates that the 95%
confidence limits on <D(0> variability are ~4.8-fold and ~3.4-fold below and above, respectively, the
population-average expected-value function <D(f)>. The relationship between cumulative exposure
time t and the 95% confidence limits of D(t) uncertainty is shown in Figure 2b, which illustrates how
uncertainty in D(0 is predicted to decrease substantially over time and effectively become independent
19

TABLE 4. THE 30-, 50- AND 70-Y INTEGRAL EFFECTIVE DOSE FOR BIKINI ISLAND RESIDENTS
WHEN IMPORTED FOODS ARE AVAILABLE (IA).

________Integral effective dose, cSv________
30 y__________50y____________70 y

External

.91

1.3

1.5

8.9
0.1
0.011
0.0067

12
0.15
0.028
0.016

14
0.18
0.051
0.028

0.013
0.0079
10

0.032
0.019
14

0.058
0.032
16

Internal
Ingestion
137CS

90Sr
239+240 Pu

24iAm
Inhalation
239+240 pu
241 Am
a

Tola la
The total dose may vary in the second decimal place due to rounding.

TABLE 5. THE 30-, 50-, AND 70-Y INTEGRAL EFFECTIVE DOSE FOR THE VARIOUS EXPOSURE
PATHWAYS.

Effective intecral eauivalent dose, cSv

Exposure pathway
Terrestrial food

30 y
50y
12
9
External gamma
0.91
1.3
Marine food
0.0049
0.0098
Cistern and ground water
0.016
0.023
0.021
Inhalation
0.051
Total3
10
14
a
The total dose may vary in the second decimal place due to rounding.

70 y
15
1.5
0.017
0.027
0.09
16

of time after ~5 y of Bikini residence, by which time residual uncertainty is derived solely from F, B,

and B. and is characterized by confidence limits equal to <D(0) ± 35%. In particular, the chance that
D(30) > 12.5 cSv is -5%.
8. VALIDATION OF ENVIRONMENTALLY DERIVED DOSE ASSESSMENT
We assessed the "environmental data/model" approach by comparing our estimates of the body

burden (i.e., dose) in people residing on Rongelap Atoll using our environmental data, the models and
methods outlined in this paper, and three diet models with the actual whole-body measurements
conducted by BNL [37]. Figure 1 shows that the LLNL diet model predicts very closely the results of the

whole-body measurements over an eight-year period. Two other proposed diet models lead to
estimated body burdens far in excess of those observed by whole-body measurements. Results from
Utirik Atoll are similar in that the LLNL diet model predicts actual observation while the other two

proposed diets once again significantly exceed the observations.
The estimated effective dose from Pu based on the concentrations in food, soil and air are very

similar to those calculated by BNL based on the analysis of Pu in urine of the Rongelap people [38].
These two very independent methods are in excellent agreement on the magnitude of the dose from the

transuranic radionuclides as shown in Table 6. The estimated average committed effective dose for 50-y
residence from Pu based on environmental data and models is 0.4 mSv (0.14 mSv 50-y integral effective

dose). The value of 0.40 mSv committed effective dose from urine analyses is based on the detection
limit of the analytical method used for detection of Pu in urine. The median value for Pu in the urine of
all the people analyzed is below this detection limit value. The people have been living on Rongelap
Island for about 28 y subsequent to the fallout from BRAVO where the Pu concentration in the surface
soil is about 0.11 Bq g-i. Consequently, both methods indicate that the effective committed dose from Pu

at Rongelap Island is below 0.40 mSv for residence between 30 and 50 y.
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9. DISCUSSION

9.1 Comparison of Estimated Doses to Adopted Guidelines and to Background Doses
To place the magnitude of the estimated doses in perspective, we have compared them to current
background dose and guidelines adopted by several federal agencies. We acknowledge, and even
emphasize, that there is a legitimate question as to which, if any, of the current guidelines are
applicable to Rongelap, Enewetak and Bikini Atolls in the Marshall Islands, where the islands are
already contaminated and people wish to return and live at "home." Nevertheless, such guidance does
provide a reference point for radiation doses that lead to a very minimal risk, and many provide useful
insight for those who must decide on future actions. The National Council on Radiation Protection and
Measurements [39] and the International Commission on Radiological Protection [11] have recently
recommended an average annual effective dose of 1 mSv y1 to the general public for continuous exposure
resulting from operating nuclear industries. The maximum annual effective dose for Bikini Island in
1996,
using
average
values
for parameters in the
dose
model,
is
4.4 mSv y1 when imported foods are available. The 30-y integral effective dose for Bikini Island is
0.1 Sv which is about twice the federal guideline for the 30-y integral effective dose of 0.05 Sv for the
general population. Additional perspective can be obtained by comparing these estimated doses for
Bikini Island with natural background sources in the United States. The average annual effective dose
from natural background sources in the United States is about 3 mSv y1; the breakdown by source is
given in NCRP [40]. The world-wide average background effective dose is 2.4 mSv y1 with some areas
over 10 mSv y1 [41]. The average maximum annual rate at Bikini Island without countermeasures is
about4mSvy 1 .
The application of K to the surface soil and the subsequent dissolution and transport into the root
zone during periods of rainfall is very effective in reducing the concentration of 137Cs in edible foods. If
a reasonable agricultural program is implemented that includes periodic use of fertilizer, the dose from
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TABLE 6. THE AVERAGE COMMITTED EFFECTIVE DOSE FROM Pu AND Am AT RONGELAP
ISLAND IN mSv.
Method
Environmental (LLNL)

Urine Analysis (BMP
Source________Committed effective dose_________Committed effective dose_______
Pu
0.41» (0.14)b
0.40C
Am_________________0.37 (0.10)_____________________No esdmate___________
a
b
c

Two significant figures to show slight difference between Pu and Am.
Value in parentheses is the 50-y integral effective dose.
Based on the detection limit; actual dose is below this number.

137

Cs through the food chain will be greatly reduced, and the growth and productivity of some plants
and food crops will be enhanced. This salutary plan, coupled with the soil removal and addition of
crushed coral in the housing and village areas, could reduce the average maximum annual dose from
about 4.4 mSv to about 0.8 mSv and the estimated 30 y integral effective dose from 10 cSv to about
1.8 cSv. The 137Cs, ^r, 239+240pu anxj 241 Am are still in the soil although the 137Cs uptake into foods is
greatly reduced.
Work performed under the auspices of the U.S. Department of Energy at Lawrence Livermore
National Laboratory under contract W-7405-Eng-48.
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FEATURES OF AN EVALUATION OF THE
RADIATION DOSES RECEIVED BY THE
POPULATION AFTER ATMOSPHERIC NUCLEAR
TESTING AT THE SEMIPALATEVSK TEST SITE

V. LOGACHEV
Biophysics Institute,
Moscow, Russian Federation
Abstract
During the period of atmospheric nuclear weapons testing in the former USSR between 1949
and 1962 a total of 211 explosions were carried out, not including 3 under water at the northern test
site on the island of Novaya Zemlya and 1 air explosion during the Totsk military exercises. It is
known that the most significant radioactive contamination of an area, with relatively high local
radiation levels on the ground, is produced by a surface nuclear explosion. In the former USSR all
the surface nuclear tests, of which there were 25, were conducted at the Semipalatinsk (southern) test
site. Hence, an assessment of the impact of these nuclear tests on the health of the population living
in that region is of considerable scientific and practical importance. However, since insufficient data
on the radiation situation were collected during the testing period, it is particularly important now to
develop methods for the retrospective evaluation of the individual and collective doses to the
population using different starting concepts. The data on the magnitude of these doses will serve as
a basis for tackling the problems of rehabilitating the population, mitigating the consequences of
radiation effects, and compiling a register of exposed individuals and their direct descendants with
a view to assessing more accurately the risk of immediate and late consequences. In the report an
attempt has been made to describe some of the features of a retrospective evaluation of the radiation
doses received by the population, using material from archives supplemented by what is known about
the laws governing the formation of radioactive plumes from nuclear explosions.

1. DETAILS OF THE RADIATION PROTECTION ARRANGEMENTS IN THE DISTRICTS
ADJOINING THE SEMIPALATINSK TEST SITE

In the history of nuclear testing at the Semipalatinsk site, three explosions may be singled out
as marking the main stages of activity. On 29 August 1949 the first test of a nuclear device based on
a fission chain reaction took place, and on 12 August 1953 the first thermonuclear device was tested.
Both these explosions were carried out using metal gantries approximately 30 m high. Lastly, on
22 November 1955, came the air explosion of a hydrogen bomb, dropped from an aircraft [1, 2]. In
the intervals between these explosions and afterwards, further nuclear explosions were carried out for
the purpose of solving a number of scientific and practical problems.
The whole period of nuclear testing can be divided into three parts, characterized by their
different radiation protection arrangements. In the first, practically no radiation protection measures
were taken; in the second, measures were taken to prevent over-exposure of the population (temporary
evacuation); in the third, strict limitations were imposed on testing.
Owing to the lack of radiation protection experience, the first nuclear test on 29 August 1949
was conducted without any regard for the consequences of radiation effects on the population. The
results of an evaluation of those consequences will be examined below.
In the interval between the first atomic (1949) and the first thermonuclear (1953) tests, two
nuclear explosions were carried out in 1951 — a surface explosion on 24 September and an air
explosion on 14 October [3]. The greatest radioactive fallout came from the surface explosion, which
cast a radioactive trace south-east of the test area at the site in a thinly populated area. However, in
the territory of two settlements the doses prior to total decay of the radioactive substances exceeded
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Map showing the location of traces of radioactive contamination beyond the boundanes of the restricted area of the
Semipalatmsk test site which caused maximum radiation exposure of the population in the areas adjacent to the site The map
shows the dates of the explosions and the position of isolines with the external gamma ray dose values m roentgens for open
areas prior to complete decay of the radioactive substances (scale 1 4 000 000) The unit 'P' is equivalent to a roentgen
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10 cGy. It should be noted that owing to the lack of knowledge concerning the nature of
contamination in a local radioactive trace and the sparse observation network for meteorological and
aerological conditions, the measures taken to mitigate the radiation doses did not produce the desired
effect.
The most significant radiation protection measures were taken in the preparation and execution
of the first thermonuclear explosion on 12 August 1953. The authorities in charge of testing decided
to evacuate to safe areas all the inhabitants of settlements located in the sector where the radioactive
trace was expected to form, i.e. within a radius of 120 km from the centre of the test area, where the
radiation dose on the ground might exceed 200 cGy. The evacuated inhabitants were concentrated in
nine settlements at a distance of 200-250 km from the centre of the explosion [1, 4].
A radiation survey was conducted at the settlements before any inhabitants were moved back
in. The return to the village of Abai (Karaaul) in the province of Semipalatinsk was started on
21 August and completed the next day (the tenth day after the explosion), when the gamma ray dose
rate was 0.03 cGy/h. The inhabitants were removed to the village of Sarzhal and its surrounding
settlements on 27 August (the sixteenth day after the explosion). Some time after their return the
inhabitants of the worst contaminated settlements were examined by army medical officers, who found
cases of radiation sickness.
It should be noted that after every nuclear test, including the first explosion on 29 August 1949,
officials of the radiation safety service from the test site used car- and air-borne measuring equipment
to determine the gamma ray dose rates in the area around the test site and at settlements; they also
measured the content of radioactive substances in food and items of the external environment.
In the first years of nuclear testing the main criterion for assuring radiation protection of the
public was the maximum permissible dose from external exposure which in the early 1950s, was set
at a single dose of 50 cGy (tentatively this may be taken to mean in one year), but was reduced to
25 cGy in the mid-1950s [2]. At the beginning of 1957 the "maximum permissible dose from external
exposure over a year" was taken as 15.7 cGy (0.3 cGy per week) [5]. As might be expected, the
value for "permissible dose" decreased as knowledge about the biological effects of radiation was
accumulated, and by the 1961-1962 series of explosions the value was 2 cGy per year.

At present the "maximum permissible dose" for a limited section of the population (category B)
equals 0.5 cSv per year [6].
In order to protect the population living near the boundaries of the test site area, the following
additional limitations were imposed on the last series of atmospheric nuclear tests, completed at the
end of 1962 [2]:
1.

Radiation levels at the boundary of the exclusion area of the test site calculated for two hours
after the explosion were not to exceed 0.1 cGy/h (the dose on the ground prior to total decay
of the radioactive substances being 1 cGy). It was permissible to carry out one or two
explosions at radiation levels three times higher, provided there was a single trace in a given
direction.

2.

The height set for air explosions, h/3J q, had to be greater than 15 m/t1'3, where h is the height
of the explosion in metres and q is the yield of the explosion in tonnes. Provided that condition
was met, the test could be conducted regardless of wind direction, as long as there were no
settlements lying along the trajectory taken by the cloud.

3.

The size of the charge for surface explosions was I united to 0.5 kt, and only one explosion with
a TNT equivalent of up to 2 kt was permitted, for which the weather conditions had to be
perfect.
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4.

Testing was forbidden if the average wind speed in the 0-5 km layer was less than 3 m/s and
if there was any precipitation within a radius of 100 km.

During the period of atmospheric nuclear weapons testing the main data used for evaluating the
radiation situation and providing radiation protection for the public were the dose rate values for
gamma radiation recorded after an explosion by air-borne and, to a lesser extent, car-borne gamma
surveys.
When the gamma ray dose rates significantly exceeded the background level, aerial
reconnaissance was most frequently used, covering an area extending up to 600 km from the test site.
The radiation levels measured at flight altitude were reduced to a height of l m from the earth's
surface and then recalculated for a common time, usually three hours after the explosion, using the
Way-Wigner formula.
In the early years of testing there were practically no data on concentrations in the air of
radioactive substances and their individual biologically dangerous radionuclides at the time of
formation of the plume. Contamination of soil, vegetation, foodstuffs, water and other items of the
external environment was analysed, as a rule, only for total radioactivity content. Identification of
iodine-131, strontium-90, caesium-137 and other radionuclides in various items commenced only in
the second half of the period of atmospheric nuclear testing. In order to evaluate the extent to which
atmospheric nuclear weapons testing affected the health of the population, therefore, it is very
important to develop methods for retrospectively reconstructing the doses from external exposure
received by the population in the various regions of the former USSR and the doses to the thyroid
gland and other vital human organs, as well as methods for calculating effective doses.
2. PRINCIPAL METHODS FOR RECONSTRUCTING THE RADIOLOGICAL SITUATION AND
RADIATION DOSES TO THE POPULATION

Since information on the conditions under which the nuclear tests were carried out, on the scale
of the radioactive contamination of the environment and on the radiation doses to the population
remained virtually unpublished until recently and inaccessible even to a wide group of experts, the
public, including the scientific community, formed a subjective opinion about the radiation conditions
outside the testing site, the nature of the radioecological situation and the effect of the nuclear tests
on the health of the population. As a rule, the dangers from local radioactive contamination are
exaggerated.
Experience gained from studying the consequences of radiation factors associated with nuclear

weapons tests suggest that the main methods for reconstructing radiation doses and evaluating the
radiation situation are currently as follows:
1.

The first step in reconstructing the radiation doses to the public is to obtain archived material
with results of radiation parameter measurements and other data on the nuclear tests contained
in scientific reports. Archival records provide the most accurate way of determining the position
of local traces and their axes, but do not give a complete picture of the internal exposure of the
population (thyroid gland and other critical organs). In order to evaluate the internal exposures
and, in particular, the dose to the thyroid gland it is necessary to introduce certain assumptions
about the quantitative characteristics of the factors which cannot always be proved correct. This
leads to errors in the calculations (by factors of 2-3 and more).

2.

The method of mathematical modelling of the radioactive contamination resulting from a nuclear
explosion starts with the formation of the source of radioactive contaminants, which develops
in a non-stationary high-temperature field. Then the distribution of radioactive particles of
different sizes is calculated taking into account gravitational deposition and diffusion processes.
The initial data for the calculations include the yield of the explosion and the energy released
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as a result of the use of fission and fusion reactions in the charge, the height of the explosion,
the nature of the soil at the epicentre, and also the wind direction and speed at different
altitudes up to the height reached by the cloud by the time it stabilizes.
The main errors in making predictions using this method stem essentially from the impossibility
of taking into account factors relating to the spatio-temporal variability of the wind current field
during the formation of the radioactive contamination traces and to the falling of atmospheric
precipitation [7-11];

3.

Reconstruction of the radiation situation based on an analysis of soil and other environmental
samples to determine the concentrations in them of long-lived radionuclides — i.e. fission
products from nuclear explosives. The analysis involves determining the activity of alpha, beta
and gamma emitters using radiometric methods and the proportion of the activity accounted for
by artificial radionuclides using gamma spectrometric and radiochemical methods.
To reconstruct the doses to the population from data on the concentrations of caesium-137,
strontium-90 or plutonium-239 and plutonium-240 one must have a model describing the
dynamics of trace formation. The main difficulties here are associated with the correct selection
of semi-empirical constants and the evaluation of the contribution of global fallout to the
contamination of environmental items [12].

4.

Measurement of radiation doses from the tooth enamel of exposed persons, ceramics and other
materials in which dosimetric information is preserved.
Other methods for reconstructing the radiation situation can be applied as well; however, in
practice it is uncommon to employ just one method — more often than not a combination is
chosen.

3. RADIATION SITUATION AROUND THE SEMIPALATINSK TESTING SITE

During the period of nuclear testing 467 explosions were carried out at the Semipalatinsk site,
of which 99 were high-altitude and air, 25 surface and 343 underground explosions (the last one being
on 19 October 1989). The total yield of the nuclear explosions carried out in the atmosphere
was 6.3 mégatonnes TNT equivalent, with 0.18 MCi of caesium-137 and 0.1 MCi of strontium-90
being released into the atmosphere [1].
By analysing and processing the available archival data on the degree of radioactive
contamination of the locality, it is possible to reconstruct the location of local traces and the possible
radiation doses to the population in different regions of the country throughout the period of
atmospheric nuclear testing. The diagram reproducing part of the map of the former USSR shows
traces cast by nuclear explosions over an area where the external gamma exposures of the population
could have exceeded 5-10 R. The radiation dose units in use at the time of the tests are preserved
here. The map also shows the dates of the nuclear explosions and the position of the isolines with the
doses to complete decay of the radioactive substances in roentgens (as an approximation, it may be
taken that l R = 0.8 cGy) [13-17].
Let us examine the radiation consequences of the first nuclear test on 29 August 1949, the
plume of which formed a trace over the Altay territory. Some data suggest that over the period of
atmospheric testing the radioactive clouds from 22 nuclear explosions [3] may have spread in the
direction of the Altay territory; according to other data this was true of the clouds from
56 explosions [2]. However, not all of these explosions could have caused exposure of the territory's
population above the permissible limits. Analysis of the data on the radiation situation after the
nuclear explosions in different years shows that the first nuclear weapons test in 1949 made a major
contribution (not less than 65%) to the exposure of the population in the region. The zones with the
trace from this explosion delimited by various exposure values have been plotted using data from
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Table I

Radiation doses to inhabitants of some settlements in the Altay territory
situated along the radioactive trace from the first nuclear test
on 29 August 1949

Settlement

Topolnoye
Naumovka

Lokot
Kurya
Petropavlovskoye
Biysk
Solton

External gamma ray dose
cGy

49
52
28
6
0.6
0.3
0.3

Radiation dose to the
thyroid gland, cGy
Children

Adults

28OO
3000
1600
380
40
20
20

700
750
400
95

10
5
5

air-borne and car-borne radiation surveys carried out by workers from the test site between 5 and
14 September 1949, i.e. one to two weeks after the explosion.
The result of a retrospective reconstruction of the radiation doses to inhabitants of various
settlements in the Altay territory situated close to the trace axis are given in Table I.

In assessing the external exposures, radiation shielding by buildings and the typical daily
routines of the population were taken into account. The doses to the thyroid gland given in Table I
were calculated separately for children aged 0-7 years and for the adult population, with the
assumption that the main route for iodine radionuclides to enter the human body is through the milk
chain.
It is known that the impact of radiation on the health of the population is determined by the
effective dose, which is calculated taking into account both external and internal exposures. Tests have
shown that the effective dose is approximately twice the external gamma ray exposure.
In evaluating delayed radiation effects, the main attention is given to the risk of malignant
tumour development, the probability of which depends on the value of the collective dose
commitment. Table II presents a forecast of radiation-induced cancers, based on the recommendations
of the International Commission on Radiological Protection (ICRP) [18].

It is clear from the data in Table II that the increase in the mortality rate for most districts in
the Altay territory was around one per cent or less. Results from earlier research to evaluate the
influence of radiation factors on the health of the population have shown that the year-to-year
fluctuation in the spontaneous mortality rate from cancer due to purely random causes may be up to
37% within a single administrative district [19]. Such fluctuations in the indices make it difficult to
conduct epidemiological studies of the state of health of the population.
Studies of the long-term radiation effects have established that the collective radiation dose to
the population of the territory from natural radiation sources and medical procedures over the past
40 years was more than ten times greater than the dose received from nuclear weapons tests at the
Semipalatinsk site. It is thus difficult at the present time to link any increase in the morbidity and
mortality rates from malignant tumours to the impact of local radioactive fallout from nuclear test
explosions. At the same time it should be recognized that the nuclear weapon tests have caused some
damage to the health of the population, and so the search for links between radiation doses and the
state of public health should continue.
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Table II

Expected long-term effects in the form of malignant tumours
of all localizations due to exposure of the population
in the most contaminated areas of the Altay territory
District

Population,
thousands

Collective
external
exposure,
man'Sv

Increased mortality
due to cancer, exeluding leukaemia
and cancer of the
thyroid gland, over
70 years,

Spontaneous
mortality rate
due to cancer,
No. of deaths

Increase
over
spontaneous
rate,
%

No. of deaths

1. Uglovskoye

4.5

2210

110

630

2. Rubtsovsk

133.5

3 108

155

18700

[ 0 .8]

3. Lokot

30.5

1 786

90

4240

[ 2 .1]

4. Zmeinogorsk

16.8

710

36

2 350

[ 1.5]

5. Kurya

16.2

590

30

2270

[ 1.3]

6. Krasnoshchekovo

27.5

246

13

3850

[ 0 .3]

7. Ust-Kalmanka

17.6

131

7

2 460

[ 0 .3]

8. Pospelikha

27.0

314

16

3780

[ 0 .4]

9. Petropavlovskoye

34.4

132

7

4820

[ 0 .1]

10 . Shipunovo

33.9

115

6

4750

10 .1]

38 . Zarinsk

42.4

145

7

5940

[ 0 .11

937.2

11 000

550

131 000

[ 0 .4]

Altay territory

*]

[17.5] [*]

Translator's note: These figures were supplied by the translator as they were illegible in the
original text provided.

CONCLUSIONS

The report demonstrates the possible application of one of the main methodological approaches,
namely that based on the use of archive materials for the retrospective evaluation of individual and
collective radiation doses received by the population of a region near the Semipalatinsk test site. This
method can reconstruct with maximum reliability the basic parameters of a radiation situation which
was observed several decades ago during the period when atmospheric nuclear tests were conducted.

As other methods of determining radiation doses are also available, it is their combined use that
will be most effective in reconstructing the radiation situation of past years and assessing its influence
on the state of health of the population in various regions.
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DOSE ASSESSMENT STUDIES AT FORMER
NUCLEAR WEAPONS TEST SITES IN AUSTRALIA

G.A. WILLIAMS
Australian Radiation Laboratory,
Yallambie, Victoria, Australia
Abstract
Field and laboratory measurements are described and data presented which

enable a dose assessment for the inhalation of artificial radionuclides at
Maralinga and Emu, the sites of United Kingdom atomic weapons tests between
1953
and 1963. Dose assessments for the inhalation of artificial

radionuclides

are

presented

for

all

remaining

contaminated

areas

at

Maralinga and Emu.
In the case of Aborigines, these doses are estimated
assuming inhalable dust loadings of 1 mg/m^ for adults and 1.5 mg/m^ for

children and infants.

Particle size is taken to be 5 jim AMAD.

Plutonium

and americium are taken to be represented by solubility Class Y for major

trial sites and 25% Class W and 75% Class Y for all minor trial sites. For
other radionuclides, where no data are available, the most conservative
dose intake conversion factor values are used. All calculations of dose
assume 100% occupancy.
The results indicate that doses to children are

higher than doses to adults and infants.

This is a consequence of children

being subjected to higher dust concentrations than adults because of their
play activities and because of generally higher dose intake conversion
factor values than adults, which more than offset their smaller breathing

rates.

Thus children form the critical group.

With the exception of one

site which is contaminated with uranium, at all other sites it is only the

inhalation of plutonium and americium that contributes significantly to the
dose, and of these ""Pu is the largest contributor.
Therefore, having
regard to the long half lives of the radionuclides concerned, the

inhalation problems highlighted by this dose assessment will not diminish
significantly within any reasonable period of time and hence management
strategies must be developed to deal with them.

1. BACKGROUND TO THE STUDY

1.1 Major Trials
The United Kingdom conducted a programme of nuclear weapons development

trials at Maralinga and Emu in South Australia, and at the Monte Bello
Islands in Western Australia, between 1952 and 1963.
In all, 12 major
nuclear trials involving atomic explosions were performed at the three
locations.
The smallest of these were two trials at Maralinga, each of
about one kiloton yield, and the largest at the Monte Bello Islands was of
56 kiloton.
All were atmospheric tests, and devices were generally
exploded on 31 m towers. The sites of these major trials no longer present
any significant health risk, because all the radioactivity released in the
explosions was either widely dispersed (i.e. worldwide) at the time, or has
decayed sufficiently by now.[1,2]
1.2 Minor Trials
The UK also conducted several hundred 'minor trials' at Maralinga over the
years 1955 to 1963.
These minor trials were essentially developmental
experiments designed to investigate the performances of various components
of a nuclear device, separately and in combination, and almost all involved
radioactive materials with conventional high explosives, and dispersed
radioactivity to the local environment.
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TO EMU
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(241Am 1 kBq/m 2 )

MARALINGA

VILLAGE

Figure 1. The Maralinga area showing major and minor test sites and main features .

The Australian Radiation Laboratory (ARL) has surveyed the minor trial
sites at Maralinga and Emu, [2] and in many cases the sites have been
adequately cleaned up, or the radioactive materials used were of
sufficiently short half-lives that they are no longer detectable.
The
sites with significant remaining contamination are all at Maralinga; they
are shown in Figure 1 and detailed below.

Tad je- Tadje was the site of a one kiloton nuclear detonation in 1957.
Because of the nature of the device tested, there is an area extending from
the ground zero for about 1000 m in a NNE direction which is contaminated
with plutonium (and associated americium) as well as some small pellets of
cobalt-60. The cobalt-60 is of sufficiently short half-life (5.3 years)
for it to present little potential hazard in the long-term, but the halflife of plutonium-239 is such (24,100 years) that this small area north of
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the Tadje ground zero must be considered a potential hazard well into the
future.
Kuli- Over 7000 kg of uranium was explosively dispersed at Kuli, as well as
65 kg of beryllium. Much of the uranium and beryllium was collected at the
time of the trials. Some beryllium was repatriated to the UK following the
trials, and the uranium is presumed to be buried in a large pit on the
northern side of the Kuli site.
However, pieces of uranium metal and
uranium oxides are quite plentiful close to the firing pad in the centre of
the site and further to the east. The occasional small piece of beryllium
metal can also be found.

Wewak- Burnings and explosive dispersals of beryllium, uranium and
plutonium occurred at Wewak in trials code-named 'Vixen A' .
The two
plutonium burnings (involving a total of 405 g plutonium, of which 395 g
was returned to the UK in 1959)
took place at the VK33 site which was
subsequently treated by 'ploughing'. Four explosive dispersals of a total
of about 570 g of plutonium took place at sites VK60A and VK60C.
Surrounding these sites are fragments of metal contaminated with plutonium.
TM100 and TM101- Explosive dispersals of plutonium (about 600 g at each
site) took place at both of these locations. Some 500 g of plutonium from
TM101
was returned to the UK in 1979.
There is a high concentration of
plutonium-contaminated fragments and smaller friable particles close to the
firing sites.
Taranaki- Taranaki is the site at Maralinga which is most extensively
contaminated with plutonium, and therefore represents the greatest
remaining potential hazard to health. It was the site of the final major
atomic detonation at Maralinga in October 1957.
This was a balloon-borne
test of 27 kiloton yield at 300 m, which left very little contamination.
Between 1960
and 1963,
the area just to the north of the ground zero was
used for 12 'one-point safety trials' (code-named 'Vixen B') in which about
22 kg of plutonium was explosively dispersed in a sector extending from the
west, through north, to north-east of the site.
As well as plutonium,
uranium-235 and beryllium were also dispersed in these trials.
The plutonium contamination at Taranaki occurs mainly in three forms[3,4]as a fine dust, as small sub-millimetre particles, and as surface
contamination on larger fragments. In these one-point safety trials, jets
of molten plutonium were projected up to 1000

m into the air,

and the

contamination was dispersed by wind in narrow 'plumes'. The main plumes
extend to the west, north-west, north and north-east of Taranaki. The most
extensive of these is the north-west plume which can be detected up to 100
km from the firing pads at Taranaki. In a clean-up in 1967
('Operation
Brumby'), the surface soil in the central area at Taranaki was treated by
mixing to reduce average contamination levels, and plume areas were
'ploughed' . Beyond the ploughed area the plutonium contamination tends to
be on the surface.
Within 500 m of the firing pads there are many
thousands of contaminated fragments large enough to attract attention as
potential souvenirs. The range of types of fragments includes wire, rusty
steel plate, lead, pieces of a grey metal of low density, bitumen and
yellow bakélite.
1.3 Previous Studies
During the period that the Maralinga and Emu Ranges were in use,

various

radiation surveys and clean-up operations were performed.[5]
Once the
decision was taken to close the Maralinga Range, a final clean-up of all
sites was undertaken by the UK in Operation Brumby in 1967,
and a final
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report on the state of the Maralinga and Emu ranges (the 'Pearce
Report'[6]) was presented to the Australian Government.
The goals of
Operation Brumby were to reduce the level of contamination and to perform

such other operations as would meet requirements set down by the Atomic
Weapons Test Safety Committee (AWTSC) on behalf of the Australian
Government.
Essentially these requirements had as their basis the
Recommendations of the International Commission on Radiological Protection
(ICRP), Publication 9 for maximum permissible gamma dose rates,[7] and
Publication 2 for the maximum permissible concentration of plutonium-239 in
the atmosphere, for continuous exposure of members of the public.[8]
Major surveys of the whole of the Maralinga and Emu areas were conducted by

ARL in May and November 1984 and February 1985,
to the Royal
Subsequently,

and a report was presented

Commission into British Nuclear Tests in Australia.[2]
surveys have been conducted by ARL to determine the

distribution of plutonium-contaminated fragments at the Taranaki site,[3]
the definition of levels of plutonium contamination on the ring and outer
road systems surrounding the Taranaki site,[9] the geology and hydrogeology
of the Maralinga area,[10] and levels of plutonium contamination beyond the
boundaries of the test range in Maralinga Tjarutja (Aboriginal) lands.[11]
Other work that ARL has performed in association with these surveys has
been the determination of isotopic ratios of actinides used in the nuclear
trials (both major and minor) at Maralinga and Emu,[12,13] and the
determination of the properties of plutonium-contaminated particles
resulting from the Vixen B trials at Maralinga.[13,14] This latter study
includes

the

measurements

of

isotopic

ratios

for

actinides

in

the

individual plumes at the Taranaki site.
During these studies, it became clear that a number of aspects of the
residual radioactivity differed substantially from the official UK record
(1968
Pearce Report[6]) of the final state of the range after the 1967
clean-up, carried out by the UK in Operation Brumby. Field data acquired
since 1984, together with other careful studies of recently declassified
reports,[15] have indicated that the information provided by the British to
the AWTSC following the clean-up of Maralinga in 1967 is deficient in a
number of areas. In particular, plutonium levels tend to be greater by up
to a factor of 10 over those given in the Pearce Report, [6] and the
contamination is much more extensive.
An aerial radiological survey
conducted in 1987 supports these findings.[16]
The Pearce Report also
makes no mention of the hundreds of thousands of fragments of debris highly
contaminated with plutonium. Many of these are potentially 'souvenirable'
and could lead to a totally unacceptable health risk either on or off site.
The UK modelling of the inhalation pathway in the Pearce Report, based on
ICRP Publication 2, [8] was also deficient in that it ignored the six to 20fold enhancement of plutonium concentrations found in the inhalable
fraction in the present study. Finally, there remains strong doubt, based
on data in other reports, [17] about the accuracy of the estimate in the
Pearce Report that 20 of the 22 kg of plutonium ended up in shallow burial
pits at Taranaki.
In fact, it would seem more likely that most of the
plutonium was dispersed as an aerosol over very wide areas at low levels of

contamination.
A realisation that the inhalation pathway would present one of the most
significant potential health hazards arising from residual contamination of
the Maralinga and Emu areas led to the current studies presented in detail
elsewhere,[18-21] and summarised in this report. The work was performed
under a contract defined by the Technical Assessment Group (TAG[22]) set up
by the Government of Australia following the report of the Royal Commission
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into British Nuclear Tests in Australia. The study includes a survey of
ambient concentrations of radionuclides and dust in air, artificial
resuspension studies, the characterisation of the contamination in the
Maralinga and Emu soils, and a dose assessment for the inhalation pathway.

1.4 Maralinga Aborigines

The traditional occupants of the Maralinga lands are the Maralinga Tjarutja
(Pitjantjatjara) Aboriginal people. Currently the Maralinga Tjarutja lands
cover some 80,000 km , with a pool of some 2000 Aborigines who have
traditional obligations to parts of these lands.
The area that is
presently denied to the Aborigines due to the former atomic weapons tests
comprises 3,200 km^ . Recently, between 60 and 200 of the Maralinga people
have established a semi-traditional lifestyle at Oak Valley, some 100 km
north-west of the Maralinga range.
2. DESCRIPTION OF THE ASSESSMENT

2.1 Ambient Concentrations of Radionuclides in Air at Maralinga and Emu

Ambient concentrations in air of radionuclides and the toxic chemical
beryllium were monitored by use of both high and low volume samplers over
several years during calm conditions and during dust storms. The data for
the contaminated sites indicate that airborne concentrations of plutonium
are low most of the time (<10 Bq/m^).[18,19]
Annual average ambient
activity concentrations of plutonium at the most heavily contaminated
sampling sites were ca. 10""^ Bq/m at a height of 1.1 m above ground level.
The highest concentrations measured were ca. 2 x 10~^ Bq/nr averaged over a
few days. The results indicate that the radiological risk due to naturally
resuspended dust is dominated by a rare event, viz. the occasional dust
storm that resuspends considerable activity.
2.2 Artificial Resuspension Studies
Artificial resuspension studies on a range of soils from Taranaki and major
trial sites were performed by use of a mechanical dust-raising
apparatus.[18,20] A cascade impactor was used to analyse airborne dust in
terms of mass and 2^Am activities for particle sizes less than 7 //m. As
well, the surface soil from the sites studied was characterised in the
laboratory by means of sieving and microparticle classification.
The
activity median aerodynamic diameter (AMAD) was determined as ca. 6 /im for
resuspended soil from several sites at Taranaki, and decreased to 4.8 pm
following a delay of several minutes to allow for settling between raising
and sampling the dust.

Plutonium

and americium activities were found to be enhanced in the
inhalable fraction (taken to be <7 jum aerodynamic diameter) over their
values in the total soil, and values of the 'enhancement factor' (defined
as the ratio of activity per unit mass of the inhalable fraction to that of
the total soil) were similar in resuspended dust and surface soil
samples.[18,20] Observed enhancement factors ranged from 3.7 to 32.5 for
Taranaki soils with an average value of ca. 6 appearing reasonable for
general application in outer (plume) areas. Closer in to the more heavily
contaminated areas, higher values were observed.
Values close to unity
were measured for the enhancement factor at the major trial sites.

Some experiments were performed where uncontaminated dust was raised by
activities such as walking and driving over dusty ground.[18] The highest
inhalable dust loading observed was 13 mg/nr for travelling in the open
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tray section of a vehicle following another vehicle on a dirt track. In
the absence of the front vehicle, the inhalable dust loading was 0.8 rng/m3.
Walking on dusty ground in a confined space gave an inhalable dust loading
of 8 mg/nr.

2.3 Characterisation of Contamination in Maralinga and Emu Soils

A range of Maralinga and Emu soils were characterised by means of sieving
and microparticle classification, yielding mass and ^41^ activity
distributions with respect to size.[18,20] Mass distributions all the way
through to the inhalable fraction are essentially similar for a range of
soils from the Maralinga and Oak Valley areas. All soils are characterised
as sandy, with the greatest mass generally associated with the 250-500 fj,m
fraction.
The amount in the fraction centred on 5 pm (optical size) was
generally in the range 0.5-1.0%.
Thus these soils are not considered
particularly dusty. The activity distribution of plutonium and americium
is quite different from the mass distribution, and much more variable.
Average enhancement factors for plutonium and americium activity
distributions were determined (see below).
Depth profile analyses for undisturbed areas at Taranaki indicated that
most (74% on average) of the americium (and hence plutonium) activity is
found in the top 10 mm of soil. [18,20] For all samples analysed, between
85 and 99% of plutonium activity was in the top 20 nun of soil. It was
clear that much of the plutonium contamination at both major and minor
trial sites was present as discrete sub-millimetre particles. This nonuniform distribution of isolable particulate material, of ^41^ activities
>0.1 Bq, extends at least 100 km from the firing sites at Taranaki.

2.4 Inhalation Dose Assessment for Maralinga and Emut
2.4.1 Model of Respiratory System
The model of the respiratory system used in this assessment is that
described in IGRP Publication 30.[23] This compartment model provides a
mathematical approximation to the passage of inhaled materials through the
human respiratory system, but model compartments do not correspond with
specific physiological processes. A new lung model is being developed by
the ICRP which more closely reflects the physiology of the respiratory
tract, but is yet to be internationally adopted and is not considered
further in this work.
2.4.2 Input Data, and Scope of the Assessment

In the current work, the effective dose committed for
radionuclides present is computed by use of the formula:

each

of

the

effective dose = ——;——^ x volume inhaled x dose intake conversion factor
volume
with ——î———
volume

being computed from:
°

activity
,
...
activity
——::——•*= dust concentration in air x —————*-.
volume
mass

tReproduced from the journal Health Physics [21] with permission from the Health Physics Society.
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The effective dose per unit intake, or dose intake conversion factor, is
dependent on both particle size of the airborne material and its chemical
form (i.e. ICRP solubility class).
2.4.3 Dust Concentrations
There are three main components to the dust exposure of the Pitjantjatjara
Aboriginal people: (1) ambient dust that would be present in the absence of
people, (2) dust raised by human activity, and (3) dust resuspended by wind
from the disturbed area of the camp. Data on (1) are available from these
studies,[18,19] but this component is considered to be a minor contributor
to the total dust inhaled by the Aboriginal people. Quantitative data on
the other components of the dust environment are sparse.
The Oak Valley Aboriginal people have been studied extensively by Palmer

and Brady who note that their lifestyle is a very dusty one.[24] However,
data on the dust concentrations to which these people are exposed are
limited to the results of one field study at an atypical camp site.[25]
The limitations of this study are well-documented by its authors and by
Palmer and Brady.[26] The lack of direct data has resulted in attempts to
simulate some Aboriginal dust-raising activities.[18,27,28]
While these data are inadequate, they are in fact all which are available.
Consideration of Aboriginal daily activity profiles by TAG has led to
agreed values of average inhalable dust concentrations of the order of 1
mg/nP for adults and 1.5 mg/nr^ for children and infants. These values are
adopted in this assessment for all members of the Aboriginal community who
may in future live in the currently restricted areas.
If dust
concentrations other than these are believed appropriate, new doses can be
obtained readily from those presented below by linear scaling.
2.4.4 Particle Size

The artificial dust-raising experiments[18,20] indicate that there are two
main fractions to the particle-size distribution of radioactive material,
with AMADs of 5-8 jum and >11 ^m. The relative proportions of these two
fractions vary with the amount of time allowed for the larger particles to
settle. The field measurements of dust loadings for Aboriginal activities
were conducted with size fraction cutoffs excluding the >11 ^m fraction.
The 1 and 1.5 mg/m^ dust concentrations used in this assessment are assumed
to have an AMAD of 5 jum.

2.4.5 Chemical Class of Radionuclides
Animal studies to determine the translocation rates of plutonium and
americium following intake have been conducted by the National Radiological
Protection Board (NRPB) in England using material from Maralinga. One of
these studies involved the translocation of plutonium and americium
following inhalation or instillation into the lung using four samples from
the minor trial sites of Taranaki, TM100 and TM101 (two samples) . [29]
The studies of Stradling et al.[29] resulted in translocation rates:
Class W > TM100 > Taranaki > Class Y > TM101.

The translocation rates of americium and plutonium were very similar.
Stradling suggested that the worst case, which corresponds to the highest
translocation rate, might be considered to be represented by 25% Class W
and 75% Class Y. This prescription was used for all minor trial sites. At
major trial sites, where the plutonium was high-fired, Class Y was assumed.
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ICRP suggest that all chemical forms of americium should be considered to
be inhalation Class W.[30] In the current case where
Am has arisen from
the transmutation of ^^Pu in situ, the ^-^Am occupies a plutonium lattice
site and behaves like plutonium in the human body.
NRPB animal data
support this judgement , [29] as does evidence from in vitro solubility
studies in the laboratory [18] and from the stability of plutonium/ americium
ratios in the soil. The ICRP classification, which refers to direct intake

of americium, is thus inappropriate in this instance.
For other radionuclides where no data are available, the most conservative
dose intake conversion factor values were used. For uranium radioisotopes ,
Class Y was assumed, which is appropriate for the highly insoluble oxides
UC>2 and U^Og and is the most conservative lung class for uranium.
2.4.6 Calculation of Effective Dose Per Unit Intake
Data on chemical class and dose intake conversion factor values, together
with the sources of the data, are tabulated elsewhere for the radionuclides
considered in this assessment. [18 ,21] Unfortunately, these data were not
available from a single source. Data were obtained from ICRP sources where
possible (i.e. ICRP Publications 30 and 56). [23, 31] This information had
to be supplemented with data from NRPB that follow the same basic
philosophy as ICRP Publication 30 for infants and children. However, there
are no data for Class Y americium.

As all indications are that the americium at Maralinga behaves, at least
approximately, like its associated plutonium, it should be classified as a
similar Class W/Class Y mixture.
Accordingly, dose intake conversion
factor values for ^^Am Class Y were derived from plutonium data, adjusting
for the difference in alpha decay energy released and for the shorter half
life of the 241Am.

2.4.7 Activity Concentrations and Surface Densities

In order to perform dose assessments at the chosen locations, activity
concentration and activity surface density data have had to be drawn
together from a number of sources.
Firstly, the aerial survey[16] is the source of much of the data on
Am,
13/
60Co £or areas away from the major trial sites. Ground
ancj
surveys, by use of soil sampling techniques, have given concentrations of

radionuclides in the more contaminated areas. [2]
2.4.8 Activity per Unit Mass of Resuspendable Material
Particle-sizing studies on contaminated Maralinga soils and the artificial
dust- raising experiment s [18 , 20] showed that fine particle sizes usually had
a greater activity per unit mass than did the bulk soil at a site.
Enhancement factors were determined for a selection of representative
sites, to enable conversion of bulk soil activity concentrations to
activity concentrations in resuspended inhalable material.
The data
available indicate that the enhancement factor is roughly constant for any

given trial for a range of particle size fractions.

However, enhancement

factors, given in Table I, can vary widely between trial sites.
2.4.9 Activity Ratios

Some significant radionuclides present at Maralinga and Emu were not
readily measurable by either aerial- or ground-based surveys (e.g. isotopes
of plutonium and 90Sr) . Activities of these 'hidden' radionuclides have
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Table I.

Site

239

Pu/241Am

Input Parameters for Dose Assessment

240pu/24lAm

2!41pu/241Am

90

Sr/l37Cs

Enhancement

factor
Taranaki

20

Central

7.0

1

12.2

W plume

8.0

1. 2

13.4

6

NW plume

6.8

1. 0

12.6

6

N plume

8

1

12.2

NE plume

9

1. 2

11.6

6
6

20

1. 9

11.5

4

1. 2

12.1

4

23

1.0

10.6

20

1.4

11.8

10
4

-

-

6

0.52

TM sites
TM100
TM101

7.6

Wewak
VK33
VK60A/60C
Kuli

-

Kuli
Maior trials

Totem I

40

4.6

7.1

0.18

1

Totem I plume

40

4. 6

7.1

0.10

2

Totem II

50

5. 7

6.9

0.18

1

Totem II plume

50

5. 7

6.9

0.10

2

One Tree

30

3. 5

8.6

0.24

1

One Tree plume

30

3. 5

8.6

0.24

2

Breakaway

30

3. 5

8.6

0.48

1

Tadje

40

5. 7

9.0

0.61

1

Tadje 500 m NNE

40
40

5. 7

9.0
9.0

0.61

0.3

4. 6

0.26

1

Biak

been estimated from laboratory measurements of activity ratios or from

calculations of the ratios based on production dates and decay parameters,
combined with the field measurements of ^^-Am and ^"cs activities. Values
of appropriate activity ratios are given for various sites in Table I.
The values for 239Pu/241Am (major and minor trial sites) and 240Pu/241Am
activity ratios (minor trial sites) come from laboratory measurements using
high-resolution gamma-ray spectrometry.[12-14] Details of methods used to
determine other activity ratios are given elsewhere.[18,21]
As the activity ratios are time dependent to a greater or lesser extent
depending on the half lives of the radionuclides concerned, a date must be
fixed at which to perform the dose calculations. The date which was chosen
in this case is mid 1987, that of the aerial radiological survey. All
calculated activity ratios in Table I are for mid 1987, and empirical
activity ratios are from within 18 months of this date.
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2.4.10 Depth Distribution
The available source -term data come from measurements of surface activity
densities and measurements of activity concentrations in soil. These data
are related by the depth distribution of radionuclides and soil density.
Measurements of these parameters are presented elsewhere . [18 , 20]
These
show that in undisturbed areas, most of the activity is in the top 10 mm of
most samples, and at least 85% is in the top 20 mm.
For the following calculations, it is assumed that in undisturbed areas,
all the activity is uniformly dispersed in a layer 10 mm thick. Use of
this depth distribution means that a dust loading of l mg/nr corresponds to
a resuspension factor of 6 x 10
per m for an enhancement factor of unity.
In ploughed areas , the depth to which activity has been mixed is greater
and it is more appropriate to use surface activity concentration (Bq/kg)
than surface activity density (Bq/m^) data for the following reasons: 1)
soil below 10 mm depth is unlikely to be resuspended, and 2) attenuation of
gamma rays from below 10 mm of soil is quite severe for the important
radionuclide
Am.

The surface activity densities of
Am have had to be corrected for
attenuation of the 60 keV gamma ray from ^^Am.
This correction is
dependent on the known or assumed depth distribution. If all the americium
(and hence plutonium) is uniformly distributed in a layer of soil 10 mm
thick, the attenuation is 25%. Changes to the assumed depth distribution
will affect both airborne contamination concentrations and the correction
for attenuation. These effects are discussed elsewhere . [18 , 21]
2.4.11 Breathing Rates
Breathing rates for adults, children and
Haywood.[32] These rates are 8400 nrvyear for
children and 1400 m^/year for infants.
These
population.
Data for Pitjantjatjara people
unlikely to differ substantially.

infants are taken from
adults, 5500 m^/year for
data are for the British
are unavailable but are

3. RESULTS

Committed effective dose estimates from inhalation for long-term
inhabitants in the contaminated areas are presented in Table II . Detailed
breakdowns of dose components are presented elsewhere . [18]
For the
contamination at Maralinga, inhalation has been shown to be by far the most
important pathway. [33] For all sites except Kuli which is contaminated
with uranium, the dose due to inhalation is dominated by ^39pu with minor
contributions from other actinides. Fission and activation products are no
longer significant hazards for the inhalation pathway.
The results indicate that doses to children are higher than doses to adults
and infants. This is a consequence of children being subjected to higher
dust concentrations through their play activities, and because of generally
higher dose intake conversion factors for children, which more than offset
their lower breathing rates. Thus children form the critical group.
From the dose estimates presented, certain areas have inhalation dose rates
that are too high to be acceptable under all but the most rigorously
controlled circumstances. These include the central area at Taranaki. At
the other extreme, while plutonium is detectable on the ground way beyond
the limit of detection of the aerial survey, for any realistic occupancy
factor the corresponding inhalation dose is much less than 1 mSv per year.
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Table II.

Estimated Committed Effective Doses from Inhalation

for Full-Time Aboriginal Residents in Contaminated Areas at Maralinga and Emu

mSv/year

Site
Adults

Children

Infants

Taranaki
Central area

W plume ; A contour
NW plume ; A contour

N plume; A contour
NE plume; A contour

[241Am 3 Bg/g]

124.5

273.0

306.2

241

2

3.4

3.8

1.5

241

2

2.9

3.3

1.3

241

2

3.3

3.7

1.5

241

2

3.7

4.2

1.7

118.0
3.9

48.2
1.6

[

Am 1.4 kBq/m ]

[

Am 1.4 kBq/m ]

[

Am 1.4 kBq/m ]

[

Am 1.4 kBq/rn ]

Uewak
VK60A.60C; centre
VK60A.60C; A contour
VK33; B contour

[241Am 30 kBq/m2]

105.1

241

2

241

2

29.3

32.9

13.4

[241Am 10 kBq/m2]

35.8

40.2

16.4

[

Am 1.0 kBq/m ]

[

Am 3.0 kBq/m ]

3.5

TM s Lees
TM100; C contour
TM100; A contour

TM101; C contour
TM101; A contour

241

[

2

Am 1.0 kBq/m ]

241

[

2

Am 10 kBq/m ]

241

[

2

Am 1.0 kBq/m ]

3.6
15.5
1.5

4.0
17.4
1.7

1.6
7.1
0.7

Kuli

D contour (0.02 km2) [238U 150 kBq/m2]
238

[

A contour

2

U 17 kBq/m ]

11.2

16.9

11.2

1.3

1.9

1.3

4.0

5.2
21.4

2.4

Major Trial Sitest
Ground Zero Totem I (Emu)

16.4

Ground Zero Totem II (Emu)

9.9

Ground Zero Breakaway

1.2

1.6

0.7

Ground Zero Biak

5.6

7.2

3.3

Ground Zero One Tree

2.6

3.4

1.6

Ground Zero Tadje
Pu area NNE of Tadje

241

[

Am 3.5 Bg/g]

42.0

54.6

14.4

18.8

25.3

8.7

137

2

0.2

0.2

0.1

24i

2

4.1

5.4

Totem II

137

137

2

0.5

0.6

2.5
0.3

Totem II

241

241

2

5.1

6.7

3.1

Totem I

137

Totem I

241

A,B,C

Cs A con.

Ara A con.

[

[

Cs A con. [

Am A con. [

Cs 0.6 kBq/m ]

Am 2.0 kBq/m ]
Cs 0.6 kBq/m ]

Am 2.0 kBq/m ]

and D contours refer to contamination contours described by the

aerial survey of Maralinga and Emu.[16]
t Contamination source terms for major trial sites come from réf.[2].

Having regard to the long half lives of the radionuclides concerned, the
inhalation problems highlighted by this dose assessment will not diminish
significantly within any reasonable period of time and hence management
strategies must be developed to deal with such problems.
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An implication of some of the higher dose estimates in Table II is that
extreme care must be taken in any rehabilitation of the sites, as
rehabilitation work itself may raise high levels of dust posing a
significant hazard to work crews.

3.1 Aboriginal Health and Lifestyle
There are several lifestyle aspects and related health issues which might
considerably alter doses received by residents of an Aboriginal community
living in contaminated areas.
It is noted that the Aborigines at Oak
Valley are commonly mouth-breathers, many are heavy smokers, and upper
respiratory tract infections are endemic.[24] Mouth-breathers tend to have
lower deposition in the N-P region of the respiratory tract, which can
affect dose intake conversion factors.
Smoking further complicates the
matter, but generally seems to have a small effect on regional deposition
while substantially altering mechanical clearance capability.
Endemic
respiratory tract infections also complicate the situation, probably
causing changes in regional deposition and clearance capability.
These
infections may also be related to high dust exposures and possibly are a
cause for the high incidence of mouth breathing.
Other factors which may affect dose intake conversion factors are the
general health and dietary deficiencies of the population.
The dose
conversion factors used in this assessment have been computed from a model
designed for essentially healthy workers. The people living at Oak Valley
do not generally fit this description. Unfortunately, while these factors
are obviously important in assessing doses that might be received by an
Aboriginal resident in a contaminated area, little or no data exist to
quantify their importance.
Assessing these factors probably requires a
further specialised study.
3.2 Sources of Uncertainty
The dose estimates presented are dependent on many factors, some of which
are not well known.
All of the estimated doses depend linearly on
breathing rates, activity data, dust concentrations, and dose intake
conversion factors. Breathing rates are reasonably well known. Activity
concentrations on the ground are fairly well known, but activity in the air
is not. In many cases, enhancement factors have been assumed based on only
a few experimental determinations.
These must be considered quite
uncertain.
Average dust concentrations have large uncertainty because of a lack of
experimental data, but the assumed values are believed to be conservative.

All dose intake conversion factor values have considerable inherent
uncertainty, and further uncertainty because of the unknown impact of
Aboriginal health and lifestyle issues discussed above. The use of 5 pm
AMAD may also be inappropriate at sites not sampled.
However, dose
conversion factors are not very sensitive to particle size and so this
parameter is unlikely to cause much error.
3.3 Uncertainty Analysis
In order to develop some understanding of the range of uncertainty in the
estimated doses, a particular case - the effective dose for •"'Pu inhaled
by a 10 year old child living for one year at a level of 1.4 kBq/m^ of
^•"-Am (the limit of detection of the aerial survey) along the north plumewas treated in detail.
Each of the four parameters: dust loading,
2-^Pu/24^Am activity ratio, the enhancement factor for resuspended
inhalable dust, and breathing rate, was assigned a distribution function
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with a specified median and range (10th and 90th percentiles).
The
uncertainty analysis,[18,21] without taking into account the range of
uncertainties in the ICRP-based dose intake conversion factors, indicated
the assessed doses in Table II are likely to be within a factor of three
(10th and 90th percentiles) of the best estimates of dose.

If a range of uncertainty of a factor of three is included in the estimate
of dose factors, the median value for the same case is unchanged (2.9 mSv),
but with 10th and 90th percentiles becoming 0.6 and 12.8 mSv respectively.
Thus, under these assumptions, there is one chance in ten that the true
dose is less than 0.6 mSv and one chance in ten that it is greater than 13
mSv - that is, a factor of ca. 4.6 either side of the median.
3.4 Occupancy Factors

The doses computed above are for permanent residence at one site for the
inhalation exposure pathway only. Palmer and Brady[24] indicate that the
Oak Valley people move camp every 7 to 10 days after the resources of the
area around the camp are depleted. They then tend to move along roads to a
new site usually one or two kilometres distant where they establish a new
camp next to the road. Considering that the Oak Valley community is fairly
mobile, it is unlikely that total occupancy of contaminated areas would
exceed 10%. In practice all doses reported must be scaled down by whatever
is assumed to be a reasonable occupancy factor for the contaminated areas.
3.5 Casual Visitors

A casual visitor to Maralinga or Emu is unlikely to remain in contaminated
areas for more than l/50th of the year and probably would be exposed to
lower dust concentrations than a member of an Aboriginal community. It is
assumed that the visitor does not engage in dust raising activities and
consequently is only exposed to ambient sources of resuspended dust. The
greatest hazard to a visitor would arise if that person were present during
a dust storm (and unable to shelter in a vehicle or move out of the area
while conditions were unpleasant).

Calculations for two of the most hazardous sites[18,21] indicate that there
is no inhalation hazard for casual visitors to even the most contaminated
sites at Maralinga and Emu, so long as dust-raising activities are avoided.
For such visitors, the greatest hazard occurs during a dust storm. Severe
dust storms were estimated to deliver an effective dose of ca. 36 /iSv per
storm to a person present throughout the complete storm at either central
Taranaki or near Tadje ground zero.
Hence properly informed casual
visitors making intermittent forays to the area, for example tourists,
geological prospectors and surveyors, who do not engage in dust raising or
soil disturbance activities are very unlikely to receive an effective dose
by inhalation of 1 mSv.

3.6 Implications of Revised Tissue Weighting Factors
The ICRP in Publication 60 recommends the use of revised tissue weighting
factors.[34] The use of these revised weighting factors will affect dose
intake conversion factors, and in particular for plutonium the reduction in
the weighting factor for bone surfaces from 3 to 1% will cause a decrease
in dose per unit intake. The potential magnitude of this effect on the
doses presented in Table II, which are based on the old tissue weighting
factors, can be estimated.
Stradling et al.[29] have shown that for
Maralinga plutonium represented by 25% Class W and 75% Class Y, doses based
on the revised weighting factors would be lower by ca. 35%.
For Class Y
plutonium, doses based on the revised weighting factors would be lower than
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those in Table II by ca.. 25%. The new ICRP lung model, when adopted
internationally, will further affect dose intake conversion factors.

4. THE FUTURE

The future of Maralinga has now reached a critical stage, in that the
Australian and UK governments have just this month (June, 1993) reached
in-principle agreement on a settlement of Australia's claims regarding
residual contamination of the test sites.

The forthcoming clean-up of Maralinga is a classical intervention situation
as defined in ICRP Publication 60.[34]
The philosophy guiding such a
clean-up of an existing contaminated site has been enunciated by the
TAG,[22] and essentially involves decisions about what is reasonable,
having regard to economic and social factors. The ICRP recommends against
the use of dose limits for deciding on the need for, or scope of,
intervention.[34] Rather, TAG have formed a judgement based on weighing
the benefits of a clean-up (e.g. doses averted by the public, ability to
re-use land) against the detriment in clean-up (e.g. doses to workers,
ecological cost, financial cost).[22] The judgement of TAG, based on the
current ICRP lifetime risk factor for developing a fatal cancer of 5 x 10~^
Sv"~ , [34] was that the contamination contour corresponding to an annual
committed dose of 5 mSv, assuming full-time occupancy, is the border-line
between acceptability and unacceptability of risk.
This is based upon
knowledge of the present life style of the semi-traditional Aborigines and
their life expectancy.

The Maralinga Aboriginal people have indicated a general acceptance of the
conclusions of the TAG report.[35] They are well aware that, as a result,
some of the contaminated areas are considered dangerous for continuous
traditional occupation by them. The dilemma faced by the Maralinga people
is what form of clean-up can adequately deal with this, and they are very
concerned about the gross environmental damage that the removal of too much
top soil from large areas would cause - as it would involve the removal of
every tree and blade of grass from an area of verdant bush land, with
potential for subsequent erosion problems. The decision of the traditional
Aboriginal owners has been that they are not prepared to solve one
environmental problem by creating another.[35]
They thus reluctantly
accept the fencing off of some 480 km^ of their traditional lands as being
unsuitable for permanent occupation.
The aim of the Australian Government is to deal with the most serious longterm radiological problems at Maralinga and Emu, and for this purpose a sum
of A$101M will be available for a rehabilitation programme over six years.
The clean-up will involve in-situ vitrification of pits containing
plutonium-contaminated wastes, the removal and burial on site of most of
the area ploughed in Operation Brumby including all contaminated fragments,
and fencing an area of ca. 480 km^ of which 120 km^ is contaminated at
greater than the 5 mSv dose contour. This fenced area would only present a
significant radiological hazard were it to be used for permanent occupancy
by Aborigines living a semi-traditional lifestyle.
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ASSESSMENT OF POTENTIAL DOSES AT
THE MARALINGA AND EMU TEST SITES

S.M. HAYWOOD, J.G. SMITH
National Radiological Protection Board,
Chilton, Didcot, United Kingdom
Abstract
An assessment has been undertaken of potential doses to future aboriginal inhabitants
of the Maralinga and Emu areas of South Australia, where nuclear weapons tests in the 1950s
and 1960s have resulted in residual radioactive contamination. Radioactive material due to this
programme of tests and other experiments is still detectable several tens of kilometres from some
of the test sites, and continued occupancy by individuals following an Aboriginal lifestyle could
give rise to annual effective dose equivalents of several millisieverts within contours enclosing
areas of several hundred square kilometres. The most significant dose pathways are calculated
to be the inhalation of resuspended activity and ingestion of soil by infants. An analysis of the
effects of uncertainties in the dose calculation has indicated the uncertainty distribution on
predicted doses from the inhalation pathway.

1.

INTRODUCTION

Between 1953 and 1963, the United Kingdom Ministry of Supply conducted a programme of
nine nuclear weapon tests and other experimental explosions at Maralinga and Emu in South Australia
(see Figs 1 and 2). The two earliest tests were at Emu and the seven later ones at Maralinga.
Although a few "minor trials", involving dispersal of radioactive material were also conducted at Emu,
the bulk of the other experiments, amounting to several hundred in all, were conducted at Maralinga.
These experiments, which varied considerably in type and size, involved chemical explosives and
resulted in the localised dispersal of radioactive material. The radioactive material was mostly shortlived isotopes, but in a small number of cases, long-lived radioactive plutonium and uranium were
involved. As a consequence of these tests and explosions, residual activity is still present in the area
today. The significant activity remaining includes isotopes of caesium, plutonium, americium, cobalt,
strontium and uranium, in some areas at concentrations which are sufficiently great to justify
restrictions on access to parts of the areas. The plutonium contamination in the area has been
considered to be of greatest concern.
To assess the radiological significance of the activity remaining at Maralinga and Emu, a
Technical Assessment Group (TAG) was set up in 1986 by the Australian Government, in response
to recommendations made by an Australian Royal Commission. Under its continuing obligation to
provide advice, the UK Government agreed to participate and to undertake studies for the TAG.
Hence, a programme of work began in 1987, involving research organisations in Australia, the UK and
the USA. Part of the work was undertaken at the National Radiological Protection Board (NRPB),
including bioavailability studies, radiochemical analysis and an assessment of potential doses. The
bioavailability studies and radiochemical analysis of environmental samples are described
elsewhere^1'2'3'4!. The key points of an assessment of potential doses in the areas containing residual
activity are described here; the dose assessment undertaken at NRPB has been described more fully[5l
This paper outlines the methods adopted for the assessment, together with the main results and
conclusions.
2.

MATERIALS AND METHODS

2.1

Assessment principles
The aim of the assessment was to provide information on the radiation doses to the local
aboriginal population likely to result from the residual activity in the Maralinga and Emu areas, and
to assist decisions on the necessity for decontamination or continued restrictions on access. The test
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FIG. 1. Geographical location of Maralinga and Emu sites.
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FIG. 2. Location of Maralinga and Emu test site in Southern Australia.
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TABLE 1. NUCLIDES CONSIDERED IN THE ASSESSMENT.

Average emission energy
Half-life
(years)

Nuclidc

Alpha (MeV)

Beta (keV)

Gamma
(MeV)

90

Sr

29.1

.

196

-

137

Cs

30.0

-

187

-

60

Co

5.3

-

96.5

2.5

33

i Ba

10.7

-

53.8

0.4

152

13.3

-

136

1.1

154

8.8

-

288

1.2

155

5.0

-

62.6

-

5.6

51.9

-

5.6

10.6

-

Eu

Eu

Eu

241

Am

432

238

Pu

87.7

239

24,100

5.2

6.7

-

240

6,550

5.2

10.6

-

Pu

Pu

241

Pu

14.4

-

5.2

234

244,500

4.8

13.2

-

235

7 108

4.5

48

0.15

238

8

4.3

10

-

U
U
U

4 10

areas are semi-desert and are at present uninhabited. A community at Oak Valley, 150 km north of
Maralinga, usually amounting to some 100 individuals, but which can at times increase to 300 or
more, is the most likely source from which future occupation of the area could be resumed. They are
part of the larger Tjarutja tribe, who are regarded as the "traditional owners" of the area and amount
in all to about 1,500 to 2,000 individuals. Doses calculated in the assessment are therefore potential
doses, in the event of the return of these people to the Maralinga or Emu areas. Observations and
results obtained from the other studies in the Maralinga Rehabilitation Programme were used in the
assessment, which was limited to consideration of the consequences of existing surface contamination.
The consequence of the removal of activity from pits in the area that were used for burial of active

waste was not considered.
Doses were calculated for an aboriginal population with a semi-traditional lifestyle. It may
be assumed that, with the exception of particular activities such as souvenir hunting of contaminated
fragments, the doses to other population groups would be less. The aim of the assessment was to
establish realistic average doses to individuals in this population rather than doses to a critical
subgroup. There will therefore, by definition, be individuals in the population who would receive
larger doses, as well as individuals who would receive smaller doses.
Doses were calculated assuming 1 year's exposure or, for the intake pathways, 1 year's intake.
They were calculated for four representative age groups: adults (20 y), children (10 y), infants (1 y)
and infants in the first year of life (with a representative age of 3 months).
The nuclides considered in the study are listed in Table 1.
2.2

Pathways of exposure

The
(a)
(b)
(c)

following exposure pathways were considered in the assessment:
inhalation of material suspended from the ground,
ingestion of foodstuffs and associated soil,
external gamma dose from the ground,
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(d) beta dose from the ground and from material on skin and clothing,
(e) contamination of sores and wounds.
Potential exposures resulting from prolonged proximity to, or handling of, contaminated items
were not included in the assessment because of the lack of information on the likelihood and duration
of such exposures.
2.3

Methods of calculation
The principle adopted in the assessment was to utilise as far as possible the information
provided by the various experimental and measurement programs in the TAG studies. The assessment
method is summarised below for the most significant pathways.
It was apparent at the start of the assessment that the inhalation pathway was of considerable
importance because of the plutonium and americium nuclides present in the area, the dusty nature of
the environment and the aboriginal lifestyle, which produces a high degree of man-made resuspension.
The intake of dust by an individual will depend upon the daily activities undertaken in the various age
groups. Activity profiles, and associated airborne dust loadings (in mg of dust per m3 of air), were
assumed for the three age groups, based on data obtained in the study programs (Table 2). The annual
average airborne dust loadings obtained were then used in the calculation of inhalation doses to model
the amount of material resuspended. The average dust loadings used in the assessment were 1 mg m3
for adults and 1.5 mg m3 for children and infants. The value was higher for the younger age groups
largely because of the time spent in dusty play.
A study designed to assess the behaviour of actinides (239Pu and 241Am) associated with
inhaled dusts^-'indicated doses per unit intake appropriate for various Maralinga dusts. These values
were used in the assessment. For other nuclides, doses per unit activity of inhaled material were
calculated using current dosimetric and metabolic models^. Both effective and organ doses were
considered. It was recognised that metabolic, health and behavioural differences may have an
influence on the doses per unit intake appropriate for the aboriginal population; these would include
factors such as respiratory tract infections and a high incidence of smoking and mouth breathing. The
effect of these factors was considered further in the uncertainty analysis (described below).
For the ingestion pathway, use was made of measurements made for TAG by the Australian
Nuclear Science and Technology Organisation^ of activity in locally hunted animals (kangaroo,
rabbit, witchetty grubs, lizard, goanna) and in local vegetation (quandong, mistletoe, solanum).
Combining these measurements with measurements of activity levels in soil from the area in which
the food was obtained gave transfer factors for the principle locally derived foods and the most
important nuclides, which were then used in the assessment. Some of the transfer factors used in the
assessment are shown in Table 3. The transfer factor approach could not be used to estimate doses
from ingestion of kangaroo meat because of the large distances covered by the kangaroo; instead
measured ranges of activities in kangaroo meat and organs were used in the calculations.
The consumption rates of food and water used in the assessment were obtained from an
anthropological study^l The majority of the aboriginal diet is now of western food brought in to the
local township, but large quantities of some locally obtained foods are consumed. Kangaroo and rabbit
remain staple parts of the diet. For some foodstuffs the rates obtained in the anthropological study
could be conservative, as they imply a high calorie intake. This may be due to an underestimate of
wastage, particularly in the case of meat. The intake rates used in the assessment are shown in
Table 4.
One of the most significant potential sources of ingested activity is the soil or dust that is
associated with food, as virtually all food - whether of local origin or purchased - has some dust
content by the time of consumption due to the methods of preparation and the nature of the
environment. A total soil intake in the region of 1 gram per day was estimated based on faecal
samples of non-aboriginals during field trips. This must be regarded as a low estimate of soil
ingestion by aboriginals under camp conditions. In the absence of better information a soil intake of
10 grams per day has been assumed in the assessment for all age groups. This is considered to be a
conservative value, likely to be more pessimistic for the 3 month infant age group than for the other
age groups.
A study of the behaviour of ingested actinides in Maralinga dusts[3] indicated a fractional gut
uptake (f^) value of l 10"5 for plutonium nuclides and this value was used in the assessment. A value
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TABLE 2. AVERAGE ACTIVITY PROFILES FOR ADULTS, CHILDREN AND INFANTS151

Adult (male)

Hours per weeka

Sleeping

79.5

Sitting, talking, playing cards

35

Eating

21

Gambling coin game

4.5

Hunting, driving

13

Cooking, butchering

4

Vehicle repairs

7

At Watson (township)

4

Child (typically 10 years old)

Hours per week

Sleeping

87.5

Playing

52.5

Eating

8

Hunting/digging

8

Travelling in vehicles (rear)

8

At Watson (township)

4

Infant (1 year old)

Hours per week

Sleeping

100

Playing, or being played with

44

Eating

8

Near parents hunting/digging

8

Travelling in vehicles (rear)

4

At Watson (township)

4

a

Total hours equal 168.

of 1 10"4 was considered more appropriate for americium nuclides in dusts, as these seem to be more
transportable in the body[9l For nuclides of both elements, values of fj 10 times greater than these
values were considered appropriate for infants in the first year of life. This is consistent with the
general approach adopted by a Task Group of the Nuclear Energy Agency^101 and by a Task Group
of I C R p . For the ingestion of biologically incorporated material, an fx value of l 10"3 was applied
for both plutonium and americium, and this was increased to 1 10~2 for infants in the first year of life.
For nuclides of elements other than plutonium and americium, assumptions were made of the
appropriate fl value and these are discussed in more detail in Reference 5. Doses were then calculated
using current dosimetric and metabolic models[6l
Estimating doses from wounds posed particular problems in the assessment, because of the
lack of data on the frequency of wounds and the amount of soil that is subsequently retained in the
wound. Data indicate a very high occurrence of cuts and scratches, with a high percentage being
classified as dirty. Also, a high percentage of wounds become infected. Body sores are known to
be very common, particularly on children's scalps, and puncture wounds on the feet are frequent.
To estimate doses from wounds, assumptions were made of the amount of dust or soil that
would be initially deposited in sores or wounds each year. Data from a study designed to measure
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TABLE 3. TRANSFER FACTORS FROM SOIL TO FOOD151.

Transfer factor*1
(ratio of Bq g" fresh weight food to Bq g"1 dry
weight soil in top 25 mm)
1

Foodstuff

Pu

Am
3

Cs
3

Rabbit

2 1(T

2 1(T

2 10"2

Turkey

2 10'3

2 IG'3

2 10'2

Lizard

2 lO'3

3 lO'3

1 10'2

Plants

8 1<T5

6 1(T5

1 10'3

Witchetty

6 10-4

7 10-4

1 IO'2

"These are the transfer factors assumed in the assessment, based on data
given in Reference 7.

TABLE 4. ANNUAL INTAKES FOR ABORIGINALS ASSUMED IN ASSESSMENT151.

Intake rates'1 (g y"1)
Intake
material

Adults
(20 y)

Children
(10 y)

Infants

dy)

Infants
(3 months)

SoU

3.7 103

3.7 103

3.7 103

3.7 103

Kangaroo

2.0 106

1.3 10s

8.0 104

-

1.3 104

3

5.2 103

-

3

3

Rabbit

3

2.3 10

1.4 10

-

2

2.3 102

1.4 102

-

2

2

2

1.2 10

-

3

6.4 102

-

3

2

-

3.5 10

Turkey

3.4 10

Lizard

2.7 10

Plants

3

1.6 10

Witchetty
b

Water (</y)

8.6 10

3

1.8 10

1.8 10

1.1 10
1.1 10

7.9 10

a

The source of the adult food intake rates is Reference 8. Food intake rates for children and infants
(1 y) have been scaled from the adult values using data on relative energy expenditure^ I
''Water intake rate for adults are based on a daily intake of 5 litres. Water intake rates for children
and infants have been scaled from the adult value in the ratio of UK critical-group water intake rates
given in Reference 6.

the clearance of plutonium and americium isotopes from subcutaneous deposits^ were then used to
calculate resulting doses. Account was also taken of the breakdown of activity in soil with particle
size, which varies from one contaminated area to another.
External beta and gamma doses were calculated in the assessment using current external
exposure models[12>13]. Uncertainty is inevitably introduced by modelling external doses, due to the
uncertainty associated with factors such as variations in activity distribution with soil depth, the
amount of dust present on the body surface and on clothing and the amount of shielding provided by
clothing and hair. For this reason, direct measurements should be the primary indication of the
significance of these pathways, and the assessment was intended to provide only an indication of
the relative significance of the pathway in comparison to other routes of exposure. A comparison of
modelling results with dose measurements made in the Maralinga area was undertaken and those were
found to be consistent, allowing for the uncertainties in the calculation.
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TABLE 5. EFFECTIVE DOSE EQUIVALENTS IN SEVERAL REGIONSf5J.

Annual
effective
dose
(mSv)

Zone
Taranaki North plume, 241Am contour
3 month old infant

10 year old child
Taranaki Northwest plume,
contour
10 year old child

"
241

Principal
pathway

4

Soil ingestion
and inhalation

239

5

Inhalation

239,

4

Inhalation

239

Am

Kuli 238U D contour
10 year old child

25

Kuli 238U A contour
10 year old child

Area northeast of One Tree at
2.0 kBq m2
3 month old infant
TM100 241Am A contour
10 year old child

Principal
nuclide

5

Inhalation and
external
gamma

Pu
"Pu

Pu

234

U and
U

238

Inhalation and
external
gamma

234

Soil ingestion
and inhalation

239

Inhalation

23'i9

Soil ingestion
Inhalation

239

U and
'U

238

Pu

Pu

241

Emu, Totem II, Am A contour
3 month old infant
10 year old child
Emu, Totem I, 137Cs A contour
10 year old child

Inner Taranaki
10 year old child
Emu, centre of Totem II
3 month old infant
10 year old child

3.

15
9
0.5

470
80
31

239

Pu
Pu

Inhalation and
ingestion

239

Inhalation

23'>9

Sou ingestion
Inhalation

239

Pu

Pu

239

Pu
Pu

RESULTS OF THE ASSESSMENT

A number of regions with different degrees and types of contamination were selected and the
effective dose equivalent from 1 year's continuous occupancy in each area was calculated. This
regional breakdown of dose was important because the pattern of contamination in the area is very
non-uniform for the key radionuclides, as a result of the various different tests undertaken at different
times (see Figure 3). The patterns of contamination still show distinct plume lines, indicating that
there has been very little movement of activity since the explosions. There has also been little
downward movement of activity in the soil column. For most nuclides, the majority of the activity
is in the top few centimetres.
The most significant contamination in the Maralinga and Emu areas has resulted from the
various conventionally triggered explosions or 'minor trials'; the largest such area was the Taranaki
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137 Cs >0.3 kBq rn -2
241 Am>1.4kBq m238 U>17kBqm-2

FIG.

3. Patterns of 137Cs, 2"1Am

and 238U contamination at Maralinga.

region at Maralinga, covering several hundred square kilometres. An aerial survey, undertaken as part
of the Maralinga Rehabilitation Programme, has defined contours of surface activity in both the

Maralinga and Emu areas, and these contours were used to determine the regions considered in the
assessment. Representative contamination levels in various zones have been derived by the Australian
Radiation Laboratory^141 and these levels were used in the assessment to define the contamination in
each of the areas considered.
The results of the assessment demonstrate a very wide range in the doses expected to result
from continuous (100%) occupancy in the various regions considered. Examples of doses in several
regions are shown in Table 5. Of these areas, the largest are those defined by the 241Am A contours
at Taranaki. These plume lines are tens of kilometres in length and in many places several kilometres
wide. The Emu 24lAm A contours enclose an area of only a few square kilometres, but the 137Cs
A contour encloses a bigger area of 10-20 km2. The TM100 A contour encloses an area of several
square kilometres. The Kuli A contour is only about 1 km2 in area.
The doses shown in Table 5 are for the most limiting age group which is usually children or
infants. The annual effective dose equivalent ranges from 0.5 mSv to about 500 mSv from continual
occupancy in the areas considered. As would be expected, the highest doses would result from
occupancy in the small regions immediately surrounding the test sites, but continual occupancy is
extremely unlikely in these small areas.
At the limit of aerial detection of the Taranaki minor trial plumes - the largest contaminated
areas - doses are predicted to be considerably lower (about 5 mSv annual effective dose equivalent at
the outermost contour, from continual occupancy). In such areas, occupancy for a significant
proportion of the year is more likely, although the nomadic lifestyle of the aboriginals must be
remembered. In other regions, beyond the limits of detection of the aerial survey which has been used

to define the regions considered in the assessment, doses are predicted to be lower.
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The main radionuclide contributing to dose is 239Pu, although isotopes of uranium are
significant in certain areas. The pathways making the largest contribution to dose were shown to be
inhalation of resuspended activity (for which the largest doses were predicted to be received by
10 year old children) and, in some areas, ingestion of soil by infants. Ingestion of food (excluding
the contribution to dose from associated soil) and external dose pathways were not in general
significant contributors to dose.
Another significant pathway is the intake of activity into wounds. The results of the
assessment indicate that it would not contribute significantly to the average dose to an average
individual, but there is the possibility of significant doses being received from contamination of some
wounds, should a very active particle enter the wound and be retained. The probability of such an
event occurring is difficult to assess.
The results of the dose assessment are one input to determining the extent of decontamination
or access restrictions in the area. For this reason, a useful quantity is the relationship between unit
levels of surface activity and of individual dose, and in addition to the regional results described
above, results are also presented in Reference 5 which indicate the ratios between surface activity and
dose.
4.

DISCUSSION OF UNCERTAINTIES

Considerable data have been provided by the Maralinga Rehabilitation Programme but there
remain a number of limitations which lead to uncertainties in the predicted doses. The dose estimates
described above are considered to be best estimates of dose to typical members of an aboriginal
community living in the Maralinga and Emu areas, but these estimates are uncertain because of a lack
of knowledge about the input data used in the assessment. As an example of the effects of uncertainty
on the predicted doses, an uncertainty calculation was performed on the calculation of dose from the
inhalation pathway. This calculation is described in more detail in Reference 5.
In the analysis, the uncertainty on the estimation of the annual effective dose equivalent to a
10 year old child with 100% occupancy within the North Taranaki plume contour was investigated.
Only the dose from the inhalation of 239Pu was considered, as this is the major contributor. The
uncertainty associated with the best estimate of each of the input parameters was characterised, in
terms of the 10th and 90th percentiles and the shape of the distribution. The input parameter
uncertainties were then propagated through the dose calculation, by means of modified Monte Carlo
sampling methods and 100 runs of the calculation.
The results indicated a one in ten chance that the effective dose equivalent from inhalation of
239
Pu in the North Taranaki plume is more than about five times greater than the best estimate, and
a one in ten chance that the dose is more than about five times less than the best estimate. In this
particular dose calculation, the uncertainties associated with the 239Pu dose per unit inhaled intake and
the average dust loading for a 10 year old were the most important contributors to the uncertainty on
the dose estimate.
Similar ranges on inhalation doses may be expected in other areas, and the predicted doses
from other pathways will also have significant uncertainty associated with them. This uncertainty
should be borne in mind when interpreting the results of the assessment.
5.

CONCLUSIONS

The broad conclusions from the assessment are as follows.
(1) Within the area defined by the aerial survey, the potential annual effective dose
equivalents resulting from permanent occupancy range from a few mSv at the defined
edges of the plumes, up to 0.5 Sv in very small areas immediately surrounding the test
sites.
(2) The inhalation of resuspended activity is the most significant exposure pathway, with the
ingestion of soil by infants also potentially significant. The wound pathway is
potentially of considerable significance but with a low probability of occurrence.
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(3) The main nuclide contributing to potential dose is 239Pu, although in small areas
radionuclides of uranium are also significant.
(4) The uncertainty associated with the dose estimates should be borne in mind.
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Abstract
The Hanford Environmental Dose Reconstruction (HEDR) Project was established in 1987 to
evaluate the release of radioactive material from Hanford and the dose received by individuals in the
surrounding local and regional population. The project uses a set of stochastic source-term, transport,
environmental-accumulation, and dose models that are intimately linked, allowing transfer of
information in such a way that spatial, temporal, and distributional characteristics of the data are
preserved. The project released initial estimates in 1990 for representative individuals. The largest
doses resulting from Hanford operations occurred in the mid-1940s. The most important radionuclide
was iodine-131 released to the atmosphere, and the most significant exposure pathway was
consumption of milk produced by cows on pasture downwind of Hanford. Detailed doses for specific
individuals will be calculated within the next year. Uncertainty analyses are being conducted for
essentially all dose predictions, and sensitivity analyses are being performed on all models.
Ambitious plans are laid for validation of the major models. The HEDR Project is cooperating with
the Hanford Thyroid Disease Study, which is performing a pilot study to determine if sufficient
information can be gathered to complete a full scale dose-response epidemiological investigation.

1. INTRODUCTION

In 1943, the United States Army Corps of Engineers selected an area of
nearly 1000 km , in semi arid southeastern Washington State, for producing
plutonium and other nuclear materials supporting the United States' effort
(known as the Manhattan Project) in World War II. This area, called the
Hanford Site, was used for uranium fuel preparation, nuclear reactor
operations, fuel reprocessing, plutonium recovery, and waste management
operations. Nine nuclear reactors for the production of plutonium were
eventually constructed. Reactor operations began in 1944; the last production
reactor was put in cold standby in 1987. Additional support facilities were
constructed in the 1940s and 1950s; some of these facilities continue to
operate. Hanford Site operations developed and changed as the defense needs
of the United States and the understanding of nuclear energy changed.
As knowledge of the harmful effects of radiation increased, concerns were
raised about the impact of Hanford operations on the surrounding population.
Furthermore, the continuing declassification of historical Hanford documents
made the public more aware of the possibility of health effects to residents
of the area surrounding the Hanford Site. The Hanford Environmental Dose
Reconstruction (HEDR) Project was established in 1987 to evaluate the release
of radioactive material from Hanford and the dose received by the surrounding
local and regional population. Battelle, Pacific Northwest Laboratories are
conducting the HEDR Project under the direction of an independent Technical
Steering Panel (TSP) composed of knowledgeable individuals who are not
associated with the U.S. Department of Energy.
Initial phases of the HEDR Project demonstrated the feasibility of dose
estimation [1,2]. However, analysis of the initial dose estimates, based on
available data and models, revealed several weaknesses in the approach used
for modeling [3,4]. The result has been a substantial advancement in the
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state of the art for environmental dosimetry. The project now uses a set of
source-term, transport, environmental-accumulâtion, and dose models that are
intimately linked, allowing transfer of information in such a way that
spatial, temporal, and distributional characteristics of the data are
preserved. These models are
•
source-term models that generate estimates of hourly radionuclide
release rates to the air and monthly release rates to surface water
•
transport models that trace radionuclide movement and deposition
over an atmospheric domain of 120,000 km and a river domain 450 km
long
•
environmental pathway models that trace the movement of
radionuclides through the soil and vegetation to foodstuffs, and in
aquatic biota, and from them through food distribution channels
•
dose models that allow individuals to move through the environment,
with dose calculations based on their lifestyle and individual foodconsumption habits.
2. SOURCE TERMS

The HEDR Project relies on estimates of radionuclide releases to air and
water to start the calculation of radiation dose to individuals.

2.1.

Atmospheric Source Terms

Scoping studies indicated that the primary radionuclide of interest from
the atmospheric pathway was iodine-131 [5,6]. Calculating the release of
iodine-131 requires the integration of much input and many intermediate
calculations. The project relied on original records generated during the
time period under study. These were supplemented with other reports and
summaries. Wherever possible, multiple sources were used to arrive at values.
A knowledge of the physical processes, monitoring techniques used, and
completeness of records allowed the uncertainty to be estimated for each
value. The project generated estimates of the iodine-131 releases on an
hourly basis.
The creation of iodine-131 in the reactors was calculated from reactor
power records. The production of this isotope is directly related to power
level, which is recorded in the reactor daily logs. The calculations were
based on the daily power records and took into account the day-by-day changes
in the amount of iodine-131 present in the fuel.
When the irradiated fuel is discharged from the reactors, iodine-131
decays with an 8-day half-life; the decay time, known as cooling, was inferred
from records showing when fuel was discharged from the reactor and when it may
have entered the dissolving process.
Dissolving the fuel in the separations plants was a two-step process.
First, the aluminum cladding was dissolved with a caustic solution of sodium
hydroxide; then the fuel was dissolved with nitric acid. The iodine-131 was
released during this dissolving step as well as during subsequent processing
steps. Detailed plant records on the dissolution of batches of fuel were
correlated with reactor discharge records to determine the amount of iodine131 present during dissolving. The fraction of iodine released directly to
the stack, as well as during subsequent processing, was taken into account.
The estimated amount of iodine-131 released to the atmosphere between
1944 and the end of 1947 is summarized by 16
month in Table I [7]. The estimated
total release for this period is 2.5xl0 Bq (685,000 Ci). Because of the
wealth of original documentation and redundant sources, there is a high degree
of confidence that the actual values fall within the computed ranges.
The source term release model (STRM) [7] provides the HEDR computational
system with estimates of the hourly releases to the atmosphere. Uncertainties
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TABLE I. MEAN ESTIMATED MONTHLY IODINE-131 RELEASES FROM HANFORD SEPARATIONS
PLANTS, 1944-1947 (Ci/Month)

Month
January
February
March
April
May
June

July
August
September
October
November
December
TOTAL

1944 1945
1221
2126
2082
28746
74482
46466
47036
72090
88682
92066
37752
62340

2139
2139555089

1946

11753
7399
7952
11680
13820
4609
5558
8642
7670
4819
5525
7398
96284

1947
6158
3835
5617

4853
3989
1652
2297
1249
1206
472
261
261
31848

in the actual amounts released are addressed through use of Monte Carlo
simulations, each of which represents an alternative release history that is
consistent with existing knowledge. Together, these alternative release
histories represent the range of releases that could have occurred. One
hundred separate realizations of the complete hourly release history will be
prepared with this source term code.
2.2. Surface-Water Source Terms
The Columbia River, which passes through the Hanford Site, served as the

source of cooling water for the original plutonium production reactors. The
river water was drawn directly through the reactor core and returned to the
river after a short retention time. Radionuclide composition and activity
level in the discharged cooling water varied considerably as a result of
several factors [8], including the number of reactors and their power levels,
seasonal changes in the parent elements in the raw river water (i.e., the
elements activated as they passed through the reactor core), chemicals used
in water treatment, corrosion rates of piping and fuel element cladding,
occasional purging of radioactive film from reactor components, and the length
of time effluent was retained in basins before discharge. Another factor was
radionuclide releases from episodic fuel element ruptures.
The wide
variations in these factors, together with the hydrographie variables of the
Columbia River and dam construction, produced a complex combination of river
water and reactor effluent during the years of reactor operation. Scoping
studies have indicated that the radionuclides of greatest interest to the HEDR
Project are zinc-65, phosphorus-32, sodium-24, neptunium-239, and arsenic-76
[9], Chromium-51 emissions, although not of significance to dose, are also
being reconstructed to serve in the model-validation process.

A figure from a report by Hall and Jerman [10], reproduced as Figure 1,
for the years 1955 through 1959 indicates the magnitude of the total nonvolatile beta release rates. Releases of up to 10 Bq/d (30,000 Ci/d) were
routine for long periods.
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1955

1959

FIGURE 1. Monthly Average Total Beta Activity Release Rates into the Columbia
River for the Years 1955 through 1959 (Ci/day)

The source term river release model (STRRM) [7] provides the HEDR
computational system with estimates of the monthly releases to the Columbia
River. Uncertainties in the actual amounts released are addressed through use
of Monte Carlo simulations, each of which represents an alternative release
history that is consistent with existing knowledge.
Together, these
alternative release histories represent the range of releases that could have
occurred. One hundred separate realizations of the complete monthly release
history will be prepared with this source term code.

2.3. Ground-Water Source Terms
Inventories of solid-waste disposal and liquid-waste discharges to the
ground are summarized in Hanford Site documents provided by the various
Hanford Site operating contractors [11]. The amount of detail reported about
the numbers of specific radionuclides in the waste stream and when discharges
occurred increased with time. The inventories of radionuclides disposed in
the greatest amounts in the ground at the Hanford Site are listed in Table II.
The inventories of radionuclides are decayed to 1989 (listed as the
inventories present during 1989, taking into account inventory reductions
because of radioactive decav). The total volume of solid waste in the ground
is approximately 625,000 m . Inventories of radionuclides in liquid wastes
- -1989,
- - - are also
- -listed
- - -in -Table
- - II.
- T h e total
discharged to ground, decayed- to
volume of liquids discharged
to the ground at the Hanford Site is
approximately 1,680,000,000 m3.
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TABLE II.

TOTAL RADIONUCLIDE INVENTORIES DISPOSED TO GROUND AT THE
HANFORD SITE AS OF 1989 (Ci)

Radionuclide
Tritium
Strontium-90
Cesium-137
Technetium-99
Iodine-129
Carbon-14
Uranium
Americium-241
Plutonium
Total

From Solid Wastes
266,800
2,030,600
2,541,200

6,300
560
1,100
27,500
4,875,100

From Liquid Wastes
423,300
40,500
195,000
960
9
220
200
3,800
13,600
678,000

3. ENVIRONMENTAL TRANSPORT MODELING

The environmental transport models are linked directly to the outputs of
the source term model. Each is designed to continue the stochastic simulation
begun at the source term level.

3.1. Atmospheric Transport
The model developed for the HEDR atmospheric transport calculations is
called the Regional Atmospheric Transport Code for Hanford Emission Tracking
(RATCHET) [12]. The RATCHET computer code is a Lagrangian-trajectory,
Gaussian-puff dispersion model. Sequences of Gaussian puffs are used to
represent plumes released from ground-level and elevated sources. Timeintegrated air concentrations and surface depositions are calculated at nodes
in the model domain by summing the contributions from puffs as they move past
the nodes. Movement, diffusion, and deposition of material in the puffs are
controlled by wind, stability, precipitation, and mixing-layer depth fields
that vary in both time and space.
The model domain, illustrated in Figure 2, extends about 490 km (306 mi)
from north to south, and 395 km (246 mi) from east to west. Geographically,
the area covered extends from central Oregon State to northern Washington
State, and from the crest of the Cascade Mountains to the eastern border of
northern Idaho State. The area, which includes essentially all of the region
known as the Columbia Basin, is bounded on all sides by mountains or other
highlands.
Atmospheric transport, diffusion, and deposition calculations are based
on observed meteorological data. Data are available for about 25 reporting
stations in or near the model domain. RATCHET prepares fields for the entire
domain by interpolating the observations from the stations to a gridded
coordinate system.
The model is capable of treating four types of material--noble gases,
nonreactive gases, participates, and reactive gases. Iodine is treated as a
special type of material; it may be partitioned into reactive gas, nonreactive
gas, and particulate components.
RATCHET treats uncertainty in three ways: through modification of point
inputs, through direct input of distributions, and through functional
relationships with these inputs. Uncertainties in wind direction, wind speed,
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FIGURE 2. Location of the Hanford Site and the Atmospheric Transport Modeling
Domain (Hanford is dark area near center, stippled areas are Native
American Indian reservations)

atmospheric stability class, Monin-Obukov length, precipitation rate, and
mixing-layer height are treated explicitly within the code. Uncertainties in
surface-roughness length, source terms, and partitioning among physical and
chemical forms are treated explicitly in the model input. The explicit
treatment of uncertainty in the variables and parameters listed above leads
to implicit treatment of uncertainty in other model relationships by using
these variables and parameters.
3.2. Columbia River Transport
The model used for analysis of transport of radionuclides in the Columbia
River is called CHARIMA [13]. The CHARIMA code is a commercial surface-water
hydrology and sediment transport model. It uses daily river discharge and
water surface elevation data to predict dilution and travel time to downstream
locations. The model is basically one-dimensional, but the HEDR Project is
adding empirical corrections for lateral dispersion at some locations near the
reactor outfalls.
The river source term release model is used to prepare 100 realizations
of the monthly Hanford Site releases. The project is currently using the
CHARIMA model in a deterministic sense (there is no variation in the transport
parameters), and preparing 100 realizations of the downstream concentrations
of radionuclides in water accounting only for the uncertainty in the source
term.

3.3. Terrestrial Environmental Transport
The environmental accumulation model provides, and is called, Dynamic
Estimates of Concentrations and Accumulated Radionuclides in Terrestrial
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FIGURE 3. Logical Structure of the DESCARTES Environmental Accumulation and
Distribution Models

Environments (DESCARTES) [14]. The DESCARTES model tracks and calculates the
accumulation and transfer of radionuclides from initial atmospheric deposition
and interception through various soil, vegetation, and animal products
compartments. This model contains a set of four coupled linear differential
equations that give the model its dynamic nature, generating daily soil and
vegetation concentrations. Other portions of the model use these daily
concentration data and equilibrium-type equations to calculate time-dependent
radionuclide concentrations in animal products. Environmental concentration
data needed by the subsequent individual dose model are stored in large binary
files. Figure 3 illustrates the entire environmental accumulation model.
The model function may be visualized as a series of sequential
operations. The biomass submodel generates daily biomass values for each
plant type modeled. These values are then used in the soil and vegetation
submodel to determine the daily concentrations of radionuclides in soil and
vegetation. Results are calculated for every grid node, providing the
concentration in vegetables, grains, and fruits directly consumed by people
and in plants (grass, alfalfa, silage, grain) used for animal feed. Animalfeed concentrations are then used to determine concentrations in animal
products (beef, venison, poultry, eggs, milk), also on a grid basis. Finally,
the radionuclide concentrations in commercially distributed vegetables and
milk are calculated.
The commercial food distribution systems were reconstructed from records
and reports available from the U.S. Bureau of Census, the Washington State
Dairy Herd Improvement Association, the Washington State Dairy Products
Commission, and other governmental and dairy industry organizations [15].
They provide some information on the amount of milk produced and sold in each
county, the locations of individual dairies and distributors, and dairy
industry practices in the 1940s. Additional information was obtained through
interviews with dairymen, farmers, ranchers, and agricultural extension agents
[15]. These key contacts provided information that was then supplemented and
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organized by local experts into a detailed source/distribution network. A
similar undertaking was needed for the distribution system for fresh leafy
vegetables [16].
Like the preceding source term and transport models, the DESCARTES code
creates 100 realizations of the environmental conditions at each node for each
time step. Values of radionuclide concentrations are stored for later use by
the individual dose model.
3.4. Aquatic Pathway Modeling

Extensive environmental monitoring was performed on aquatic organisms in
the Columbia River during the latter years of Hanford Site plutoniumproduction operations. Many thousands of river water and fish samples were
collected. HEDR Project staff are cataloging this information and using it
to develop seasonal- and species-dependent bioaccumulation factors. The
bioaccumulation factors are being developed for three types of resident freshwater fish; omnivores, first-order predators, and second-order predators.
They are also being developed for ducks and other game birds in the area that
might have been contaminated via the Columbia River pathway.
The Columbia River supports major stocks of anadromous salmon. These
fish return to the river to spawn. However, the limited monitoring data
indicate that they do not eat while returning upstream, and so their
radionuclide concentrations are representative of the portions of the Pacific
Ocean where they lived prior to returning to the Columbia River. Annual
estimates of concentrations of radionuclides are being assembled, and will be
used for estimating doses for all locations along the river for people who
caught and ate salmon.
It is interesting to note that, along the 350 miles of Columbia River
downstream of the Hanford Site, only the three large towns immediately
adjacent to the Site used Columbia River water for domestic drinking water
[11]. Drinking water, and the potential for municipal water treatment plants
to remove radionuclides, is also being considered.
4. INDIVIDUAL DOSE MODELING

The primary thrust of the HEDR modeling efforts is the preparation of a
complete system from which individuals may receive estimates of their dose
from past Hanford Site operations. To date, the project has not prepared
doses for specific individuals. However, the project did release initial
estimates in 1990 for representative individuals [17]. Detailed doses for
specific individuals will be calculated within the next year.
In the individual dose models, the human receptor is introduced into the
calculation. The model for Calculation of Individual Doses from Environmental
Radionuclides (CIDER) calculates dose for four pathways: submersion in
contaminated air, inhalation of contaminated air, irradiation from
contaminated surfaces, and ingestion of contaminated farm products and
vegetation. The CIDER code treats people differently as they age, including
the prenatal and nursing periods. The Columbia River Dose (CRD) model
calculates dose via water immersion, drinking, and consumption of resident
fish, game birds, salmon, and ocean shellfish.

4.1 Initial Reference Individual Results

The largest doses resulting from Hanford operations occurred in the mid1940s [17]. The most important radionuclide was iodine-131 released to the
atmosphere. The most significant exposure pathway was consumption of milk
produced by cows on pasture downwind of Hanford. The iodine-131 releases were
essentially routine and continuous during the first period of site operation.
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Infants and young children who drank milk from cows that ate fresh pasture are
likely to have received the highest doses. Doses for individuals in this
group ranged from about 0.15 Gy (15 rad) to 6.5 Gy (650 rad) to the thyroid.
The uncertainty on the initial dose estimates is fairly large: the 95th
percentile reported for the reference location at which the median was 6.5 Gy
is nearly 23 Gy (2300 rad).
Recent work has given a better estimate of the overall pattern of iodine131 deposition. An estimate of the extent of the deposition, scaled to
thyroid dose to a reference infant drinking milk from a domestic cow on fresh
pasture, is given in Figure 4 [18]. This figure indicates that thyroid doses
in excess of 50 mGy (5 rad) to infants who drank milk from back-yard cows
could have extended to nearly the Washington/Canada border.
Radiation doses from releases to the Columbia River range from about 50
/LtSv (5 mrem) to 1.8 mSv (180 mrem) for the period 1964-1966, which is near the
period of highest release. The major radionuclides from the river pathway are
zinc-65, phosphorus-32, arsenic-76, and sodium-24. The range of doses is
largely dependent on the amount of fresh, resident fish consumed. Drinking
water contributes only a small dose, although nearly all of the residents of
the local downstream communities received one.

4.2. Epi demiological Activities

The HEDR Project is cooperating with a separately funded project, the
Hanford Thyroid Disease Study (HTDS), being performed by the Fred Hutchinson
Cancer Research Center in Seattle, Washington [19]. The HTDS is performing
a pilot study to determine if sufficient information can be gathered to
complete a full-scale dose-response epidemiological investigation. The HTDS
staff have prepared an extensive questionnaire detailing life activities and
health history, targeting individuals who were born in the Hanford vicinity
in the mid-1940s. Portions of the survey results are being forwarded to the
HEDR Project for dose analysis. Results from the HTDS pilot study are not
expected until 1994.

5. UNCERTAINTY AND SENSITIVITY ANALYSES

The HEDR Project has included the concepts of uncertainty and sensitivity
analysis from its inception. A definitive uncertainty and sensitivity
analysis plan has recently been completed [20].

5.1.

Approach for Uncertainty Analysis

Uncertainty analyses are being conducted for essentially all dose
predictions. These analyses lead to the most appropriate interpretation of
the predicted doses because they provide a measure of the precision of the
estimate. The Monte Carlo technique will be used to estimate all dose
uncertainties, because it can be applied consistently across all the HEDR
models, because it is cost effective and un-biased, and because it is easily
applied to such complex models.
The sampling strategy is one of Latin Hypercube sampling for those model
parameters that are infrequently sampled. For those parameters that are
frequently sampled, for instance on a daily basis, simple random sampling is
used.
Results will generally be presented as a boxplot. One boxplot figure
provides the range of the predicted doses, the subjective confidence
intervals, and estimates of the central value (the mean and median). They are
easily understood and interpreted, can be used for all results, and can be
obtained directly from the output of the Monte Carlo technique.
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5.2. Approach for Sensitivity Analysis
Sensitivity analyses are being performed on all HEDR computational
models. Sensitivity analyses provide a method for 1) effectively interpreting
the dose estimates and their uncertainty and 2) prioritizing individual
parameters according to the uncertainty of the predicted dose. The results
of the sensitivity analyses will allow development of the most cost-effective
strategy for evaluating the uncertainties in the model parameters.
Sensitivity analyses are being performed using measures from multiple
regression (coefficient of partial determination and the standardized
regression coefficient). The multiple regressions are being performed on both
the original parameter values and the rank transformed values. Multiple
regression is cost-effective because the software is readily available and the
approach is not labor intensive. The appropriateness of the multiple
regression approach is measured with the coefficient of determination.
Demonstration applications of sensitivity analyses using multiple regression
have been completed for DESCARTES and CIDER. For the entire set of HEDR
models, the sensitivity analyses are being done hierarchically, starting with
the dose results and working backward through the various pathway, transport,
and source term models.
6. PLANS FOR HEDR MODEL VALIDATION

Complete validation can be said to consist of four steps: peer review of
the models as they are being developed, verification of the computer
implementations as the codes are developed, verification of the assumptions
and parameters going into the codes, and comparisons of the results to actual
measurements. The HEDR models have been subjected to numerous reviews by the
TSP and others (e.g., TSP review of the RATCHET code, extensive discussions
with the TSP during the development of the surface-water modeling effort).
Internal independent testing of the various codes is underway to assure
correct implementation of the models. The assumptions and parameters have
been independently published and continue to undergo scrutiny [21]. Plans
have been developed for comparisons of predicted results with historical
measurements [22].

6.1. HEDR Validation Philosophy
The HEDR models are used to describe the potential for radiation dose to
individuals living in a large spatial area, over long periods of time, by a

number of potentially important exposure pathways. It would be highly
desirable to validate the various models at points throughout the spatial
domain, in areas of high deposition, light deposition, and sporadic or minimal
deposition. It would also be desirable to observe the variation in time of
radionuclide concentrations in each of the pathways at these various
locations. A high level of coverage of the various space/time/pathway
combinations used in the primary dose calculations would lead to the most
rigorously defensible validation. However, data are not available to support
such an ambitious validation program. Contemporaneous data do not address all
the necessary pathways, over space or over time, needed to provide a complete
validation. The data sets that have been selected for validation were chosen
to provide the best examples of coverage of the domain in time, in space, and
for as many pathways as possible. We believe that the tests defined provide
a reasonable set for the needs of the project, and that sufficient coverage
of the spatial, temporal, and pathway variables is achieved for the
demonstration of the adequacy of the HEDR approach and implementation.
Evaluation of the results of the validation tests is a necessary
component of the validation. The general HEDR philosophy is to compare the
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predicted values of dose, or of the surrogate measurement closest to dose
available (e.g., concentrations of radioiodine in sagebrush), with the
measurements. The purpose is to understand the differences between the
calculated doses and the measurements. Thus, the statistical methods that
will be used are aimed at illustrating these differences so that the causes
can be understood and recommendations for improvements in the models can be
made.
6.2. Data Sets Available for Validation

The modeling of the releases to the atmosphere and to the Columbia River
is being performed independently. Data sets have been identified for each
pathway.
6.2.1. Atmospheric Release Data Sets
Hanford historical monitoring data are available in published [23] and
draft form for the period 1945 through 1951. Hanford monitoring of that
period focussed on vegetation (usually sagebrush).

Recently developed

modifications account for biases in the measurements that were
contemporaneously unknown. These data are essentially all that are available
for these time periods of high interest to the HEDR Project. The data are
uneven in coverage of space (most monitored locations are either on or close
to the Hanford Site) and in coverage of time (the monitoring, with a few
notable exceptions, was not routinely performed at repeated locations). Thus,
while there are over 3500 samples reported for the year 1946, sequential sets

are available for only a few locations. Richland has a complete history for
each month of 1946, consisting of a total of about 550 values; Pasco and
Kennewick combined have a complete history for 1946 consisting of a total of
about 645 values; and Benton City, Washington, has a complete history for 1946
consisting of a total of about 200 values.

In one of the earliest sets of data available, it appears from the
spatial distribution of the samples taken on April 13, 1946, that three
vehicles were sent out with instructions to sample vegetation at intervals on
preselected routes. One vehicle made a loop to the northwest. Another went
north and then east. The third went south and then west along the Oregon side
of the Columbia River Gorge. Concentration measurements are available from
approximately 83 vegetation samples from throughout the region.
One of the singular events in the history of Hanford Site operations was
the Green Run experiment that began on December 2, 1949. This experiment
resulted in the atmospheric release of over 6000 Ci of iodine-131. The
experiment was part of the development of monitoring methods for intelligence
efforts regarding the emerging Soviet nuclear program. About 618 samples
taken during the month of December 1949 are available from throughout the HEDR

atmospheric dispersion domain.
An event similar to the 1949 Green Run occurred at the PUREX facility in
1963, although by accident and with a much smaller release. An acute release
of iodine from the 60-m stack at PUREX occurred from September 2 to 5, 1963,
as a result of inadvertently charging short-cooled fuel elements into the
dissolver. Plant operations were shut down as soon as the abnormal release
was detected, and steps were taken immediately to retain as much of the iodine
as possible within the plant. Laboratory analyses of stack effluent samples
were made, and the routine program of environmental monitoring was augmented
with additional sampling. Measurements of wind velocity and temperature were
made routinely at the site meteorology tower.

No significant rainfall

occurred in the HEDR domain during the period. No protective measures were
taken following the release. There were no significant atmospheric nuclear
tests in the several months prior to the accident.
Several hundred
environmental measurements are available.
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Thousands of thyroid radioactivity measurements were made on Hanford
workers employed in the nuclear fuel reprocessing facilities during the years
1944 through 1946. At that time, these measurements were used as a
qualitative measurement of radioactive iodine in worker thyroid glands.
Called "thyroid checks," the measurements were performed in the general plant
environment using portable radiation detection instruments. The results of
the thyroid checks were compared with a screening level for tolerable thyroid
exposure to ensure that workers did not receive excessive iodine-131
exposures. Nearly 7900 measurements between June 1945 and August 1946 are
available and documented.
More recent Hanford Site data on atmospheric dispersion include a data
set of coupled monthly source terms and environmental measurements of
atmospheric krypton-85. These data were collected on a network established
with the restart of the PUREX facility in late 1983 and through its operations
until 1988.
6.2.2. Columbia River Release Data Sets

Modeling of transport of radionuclides released from Hanford production
reactors by the Columbia River involves the use of a model that accurately
reproduces the flow characteristics of the river, by which the radionuclides
are diluted and in which they undergo radiological decay as they travel down
stream. Inputs to the model are the water discharge of the Columbia River
upstream of Hanford and discharges of the downstream tributaries. Outputs
depend on the quantity of water and on the length of time it takes to travel
from one place to the next. Measured water surface elevations and actual
water discharge hydrographs from the U.S. Army Corps of Engineers at the
various Columbia River gauging stations (e.g., Hanford Site locations, John
Day, The Dalles, and other locations) are available from the Army Corps of
Engineers and from Hanford Site sources.
Numerous measurements were taken of radionuclide concentrations in
Columbia River water during the 1960s. Monthly composite samples are
available for phosphorus-32, zinc-65, and chromium-51 at several locations
downstream of the Hanford release points.
Concentrations of five radionuclides in Columbia River fish are being
estimated using bioaccumulation factors. Data for the years 1960 through 1966
are being used to develop the bioaccumulation factors. The data for 1967 are
being reserved for validation use. A similar procedure is being used for
Pacific Ocean salmon and Mil lapa Bay oysters.
Hanford workers lived in the Tri-Cities area and were routinely exposed
to contaminants in Columbia River water through drinking and recreational
activities. Tens of thousands of whole-body radioactivity measurements were
made on Hanford workers employed throughout the Hanford operations during the
years 1959 through the present. These measurements were used to estimate
exposure to radioactive substances in the workplace. Almost all of the wholebody counts taken during the period of reactor operation indicate the presence
of zinc-65, sodium-24, cesium-137 (from fallout), and naturally occurring
potassium-40. The HEDR Project has acquired all of the routine, workerrelated whole-body counts from 1959 through 1971. In all, the database
consists of over 40,000 records.
7. SUMMARY

The Hanford Environmental Dose Reconstruction Project has prepared a
state-of-the-art set of environmental models for estimating historical doses
to real individuals. The techniques developed for application of uncertainty
analysis to the models are new. The models are approaching operational
readiness and are beginning to undergo extensive validation efforts.
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Abstract
The Centers for Disease Control and Prevention (CDC) is involved in dose
reconstructions at six nuclear weapons facilities in the United States. CDC is directly
responsible for the conduct of four of these studies, and it provides technical support for
the other two. We expect that the two most recently initiated studies will be conducted
in five phases: retrieval and assessment of data, initial source term development and
pathway analysis, screening dose and exposure calculations, development of methods for
assessing environmental dose, and calculation of environmental doses and exposures. In
addition to these technical phases of the studies, significant public involvement will be an
integral part of the dose reconstruction process. In this paper, we review the status of
the current dose reconstructions and discuss CDC's approach to dose reconstruction.

1. INTRODUCTION

Researchers who study community exposure to contaminants from nuclear facilities
have difficulty establishing causal relations between contamination exposure and

elevations in cancer rates. Often missing from such studies are comprehensive exposure
and dose estimates for the study subjects. If a thorough quantitative analysis of all doses

received by exposed persons, a dose reconstruction, is performed in conjunction with
epidemiologic studies, the statistical power of the resulting analysis will be significantly
enhanced [1].
The Secretary, U.S. Department of Energy (DOE), and the Secretary, U.S.
Department of Health and Human Services (HHS), signed a Memorandum of Understanding
which took effect December 24, 1992. This memorandum sets forth the guidelines for
DOE and HHS in the management and conduct of analytic epidemiologic research by HHS.

The Secretary, HHS, delegated responsibility for implementing that portion of the
memorandum concerning studies of persons living in the vicinity of energy-related facilities
to the National Center for Environmental Health, Centers for Disease Control and
Prevention (CDC). CDC's program includes dose reconstruction activities at DOE nuclear
weapons facilities.
CDC has dose reconstructions under way at four DOE sites. CDC is also providing
technical support to two states that are involved in dose reconstructions. Dose
reconstructions are under way at other sites in the United States (e.g., dose assessment
studies in the former Pacific Island nuclear test sites and assessments of the exposure to
1-131 that the American people received from the Nevada atmospheric bomb tests), but
these do not directly involve CDC staff.

Any dose reconstruction for a nuclear facility must be technically sound, and it
must include significant public participation. Neither of these aspects of a study can be

emphasized at the expense of the other if the study is to be credible to the scientific
community and to the general public. The purpose of this paper is to review the current
status of CDC's dose reconstruction activities and to discuss CDC's approach to
conducting dose reconstruction studies begun after September 1992.
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• CDC Dose Reconstructions
o CDC Technical Support

Figure 1. Locations of U.S. Department of Energy nuclear weapons facilities at which the
Centers for Disease Control and Prevention is involved in dose reconstruction activities

2. CURRENT DOSE RECONSTRUCTIONS INVOLVING CDC

As stated above, CDC is currently involved in dose reconstruction activities at six
locations in the United States (Figure 1 ). These projects encompass a variety of nuclear
weapons related-facilities, and they are in different stages of development.

2.1. Studies directed by CDC

2.1.1. Hanf ore/

Environmental Dose Reconstruction Project

Hanford, Washington, was a site for the production of weapons-grade plutonium
beginning in December 1944. The Hanford Environmental Dose Reconstruction Project
was initiated in 1988 by DOE, and transferred to CDC under the memorandum between
HHS and DOE. The work is performed by a contractor under the direction of an
independent Technical Steering Panel. Individual doses will be calculated for a number of
radionuclides (Table I), but the primary contribution to offsite exposures appears to be
caused by chemical reprocessing facilities releasing 1-131 into the atmosphere.
Researchers currently estimate that 2.5 x 1018 Bq (6.9 x 105 Ci) of 1-131 were released
from these facilities between December 26, 1944, and December 31, 1947 [3]. The
Hanford methodology will also be used to calculate doses for study subjects in the
Congressionally-mandated Hanford Thyroid Disease Study. The current contract for
developing and implementing a methodology for calculating radiation doses expires in May
1994, but the Hanford project will continue beyond that date.
2.1.2. Fernald Dosfmetry Reconstruction Project

The Feed Materials Production Center located near Fernald, Ohio, was a large-scale,
integrated facility that produced uranium metal products used as feed materials in DOE
defense programs. At the request of the U.S. Congress, CDC initiated a dose
reconstruction at Fernald. A contract for this work was awarded in 1989, and the
estimates of primary radiological impacts from the site should be completed by December
1993. The principal concerns at Fernald are uranium released as a result of the production
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TABLE I. RADIONUCLIDES CONSIDERED IN DOSE ESTIMATING CALCULATIONS FOR
THE HANFORD ENVIRONMENTAL DOSE RECONSTRUCTION PROJECT [2]

WATER PATHWAY

AIR PATHWAY

1-131

P-32

Ru-103

Zn-65

Ru-106

As-76

Co-60

Np-239

Ce- 144

Na-24

Te-132

Mn-56

Pu-239

Cu-64

1-129

Cr-51

Sr-90

1-131

Cs-137

Te-132

Ar-41

Sr-90

Kr-85

H-3
Cs-137

processes and radon released from silos containing waste material from the extraction
processing of uranium ore. Current median estimates of releases from Fernald for 19601962 are 7.3 x 104kg U to the atmosphere; 2.3 x 10* kg U to surface waters; 5.9x 10U
Bq (1.6 x 104 Ci) Rn-222 to the atmosphere; and 2.9 x 1014 Bq (7.9 x 103 Ci) Rn-222
decay products to the atmosphere [41. In addition to conducting the dose reconstruction,
CDC has initiated a study of the feasibility of using the results from the dose
reconstruction to perform an epidemiological study around the Fernald facility.
2.1.3. Savannah River Site Dose Reconstruction
The primary activity of the Savannah River Site located near Aiken, South Carolina,
was the production of tritium for nuclear weapons. At the request of DOE, CDC has
initiated a dose reconstruction at Savannah River in accordance with the terms of the
memorandum between HHS and DOE. A 2-year contract to perform Phase I of this dose
reconstruction was awarded in September 1992. (Phase I is described in subsection
3.1.1.) CDC's contractor expects to examine at least 25,000 boxes of records associated
with the Savannah River Site.

2.1.4. Idaho National Engineering Laboratory Dose Reconstruction

The Idaho National Engineering Laboratory, located in southeastern Idaho, is a
reactor-testing and research site rather than a nuclear weapons production facility. At one
time or another, more than 50 different nuclear reactors have been operational at this site
since 1951. It is the site of the SL-1 incident that in 1961 resulted in three fatalities. At
the request of the Idaho Department of Health, CDC has initiated a dose reconstruction
at Idaho National Engineering Laboratory under the memorandum between HHS and CDC.
A 2-year contract to perform Phase I of this dose reconstruction was awarded in
September 1992. As of the end of April, 1993, CDC's contractor has identified 2200
documents at the site that are pertinent to the dose reconstruction project.
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TABLE II. MATERIALS OF CONCERN SELECTED FOR DETAILED STUDY DURING PHASE
I OF THE ROCKY FLATS HEALTH STUDIES

RADIOACTIVE MATERIALS

NON-RADIOACTIVE MATERIALS

Americium-241

Beryllium

Plutonium-238, 239, 240, 241 , 242

Carbon tetrachloride

Thorium-232

Chloroform

Tritium

Méthylène chloride

Uranium-233, 234, 235, 238

Tetrachloroethylene
1,1,1 -Trichloroethane

Trichloroethylene

2.2. Studies directed by States

DOE has entered into agreements with some individual states to investigate
potential health impacts of DOE facilities located in those states. CDC is providing
technical support to two states that have initiated dose reconstruction activities under
their agreements with DOE.
2.2.1. Rocky Flats Health Studies

The Rocky Flats Plant near Denver, Colorado, produced components for nuclear
weapons. Under its agreement with DOE, Colorado initiated health studies at Rocky Flats
in 1990. Phase I of these studies is a toxicological review and dose reconstruction. A
contract for Phase I was initiated in 1990 and it is scheduled to be completed in the fall
of 1993. During Phase I, 12 radionuclides and 7 nonradioactive materials have been
selected for detailed study (Table II). Phase II of the Rocky Flats Health Study is a toxicity
assessment and risk characterization. This phase started in October 1992, and it should
be completed in late 1995. The Phase II work will provide an independent review of the
Phase I results. It will also include a detailed assessment of available environmental
sampling data and recommendations for additional monitoring and measurements to
identify offsite contamination.
2.2.2. Oak Ridge Health Studies

Oak Ridge, Tennessee, is the site of three major DOE installations: (1 ) a gaseous
diffusion plant for the enrichment of uranium, (2) a facility for fabricating and assembling
nuclear weapons components, and (3) a multipurpose research laboratory. Tennessee
entered into an agreement with DOE for health studies at Oak Ridge in 1991. Phase I of
these studies is a feasibility study. A contractor began work on Phase I in April 1992, and
this phase should be completed in 1993. The contractor is gathering and characterizing
information regarding past or present releases of chemicals or radioactive substances from
the site. If sufficient information is found during Phase I to show that releases from the
Oak Ridge facilities probably occurred, a second phase will be initiated to determine the
associated doses received by individuals living in the vicinity of the Oak Ridge site.
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3. CDC'S APPROACH TO DOSE RECONSTRUCTION

On the basis of experience gained from its involvement in multiple dose
reconstruction studies, CDC has developed an approach for performing dose
reconstruction studies that it is implementing for the studies under way at the Savannah
River Site and at the Idaho National Engineering Laboratory. Technical phases and public
involvement are both integral parts of this approach. Also, the technical phases being
used by CDC are not identical to the phases that are being used in other dose
reconstructions.

3.1. Technical phases

Five technical phases are tentatively planned for the Idaho and Savannah River dose
reconstructions. Each phase will build on the results of the preceding phase. However,
some phases may begin before the preceding phase has been completed, and the results
of one phase may lead investigators to return to a prior phase for additional information.
3.1.1. Phase I: Retrieval and assessment of data
In this phase, we will look for information on both radionuclide and chemical
releases that is necessary in order to perform a dose reconstruction for the operating life
of the nuclear facility. This information includes data on 1) effluent and environmental
monitoring methods and results, 2) the processes used at the facility that involved
radionuclides or chemicals, 3) the location of contaminant release points, and 4} the
analysis procedures used by the facility. Wherever possible, we will use primary sources
of data, such as logbooks and laboratory analysis sheets, in addition to summary reports.
Sources of information will most likely include onsite and offsite repositories, as well as
interviews with workers and community residents. Some of these materials will probably
require declassification before they can be released to the public and used for dose
reconstruction. The primary product of Phase I will be a data base identifying each item
found, an abstract describing the material in brief, an indication of where the item is
located, and an initial evaluation of the usefulness of that item for dose reconstruction
purposes.
3.1.2. Phase II: Initial source term development and pathway analysis
During Phase II of the dose reconstruction, the data located during Phase I will be
used to reconstruct the historical source terms (i.e., the pollutants released by the facility).
Radionuclides and other pollutants that the facility released into the environment will be
identified and their chemical and physical form will be reconstructed as a function of time
and location. This reconstruction will very likely involve modeling the processes at the
nuclear facility as well as evaluating effluent monitoring data. Environmental monitoring
data may be used to validate some of the reconstructed source terms. The results will
include an analysis of the uncertainty associated with the various source term estimates.
Phase II will also include a preliminary analysis of the potential pathways by which persons
living near the site could have been exposed to the released materials.
No standard, accepted methods exist for performing all of these tasks. We will
develop methods for modeling specific processes used in the nuclear facilities and for
using environmental monitoring data to validate source term estimates. In addition, if not
enough information is available, site-specific research studies may be required in order to
answer questions related to specific locations, such as questions about the efficiency of
the monitoring equipment for a particular process or the bias associated with a particular
historical environmental sampling procedure.
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3.1.3

Phase III: Screening dose and exposure calculations

A large number of contaminants will probably be identified during Phases I and II.
During Phase III of the dose reconstruction, we will use the results of Phase II to perform
screening dose and exposure calculations. Using simple, well-documented environmental
transport and dosimetry models [5], we will identify contaminants and exposure pathways
with the lowest potential for environmental exposure of persons nearby; assumptions will
be deliberately designed to overpredict exposure. This process will not entirely eliminate
contaminants or pathways of exposure from further consideration, but it will assist in
priority setting. We will repeat the screening calculations using more realistic modeling
assumptions in order to identify materials and pathways with the highest potential for
causing human exposure [6]. A critical aspect of all these calculations will be the values
chosen for parameters used in the models and how likely these parameter values are to
result in overpredictions or underpredictions of actual doses and exposures.

3.1.4

Phase IV: Development of methods for assessing environmental doses

Using the results from Phase III, in Phase IV we will concentrate on developing
site-specific models and parameter values for those contaminant and exposure pathways
found to have the highest potential for causing harm to people. The methods developed
will include a quantitative uncertainty analysis for all calculated results.
Models and parameter values published in the scientific literature are often designed
to estimate the exposure received by hypothetical persons [7]. The goal of dose
reconstruction, however, is to estimate, to the extent possible, actual exposures and
doses received by real persons. Our goal in selecting the appropriate models for use at
a given site will be to select the simplest models capable of accomplishing the task [8].
The interaction among screening calculations, model uncertainty, and model development
will be considered in this process [6].
3.1.5. Phase V: Calculations of environmental doses and exposures
Finally, the results of all the preceding phases will be used to perform the
environmental dose calculations for each nuclear facility. Extensive information on local
demographics and lifestyles since the facility was built will be incorporated into the
assessments. These results will be used to help CDC determine the feasibility of future
epidemiologic studies at the site.
We will work with epidemiologists and risk analysis specialists to determine the
form of the radiological dose calculation or chemical exposure estimate that is most
appropriate for epidemiologic purposes. Such factors as the age and gender distribution
of the exposed population, the exposed person's age at first exposure, the duration of the
person's exposure, and the length of the exposed person's life may be important factors
to ascertain for health studies at some sites and for some contaminants.
3.2.

Public Involvement

The public is an essential partner in dose reconstruction studies. This research
originated in part because of public concern about health effects from exposure to
radiation and other potential hazards from the production of nuclear weapons.
Opportunities for public comment will be incorporated into the design and conduct of all
studies. To accomplish this, CDC is working closely with numerous interest groups,
members of the public, and state health departments.
Depending on the needs of each study, CDC or its contractors will use various
basic methods for involving the public. These include producing publications such as
newsletters and fact sheets; conducting public workshops and meetings with comment
and discussion periods; installing toll-free telephone numbers; organizing ad hoc meetings
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with individuals or small groups; devising a media relations plan that includes press
releases; and making study documents accessible to the public. The most basic aspect
of CDC's public involvement program, however, is the open and honest attitude with
which CDC staff and their contractors perform a study. We will make plans, results, and
all documents used in the studies available to the public, and we will discuss them
candidly with anyone. Facility documents used in the studies are available to anyone who
wishes to examine them. In addition, CDC is working with numerous public interest
groups, members of the public, and state health departments to establish site-specific
community panels that would relay community concerns to CDC.
4. CONCLUSIONS

CDC has begun reconstructing contaminant exposures and doses of persons living
near some DOE nuclear weapons facilities. We are using a phased approach to perform
the most recent of these studies. The manner in which each phase will be implemented,
and the research needed to support that implementation, will be tailored to the specific
site under study. However, of overriding importance for all of these studies is the need
for a combination of significant public involvement and a thorough scientific review.
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POST-CHERNOBYL DOSE ASSESSMENT STUDIES

THYROID DOSE RECONSTRUCTION IN THE
AFTERMATH OF THE CHERNOBYL RELEASE

I.A. LIKHTAREV, G.M. GUL'KO, I.A. KAIRO, B.G. SOBOLEV
Ukraine Scientific Centre for Radiation Medicine,
Kiev, Ukraine
Abstract
Various retrospective methods for reconstructing thyroid doses are discussed. Of all the
available possibilities the methods selected as most reliable are those based on direct measurements
of iodine-131 activity in. the thyroid gland, air, water, milk and other foodstuffs. In the absence of
direct measurements, radionuclide ratio methods seem promising (ratio of 131I to IWI, WC and 137Cs
in the release and in various media), as does "geographical extrapolation". Methods and models are
described whereby it has been possible to reconstruct the thyroid doses received by the inhabitants
of several districts of Ukraine after the accident at Chernobyl, with dose estimates being made both
in the areas covered by instrumental measurements and in areas where ml activity measurements were
not conducted. As an example, the spatial distribution of the thyroid doses received by two age groups
among the inhabitants of the Chernigov region is shown.

INTRODUCTION

Irradiation of the thyroid gland is one of the most serious problems in accidental exposures at
nuclear facilities. This conclusion is based on the following considerations:
The potentially high levels of thyroid exposure among the population resulting from the large
amounts of activity present in a nuclear reactor in the form of iodine radionuclides and the
physical, chemical and biological properties of iodine;
The possibility of identifying medical after effects of irradiation given by the relatively low
incidence of spontaneous thyroid cancer in conjunction with high collective doses (especially
among the cohort of children).
Any retrospective dose reconstruction must be based on data obtained up to several years after
the accident and will be impracticable unless there is a functional or stochastic link between these data
and the doses.
All models and procedures for reconstructing doses must satisfy two conditions. First, they must
demonstrate a mechanism or interrelationship (at least approximately) between the data used and the
doses — otherwise (case of the black box) they can be used only for interpolation in a limited range
of values. Second, they must allow (if only in principle) the range of uncertainties to be determined.
Depending on their end result, all the models can be subdivided into two types: those which
estimate mean doses for groups of the population by territory, age or occupation, and those which
allow these mean group levels of thyroid exposure to be personalized (individualized).

This division of the models into two classes is rather arbitrary, since the second type of model
can be considered a development of the first.
1. ANALYSIS OF RETROSPECTIVE DOSE RECONSTRUCTION METHODS
1.1. General description of methods

What data may be used to reconstruct thyroid doses in the aftermath of an accident? This is a
most important question. Table 1 shows the potential of various methods of carrying out such dose
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TABLE 1. POSSIBLE METHODS FOR RETROSPECTIVE THYROID DOSE RECONSTRUCTION

Potential

Problems

Moderate

Moderate

Moderate
Low
Low
Low
High
High
High

Moderate
Low

Direct measurements of 131I activity in thyroid gland
(May-June 1986)

High

Moderate

Direct measurements of 131I activity in thyroid gland,
supplemented by survey results

High

Moderate

Methods

Radionuclide ratios:
)37
Cs fallout
137
Cs in human body
""Sr fallout
^'Pu fallout
a9
l fallout
n9
l in thyroid gland
"C in trees

High
High
High

High
High

estimates. The methods are graded according to their feasibility (from the authors' point of view) on
a three-step scale: high, moderate or low. In this context, "feasibility" refers to two main factors: the
possibility of constructing a model (system), and the level of technical and fundamental difficulties
encountered in the process.
The most accurate and reliable estimates are obtained from direct measurements of 131I activity
in the thyroid gland, particularly when use is made of data relating to "real" behaviour patterns.
A further possibility is to use radionuclide ratios or different kinds of interpolation and
extrapolation (based on geographical aspects, age groups, or behaviour patterns).
1.2.

U9

l as a tracer of ml fallout

Where radionuclide ratios are concerned, the most promising method, despite major technical
problems and rather high costs, is the use of 129I [1]. Figures 1-4 illustrate an analysis of this type.
An ecological model for the 129I to 131I transition consists of three sub-models. In the first, data
on the density of soil contamination with 129I at a particular location are used to reconstruct the timeintegrated 131I concentration in a cubic metre of air, as shown in Fig. 1.
From literature data and our results, given in Table 2, it appears that we can disregard the
values for 129I content in the upper soil layer resulting from global fallout. As shown in Table 2, the
129
I soil contamination in the areas around the Chernobyl nuclear power plant are at least 1-2 orders
of magnitude higher than in south Ukraine, the USSR, Japan or the USA prior to the Chernobyl
accident.

On the other hand, some sources indicate that the iodine is absorbed at a very low rate, giving
every reason to believe that all the 129I present in the upper soil layer originated from Chernobyl.
The transition from the time-integrated concentration in air of 129I to that of 131I seems to depend
exclusively on the fallout scenario, which therefore needs to be examined in greater detail.

All possible fallout scenarios must be compatible with the known characteristics of the
Chernobyl accident [8], which are as follows:
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Il
Global level of 1291
in soil

GD
Areal ground
deposition of 129I
(Bq m-2)
II
II

II
Migration in soil

li

Time-integrated air
concentration of 129I

V -deposition velocity
from air to ground (m d"1)

(Bq d m-3)

II

Model of the
radioiodine fallout
dynamics
II

O,131

Time-integrated air
concentration of
(Bq d m-3)
FIG. 1. Submodel for transfer from 129I areal ground deposition to time-integrated
in air.

1

I concentrations

The reactor was shut down on 26 April;
The first release on 26 April was the largest;
All releases from the reactor crater ceased by 6 May;
Fallout continued for 10 days;
The 129I to ml activity ratio in the nuclear fuel at the moment of the first release was 5.5 x 10"8.
Figure 2 illustrates the effect of differing fallout scenarios on the transition from the integrated
concentration in air of 129I to that of 131I, in the context of the specific fallout characteristics mentioned
above. In scenario 1 almost all the 129I activity fell on the locality in the first two days and only a
small part seven days later (on the tenth day). In scenario 2, after intensive fallout on the first day
and a seven-day interruption, the 129I fallout on days nine and ten was only slightly less intensive than
immediately after the accident.

In the second sub-model (Fig. 3) the time-integrated 131I activity in air is used for the purpose
of predicting the time-integrated concentration of this iodine isotope per kilogram weight of
vegetables.
The third sub-model describes 131I transport into cow's milk as a result of consumption of
contaminated feed and the integrated intake of 131I activity from cow's milk and green leafy vegetables
(Fig. 4). It is assumed in this model that two types of feed were contaminated: pasture grass and
freshly cut hay. Both these types of feed are assumed to have been constantly available during the
period under examination (end of April, May and June).
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FIG. 2. The influence of possible models of 129I fallout (contrast scenarios) on corresponding models
of 131I fallout.

The above model was used with recently obtained data on the density of 129I contamination of
the soil at two settlements in northern Ukraine (Table 2) and with the reference parameter values cited
in Table 3.

A comparison of the early results of our calculations with the doses obtained from instrumental
measurements of 131I activity in the thyroid gland is given in Table 4. The model calculation results
given in Table 4, represent total doses to the thyroid gland from inhalation and ingestion, assuming
two contrasting 129I fallout scenarios (Fig. 4, scenarios 1 and 2), and employing age-dependent model
parameter values for four-year-old children and adults.
1.3.14C as a tracer of 131I fallout

In the authors' opinion 14C is a promising tracer for 131I fallout, for the following reasons. Since
a considerable portion of the carbon was released in gaseous form, it should correlate well with a 131I
gaseous aerosol cloud in its distribution kinematics and its passage into the biomass metabolic cycle.
In fact, only 14C and 129I are long-lived markers of the iodine component from the Chernobyl
accident. These markers have an advantage over 137Cs, ^Sr, plutonium and the transplutonium
elements, in that they are isotopes of important environmental bioelements. A unique property of 14C
is that it becomes fixed in the tree ring corresponding to the year of the accident. A good illustration
of this claim is given in Fig. 5 [21].
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Time-integrated air
Time-integrated
airTime-integrated
air
(Bq d m-3)

Inhalation

Fresh forage,
leafy vegetable

=

C - time-integreted
concentration in edible
portion of plant (Bq kg'^per Bq ^Ij nm-3 of aj|.
via direct deposition onto plant surface)

Vfrfi - age and sex-specific
ventilation rate (m^ d"l)

V- deposition velocity (Bq m"2 d"* per Bq

131lm- 3 ofair)

R-fraction of aerial deposition retained on
plant
Y -plant yield ( kg m'2)
t - time of exposure of crop to aiborne
contamination (d)

X| - effective removal constant for plant surface
Te- fraction of deposited nuclide translocated to
edible parts of plant
FIG. 3. Submodel for approximation of accumulation of atmospheric
deposition onto plant surfaces.

131

I by vegetation via direct

The main problem which arises in using 14C for thyroid dose reconstruction is how to develop
methods for the quantitative interpretation of the peaks in the concentration of this isotope in the tree
rings of 1986 as reference values characterizing the 131I fallout intensity in different areas. In the
simplest linear case, the authors would expect that a coefficient could be found for the relationship
between the 131I concentration in air in May-June 1986 and the amplitude of the 14C peak in the
corresponding annual ring. In a more complex variant this transition could be made using the chain
14
C in tree ring, - 129I in soil today - 131I in air in 1986. It is quite likely that this last system for
mapping 131I fallout will prove to be the most effective (though also the most costly).
1.4.

B7

Cs as a tracer of 131I fallout

137

Cs is traditionally used as a radioiodine tracer [26]. However, allowance must be made for
possible uncertainties in the estimates, especially in the case of prolonged fallout and a complex
meteorological situation (separation in the release, combination of dry and wet fallout).
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Qv - time integrated 131I
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Mv - age dependent average
dietary intake of leafy
vegetables___________

C,,, - time-integrated
concentration in milk

Kf. - feed intake of cow (kg d"
'
Kfm - transfer from feed to cow
milk

Ingestion with cows'
milk
Qm==Cm*M
m
1 }l

Dth==Kin2(Qm+Qv)+
+KinhQinh

Qm - time integrated - l
activities intaked with cows' milk

Kjn(T - age dependent dose
conversion factor for ingestion
Kjnj, - the same for inhalation

Mm - age dependent average
dietary intake of milk______
FIG. 4. Submodel for approximation of time-integrated
vegetables.

131

I activities intake with cow's milk and leafy

TABLE 2. 129I SOIL CONTAMINATION ARISING FROM GLOBAL FALLOUT AND
THE CHERNOBYL ACCIDENT (from references and our current data)

Country, location, year

12

Units

UK, Berkshire, 1988

<MDA

Bq-nr2

USA, Center[?j, 1979
USA, Oregon, 1978

1 activity

0.007

0.048

Bq-nr

[2]

2

[3]
1

[4]

1

mBq-kg'

Japan, Nagasaki, 1983

0.13-0.04

mBq-kg-

[5,6]

USSR, Kharkov, 1988

0.007-0.019

mBq-kg-1

[7]

Ukraine, Polesskoe district,

mBq-kg'1
Bq-nv2

Our data

Vilcha, 1992

2.0
0.33*

Ukraine, Makarov district,
Maryanovka, 1992

0.95
0.157*

inBq-kg-1
Bq-m-2

Our data

South Ukraine, near the Black
Sea, 1992 (2 samples)

<MDA

mBq-kg-1
Bq-m-2

Our data

* To convert from mBq-kg"1 to Bq-m'2 a factor of 0.165 was used.
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TABLE 3. LIST OF THE PARAMETER VALUES USED IN THE MODEL

Symbol
Tw

Description
Weathering half-life

Tr

Radiological half-life
Radiological decay constant

Ar

AH,

AE=

Weathering rate constant
Effective loss constant

A r +A w

V

Deposition velocity from air to
ground for dry deposition

R

Fraction of aerial deposition

Tf
ipfnl

"•ecol

ME=
^r+^ecnl
tc
tv

Yf
Yv
Ko.
Kfi„

retained on plant
Fraction of deposited nuclide
translocated to edible parts of
pasture grass or leafy vegetable
Ecological plant suiface half-time
Decay costant for weathering of
particulates off vegetation
Effective removal constant for
plant surface
Time of exposure of fresh forage
to airbom contamination during
the growing season
Time of exposure of leafy
vegetables tc airborn
contamination during the growing
season
Fresh forage biomass yield (wet)
Leafy vegetables yield (wet)
Dairy cow feed intake of fresh
forage (wet)
Feed-to-milk transfer coefficient
for dairy cow

Vinh

Age-dependent inhalation rate

Mm

Age-dependent average dietary

Numerical value
10.5 for *31i
10.5 for 129l
8.04 for U1I
0.086 for 1JJ I
0.066 for "11
0.152 for "*I
0.066 for 129i
864

Units
d
d
d-1
d-'
d-l
d-1
d-1

Rcfe-rence

[11]

0.25

md' 1
(Bqm- 2 d-l
per Bq m~3
of air)
unitless

1

unitless

[12]

14
0.049

d
d-1

[131
[13]

0.135 for « ll

d-1

[13]

30

d

[H]

90

d

[11]

1.8

kgm"^

[11,14]

1.5
50

kgnr 2
kgd- 1

[11,14]
[15-17]

0.01

dL-*
(PCI L-l1
/pCid- )
m 3 d- 1
m 3 d-l

[H]

milk intake

7.0 for 4 y
23 for adult
0.57 for 4 y
0.40 for adult

Mv

Age-dependent average dietary
intake of leafy vegetables

0.08 for 4 y
0.10 for adult

Kinh

Age dependent dose conversion
factor for inhalation

1.9E-8 for 4 y
3.5E-9 for adult

Age dependent dose conversion
factor for ingestion

2.1E-6 for 4 y 4.4E7 for adult

Kin(7

L d-1
L d-1

kgd- 1
kgd- 1
Sv/Bq
Sv/Bq
Sv/Bq

Sv/Bq

[9]
[10]
[10]
[9]

[9]

111]

[18]
[18]
[15]
[15]
[19]
[19]
[20]
[20]
[20]
[20]

1.5. Other approaches which employ the radionuclide ratio method

To complete the picture, we should mention the other long-lived isotopes released from the
damaged reactor at the Chernobyl nuclear power plant which are theoretically capable of being used
as ml tracers. They include ^Sr, 239Pu and some transplutonium elements. However, they differ
greatly from iodine in their physical, chemical and biological properties and cannot therefore provide
a satisfactory basis for retrospective thyroid dose reconstruction.
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TABLE 4. THYROID DOSES CALCULATED BY MODELLING AND MEASURED
DIRECTLY

District, place

Age group

DU, cGy
(modelling,
scenario 1)

D*, cGy
(modelling,
scenario 2)

Da, cGy (direct
measurement)

Polesskoe,
Vilcha

4 yr. old

106

141

151

Adult

19

25

33

Makarov,

4 yr. old

51

67

48

Maryanovka

Adult

9

11

13

2. RETROSPECTIVE RECONSTRUCTION OF THYROID DOSES (USING THE EXAMPLE OF
THE CHERNOBYL ACCIDENT)
2.1. Possible ways to estimate doses

Our analysis of possible methods has shown that in the situation which has actually evolved in
Ukraine in the aftermath of the Chernobyl accident the most appropriate methods for reconstructing
the doses to the population at the present time are as follows:
Dose estimates based on direct instrumental measurements of 131I activity in the thyroid gland
and drawing on models describing the intake function and/or data from population surveys;
Dose estimates based on the 131I content in foodstuffs, water and air, and using average daily
intakes and/or data from population surveys;
Extrapolation of thyroid dose estimates obtained from population groups for which such doses
have been established to those parts of the population (effectively the majority of the inhabitants
of Ukraine) for whom direct measurements of radioactivity in the thyroid gland in May- June
1986 are lacking.
2.2. Dose estimation based on direct measurements of ml activity in the thyroid gland

All dose estimates are based on over 150 000 instrumental measurements of radio-iodine activity
in the thyroid gland which were taken in May-June 1986 [22].

Figure 6 shows average doses for three age groups of the people who lived in districts around
the Chernobyl plant. These estimates were obtained on the basis of instrumental measurements of 131I
activity in the thyroid gland. The range of doses for the youngest children (up to seven years old at
the time of the accident) extends from a few cGy to 300 cGy. The adult doses are lower by factors
of 2-8. A more detailed procedure for calculating these doses is given by Likhtarev et al. (1993) [22].
2.3. Evaluating the quality and reliability of results from direct measurements of ml activity
in the thyroid gland

As noted above, thyroid measurements are the basis for all our calculations. It is therefore
important to evaluate the quality and reliability of the results from these measurements. This has been
done in two stages [23].
In the first stage an initial verification of the data was carried out. The next stage involved an
evaluation of the uncertainties in the measurement results.
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FIG. 5. 14C content in trees.

Three main types of uncertainty can be identified in the results of thyroid gland activity
measurements, namely those due to:
Peculiarities of the recording instruments and measuring procedures;
Variability in the anatomy of the thyroid gland;
Additional sources of radiation outside the thyroid gland arising from incorporation of
radionuclides.

These uncertainties can be quantitatively evaluated by the following means:
Statistical analysis of the results from control source measurements;
Modelling of the measurement procedures with the aid of a physical thyroid gland phantom;
Mathematical modelling of the measurements;
Statistical analysis of anatomical variability in the thyroid gland (mass and depth).

Some of the thyroid gland measurements were accompanied by regular checks with 131I
calibration sources [23], thus providing an opportunity for an analysis of the results of such
measurements. For this purpose, all the measurements were subdivided into 43 series. The essential
features of a series were: the same instrument (not simply the same type), the same reference source,
and more than three measurements separated from one another by an hour or more. Statistical analysis
of these serial measurements made it possible to evaluate the quality of the data. The results obtained
permit the conclusion that over 80% of the thyroid gland activity measurements performed by
spectrometer are of acceptably high quality [23].
2.4. Evaluating uncertainties in the results of direct measurements

In order to evaluate the uncertainties, information is needed on the mass distribution of the
thyroid gland and on the thickness of tissue covering it in the exposed population. We have studied
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cGy

cGy

1. Pripyat (city)
2. Narodichi
3. Polesskoe
4. Chemobyl
5. Ivankov

6. Makarov
7. Borodyan
8. Vyshgorod
9. Ovruchskoe
10. Kozeletsk

11. Chernigov
12. Korosten
13. Repkinsk
14. Kievo - Suyatoshinsk
15. Chernigov (city)
16. Olevsk

FIG. 6. Average dose to thyroid gland.

these parameters as well [23]. Thus, Fig. 7 shows the age-thyroid mass dependence for inhabitants
of Kiev.
At the same time the effect of thyroid mass variability on the measurement results was modelled
by means of a neck phantom [24]. Comparison of these data with the actual mass variability enabled
us to conclude that such variability gives rise only to insignificant uncertainties within a single age
group. Note, however, that the dose estimates themselves are highly sensitive to the values of this
parameter.

The dependence found between age and thickness of thyroid covering tissue for inhabitants of
Kiev was compared with the data from the measurements obtained through phantom modelling. On
the basis of this comparison correction factors were calculated which allowed the reduction in 131I
emission caused by these tissues to be accounted for.
Comparison of the phantom study with the actual distribution of thyroid mass and covering
tissue thickness showed that the range of uncertainties in the measurement results due to variability
of anatomical parameters, instrumental peculiarities and possible deviations from standard
measurement geometry is 25-40% [23].
Another important conclusion is that the age-thyroid mass dependence for inhabitants of Kiev
corresponds to the values recommended in Publication 56 (Fig. 7) [20]. This conclusion is based on
a study of 163 people [23].

The next step after evaluating reliability is to correct low-quality data with the aid of highquality results. To that end a correction procedure was developed which uses a comparison of the age
dependences in low- and high-quality data.
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FIG. 7 Age-dependency of the thyroid mass for the city of Kiev

2.5. Appraisal of the model for calculating doses on the basis of instrumental measurements
A further possible source of uncertainties is inadequacy of the calculation model. For example,
it was assumed in our calculations that 131I fallout occurred over a short period (one day) [22]. But
in actual fact there was extended fallout (for up to 2 weeks). We therefore performed calculations to
evaluate the effect of the fallout scenario on thyroid dose estimates. Three types of scenario were
considered: a single fallout event (1 day) and prolonged fallout over 5 days at either falling or
constant intensity. Our conclusion is that using a model with a single-event scenario produces the most
conservative dose estimates, while a prolonged fallout scenario with constant intensity produces the
lowest values.
A further critical point for dose estimates is selecting the function describing the intake of 131I

into the body. In the first and second stages we used models with both sudden and prolonged intake,
the former being a typical inhalation model, while the latter was an "ecological" one (involving
foodstuffs contaminated with radioiodine).

The next stage in the development of a dosimetric calculation model is to use what are called
"realistic intake functions". For example, we can use the dynamics of 131I activity in air, milk or
water as an intake function. This method was applied to estimate the thyroid doses received by
inhabitants of Kiev [25].
3. ESTIMATING THE DOSES RECEIVED BY THE GROUPS NOT COVERED BY DIRECT
MEASUREMENTS

All the direct measurements of 131I activity in the thyroid gland were performed in districts
situated around the Chernobyl plant. In May-June 1986 measurements were taken from some 30-90%
of the children and 1-10% of the adults in these areas. Unfortunately, the measurements in many
settlements not only failed to cover all the inhabitants, they did not even cover all age groups of the
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population. For certain affected districts we have no available measurement data at all. We therefore
need to work out a procedure for reconstructing the doses received by those people from whom
measurements were not taken during the iodine period of the accident.

Such a procedure was developed for the Chernigov region (situated to the east of the Chernobyl
plant) [23]. It included the following stages:
Dose estimation based on direct measurements of 131I activity in the thyroid gland of
48 000 inhabitants of the region;
Development of a model for the age-dependence of the dose;
Estimation of the parameters of the age-dependent dose model using data from direct
measurements;
Development of an extrapolation model describing the dependence of the thyroid dose, on the
density of 137Cs fallout and the polar co-ordinates of settlements with reference to the Chernobyl
plant;
Estimation of the parameters of the extrapolation model using data from direct measurements;
Estimation of the age-dependence of the thyroid dose for all settlements in the region.
A strictly valid age-dependence of the dose emerged for all districts of the region. The observed
values can be approximated by the empirical formula
D(age) = K a€Xp(-b "«*>,

where
D(age)
K
a
b
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is
is
is
is

the average dose for a given age (cGy);
a scale parameter describing radioiodine intake;
a parameter representing thyroid dose in neonates (age zero);
a parameter defining the age-dependence of the dose (year"1).

Lognormal distribution of the doses in any age group was assumed since precisely this
distribution was found among the persons measured. As an example, Fig. 8 gives the individual doses
measured and the estimated mean values in each age group for the inhabitants of one settlement. This
figure demonstrates the agreement between the doses calculated on the basis of direct measurements
and those obtained on the basis of model calculations of mean values for each age group, and also
the possibility of reconstructing doses in age groups for which there are no thyroid activity
measurements.
The next step in reconstructing the doses received by the population of districts in the region
where no thyroid monitoring was performed is to extrapolate the scale parameter K of the age model
to settlements in those areas. The extrapolation procedure was carried out using data on density of
137
Cs fallout and polar co-ordinates relative to the Chernobyl plant (radionuclide ratio and
geographical extrapolation methods) [26].
The resulting spatial distribution of mean thyroid doses to children (under 6 months) and adults
(over 18) in the Chernigov region is given in Figs 9 and 10. The doses for other age groups lie in
the region between the values given as examples. The highest doses were found in the west of the
region, in the districts closest to the Chernobyl plant, with maximum mean doses of 3.3 Gy for
children and 0.5 Gy for adults.
The thyroid doses decrease in a west-east direction across the region, which corresponds to the
decrease in density of 137Cs fallout and the drop in doses with increasing distance from the Chernobyl
plant. Exactly the same sort of decrease is observed in the areas where thyroid measurements were
conducted. Deviations from this tendency can be found, in certain smaller districts in the north-east,
however, because of the enhanced density of 137Cs contamination in the area, adjoining the so-called
Bryansk caesium hot spot in Russia.
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FIG. 9. Thyroid dose distribution for the Chernigovskaya Region (children born in 1986).
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FIG. 10. Thyroid dose distribution for the Chernigovskaya Region (adults).

The lowest thyroid doses are predicted for the south-east of the Chernigov region at the border
with the Poltava region, where the values for 137Cs fallout density are very low.
This report presents our approaches to the most general ways of reconstructing thyroid dose and
some methods for performing such dose estimates in Ukraine in the aftermath of the Chernobyl
accident.
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Abstract
The paper focuses on the methodology of dose

assessment

and reconstruction
based on the observations of radioactive
contamination in the areas of Russia following the Chernobyl
accident.Special attention is given to the early stage after the
accident — the period of "iodine hazard".The combined
internal
doses for
thyroid gland through the
food
pathway and from
inhalation of iodine—131 were estimated for various population
groups in
the regions Of Russia impacted by the accident. The
specific features of accidental contamination of the environment
with iodine—131 are analyzed for the local area — Sosnovy Bor in
the Leningrad Region, for which detailed
radioecological data
are avaliable.

1.INTRODUCTION

The accident at the 4—th unit of the Chernobyl NPP occurred
at Ol.23
local time on 26 April 1986 and was recorded by the
radiological monitoring
service of State
Hydromet
(State
Hydroraeteorological Service) at O9.OO during routine surfacebased measurements of exposure gamma—dose rate at the Chernobyl
NPP site
[1].
At the time of the accident the USSR had 2247
meteorological stations
equipped with gamma—detectors,
475
points provided with trays to sample radioactive fallout and 73
points having
air
filters
to
determine
radionuclide
concentration in the air.
The monitoring network was augmented
after the accident.
Together with State Hydromet,
the studies were carried out
by specialists from Nuclear Engineering Ministry,
Health Care
Ministry, Ministry of Defense, Ministry of Geology, Academy of
Sciences and others.
1.1. Radioactive contamination of the air

Immediately after the accident, radioisotopes of iodine
were of
major radiological hazard.
Also,
the presence of
radioiodine in the air was a good indicator of the radioactivity

dispersal .
According to the monitoring data, a week after accident, the
radionuclides could be arranged in the following order by input
to total activity of the atmospheric fall—out:
1—131 > Zr—95
>
Ba -14O

>Y-91 >Te-132 >Sr-89 >Cs-137 >Cs-134 >Sr-9O >Pu-239,24O

>Pu238.
A short—duration increase in total activity of gamma—emitters

in the atmospheric fall—out was reported over the most part of
Russia (Bryansk, Tula, Kaluga, Orlov, Voronezh, Smolensk, Gorky,
Rostov, Tambov
and Penza regions,
the
Kola
peninsula,
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Sverdlovsk, Khabarovsk
and Vladivostock). On separate areas,
maximum values were four order of magnitude and more above the
background levels occurring before the accident.
In the first days after the accident, permissible levels of
iodine—131 in
the air were exceeded over the major part of
Belorussia, Ukraine
and central areas of Russia.
By the
standards of
radiation safety, permissible concentration for
total activity of all iodine species was 5.5 Bq/m3
It was
virtually only the aerosol fraction which was determined at that
time for iodine—131 level in the air. Measurements of iodine—131
using seguentially
placed filter and cartridge with activated
carbon led us to estimate the aerosol fraction of iodine—131 as
15% for r.emote distances from the Chernobyl NPP during the first
days after the accident.

1.2. Radioactive contamination of soil
Immediately after the accident, the soil was contaminated
with short—lived nuclides: iodine—131, tellurium and iodine—132,
neptunium—239, zirconium and niobium—95,barium and lanthanuml4O,

yttrium—91, strontium—95.
Maximum concentration of radioiodine
in the soil occurred during 28 April to 9 May depending on the
trajectory of the plume and local meteorological conditions. In
a number of cases, second maxima occurred due to the wash—out of
iodine—131 from the lower troposphere.
Fig.l shows levels of soil contamination with iodine—131 as
of 15
May 1986. For some areas where iodine—131 was not
measured, the
estimates
were
made
using
correlation
relationships between
soil concentration of 1—131 and Cs—137.
Thousands, sq.km

10-130, kBq/sq.m
130-550
550-1380

1380-3170
3170-5700

Bryansk Tula

Kaluga

Orel

Fig.1. Soil contamination with 1-131 for several

regions of Russia Impacted by the Chernobyl accident
(as of 15 May 1986)
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Fig.2. A relationship between the density of soil
contamination with 1-131 and that with Cs-137
of accidental origin (on 15 May 1986)

The correlation coefficient for these values over the European
part of
Russia was r=O,91 (Fig.2). Thus to reconstruct soil
contamination fields for 1—131, a more detailed data base for Cs
—137 was helpful to use. The heaviest contamination with 1—131
was reported in the northern Ukraine,
eastern Beloryssia and
adjoining central areas of Russia. Isolated "patches" occurred
near the western border of the former USSR in the vicinity of
Baltiysk—Kaliningrad and in the areas between Gomel and Bryansk
and those south to Tula.
1.3. Radioactive contamination of surface waters

The highest contamination of aquatic ecosystems occurred
in the
first period after the accident:
late April—early May
1986. Of major radioecological significance at that time was
iodine—131 whose
maximum concentration in the surface water of
some areas
was
in excess of permissible concentration in
drinking water (37 Bq/L) by dozens of times [2,3].
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GULF OF FINLAND
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Kop&rskaya Bay

Fig.3. Location of the Sosnovy Bor

Leningrad Region

2

DYNAMICS OF IODINE-131 CONTAMINATION OF THE FOODSTUFFS
AND THE ENVIRONMENT (LOCAL AREA - SOSNOVY BOR,

LENINGRAD REGION)

The Chernobyl

accident

led
to
the
radioactive
the source
Specifically,
some areas
of north — western Russia appeared to have been
affected
Consider
peculiar features of
the
radioactive
contamination of Sosnovy Bor Leningrad region (Fig 3) for which
detailed data of radioecological monitoring are available 13,5]
These data
were collected by the Laboratory of Ecological
Studies in Sosnovy Bor responsible for environmental monitoring
around the Leningrad NPP
The programme of radioecological monitoring of
the
area
included determination
of radionuclide concentration in surface
air aerosols, atmosperic depositions, soil, plants, sea and fresh
water, bottom
sediments,
algae,
fish, vegetables, fruit,
mushrooms, berries, milk and other local agricultural production
The total
of 6,5OO
environmental samples were collected and
measured in 1986
According to the observational data from Sosnovy Bor, air
samples of aerosol exposed from 15 2O on April 28
to 11 OO on
April 29 in 8 sampling points showed a variety of radionuclides
Mo-99, Ru-lO3, Ru-106, 1-131, 1-132, Te-132, Cs-134, Cs-136, Cs137, Ba-14O, La-140, Ce-141, Ce-144, Np-239 and others The same
radionuclides, though at higher concentrations, were reported in
contamination of areas remote from
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Finland near
"Loviisa" and "Olkiluoto" nuclear power plants .
The major contributors to the activity of aerosols were:
1—131,
Cs-137 and Cs-134, Te-132, Np-239 .
The 1—131 activity in aerosols of
the study area ranged
from 2.4
to 5.6 BqXmS i.e. was as great as maximum permissible
concentration (5.5 Bq/m3).
The soil samples collected on April 3O, 1986 revealed the
same radionuclides as aerosols and
atmospheric depositions.
About 7O%
of activity of man-made radionuclides was made up by
short-lived radionuclides: 1-131,132,
Te-132,
about 11% Cs—137. Concentration
of Cs—137 in soil varied from O,6 to 1,O
kBq/kg dry weight. In the samples of perennial grass collected
on April 30 1986, the activity of gamma—emmitters ranged from 17
O to 24O kBq/ kg dry weight. The input of short—lived nuclides
(1—131,132, Te—132) was 75% and cesium radiosotopes (Cs—134,136,
137)
accounted for 14% .
Since May 2,
1986 analysis was made of 1—131 contamination
of milk and other locally produced foodstuffs (Table 1).
The
maximum concentrations of 1—131 in milk (16O Bq/L) occurred on
May 14, the next day after the cattle was taken to pastures.
Concentration of 1—131 in foodstuffs and drinking water changed
in a similar way. The maximum contamination of 1—131 occurred on
May 2—3 in drinking water, bread, lettuce and onion. Usage of
atmospheric precipitation for irrigation led to an increase
in
1131 contamination of vegetables, even though they were grown in
greenhouses. Since May 4 water for irrigation was taken from the
Kovash river and the contamination level went down.
The atmospheric fall—out and radionuclide wash—off from the
catchment surface
in April—May 1986 caused contamination of
fresh and sea waters. The 1—131 concentration in the river water
was the
highest in early May 1986 and over the month it fell
from ISO Bq/L to O.7 Bq/L.
3.DOSE RECONSTRUCTION AND RISK ASSESSMENT OF RADIOACTIVE

CONTAMINATION OF THE ENVIRONMENT WITH IODINE-131

First we consider the assessments of the internal dose
for thyroid glands of the population in the area of Sosnovy Bor
in Leningrad
Region, where the detailed data are available on
TABL . 1 .

1-131 CONCENTRATION IN WATER AND LOCAL FOODSTUFFS,
SOSNOVY BOR, BQ/KG WET WEIGHT

Component
Drinking

3O April

2 May

3 May

4 May

12 May

2 June

1.5

110

56

56

11

1. 5

85
-

67
-

7O

-

110

67

Spring on.ion

520
14

670
96

70
2. 2
63
26

7.4
—
—

Tomato

10

Cucumbers
Irrigation water

4
133O

water
Milk
Cottage cheese
Bread
Lettuce

Fish

63

4
310

81
25
-

15

4

11

15

740
SO
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TABL 2

PARAMETERS FOR THE DOSE ASSESSMENT OF THYROID GLAND
EXPOSURE TO 1-131 THROUGH THE FOOD PATHWAY [6,7,8]

Parameter

Age group
1 year

Dose factor of
conversion ,
microGy/Bq
Consumption of milk ,

5 years

4. 3

1 .O
Consumption of water,
O.6
L/day
Consumption of bread
and baked goods , kg/day
Consumption of vegetables ,
—
kg/day
Consumption of fish,
^~
kg/day
L/day

1O years

15 years

Adults

2..5

1 ,3
,

0.. 8

O .5

O. 8

0, 75

0..7

0 .7

0. 8

0. 95

1 .2

2 .0

O. 12

0,, 17

0 .,19

O .20

0.. O5

0 ., 10

0.. 10

0 . 12

0. 05

O .. 08

O , 10

O . 16

15

Adults

Dose, mGy

10

Age groups
Fig.4. The estimated internal doses for thyroid gland
of population through the food pathway
( May-July 1986, Sosnovy Bor, Leningrad Region)

the dynamics of the content of iodine—131 in the surface air,
milk, drinking water and local foodstuffs
The parameters for the dose assessment through the food
pathway are presented in Table 2. The calculation results show
that young children under 1 have the highest thyroid exposure
doses (Fig.4).
The exposure doses for this critical age group
are approximately five times higher than those for adults.
A
major con-tribution to the dose formation for the children is the
consumption of milk. Next, in order of importance,
is the
consumption of water, vegetables, bread and baked goods of home
manufacture.
The parameters for dose assessment and estimated exposure
doses for thyroid gland from inhalation of the contaminated air
in May—June 1986 are given in Table 3. The highest estimates are
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TABL.3.

ESTIMATED EXPOSURE DOSES FOR THYROID GLAND FROM
INHALATION OF 1-131 IN MAY-JUNE 1986 (THE AREA
OF SOSNOVY BOR, LENINGRAD REGION)

Parameter

Age group
1 year

10 years

Adults

2. 19

O. 65

O. 27

Dose factor of conversion,
microGy/Bq
Amount of the air inhaled,
m3/day

3.8

15

22

60

7O

4O

Inhalation dose for 1—131
(aerosols), microGy

Inhalation dose for 1—131
(aerosols, plus gaseous
phase), microGy

300

350

2OO

obtained with allowance for both aerosol and gaseous forms of
iodine radioisotopes.
It is easily seen that the doses through
the food pathway exceed the highest estimates of the doses from
inhalation almost by an order of magnitude.
The combined internal dose for thyroid gland through tthe
food pathway
and
from inhalation for the critical age group
(young children) was 7.6 mGy,
which is approximately 2 times
lower than the permissible limiting doses for individuals. The
contribution from the other radionuclides to thyroid gland
irradiation (1-132, Te-132, etc.) is over an order of magnitude
lower, as compared to 1—131.
For other regions,
the individual expected internal dose
for thyroid gland through the food pathway was estimated with
the following empirical formula:
Da =Ka*Ra'A,

where Ka is the iodine—131 transfer coefficient from ground
depositions with food to a human organism, m2; Ra is the dose

factor of conversion for the age group a , Gy/Bq; A is the total
deposition of 1—131, Bq/m2.
Measurements of
1—131 depositions from the atmosphere were
taken in the territory of Russia at the points relatively few in
number. Therefore we used for the dose assessment the estimates
of soil contamination with 1—131
obtained on the basis of a
statistical relationship
between depositions of 1—131 and
Cs—137, as well as from a more detailed data base on soil
contamination with Cs—137.
In this case, the following values of 1-131 depositions
(recalculated for 15 May 1986) approximately correspond to the
Cs —137 isolines:
Cs-137, kBq/m2

37

185

1-131, kBq/m2

133

55O

555

148O

138O 317O

The values of Ka were estimated from the data of monitoring
over the content of 1—131 in the local foodstuffs and drinking
water as
well as using the model of multiple pathways for the
iodine—131 migration in food chains . In this case, the density
of soil
contamination with 1—131
was recalculated for 15 May
1986.
As a result,
the following values of the transfer
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TABL.4. COMPARISON OF THE ESTIMATED EXPOSURE DOSES FOR
THYROID GLAND OF THE POPULATION WITH THE ESTIMATES
BASED ON DIRECT MEASUREMENTS OF THE IODINE-131

CONTENT IN THYROID GLAND

Weighted average of individual dose,
cGy

Region

Age

From the data
of direct

group

measurements
of 1-131
[6,9,10]
Gomel Region
Gomel Region
Gomel Region

Bryansk Region

Orel Region
Kaluga Region

coefficient Ka
population :

65
37 1O 40 5 10 2 25 -

Adults
Children
Adults
Chi Idren
Adults

were

1 year
0.28

in trophic chains

1OO
42
100

Chi Idren

Tula Region

Age :
Ka, m2 :

Chi Idren
Adults
Chi Idren
Adults
Children
Adults

O

obtained

5 years
O. 32

—

16O
55
160
55
9O
30
35
1O
33
10
36
11

80
24
50
14
20
7
43
14

for

Indirect assessment
based on the model
of multiple pathways
of the 1—131 migration

various

1O years
0. 36

+_
±
+
±
±
±
±
±
+
±
±
JL.

8O

20
80
20
4O
15
15
4
18
4
18
5

age groups of the

15 years
O. 36

Adults
O .47

The model estimates are relatively rough because of a
number of factors introducing a considerable uncertainty into
the dose calculations. Among these factors are: rather little
direct data on the content of 1—131 in the environmental objects
and food
chains; errors in the recalculation of the density of
soils contamination with Cs-137 to that with 1—131; errors in
the assessment
of
the
transfer coefficients
; inaccurate
knowledge of the diet; the assumption that essentially the local
foodstuffs were
used; the assumption of no countermeasures
taken.
The calculations
based on direct measurements of the
content of 1—131 in thyroid gland are more accurate.
However,
these data
are lacking for most regions of Russia. Table 4
presents the weighted averages over the contaminated areas of
the exposure
dose for thyroid gland from the data of direct
measurements and using the model of multiple pathways of the
iodine-131 migration through trophic chains.
Comparing the two
methods of
assessment• shows that the method of
indirect
assessment based
on the model of multiple pathways provides
higher values of the exposure dose as compared to the estimates
from the data of direct measurements of 1—131. However, on the
whole, agreement between the two methods of dose assessment
is
sati sfactory.

This suggests that the proposed method of estimating the
exposure dose
for thyroid gland based on the model of multiple
pathways is efficient.
Note that the estimated doses are
averaged over sufficiently large territories. For persons living
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TABL.5. THE ESTIMATED COLLECTIVE DOSES AND RADIATION RISK OF
THYROID CANCER FOR THE REGIONS OF RUSSIA IMPACTED
BY THE CHERNOBYL ACCIDENT

Region

Collect ive

dose,Man* Sv

Bryansk
Tula

120555, 0

Radiation risk
Children
Average
( 0 — 5 years
value

old).maximum

for the

values

region

96230, 0

6 ,7*
2, 9*lO(-3)
5, 0 ' 1 0 ( -4 ) 4.6" 10 (-5)

Orel

44791 ,0

4, 9E10(-4)

4, 1" 10(-5)

Kaluga

19O61 ,0

5, 2' 10 (-4)

1 .7" 10(-5)

in the "patches" of radioactive contamination the
individual
exposure doses
for thyroid gland can substantially exceed the
average values.
The estimated
collective doses and radiation risk of
thyroid cancer for the regions of Russia impacted
by
the
Chernobyl accident
are given in Tabl.5.
Note that these
assessments were made on the basis of the risk coefficient
r=8*!O(—4) Sv—1 postulated without resort to the Chernobyl data.
It seems very important to assess the risk coefficients,
using
the models
of dose reconstruction and the data of medical
monitoring in
the areas of the values of radiation risk
coefficients.
4.CONCLUSIONS

Radioisotopes of iodine presented the most serious hazard
immediately after the Chernobyl accident.
A rather close correlation was found between atmospheric
depositions of 1—131 and soil contamination with Cs—137
(r =
0.91). Therefore a considerably more detailed data base on soil
contamination with Cs—137 can be used for the reconstruction of

the fields of soil contamination with 1—131.
A model of multiple pathways of the 1—131 migration through
food chains was developed and verified against the observational
data. Exposure dose and radiation risk assessments were made for
various age groups of the population living in the contaminated
areas of Russia.
Children under 1 were found to have the highest exposure
doses of thyroid gland. For this critical age group the exposure
doses are approximately 5 times higher than those for adults.
A major contribution to the dose formation for children is
the consumption of milk. Next, in order of importance, is the
consumption of water, vegetables, bread and baked goods of home
manufacture.
The doses through the food pathway were shown to exceed
considerably (by an order of magnitude) the highest estimates of
the doses from inhalation.
For the most contaminated areas of Russia the levels of
radiation risk for children resulted from the Chernobyl accident
are comparable
with or exceed the spontaneous risk of thyroid
113

cancer. In the majority of contaminated areas the values of
radiation risk lower than the spontaneous risk of thyroid cancer
but exceed the natural background radiation risk.
Comparing the
direct
and
indirect
methods of dose
assessment showed that the method of indirect assessment based
on the model of multiple pathways provides higher values of the
exposure dose which remain,
however,
within the confidence
intervals.
It is
very
significant
that
the
models
of
dose
reconstruction and
the data of medical monitoring in the areas
of the Chernobyl accident also enable one to solve inverse
problems on the assessment of radiation risk coefficients. This
can lead to a certain reassessment of their values in the
future, taking into consideration the Chernobyl data.
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CEC/CIS JOINT PROGRAMME ON THE
CONSEQUENCES OF THE CHERNOBYL ACCIDENT

G.N. KELLY, L. CECILLE
Commission of the European Communities,
Brussels
Abstract
This paper summarises the CEC/CIS joint programme on the consequences of the Chernobyl
accident. The joint programme was initiated in 1992 following the signature of an
Agreement between the Commission and the relevant Ministries in Belarus, Russia and
Ukraine. The scope and content of the programme are described together with the
management structure that has been implemented to ensure the successful conduct of the
projects. Progress made during the first year, within each area of the programme, is
summarised and priorities for, and the direction of, future work are indicated.

1. INTRODUCTION AND BACKGROUND
The accident at Unit 4 of the Chernobyl nuclear power plant occurred on April 26, 1986.
The subsequent months and years saw unprecedented technical and scientific work in the
former USSR to evaluate the amount and composition of the radioactive materials released
and to assess and mitigate the consequences of the accident. One of the major consequences
of the accident was the contamination by radionuclides of large areas of, primarily, three
Republics of the former USSR, namely Belarus, Russia and Ukraine. An area of some
25,000 km2 (about 15,000, 8,000 and 2,000 km2 in Belarus, Russia and Ukraine, respectively)
was initially denned as affected (contamination level in excess of 5 Ci km'2 of caesium 137);
in this area there are about 2200 settlements with about 800,000 people (about 45%, 24%
and 31%, respectively in Belarus, Russia and Ukraine). A level of contamination of 1 Ci
km'2 has since been adopted in some Republics to define the affected area within which
there are several million people. For the vast majority of people, the additional dose they
will receive in the future from continuing to live in the affected areas will be significantly
less than that from natural radiation. The more exposed groups in the population (some
tens of thousands) are currently receiving annual doses a few times those from natural
background radiation. Significant contamination of territory outside the former USSR also

occurred (albeit at levels and on a scale considerably less than in the former USSR) and
measures continue to be taken in some countries (eg, Scandinavia, United Kingdom) to
mitigate its consequences.
In order to alleviate the consequences of this widespread and persistent contamination and
to establish acceptable conditions for those continuing to live in affected areas, numerous
administrative and policy decisions have been taken in the three Republics. These have
affected, and will continue to affect in the future, the lives of hundreds of thousands if not
millions of people, including their health, way of life, agriculture and socio-economic
conditions. A wide range of measures were taken to mitigate the consequences of the
accident including decontamination of more highly contaminated surfaces, relocation of
people to less- or un- contaminated settlements, restrictions on and modification of
agricultural practice, the importation of food supplies from unaffected regions, etc. In
addition, major improvements were made to the infrastructure of some regions, eg, housing,
transportation, energy and water supplies, etc, and compensation paid to those continuing
to live in the affected settlements, the amount varying with the contamination level. By far
the majority of the resources for relieving the consequences of the accident have been, and
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continue to be, spent on compensation and infrastructure improvements, notwithstanding
the fact that these have little if any influence on the radiation levels and risks to which
people continue to be exposed.

The policies adopted by the authorities to reduce the longer term consequences of the
accident gave rise with time to much opposition and anxiety. This escalated considerably
in the late 1980s and its origins were not unconnected with the broader social and political
changes that were occurring in the former USSR at that time. The adequacy of the policies
being adopted to assure acceptable living conditions became the subject of heated debate and
disagreement between various scientific factions and interest groups and between the
Republics and central government. This contributed to a general loss of confidence among
those affected in the measures being taken to secure their well being and in the credibility
of those giving them advice, in particular officials and scientists. This process had several
negative effects, in particular, many people left the affected settlements, especially the
professional classes, with major social implications for those remaining and for the
continuing viability of some settlements; the adoption of different standards or policies in
each Republic (and occasionally within different regions of the same Republic) compounded
the loss of confidence among the affected population. The subsequent break up of the
former USSR further exacerbated matters as each Republic is now responsible for financing
its own countermeasures' programme as opposed, formerly, to being funded centrally from
the former USSR government.
Considerable resources are being spent by the three Republics on moderating the
consequences of the long term contamination of their territories. In the Ukraine and
Belarus, the current levels of expenditure are of the order often percent of their respective

annual Gross Domestic Products (GDP); similar level of expenditure, albeit at a different
percentage of GDP, is being incurred in Russia. Annual levels of expenditure at or about
these levels are being anticipated by the respective Republics for the foreseeable future.
These levels of funding are unlikely to be sustainable in either the medium or longer term,
given the other more pressing economic, social and environmental problems faced by the
three States. Indeed, given the other environmental problems they face (from both
radioactive and conventional pollution) it is a matter for conjecture whether some of the
considerable funds currently being allocated to mitigate the Chernobyl consequences could
not be better directed elsewhere. Reduction of the levels of funding or even their reallocation to other priorities in the affected areas will, however, present formidable political
and social difficulties even when such action could be justified on objective considerations.
The difficulties that would be encountered in attempting to effect such change would
include: resistance to the reduction or removal of compensation payments (probably the
major contributor to the overall costs of remedial measures); the need to avoid further
alienation of the population and diminution in their belief in scientists and officials,
especially given the frequent changes and arguments over policy in the past and promises
of remedial measures not having been fulfilled; and the problem of changing the current
expectations of those affected with regard to their future situation. Clearly, any such
process would need to be carefully managed if matters were not to be made worse.

Given the very substantial human and monetary resources that have been, and continue to
be, spent by the three Republics to alleviate the consequences of the Chernobyl accident, it
is evident that any contribution made by the CEC can only be modest in comparison.
However, with proper targeting, such support could have an influence and benefit far
beyond that measured in purely monetary terms. The scope and content of the CEC/CIS
joint programme on the consequences of the Chernobyl accident have been formulated with
this as a prime objective.
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2. THE CEC/CIS PROGRAMME
The programme was initially conceived for implementation within the framework of
CHECIR (Chernobyl Centre for International Research) which was established by an
agreement between the former USSR and the International Atomic Energy Agency (IAEA)
in 1990. However, because of the political changes that occurred in the former USSR in
1991, a different procedure had to be followed. This culminated in an agreement being
signed in June 1992 between the Commission and the three new States of Belarus, Russia
and Ukraine to establish the joint programme of work. This marked the formal beginning
of the programme but much preparatory work had already been undertaken in anticipation
of an agreement being reached.

2.1 Scope and content of the joint programme
The main purpose of the joint programme is to complement and assist those in the three
Republics responsible for evaluating and mitigating the consequences of the accident. An
important by-product is to gain an improved understanding and knowledge of the health
and environmental impact of radioactive contamination and of how it can be reduced; this
will be invaluable for the management of any future accident. The programme can be
conveniently categorised under three broad headings:
the evaluation of measures to mitigate the consequences of the accident
the evaluation of the health and environmental consequences of the accident
off-site emergency management

Central to each of these areas is a reliable understanding of the behaviour of radioactive
contamination in the environment and its transfer to man. Consequently, this aspect was
given priority within the first year of the programme, with lesser resources initially
allocated to the evaluation of mitigation measures and to off-site emergency management.
For logistical and organisational reasons, few resources could be allocated to the evaluation
of health consequences during the first year of the programme; this will change in the
second year when projects in this important area will be phased into the ongoing
programme.
The joint programme has been formulated to make best use of limited EC resources to
complement the on-going work in the three States. Much is already known of the current
radiological situation (both health and environmental) in the affected territories and of how
it might develop in the future from the extensive investigations that have been, and
continue to be, made by CIS scientists since the accident. These investigations provide the
scientific basis for the policies currently adopted to mitigate the consequences of the
accident and to ensure acceptable living conditions for those remaining in the affected areas.
An improved and more comprehensive understanding of the radiological situation could,
however, assist in achieving a more effective use of the considerable resources currently
being allocated to mitigate the consequences of the accident.

The joint programme will contribute to an improved understanding in a number of ways,
not least through the synergy resulting from the integration of scientists with different
backgrounds and experience. The upgrading of the local scientific infrastructure through
the provision of western technology and equipment (and training in its use) will also
contribute greatly to this process as will the exchange of scientists between the institutes
involved in the programme. A further benefit, not foreseen at the outset of the programme,
will be its contribution towards maintainingeffective interaction between scientists from the
respective States. This has diminished since the break up of the former USSR but such
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interaction remains important for, inter alia, the development of countermeasures' policies
that are capable of receiving broad public acceptance; the adoption of radically different
approaches by the respective States would probably be counterproductive in this respect.
Finally, notwithstanding the quality and competence of the work already carried out by
scientists in the three Republics, the involvement of EC scientists will help restore the
credibility of the CIS scientists both with officials and the public in affected settlements; this
was partially lost in the affected regions in the years following the accident.

2.2 Programme management and practical aspects
A Coordination Board has been established to monitor and supervise the implementation
of the joint programme. It comprises three representatives from the Commission and one
representative, plus an observer, from each of the three CIS States. A secretariat has been
created to support the Coordination Board in its work. The Coordination Board meets twice
a year and its functions include, inter alia, the approval of joint projects, the appointment
of coordinators, the approval of external publications, the provision of guidance on priorities,
the approval of the distribution of financial resources for local support, exchange of
scientists and the acquisition of equipment. Progress reports on each project are made at
each meeting of the Coordination Board.

For each project approved by the Coordination Board, scientific coordinators are appointed
in the EC and the CIS. Their roles are to coordinate the work of the various institutes in
the EC and CIS, respectively, and jointly to progress the projects to successful completion
and report on their outcomes.
An EC office has been installed in Zeleny Mys and is located outside the restricted zone
about 30 km from the Chernobyl nuclear power plant. Its main function is to provide
practical and logistical support (eg, transport, accommodation, communications,
interpretation and translation, distribution of dosimeters, etc) for those attending meetings
and/or undertaking experimental and other projects in and around the restricted zone. In
addition, an EC laboratory is being established in Chernobyl to provide support for the
experimental projects; this facility and its equipment are also available for use by CIS
institutes participating in the programme. The possibility of establishing complementary
facilities in Belarus and Russia is under consideration .

3. ACHIEVEMENTS IN THE FIRST YEAR OF THE JOINT PROGRAMME
Only a brief summary of progress and achievements within the first year of the programme
is given here; further details can be found in reference [1]. Seven projects were initiated in
the first year: five of these were concerned with the environmental behaviour or radioactive
contamination, one with decision support systems for off-site emergency management and
one with intervention levels and how best to mitigate the consequences of the accident for
those continuing to live in affected areas. In addition, a number of initiatives were taken
to facilitate the implementation of the health related projects which were scheduled to
commence during the second year of the programme. Progress in each of these areas is
summarised.
The financial resources provided by the Commission for the first year of the programme
were about 2 MECU; a further 1 MECU was contributed by those EC institutes
participating in the programme on a cost shared basis. About one third of the Commission's
financial contribution was allocated for the direct benefit of the CIS participants in
particular for the purchase of equipment, the exchange of scientists and for local assistance.
A more detailed breakdown of the distribution of resources between these three areas can
be found in reference [1],
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3.1 Evaluation of measures to mitigate the consequences of the accident
One of the key elements of the programme is the development of a computerised decision
aiding system which can be used to evaluate mitigation strategies, either those being
implemented, planned or proposed in the affected territories of the CIS. The system will
provide decision makers with a valuable and easily applied means for exploring the various
policies and assess their implications in terms of cost, exposures to radiation and their social
impact including effects on public attitudes and the likelihood of a policy gaining public
acceptance. The latter is of particular importance as experience following the accident
showed that considerations of a social nature had the greatest influence in determining the
policy adopted.
Much of the technical data needed by the system exists but is dispersed through many
institutes in the CIS; the consolidation and validation of these data, with improvement
where necessary, have been important first steps in establishing an effective system. Each
of the projects concerned with the behaviour of radionuclides in various parts of the
environment (see below) has a major role to play in the consolidation, validation and
improvement of data needed; in due course the direction of these environmental projects
will, inter alia, be influenced by the needs of the system. Data on social attitudes with
regard to mitigation measures are sparse and this aspect has been explored through pilot
social surveys in an affected settlement; fuller surveys will subsequently be carried out in
a representative range of settlements in order to compile an appropriate data base on this
aspect for inclusion in the system.

A prototype version of the system is scheduled for completion by the end of 1994 and will
be a valuable aid for those responsible to explore the implications of alternative mitigation
policies with a view to making best use of resources available for improving the conditions
of those continuing to live in affected areas.

3.2 Environmental behaviour of radioactive contamination
The main purposes of projects implemented in this area are: to provide an input to reliable
assessments of the health and environmental consequences of the accident; to contribute to
the data bases needed for the decision aiding system for evaluating countermeasures; and
to gain an improved understanding of the environmental behaviour of radionuclides that will
be invaluable in responding to any future accident. Five projects have been implemented
during the first year in this area and are concerned with various processes by which
material is transferred through the environment, or with transfer through particular parts
of the environment. They comprise:
the resuspension and redistribution of contamination

the transfer of deposited material to agricultural produce and the influence
of agricultural practice
the transfer of deposited material to and within water bodies around
Chernobyl
the decontamination of surfaces and foodstuffs

the transfer of deposited material in natural and semi-natural environments.
Considerable information already exists on many of these topics from the extensive
programme of work undertaken by CIS scientists following the Chernobyl and other
accidents in the former USSR. Little of this information, however, had previously been
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exposed to review outside the CIS or compared with western experience. In this context,
one of the main initial aims of the programme has been to consolidate and validate existing
information and to identify and initiate additional experimental projects which could further
the programme objectives set out above; comparison with western data and
intercomparisons of various experimental procedures have had an important role in this
respect.
Within each project, experimental field campaigns were successfully conducted,
notwithstanding a number of infrastructural and logistical difficulties experienced. The
success of these activities, in particular the establishment of effective working relationships
between the various institutes, augurs well for the future outcome of the programme.

3.3 Health consequences
Projects in this important area will be formally integrated within the programme during its
second year. A number of initiatives, however, have already been made to respond more
quickly to an apparent major increase in the incidence of thyroid cancer in children in some
of the contaminated States. Some increase in thyroid cancers was anticipated in those
settlements where restrictions on the consumption of locally produced food had been
delayed; this delay resulted in very high exposures of the thyroid gland of some people.
However, neither the magnitude of the excess number of cases being reported nor the
relatively short time after the accident at which they are occurring were expected.
A panel of thyroid experts was established by the CEC in early 1992 to evaluate the
situation. The panel concluded that, at present, it was not possible to predict the future

extent of the incidence of thyroid cancer but stressed the importance of long term
monitoring of the population. It strongly recommended that action be taken urgently at the
public health level to provide assistance for the diagnosis and treatment of thyroid cancer
and at the scientific level to increase understanding of the aetiology of thyroid cancers. A
more detailed report on the findings of this panel are contained in reference [2]. The
content of future projects within the health area of the joint programme will reflect these
recommendations.
Preliminary investigations have also been made of the feasibility of conducting
epidemiological studies on the few hundred thousand so called "liquidators" who were
involved in restoring the damaged reactor to a safe condition and in cleaning up highly
contaminated areas around the site; many of these workers received substantial exposures.

3.4 Off-eite emergency management
Following the Chernobyl accident there was a recognition in many countries that additional
resources for, and improvements in, off-site emergency management were needed. The
widescale dispersion of material released during the Chernobyl accident was a salutary
lesson, if it were needed, that pollution does not respect national boundaries; this experience
led to various protocols being established to improve communication between countries, with
a view to enabling a more timely response to any future accident. Notwithstanding these
arrangements, more needs to be done in this area.
Significant western resources are currently being provided to assist in improving reactor
safety in the CIS and Eastern Europe but it is evident that this cannot be achieved
immediately. In the interim, increased attention needs to be given to ensuring the efficacy
of off-site emergency arrangements which provide the last line of defence in mitigating the
consequences of a nuclear accident.
Against this background a collaborative project was initiated to develop a decision support
system for off site emergency management that would be generally applicable in the EC and
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the CIS. Independent systems were already at an advanced stage of development in both
the EC and the CIS and the best features of each are being incorporated into the joint
system. Through this approach duplication of effort is being minimised and best use is
being made of the resources available; in addition the potential exists to test the

performance of the system using data obtained during the Chernobyl accident.
The software/hardware configuration being used in the CEC system, RODOS (Real time Online DecisiOn support System), has been adopted as the platform for the joint system and
a demonstration version was completed in 1992. The system (hardware and software) is to
be transferred to each of the three States to facilitate its further collaborative development
and a pre-operational prototype is scheduled for the end of 1994. Once operational, this
system will provide an effective and timely means for exchanging information on future
accidents thus enabling appropriate measures to be taken in neighbouring countries.

3.5 Equipment, local assistance and exchange of scientists
From the outset it was recognised that the local infrastructure was insufficient to support
the needs of the envisaged programme. In particular, there were inadequate laboratory
facilities and equipment, both within the restricted zone and nearby, for the scale and
nature of the planned experimental programmes. Moreover, the equipment that did exist
was dispersed over many institutes. Resources from within the programme were therefore
allocated for the establishment of a regional radiochemical laboratory within the restricted
zone. In addition, other equipment, essential for the conduct of the programme, was
purchased for use by particular CIS institutes who were participating in the programme.
Resources have also been provided for local assistance and for the exchange of scientists.
The latter is regarded as a particularly important part of the programme and is a matter
likely to receive greater resources in the future.

4. THE SECOND AND THIRD YEARS OF THE PROGRAMME
The seven projects initiated during the first year of the programme were continued in the
second year, with the bulk of the work being carried out during 1993. In addition, a further
three projects in the health area were begun. These are concerned, respectively, with
biological dosimetry including cytogenetics, epidemiology and patient treatment. There was
a significant increase, to about 4 MECU, in the financial provision made by the Commission
for the second year of the programme; in addition, a further 2 MECU is being contributed
by EC institutes participating in the programme on a cost shared basis.
A further increase in the Commission's contribution to about 7 MECU is foreseen for the
third year of the programme (to be conducted largely in 1994); this will be supplemented
by a further 3 MECU by participating EC institutes. Each of the ten projects being carried
out in the second year of the programme will be continued in the third year and, in addition
a further six projects will be initiated. These will be concerned with: retrospective
dosimetry, molecular biological characterisation of thyroid cancers, thyroid cancer diagnosis
and treatment, an atlas of radionuclide contamination of the affected territories, pathway
analysis and dose distributions in the affected settlements and, finally, the separation of the

ongoing project on the terrestrial environment into transfer, respectively, to plants and
animals.

5. FUTURE PERSPECTIVES
The complex political context in which this collaborative programme was launched is
evident. It was originally conceived to be a collaboration between the Commission and the
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former all Union Ministry of Atomic Power and Industry (MAPI) within the CHECIR
framework. It finally materialised as an Agreement between the Commission and three
independent States. Much of the experimental part of the programme had been planned to
take place within the restricted zone around Chernobyl; consequently, the resources
available for local infrastructure and support were largely concentrated in or nearby this
area. Following the break-up of the USSR, however, almost the whole of the restricted zone
falls within the territory of the Ukraine. Some dissatisfaction with this situation has since
been expressed by the other two States, in particular they have noted that the consequences
of the Chernobyl accident are not exclusive to Ukraine and that there were equally pressing
problems in both Belarus and Russia. Furthermore, they have questioned the logic of
conducting most experiments in the restricted zone as opposed to in regions where people
are continuing to live; information on the latter is claimed to be of more direct relevance to
the resolution of public health issues. In addition, Chernobyl is but one of a number of
regions in the former Soviet Union where significant and extensive radioactive

contamination exists; these have equally pressing problems worthy of attention from both
humanitarian and scientific viewpoints.

Against this background, consideration needs to be given to alternative ways of
implementing the programme to achieve a more equitable distribution of work and resources
between the three States. In addition, the extension of the Agreement to include other
contaminated regions of the former USSR needs to be addressed. The establishment of EC
liaison offices in Belarus and Russia to coordinate the participation of institutes in the
respective States within the present programme is a modest step in this direction; it is
unlikely, however, to be sufficient, either in terms of satisfying the aspirations of the two
States or in terms of optimising collaboration with them. The most promising and practical

means of circumventing these difficulties and further enhancing the efficacy of the
programme would be to create a regional network of centres, with one in each State. Such
a network will, inter alia:

consolidate and extend the successful collaboration established in the first
year of the programme and contribute to the integration of the respective
scientific communities
form the basis of an infrastructure that can be used more widely for the
implementation and coordination of other CEC/CIS assistance programmes

provide a visible presence in each State which, with proper targeting, could
be used as one of a number of means of public communication with a view to
restoring and/or increasing public confidence in the radiological information
and advice they are being given
enable more effective collaboration between EC and CIS scientists through,
firstly, the establishment and equipping of laboratory facilities in each State
and, secondly, the provision of an infrastructure and support in each of the
widely dispersed regions in which investigations will be carried out.
Given the major benefits that could result, serious consideration will be given to establishing
a regional network of centres within the future implementation of the programme.

6. SUMMARY
The programme has been successfully launched, albeit later than originally intended
consequent upon the political changes that occurred in the former USSR. Much preparatory
work was, however, undertaken in anticipation of the Agreement which was signed by the
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contracting parties in June 1992. This enabled the formal programme, and in particular the

experimental field campaigns, to begin promptly once the Agreement had been signed. This
preparatory phase was intensive and involved considerable interaction and negotiation
between all of the interested parties. Numerous practical difficulties were encountered in
establishing the programme, not least the considerable logistical problems associated with
conducting major experimental projects at far distant locations, in unfamiliar surroundings
and within a less developed infrastructure than is common in the EC. Moreover, these
difficulties were exacerbated by the major economic changes taking place at the same time
within the respective States. These problems, however, were largely overcome through the
commitment of the many participants to ensure the success of the programme. Much
experience has been gained in this first year of the programme that can be used to
advantage in optimising the future programme.
Inevitably, much of the effort within the first year of the programme has been spent in
identifying and establishing effective working relationships with appropriate institutes in
the CIS. While this was a time consuming process it was essential in order to create a solid
platform on which the future programme could be based. It was also important to spend
significanteffort in identifying and evaluating the considerable information that had already
been gathered by the CIS scientists from their extensive investigations in order to avoid
repeating what had already been done.

At a technical level, the experimental field campaigns were all conducted successfully and
profit will be taken of the experience gained in future campaigns. The conceptual basis of
a decision support system for evaluating different mitigation strategies has been developed;
more remains to be done, however, in terms of interacting with and making best use, within
the system, of the results of the experimental investigations. The need for this is now well
recognised and steps have been taken to ensure that this is achieved in future. More
progress than anticipated has been made in the area of off-site emergency management. An
agreement to jointly develop a decision support system for this purpose was reached and the
agreed hardware/software configuration of the system is to be provided to each of the three
States to facilitate its future development.
In summary, progress in the first year of the programme has exceeded expectation when
taking account of the difficulties associated with establishing an ambitious programme in
unfamiliar surroundings. A solid foundation for the programme has been established on
which its future success can be built. Many practical and logistical difficulties remain but,
given the commitment of the participants, these should not prevent the broader programme
objectives being achieved. The second year of the programme is now underway and
progressing satisfactorily and in accordance with expectations. A number of additional
projects have been identified for implementation within the third year and these will
broaden the scope of the joint programme significantly.

[1]

COMMISSION OF THE EUROPEAN COMMUNITIES, Annual Report of the
Coordination Board of "The Agreement for International Collaboration on the
Consequences of the Chernobyl Accident", (1993), to be published in the EUR series
of reports.

[2]

COMMISSION OF THE EUROPEAN COMMUNITIES, Thyroid Cancer in Children
living near Chernobyl - Expert Panel Report on the Consequences of the Chernobyl
Accident, (edited by Williams, D., Puichera, A., Karaoglou, A. and Chadwick, K.H.,
to be published in the EUR series of reports.
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A SHORT NOTE ON RECENT USA/CIS
COLLABORATIVE STUDIES ON IMPACT ASSESSMENT
W.L. TEMPLETON
Battelle Pacific Northwest Laboratories,
Richland, Washington,
United States of America

The accident at Chernobyl NPP in April, 1986, resulted in large-scale contamination of surface
water caused by direct deposition of airborne material on the water surface, run-off from the drainage
areas, and migration in groundwater. Following an initial large pulse of short lived fission products,
the main contaminants have been strontium-89, strontium-90, caesium-134 and caesium-137. In 1989
the USA and the former Soviet Union signed a Memorandum of Understanding (MOU) to conduct
collaborative studies on Aquatic Radioecology and Dose Assessment. In 1993 separate MOUs with
Russia and the Ukraine were signed. Initially the studies were focussed on the Pripyat and the Dnieper
Rivers, with emphasis on the Kiev and lower reservoirs.

The first study estimated radiation doses for the years 1986, 1987, 1988, 1989 and 1990 to
members of the public living downstream of Chernobyl alongside the reservoirs of the Dnieper River
from radioactivity in river water, fish, and associated pathways. Dose estimates for people who might
have consumed fish from the Chernobyl NPP cooling pond were also calculated. The Pripyat River
discharges into the Kiev Reservoir. The lower part of the Pripyat River and the upper portion of the
Kiev Reservoir lie within the 30 km zone, and generally contain the highest concentrations of
radionuclides outside the cooling pond.
To provide representative radiation dose estimates from the aquatic pathways to people living
alongside the Pripyat and Dnieper Cascades, four groups were defined. The four groups represent
professional fishermen, recreational fishermen, local residents (average consumer) who eat fish
occasionally (e.g. when given as a gift from recreational fishermen), and, for the purposes of
investigating the impacts of irrigation in the lower Dnieper area, a group who eat irrigated produce.
The professional fishermen should not be confused with commercial fishermen, since they are
employed by the collective farms to harvest fish for the use of the members of the collective farm.
There is no commercial fishing for the purposes of marketing to the general public.
Estimated annual radiation dose commitments were measured in terms of the effective dose
equivalent in Sieverts for each year, location and exposure scenario combinations. For the groups
consuming more than a few kilograms of fish per year (professional and recreational fishermen), the
pathway of most importance is the consumption of fish. For the professional fishermen in 1986 and
1987 fishing in the lower Pripyat River and upper Kiev reservoir doses were in the range 2.2E-01
to 2.8E-03 Sv/year. Potential recreational fishermen on the Chernobyl NPP cooling pond over the
years 1986 to 1990 could have received doses in the range 9.6E-02 and 1.4E-02 Sv/year. For the
average consumer, who eats fish rarely, the drinking water pathway becomes relatively more
important, providing more than half of the total dose per year. Doses to average consumers drinking
untreated river water from the lower Kiev reservoir ranged between 1.2E-04 and 2. IE-05 Sv/year
over the five years. It was apparent from the results that the pathways related to irrigation of food
crops at the lower two reservoirs (Kremenchug and Kakhovka) are of secondary importance, always
less than an order of magnitude of the contribution from drinking water and fish consumption of the
average consumer. For the majority of the population, the aquatic pathways are not a significant
problem. However, radiation doses may be relatively high for people deriving a subsistence living
from fish, or from professional fishermen with a very high proportion of fish in their diets. The
contributors to this study included B.A. Napier, W.L. Templeton (PNL); I.N. Ryabov (RAS); and
I.I. Kryshev, T.G. Sazykina (S.P.A. Typhoon).
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The second study on aquatic pathways was to calculate the radiation dose rate for the aquatic

biota in the Chernobyl NPP cooling pond, the Pripyat and Dnieper Rivers, and for the Kiev and other
downstream reservoirs for the years 1986, 1987, 1988 and 1989. During the first month following
the accident, the main radionuclides in the aquatic systems were iodine-131, barium-140, zirconium95, niobium-95, ruthenium-106 and cerium-141. The concentrations of these radionuclides in the
Pripyat River decreased by a factor of ten or more by the middle of July, 1986, after which time
strontium-90 and caesium-137 became the critical nuclides. In the Pripyat River in May 1986 aquatic
plants received the highest doses » 85 mGy/d with strontium-90, barium-140 and cerium-144
contributing most of the total dose. The dose to fish was about a factor of ten lower than to aquatic
plants. However, the concentrations in the water from the short lived radionuclides decreased rapidly.
Although the half-lives of strontium-90 and caesium-137 are similar, the concentrations of caesium
declined more slowly than those of strontium, suggesting that caesium was being transported from
the terrestrial watersheds. Annual doses to fish from caesium-137 in the upper part of the Kiev
reservoir for the years 1987, 1988 and 1989 were 2 mGy, 1 mGy and 0.5 mGy, respectively. Annual
doses in the Kanev reservoir were about 200 /*Gy for the same years. Based upon these estimates it
is unlikely that any deleterious effects will be detected at the population level, except for perhaps biota
in the Chernobyl NPP cooling pond. The contributors to this study included G.B. Blaylock (ORNL);
W.L. Templeton (PNL); I.N. Ryabov (RAS); and I.I. Kryshev (S.P.A.Typhoon).
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ASSESSMENT IN THE VICINITY OF
DUMPED RADIOACTIVE WASTE

THE INTERNATIONAL ARCTIC SEAS
ASSESSMENT PROJECT (IASAP)

K.-L. SJOEBLOM, O.S. LINSLEY
Division of Nuclear Fuel Cycle and Waste Management,
International Atomic Energy Agency,
Vienna
Abstract
The IAEA has initiated the International Arctic Seas Assessment Project (IASAP) to address
the widespread concern over the possible health and environmental impacts of the radioactive wastes
dumped in the shallow waters of the Arctic seas. The work is being carried out by the IAEA as part
of its responsibilities to the London Convention 1972. It is envisaged that the project will last for four
years and be run by the IAEA in co-operation with the Norwegian and Russian Governments and with
the involvement, through the IAEA, of experts from relevant IAEA Member States. The project is
aimed at producing an independent and objective assessment of the potential radiological implications
of the dumping and to address the question of possible remedial measures. At the same time, it is
intended to provide a focus for reporting national research and assessment work and a mechanism for
encouraging international co-operation and collaboration.

1. INTRODUCTION

The International Arctic Seas Assessment Project (IASAP) was initiated in February 1993 to
address widespread concern over the possible health and environmental impacts associated with the
radioactive waste dumped in the shallow waters of the Arctic seas. The project is being executed as
a part of the IAEA's responsibilities under the Convention on the Prevention of Marine Pollution by
Dumping of Wastes and Other Matter (London Convention 1972 or LC '72).
In this report a brief history of the dumping of radioactive wastes at sea is presented to provide
some perspective for the dumping activities in the Arctic seas and the aims of the IASAP project are
described together with the plans for its implementation.
2. RADIOACTIVE WASTE DUMPING AT SEA AND THE INTERNATIONAL SYSTEM FOR
ITS CONTROL

2.1. A brief history of dumping activities

The first recorded sea disposal of radioactive wastes took place in 1946 at a site in the northeast
Pacific Ocean, about 80 km off the coast of California. In subsequent years, as sea disposal became
increasingly widely used as a radioactive waste disposal option, the pressure for it to be controlled
also increased.

Figure 1 gives a summary of the dumping operations officially reported before 1993 [1]. Of the
total amount of radioactive material (46 PBq), more than 98% has been disposed of in the North
Atlantic Ocean, 92% thereof in the eastern basin. Figure 2 shows the annual dumping rate at the
northeast Atlantic dumping sites up to 1982. The radioactive waste referred to in Ref. [l] originated
from the application of radionuclides in research and medicine, from the nuclear industry and from
military activities and was packaged, usually in metal drums lined with a concrete or bitumen matrix.
Some unpackaged waste and liquid waste were also disposed of between 1950 and 1960.
Reference [1] does not include the data supplied recently by the Russian Federation on the
dumping activities of the former Soviet Union and the Russian Federation.
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FIG. 1. Locations and quantities of low level wastes disposed of in the oceans, excluding the dumping operations of the former Soviet Union and the Russian Federation [1].
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FIG. 2. Total radioactive material disposed of annually between 1949 and 1982 at the Northeast
Atlantic Ocean sites [1].

In May 1993 the Russian Federation provided information to the IAEA about the high and low
level radioactive waste dumped in the Arctic seas during the years 1959-1992 [2]. The total amount

of radioactivity dumped was more than 90 PBq. The items dumped included seven nuclear submarine
or icebreaker reactors with fuel containing a total of 85 PBq; ten reactors (without fuel) containing
3.7 PBq; liquid low level waste containing 0.9 PBq; and solid intermediate and low level waste
containing 0.6 PBq. The packaged and unpackaged solid waste and the nuclear reactors were dumped
in the Kara Sea in the shallow bays of Novaya Zemlya, where the depths of the dumping sites range
from 12 to 135 m, and in the trough of Novaya Zemlya, at a depth of 380 m. The liquid low level
waste was discharged in the open Barents and Kara Seas. Figure 3 shows the approximate location
of the Arctic dumping sites. Information was also provided on the waste disposed of in the Sea of
Japan. Here the overall quantities are considerably smaller and the disposal depth is greater.
2.2. The international control system

The first United Nations Conference on the Law of the Sea in 1958 recommended that the
IAEA should assist States in controlling the discharge of radioactive materials into the sea, in
promulgating standards, and in drawing up internationally acceptable regulations to prevent pollution
of the sea by radioactive materials in amounts that would affect man and his marine resources. The
IAEA duly set up successive scientific panels to provide specific guidance and recommendations
relevant to the disposal of radioactive wastes at sea. The first IAEA experts meeting on the subject
was held in 1957 and the first publication was issued in 1961.
The Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter
was established in 1972 and entered into force in 1975. This convention became well known as the
'London Dumping Convention' but has recently been renamed as the 'London Convention 1972'. The
Convention is recognized as the main international mechanism for the control of waste dumping at
sea.
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FIG. 3. Sea disposal of radioactive waste in the Arctic Seas by the former Soviet Union and the
Russian Federation.

The Convention prohibits, inter alia, the dumping of high level radioactive wastes and requires
that low level radioactive wastes be dumped only after a special permit has been issued. The London
Convention gave the IAEA the task of developing a definition of high level radioactive wastes which
are unsuitable for disposal at sea, and to make recommendations to national authorities on the issue
of special permits for ocean disposal of other radioactive wastes or radioactive matters.
In 1975 the IAEA published the Provisional Definition and Recommendations requested by the
London Convention and has subsequently kept them under review. The development of the IAEA
definition and some of the recommendations is illustrated in Table I.

In 1983, following the concerns of some of the Contracting Parties to the Convention over the
possible health and environmental risks which could be produced by the radioactive waste disposal
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Table I
DEFINITION AND RECOMMENDATIONS

IAEA !NFCIRC/205/Add. 1
(1975) [3]

IAEA !NFC!RC/205/Add. 1/Rev. 1
(1978) [4]

Safety Series No. 78 (1986) [5]

High level wastes unsuitable for dumping at sea
e; T1/2 > 50/y

3.7 x TO"1 TBq/kg,
but "6Ra < 3.7 TBq/y/site
ß/K

3.7 x IG'2 TBq/kg, but
^Sr +

a
3.7 x 10 B TBq/kg
but 3.7 x 10'8 TBq/kg "6Ra

a

B/r, Tia > 0.5 y

B/K; T,,22 > 1 y

3.7 x 10'3 TBq/kg

5x 10* TBq/kg

2x 10' TBq/kg

137

Cs 3.7 x 10'3 TBq/kg

3

H
37 TBq/kg

3

H + B/x; T,,2 < 0.5 y
37 TBq/kg

3

H + B/K; T1/2 < 1 y

3 TBq/kg
Irradiated reactor fuel and wastes

from the first extraction processes
of reprocessing of irradiated fuel.
Dumping site
Depth at least 2000 m, clear of

the continental shelf

Oceans between 50° N and 50° S
Average depth > 4000 m

Not near continental margins, open
sea islands or inland seas

Oceans between 50° N and 50° S
Average depth > 4000 m
Not near continental margins, open
sea islands or inland seas. Not in

areas of volcanic activity, ocean
trenches, middle ocean ridges etc.
Reporting
Record-keeping and reporting

Record-keeping and reporting to IMO

tolMO

Record-keeping and reporting to
IMO. Notification of intention to
dump six months in advance.

operations, a voluntary moratorium on radioactive waste dumping at sea was imposed pending a wide
ranging review of the issue. The IAEA has provided technical input to aid this discussion which is
expected to be concluded in 1993.
3. PERSPECTIVES ON THE ARCTIC SEAS DUMPING

(a)

In the context of the London Convention

The London Convention prohibits the disposal at sea of high level waste (see Table I) and much
of the material dumped in the Kara Sea falls into this category.

It should be noted however that most of the spent fuel was dumped in the years before the
London Convention came into being (1972) and before the USSR became a Contracting Party to the
Convention (1976). In the years since the voluntary moratorium on radioactive waste dumping was
established (1983) low level radioactive waste disposal has continued in the Arctic seas.
The London Convention specifies locations and depths below which the dumping of low level
wastes could be permitted, when appropriate notifications and reporting have been made (Table I).
The Arctic dumping sites do not fit within these specifications and, in particular, many of the
dumping sites are in very shallow waters. On the other hand it should be noted that, prior to the
London Convention, dumping of radioactive wastes had been carried out in shallow coastal waters
in other parts of the world [1].
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(b)

In the context of the hazards presented

Insufficient information is currently available to properly evaluate the hazard to humans and the
environment that could be presented by the dumped wastes. The first joint Norwegian-Russian
exploratory cruise in summer 1992 was not able to sample in the immediate vicinity of the dumped
wastes, but samples taken in the Kara Sea showed that the present levels of radioactive contamination
are lower or similar to other sea areas and the conclusion was reached that the influence of the
dumped wastes on the general level of radioactive contamination in the Kara Sea is insignificant [6].
It was noted, however, that local effects in the vicinity of the dumping sites could not be excluded.
The results of the recent Norwegian-Russian cruise (September-October 1993) should help to clarify
the situation.
While it appears that there are no significant regional and global effects at present from the
dumped wastes, the gradual deterioration of the waste packages and containments could lead to
impacts in the future. These could occur as a result of the contamination of the marine food chain,
possibly resulting in the radiation exposure of humans through the consumption of fish and other
marine foodstuffs. Since the wastes are lying in shallow waters, the possibility of radiation exposure
by other routes, such as, the movement and transport of the waste packages by natural events (ice or
storm action), or deliberate human action cannot be ruled out. The timescales for consideration are
very long (tens of thousands of years) and, therefore, the possible impact of climatic change has also
to be taken into account. In order to provide answers to these questions it is necessary to have a
thorough understanding of the present and future physical, chemical and biological characteristics of
the environment surrounding the wastes and of the wastes themselves.
A preliminary assessment has indicated that even under the most pessimistic release conditions,
the wastes will not cause a significant global radiological impact, but recognizes that to evaluate the
possible risks at the local and regional scales will require considerably more information than is
currently generally available [7].
4. INTERNATIONAL ARCTIC SEAS ASSESSMENT PROJECT (IASAP) — AIMS AND
IMPLEMENTATION

4.1. Objectives

The objectives of the project are:
(1)

To assess the risks to human health and to the environment associated with the radioactive waste
dumped in the Kara and Barents Seas; and

(2)

To examine possible remedial actions related to the dumped wastes and to advise on whether
they are necessary and justified.

The project was endorsed by the Contracting Parties to the London Convention 1972 at the 15th
Consultative Meeting in November 1992. The IAEA was requested to report its findings to the
Convention at the earliest opportunity.
4.2. Project implementation

The project is organized in four working groups:
(1)
(2)
(3)
(4)
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Source terms,
Existing environmental concentrations,
Transfer mechanisms and models,
Impact assessment and remedial measures.

The work is being carried out using normal IAEA mechanisms:

Consultants, Advisory Group and Technical Committee meetings,
a Co-ordinated Research Programme,
Research and Technical contracts.
The project will be carried out in co-operation with the Norwegian and Russian Governments
and it is anticipated that it will run from 1993 to 1996.
5. IASAP WORK PLAN AND PROGRESS
5.1. Source term

In May 1993 the Government of the Russian Federation provided the IAEA with official
information on the dumped waste as promised at the 15th Meeting of the Contracting Parties to the
London Convention [2], but detailed information on the radionuclide composition of the dumped
waste or on the characteristics of the fuel in the different types of reactors dumped was not included.
To obtain the detailed source term information needed for performing an impact assessment, it will
be necessary to investigate the archives of the former Soviet Union and to reconstruct the history of
the reactor fuel prior to dumping. For this purpose, research contracts are being placed with Russian
institutes.
Another group of questions concerns the protection barriers provided for the dumped reactors
and the properties of the containments of the low level wastes. Basic information on the treatment of
each type of waste before dumping must again be obtained from the Russian archives.

Most of the reactors are shielded with metal or concrete and filled with a polymer, furfural. It
has been estimated by the designers that they are safe for several hundreds of years. However, more
advanced studies need to be done in order to make realistic predictions of releases of the different
radionuclides from each of the dumped reactors. In this context, the collection of information on the
physical and chemical characteristics of furfural and the investigation of its stability against radiation,
heat, saline water, etc. is necessary. In the framework of the IASAP project, it is planned that studies
of this type will be conducted through international co-operation.
Visual investigation of reactors and other wastes by means of underwater cameras during the
exploratory cruises as well as in situ radiometric measurements and water and sediment sampling are
of crucial importance for the source term evaluation. Participation of scientists from different
countries and international organizations will help in giving the necessary international credibility to
these studies.
The source term working group will hold its first meeting in late 1993. At that meeting, the
results of the first contractual report will be discussed, the first information package to the modelling
groups will be prepared and future work will be discussed.
5.2. Existing environmental concentrations

Information on the levels of radioactive contamination in the target area and other areas of the
Arctic seas will be collected as input to a global data base which is under development at the IAEA's
Marine Environmental Laboratory (IAEA-MEL).
5.3. Transfer mechanisms and models

An IAEA Co-ordinated Research Programme (CRP) entitled Modelling of the Radiological
Impact of Radioactive Waste Dumping in the Arctic Seas has been established. Several national
laboratories, known to have expertise in marine radiological assessment, have been invited to
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participate. IAEA-MEL will participate in the CRP as one of the modelling groups. The objective of
the CRP is to develop realistic and reliable assessment models for the Arctic Sea areas and to coordinate the efforts of different laboratories in the field.

A staged approach to the final modelling assessment is being taken. In the early stages, when
data is incomplete, a relatively simple preliminary modelling exercise will be conducted using unit
releases. As more information becomes available, the exercises will become increasingly realistic. The
final results of the modelling exercise will form the basis of the assessment for the London
Convention.
The first test scenarios were developed at a meeting held in Vienna in June 1993 with experts
from the Russian Federation, Denmark/Norway, the United Kingdom and IAEA-MEL. These test
scenarios are based on assumed unit releases into a simplified environment. The scenarios will be sent
to those modelling groups which agree to participate in the programme. At the first meeting of the
CRP in early 1994, the results of test scenarios will be compared and analysed and a second test case,
with improved source term and environmental information, will be developed. This meeting will
provide an opportunity for the models and modelling approaches to be critically analysed. Experts in
the fields of physical oceanography and process modelling will be invited to attend in order to
facilitate the review.

A great deal of information is needed on the oceanographical and ecological features of the area,
as well as on the living habits of possible critical groups. In order to obtain this information, contracts
are being placed with relevant Russian institutes.
5.4. Impact assessment and remedial measures

The impact assessment working group leads and advises the other groups. It will follow and
monitor the information stream from the source term group and the results of the site specific
ecological studies, and review the progress of the modelling group. It will also evaluate the need for
and feasibility of remedial actions. This group will be mainly responsible for preparing the final
I ASAP report and the recommendations for presentation to the London Convention 1972. The first
meeting of the group will be held in May 1994.
A small meeting of technical experts will be held in early 1994 to discuss and evaluate available
possible engineering solutions for remediation.

6. CO-ORDINATION

One of the basic ideas in establishing the IASAP project was to provide a mechanism for coordinating international efforts in the field. The co-operation with the Norwegian-Russian expert
group is recognized as being essential to the IASAP project. At a meeting of the representatives of
the Norwegian-Russian expert group and representatives of the IAEA in May 1993, a small coordination body was set up comprised of one member from Norway, the Russian Federation and
the IAEA.
It has also been agreed that the results of the IASAP project will be made available to AMAP1
as one component of the overall review being conducted by that organization of the impact of all types
of pollution on the Arctic seas.

1

AMAP is a component of the Arctic Environmental Protection Strategy (AEPS) as adopted by Ministers
of eight Arctic Nations in their Declaration on the Protection of the Arctic Environment, 1991.
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7.

CONCLUSION

The dumping of radioactive waste in the Arctic seas has caused concern in many countries and
has stimulated research and assessment work in national laboratories. The IAEA has established an
international project in this topic area.
The project aims to produce an independent and objective assessment of the potential
radiological implications of the dumping and to address the question of possible remedial measures.
At the same time, it is intended to provide a focus for reporting national research and assessment
work and a mechanism for encouraging international co-operation and collaboration.
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