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Preface

This assessment report details the results of the 2002
AMAP assessment of Radioactivity in the Arctic. It builds
upon the previous AMAP radioactivity assessment that
was presented in ‘AMAP Assessment Report: Arctic Pol-
lution Issues’* that was published in 1998.

The Arctic Monitoring and Assessment Programme
(AMAP) is a group working under the Arctic Council.

The Arctic Council Ministers have requested AMAP to:

e produce integrated assessment reports on the status
and trends of the conditions of the Arctic ecosystems;

e identify possible causes for the changing conditions;

o detect emerging problems, their possible causes, and
the potential risk to Arctic ecosystems including in-
digenous peoples and other Arctic residents; and to

o recommend actions required to reduce risks to Arctic
ecosystems.

This report is one of five detailed assessment reports
that provide the accessible scientific basis and validation
for the statements and recommendations made in the
second AMAP State of the Arctic Environment report,
‘Arctic Pollution 2002 ** that was delivered to Arctic
Council Ministers at their meeting in Inari, Finland in Oc-
tober 2002. 1t includes extensive background data and ref-
erences to the scientific literature, and details the sources
for figures reproduced in the ‘Arctic Pollution 2002’ re-
port. Whereas the ‘Arctic Pollution 2002 report con-
tains recommendations that specifically focus on actions
aimed at improving the Arctic environment, the conclu-
sions and recommendations presented in this report also
cover issues of a more scientific nature, such as propos-
als for filling gaps in knowledge, and recommendations
relevant to future monitoring and research work, etc.

To allow readers of this report to see how AMAP in-
terprets and develops its scientifically-based assessment
product in terms of more action-orientated conclusions
and recommendations, the ‘Executive Summary of the
Arctic Pollution 2002 Ministerial Report’, which also cov-
ers other priority issues (Persistent Organic Pollutants,
Heavy Metals, Human Health, and Climate Change Ef-
fects on Contaminant Pathways), is reproduced in this
report on pages vii to xi.

The AMAP assessment is not a formal environmental
risk assessment. Rather, it constitutes a compilation of
current knowledge about the Arctic region, an evalua-
tion of this information in relation to agreed criteria of
environmental quality, and a statement of the prevailing
conditions in the area. The assessment presented in this
report was prepared in a systematic and uniform man-
ner to provide a comparable knowledge base that builds
on earlier work and can be extended through continuing
work in the future.

The AMAP scientific assessments are prepared under
the direction of the AMAP Assessment Steering Group.
The product is the responsibility of the scientific experts

involved in the preparation of the assessment. Lead
countries for the AMAP Radioactivity Assessment under
AMAP phase 11 were Norway and Russia. The assess-
ment is based on work conducted by a large number of
scientists and experts from the Arctic countries (Canada,
Denmark !/ Greenland/Faroe Islands, Finland, Iceland,
Norway, Russia, Sweden, and the United States), together
with contributions from indigenous peoples organiza-
tions, from other organizations, and from experts in
other countries.

AMAP would like to express its appreciation to all of
these experts, who have contributed their time, effort,
and data; and especially to the lead experts who coordi-
nated the production of this report, and to referees who
provided valuable comments and helped ensure the
quality of the report. A list of the main contributors is
included in the acknowledgements on page vi of this re-
port. The list is not comprehensive. Specifically, it does
not include the many national institutes, laboratories
and organizations, and their staff, which have been in-
volved in the various countries. Apologies, and no lesser
thanks, are given to any individuals unintentionally
omitted from the list. Special thanks are due to the lead
authors responsible for the preparation of the various
chapters of this report.

The support of the Arctic countries is vital to the suc-
cess of AMAP. AMAP work is essentially based on on-
going activities within the Arctic countries, and the
countries also provide the necessary support for most of
the experts involved in the preparation of the assess-
ments. In particular, AMAP would like to express its ap-
preciation to Norway and Russia for undertaking a lead
role in supporting the Radioactivity assessment. Special
thanks are also offered to the Nordic Council of Minis-
ters for their financial support to the work of AMAP,
and to sponsors of other bilateral and multilateral pro-
jects that have delivered data for use in this assessment,
including the European Union and the Joint Norwe-
gian—Russian Group on Environmental Cooperation.

The AMAP Working Group that was established to
oversee this work, and the AMAP radioactivity assess-
ment group are pleased to present its assessment.

Helgi Jensson
AMAP Working Group Chair

Per Strand
AMAP radioactivity assessment co-lead (Norway)

Yuri Tsaturov
AMAP radioactivity assessment co-lead (Russia)

Lars-Otto Reiersen
AMAP Executive Secretary

Oslo, June 2004

* AMAP, 1998. AMAP Assessment Report: Arctic Pollution Issues. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway.

xii+859 pp.

** AMAP, 2002. Arctic Pollution 2002: Persistent Organic Pollutants, Heavy Metals, Radioactivity, Human Health, Changing Pathways. Arctic
Monitoring and Assessment Programme (AMAP), Oslo, Norway. xii+112 pp.
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Executive Summary to the Arctic Pollution 2002 Ministerial Report

The Arctic Monitoring and Assessment Programme
(AMAP) was established in 1991 to monitor identified
pollution risks and their impacts on Arctic ecosystems. In
1997 the first AMAP report, Arctic Pollution Issues: A
State of the Arctic Environment Report* was published.

The assessment showed that the Arctic is closely con-
nected to the rest of the world, receiving contaminants
from sources far outside the Arctic region. The report
was welcomed by the Arctic Council Ministers, who
agreed to increase their efforts to limit and reduce emis-
sions of contaminants into the environment and to pro-
mote international cooperation in order to address the
serious pollution risks reported by AMAP.

The AMAP information greatly assisted the negota-
tion of the protocols on persistent organic pollutants
(POPs) and heavy metals to the United Nations Eco-
nomic Commission for Europe’s Convention on Long-
range Transboundary Air Pollution (LRTAP Conven-
tion). They also played an important role in establishing
the need for a global agreement on POPs, which was
concluded in 2001 as the Stockholm Convention. Persis-
tence, long-range transport, and bioaccumulation are
screening criteria under both the POPs protocol and the
Stockholm Convention, to be applied to proposals to
add substances to the agreements. Information from
AMAP will be useful in this context in showing whether
persistent substances are accumulating in the Arctic and
are therefore candidates for control, and also in assess-
ing the effectiveness of the agreements.

The Arctic Council also decided to take cooperative
actions to reduce pollution of the Arctic. As a direct fol-
low up of the AMAP reports, the Arctic Council Action
Plan to Eliminate Pollution of the Arctic (ACAP) was
created to address sources identified through AMAP.
ACAP was approved in 2000 and several projects have
begun. The AMAP information was also used in estab-
lishing priorities for the Arctic Regional Programme of
Action to Prevent Pollution from Landbased Sources
(RPA), developed by the working group on Protection of
the Arctic Marine Environment (PAME), and adopted
by the Arctic Council in 1998.

After the first assessment, AMAP was asked to con-
tinue its activities and provide an updated assessment on
persistent organic pollutants (POPs), heavy metals, ra-
dioactivity, human health, and pathways in 2002. Five
scientific reports and a plain-language report have been
prepared. This Executive Summary provides the main
conclusions and recommendations of the 2002 AMAP
assessments.

International Agreements and Actions

As described above, the LRTAP Convention protocols and
the Stockholm Convention are essential instruments for
reducing contamination in the Arctic. However, they can-
not have any effect until they are ratified and implemented.

It is therefore recommended that:

* The UN ECE LRTAP Protocols on Heavy Metals and
POPs be ratified and implemented.

¢ The Stockholm Convention on POPs be ratified and
implemented.

Specific recommendations for monitoring activities in
support of these agreements are included in subsequent
sections.

Persistent Organic Pollutants

The POPs assessment addresses several chemicals of
concern, including both substances that have been stud-
ied for some time and chemicals that have only recently
been found in the environment.

The 1997 AMAP assessment concluded that levels of
POPs in the Arctic environment are generally lower than in
more temperate regions. However, several biological and
physical processes concentrate POPs in some species and
at some locations, producing some high levels in the Arctic.

The present AMAP assessment has found that the
conclusions and recommendations of the first assess-
ment remain valid. In addition:

It has clearly been established that:

Certain Arctic species, particularly those at the upper
end of the marine food chain as well as birds of prey,
carry high levels of POPs. Marine mammals, such as
polar bear, Arctic fox, long-finned pilot whale, killer
whale, harbor porpoise, minke whale, narwhal, beluga,
harp seal and northern fur seal, some marine birds in-
cluding great skua, great black-backed gull and glau-
cous gull, and birds of prey such as peregrine falcon,
tend to carry the highest body burdens.

Most of the total quantity of POPs found in the Arc-
tic environment is derived from distant sources. The
POPs are transported to the Arctic by regional and
global physical processes, and are then subjected to bio-
logical mechanisms that lead to the high levels found in
certain species. Several potential source regions have
now been identified within and outside of the Arctic.
A better understanding of local re-distribution mecha-
nisms has also emphasized the important potential role
of local processes and sources in determining observed
geographical variability.

There is evidence that:

Adverse effects have been observed in some of the most
highly exposed or sensitive species in some areas of the
Arctic. Several studies have now been completed on a
number of Arctic species, reporting the types of effects
that have been associated in non-Arctic species with
chronic exposure to POPs, of which there are several ex-
amples. Reduced immunological response in polar bears
and northern fur seals has led to increased susceptibility

* AMAP, 1997. Arctic Pollution Issues: A State of the Arctic Environment Report. Arctic Monitoring and Assessment Programme (AMAP),

Oslo, Norway, xii+188 pp. and

AMAP, 1998. AMAP Assessment Report: Arctic Pollution Issues. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway,

x1i+859 pp.
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to infection. Immunological, behavioral, and reproduc-
tive effects as well as reduced adult survival has been
found in glaucous gulls. Peregrine falcons have suffered
from eggshell thinning and reproductive effects. Repro-
ductive effects in dogwhelks are associated with expo-
sure to tributyltin.

It is therefore recommended that:

® AMAP be asked to further enhance studies aimed at de-
tecting effects in Arctic species relating to exposure to
high levels of POPs and to integrate this information
with an understanding of general population effects
and health. Without this understanding, it will not be
possible to assess whether proposed and existing con-
trols can be expected to afford the necessary protection
(e.g., under the LRTAP and Stockholm agreements).

There is evidence that:

The levels of some POPs are decreasing in most species
and media in the Arctic, but the rates vary in extent, lo-
cation and media or species being studied. The decreases
can be related to reduced release to the environment. For
example, declines in alpha-HCH in air closely follow de-
creases in global usage, but declines in marine biota are
much slower due to a huge reservoir of the substance in
the global oceans.

For other POPs, declines are minimal and some levels
are actually increasing, despite low current emissions.
This illustrates the long period that may pass between
the introduction of controls and the resulting decrease in
levels in biota, as has been observed for PCBs, toxa-
phene, and beta-HCH.

It is therefore recommended that:

® AMAP be asked to continue trend monitoring of POPs
in key indicator media and biota. This will enable as-
sessment of whether the measures taken in the LRTAP
Protocol and the Stockholm Convention are being ef-
fective in driving down POPs levels in the Arctic.

There is evidence that:

POPs substances other than those included in the
LRTAP Protocol and Stockholm Convention may be at
or approaching levels in the Arctic that could justify re-
gional and global action. For example, levels of the
brominated flame retardants such as polybrominated di-
phenyl ethers (PBDEs), polychlorinated naphthalenes
(PCNs), and some current-use pesticides such as endo-
sulfan have been monitored in Arctic air and biota.
PBDEs are increasing in the Canadian Arctic.

It is therefore recommended that:

e AMAP be asked to maintain a capacity to detect current-
use POPs in the Arctic. This will help ensure that Arctic
States have an early opportunity to respond to a trend
indicating Arctic accumulation, thus allowing a proac-
tive approach to minimize the contamination rather
than having to respond to a more serious situation later.

Heavy Metals

The heavy metals assessment focuses on mercury, lead,
and cadmium.

AMAP Assessment 2002: Radioactivity in the Arctic

It has clearly been established that:

In the Arctic, mercury is removed from the atmosphere
and deposits on snow in a form that can become bio-
available. Enhanced deposition occurs in the Arctic. This
recently discovered process is linked to polar sunrise,
and is unique to high latitude areas. The resulting en-
hanced deposition may mean that the Arctic plays a pre-
viously unrecognized role as an important sink in the
global mercury cycle.

There is evidence that:

Some of the deposited mercury is released to the envi-
ronment at snowmelt, becoming bioavailable at the on-
set of animal and plant reproduction and rapid growth.
Although poorly understood, this process may be the
chief mechanism for transferring atmospheric mercury
to Arctic food webs.

It is therefore recommended that:

e The Arctic Council encourage expanded and acceler-
ated research on critical aspects of the mercury cycle
and budget in the Arctic. Such research should include
long-range transport, mercury deposition mechanisms,
processes leading to biological exposure and effects,
and the influence of climate variability and change on
these processes.

There is evidence that:

Despite substantial mercury emission reductions in
North America and Western Europe during the 1980s,
global mercury emissions may, in fact, be increasing.
Mercury emissions from waste incineration are likely
underestimated. The burning of coal in small-scale
power plants and residential heaters, principally in
Asia, are major potential sources of current mercury
emissions. These emissions are likely to increase signif-
icantly due to economic and population growth in this
region.

It is therefore recommended that:

¢ The Arctic Council promote efforts at global, regional,
and national levels to quantify all sources of mercury
and report results in a consistent and regular manner
to improve emission inventories. Particular efforts
should focus on measuring contributions made by the
burning of coal for residential heating and small-scale
power plants as well as by waste incineration.

There is strong evidence that:

There is a trend of increasing mercury levels in marine
birds and mammals in the Canadian Arctic, and some
indications of increases in West Greenland. The effects
of these levels are not well understood. However, there
are also examples of stable or decreasing levels in other
regions, perhaps indicating the importance of local or
regional processes.

It is therefore recommended that:

e AMAP be asked to continue temporal trend monitor-
ing and the assessment of effects of mercury in key in-
dicator media and biota. This will enable assessment
of whether the measures taken in the LRTAP Protocol
are being effective in driving down mercury levels in
the Arctic.
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There is evidence that:

Current mercury exposures pose a health risk to some
people and animals in the Arctic. These risks include
subtle neurobehavioral effects.

It is therefore recommended that:

* In view of the fact that reducing exposure to mercury
can only be addressed by regional and global action to
reduce worldwide emissions, and acknowledging the
assessment for global action undertaken by UNEP and
its resulting proposals, the Arctic Council take appro-
priate steps to ensure that Arctic concerns are ade-
quately addressed and to promote the development of
regional and global actions.

It has clearly been established that:

Dramatic reduction in the deposition of atmospheric
lead has occurred in Arctic regions where the use of
leaded gasoline is banned. Arctic-wide elimination of
leaded gasoline use will reduce lead exposure in other re-
gions of the Arctic. Although levels in wildlife and fish
have not measurably declined, likely reflecting contin-
ued uptake from the large reservoir of lead deposited in
soils and sediments, lead levels in the environment are
expected to diminish over time if current trends con-
tinue.

It is therefore recommended that:
® The Arctic Council support continued efforts to elimi-
nate the use of leaded gasoline in all Arctic regions.

It has clearly been established that:

Certain regions of the Arctic contain elevated lead levels
in the environment because of past or current use of lead
shot by hunters. Even though lead shot is banned in
Alaska, for example, lead blood levels in endangered
US populations of Steller’s eiders are above known avian
toxicity thresholds for lead poisoning, which may be re-
sponsible for observed reduced breeding success. In
Greenland, lead shot appears to be a significant source
of human dietary exposure to lead.

It is therefore recommended that:

® The Arctic Council encourage a complete ban on the
use of lead shot in the Arctic, and that enforcement be
improved.

There is evidence that:

Cadmium levels in some seabirds is high enough to
cause kidney damage. Monitoring data on cadmium in
the abiotic and biotic environment to date provide no
conclusive evidence of trends or effects. However, cad-
mium accumulates in birds and mammals and not
enough is known about possible effects.

It is therefore recommended that:
® The monitoring of cadmium in the Arctic be continued
to support human exposure estimates.

There is evidence that:

Levels of platinum, palladium, and rhodium have in-
creased rapidly in Greenland snow and ice since the
1970s. These elements are used in automobile catalytic
converters to reduce hydrocarbon pollution. The tox-

icity and bioaccumulation potential of these elements
are largely unknown, which prevents assessment of their
potential impact in the Arctic.

It is therefore recommended that:
e AMAP be asked to consider the need to monitor trends
of platinum, palladium, and rhodium in the Arctic.

Radioactivity

The radioactivity assessment addresses man-made ra-
dionuclides and radiation exposures deriving from
human activities.

It has clearly been established that:

In general, levels of anthropogenic radionuclides in the
Arctic environment are declining. Most of the radioac-
tive contamination in the Arctic land environment is
from the fallout from nuclear weapons testing during
the period 1945 to 1980. In some areas, the fallout from
the Chernobyl accident in 1986 is a major source. For
the Arctic marine environment, a major source of ra-
dionuclides is the releases from European reprocessing
plants at Sellafield and Cap de la Hague.

However, releases from the reprocessing plants have
resulted in increases in levels of some radionuclides in
the European Arctic seas during recent years, in particu-
lar technetium-99 and iodine-129. The present doses to
the population are low but the present levels of tech-
netium in some marine foodstuffs marketed in Europe
are above the EU intervention levels for food to infants
and are close to the intervention level for adults.

The technetium information adds further weight to the

recommendation made by AMAP to the Arctic Council

in Barrow in 2000 that:

¢ ‘The Arctic Council encourage the United Kingdom to
reduce the releases from Sellafield to the marine
environment of technetium, by implementing available
technology.’

There is evidence that:

Radionuclides in sediments are now a source of pluto-
nium and cesium-137 to the Arctic. Earlier releases such
as those from Sellafield that have deposited in sediments
in the Irish Sea, especially cesium-137 and plutonium,
have been observed to remobilize so that these deposits
are now acting as sources to the Arctic. Thus, even if op-
erational releases of these radionuclides from reprocess-
ing plants are reduced, releases from environmental
sources such as contaminated sediment in the Irish Sea
and the Baltic Sea will be observed in the Arctic.

It is therefore recommended that:

e The Arctic Council support a more detailed study on
the remobilization of radionuclides from sediment and
its potential effect on the Arctic.

It is apparent that:

There is continuing uncertainty about the amount of ra-
dionuclides present at a number of sources and potential
sources in the Arctic. Access to information about civil-
ian and military sources continues to be a problem.
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It is therefore recommended that:
¢ The Arctic Council promote more openness of re-
stricted information from any sources.

It has clearly been established that:

Compared with other areas of the world, the Arctic con-
tains large areas of high vulnerability to radionuclides.
This is due to the characteristics of vegetation, animals,
human diets, and land- and resource-use practices. On
land in the AMAP area, there is considerable variation in
vulnerability due to differences in these characteristics. In
contrast, vulnerability associated with releases of radionu-
clides to the marine environment is relatively uniform and
similar to that for other areas of the world. Maps of vul-
nerable areas, when combined with deposition maps, can
be useful in an accident situation. The information on
vulnerability is of importance for emergency planning.

It is therefore recommended that:

e AMAP be asked to clarify the vulnerability and impact
of radioactivity on the Arctic environment and its con-
sequences for emergency preparedness planning.

It is apparent that:

When performing risk reducing actions, close links to
assessment programs are important and interventions
should be prioritized in relation to the extent and mag-
nitude of threats posed by nuclear activities, especially in
respect to accidents. Interventions themselves can also
have negative effects for humans and the environment,
and careful judgments have to be made together with en-
vironmental impact assessments prior to carrying out a
project. It is the view of AMARP that this has not always
been done in interventions adopted to date.

It is therefore recommended that:

¢ Risk and impact assessment programmes be performed
prior to implementation of action to reduce risk.

e Risk and impact assessments, including accident sce-
narios, be performed with regard to the transport of
nuclear waste and fuel within the Arctic and nearby
areas and with regard to planned storage and repro-
cessing within the Arctic and nearby areas.

It is apparent that:

The protection of the environment from the effects of
radiation deserves specific attention. The current system
of radiological protection is entirely based on the protec-
tion of human health. This approach can fail to address
environmental damage in areas such as the Arctic that
have low human population densities. Recently, an in-
ternational consensus has emerged that the rapid devel-
opment of a system and a framework for the protection
of the environment needs further effort. The Interna-
tional Union of Radioecology (IUR), with support from
AMAP, was one of the first international organizations
to promote and present such a system and framework.

It is therefore recommended that:

e AMAP be asked to take an active part in the continued
efforts to address environmental protection, with spe-
cial responsibility for the Arctic. This should include the
task of adding the need for protection of the environ-
ment into monitoring strategies and assessment tools.

AMAP Assessment 2002: Radioactivity in the Arctic

It is noted that:

Since the previous AMAP assessment, nuclear safety
programmes have been implemented in Russia at some
nuclear power plants and other nuclear installations rel-
evant to the Arctic.

It is therefore recommended that:

e The Arctic Council continue its cooperation with Rus-
sia to improve the safety and safeguarding of nuclear
installations and waste sites.

Human Health

The human health assessment considered health risks as-
sociated with exposure to contaminants in relation to
other lifestyle factors determining health. This assess-
ment has extended geographical coverage and confirmed
the conclusions and recommendations from the first as-
sessment.

It has clearly been established that:

The highest Arctic exposures to several POPs and mer-
cury are faced by Inuit populations in Greenland and
Canada. These exposures are linked mainly to consump-
tion of marine species as part of traditional diets. Tempo-
ral trends of human exposures to POPs have so far not
been observed. Exposure to mercury has increased in
many Arctic regions while exposure to lead has declined.

It is therefore recommended that:

¢ The monitoring of human exposure to mercury, relevant
POPs, including dioxins and dioxin-like compounds
and other chemicals of concern, be continued in order
to help estimate risk, further elaborate geographical
trends, and begin to establish time trends of exposure.

There is evidence that:

Subtle health effects are occurring in certain areas of the
Arctic due to exposure to contaminants in traditional
food, particularly for mercury and PCBs. The evidence
suggests that the greatest concern is for fetal and neona-
tal development. In the Arctic, human intake of sub-
stances with dioxin-like effects is a matter of concern,
confirmed by recent results from Greenland. Increasing
human exposure to current-use chemicals has been doc-
umented, for example for brominated flame retardants.
Others such as polychlorinated naphthalenes (PCN) are
expected to be found in human tissues. Some of these
compounds are expected to add to the total dioxin activ-
ity in humans. The AMAP human health monitoring
program includes a number of measures of effects, rang-
ing from biomarkers of effects at the molecular level to
epidemiological outcomes.

It is therefore recommended that:

e The human health effects program developed by
AMAP be more extensively applied in order to provide
a better base for human risk assessment especially con-
cerning pre- and neonatal exposures.

It has clearly been established that:
In the Arctic, diet is the main source of exposure to most
contaminants. Dietary intake of mercury and PCBs ex-
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ceeds established national guidelines in a number of
communities in some areas of the Arctic, and there is ev-
idence of neurobehavioral effects in children in some
areas. In addition, life-style factors have been found to
influence the body burden of some contaminants, for ex-
ample cadmium exposure from smoking. In the Arctic
region, a local public health intervention has successfully
achieved a reduction of exposure to mercury by provid-
ing advice on the mercury content of available tradi-
tional foods. The physiological and nutritional benefits
of traditional food support the need to base dietary rec-
ommendations on risk-benefit analyses. The health ben-
efits of breast-feeding emphasize the importance of local
programs that inform mothers how adjustments within
their traditional diet can reduce contaminant levels in
their milk without compromising the nutritional value
of their diet.

It is therefore recommended that:

* In locations where exposures are high, carefully con-
sidered and balanced dietary advice that takes risk and
benefits into account be developed for children and
men and women of reproductive age. This advice
should be developed by national and regional public
health authorities in close consultation with affected
communities.

Studies of the nutrient and contaminant content of tra-
ditional food items be promoted in order to assess
their benefits and to estimate exposures as a basis for
public health interventions.

Breast-feeding continue to be recognized as a practice
that benefits both mother and child. Nonetheless, if
contaminant levels increase or more information indi-
cates increased risk, the potential need for restrictions
should continue to be evaluated.

It is noted that:

From the Arctic human health perspective, it is of ut-
most importance that considerations for global actions
against POPs and mercury take into account the con-
cerns for Arctic human health. The Stockholm Conven-
tion and the LRTAP protocols should be properly moni-
tored in the Arctic to determine whether their implemen-
tation is effective in protecting human health.

It is therefore recommended that:

® AMAP participate in the global monitoring of human
exposure to be established under the Stockholm Con-
vention on POPs.

® The Arctic Council monitor proposals for global ac-
tion on mercury being undertaken by UNEP, and con-
tribute as necessary to ensure that Arctic concerns re-
lated to human health are adequately addressed.

Changing pathways

The assessment of changing pathways provides an intro-
duction to the types of changes on contaminants path-
ways to, within, and from the Arctic that might be ex-
pected as a result of global climate change and variability.

There is evidence that:

The routes and mechanisms by which POPs, heavy met-
als, and radionuclides are delivered to the Arctic are
strongly influenced by climate variability and global cli-
mate change. These pathways are complex, interactive
systems involving a number of factors, such as tempera-
ture, precipitation, winds, ocean currents, and snow and
ice cover. Pathways within food webs and the effects on
biota may also be modified by changes to climate. Stud-
ies using global change scenarios have indicated the po-
tential for substantial changes in atmospheric and
oceanographic pathways that carry contaminants to,
within, and from the Arctic. These effects mean that
climate-related variability in recent decades may be re-
sponsible at least in part for some of the trends observed
in contaminant levels.

It is therefore recommended that:

e AMAP be asked to further investigate how climate
change and variability may influence the ways in
which POPs, heavy metals, and radionuclides move
with respect to the Arctic environment and accumulate
in and affect biota. This will enable Arctic States to
better undertake strategic planning when considering
the potential effectiveness of present and possible fu-
ture national, regional, and global actions concerning
contaminants.






Chapter 1
Introduction

This report concerns issues relating to the presence and
effects of radioactive contaminants in the Arctic. It fol-
lows on from Chapter 8 of the first AMAP assessment
report (AMAP, 1997, 1998; available at hitp://www.
amap.no). The purpose of this second assessment is to
provide an update in cases where new information has
become available that either warrants revised assessment
or relates to operations and sources that were not previ-
ously considered. Such information has been provided
by Arctic countries as a result of further research or as a
consequence of AMAP monitoring activities.

The first AMAP assessment was based on informa-
tion available up to the beginning of 1997. It contained
an introduction to the topics of radioactivity and radio-
logical protection and explanations of transport pro-
cesses and exposure pathways for radionuclides. The as-
sessment then dealt sequentially with: past and present
radioactive contamination of the Arctic; individual doses
to man estimated from environmental measurements;
source-related assessments of past and present releases;
source-related assessments of potential releases; and spa-
tial analysis of the vulnerability of Arctic ecosystems.
The main part of the assessment concerned: the presence
and distribution of radionuclides in the Arctic and their
sources; doses to humans resulting from the presence of
these radionuclides and their sources at both individual
and collective (population) levels; the radiological threats
posed by known sources of radionuclides in the Arctic,
especially in relation to potential accidents in the civilian
and military sectors; and the vulnerability of the Arctic
in the sense of the degrees of human exposure conse-
quent to accidental releases in the Arctic compared to
other regions of the world. The overall conclusions of the
previous AMAP assessment of radioactivity in the Arc-
tic, supported by more detailed explanations were that:

‘... the greatest threats [from radioactivity] to human
health and the environment posed by human and indus-
trial activities in the Arctic are associated with the po-
tential for accidents in the civilian and military nuclear
sectors. Of most concern are the consequences of poten-
tial accidents in nuclear power plant reactors, during the
handling and storage of nuclear weapons, in the decom-
missioning of nuclear submarines and in the disposal of
spent nuclear fuel from vessels. In the Arctic, terrestrial
pathways of human exposure to radioactive contamina-
tion are far more important than marine pathways. The
vulnerability of Arctic populations, especially indigenous
peoples, to radiocaesium deposition is much greater
than for temperate populations due to the importance of
terrestrial, semi-natural exposure pathways.’

The current system of radiological protection is based
solely on the protection of human health. The first
AMAP assessment concluded that the feasibility of as-
sessing radiation effects on flora and fauna was limited.
During AMAP Phase II, however, the development of a
framework which includes the protection of flora and
fauna in the basis for radiological protection has been
given increased priority. This is warranted owing to the
low human population density of the Arctic and the
need to ensure that flora and fauna are adequately pro-
tected from the effects of radionuclides in the environ-
ment.

The general recommendations of the first AMAP as-
sessment advocated:

e rigorous adherence to international guidance on radio-
logical protection;

® more authoritative and comprehensive evaluations of
the risk posed by accidents in the nuclear power in-
dustry;

e increased attention to nuclear safety in nuclear fleet
operations; and

e improved estimates of habits and diets of Arctic resi-
dents and radionuclide transfer rates in the environ-
ment leading to human exposure thereby improving
the basis for assessing radiation exposure and risk and
deciding on the need for intervention.

These general recommendations were augmented by
more specific recommendations concerning the storage
of spent nuclear fuel and radioactive waste, monitoring,
and limitations in the availability of information and sci-
entific understanding.

The topics covered in this assessment are basically
similar to those of the previous report but with em-
phasis given to new information and the results of in-
vestigations instigated as a direct result of the first
AMAP assessment. Particular attention is given to pro-
gress in the development of a radiological protection
system that includes provisions to guard against ad-
verse effects of radionuclides on biota. Additional top-
ics new to this assessment are the loss of the nuclear-
powered submarine Kursk off Murmansk in August
2000, and the potential for increased transport of spent
nuclear fuel and mixed oxide fuel. These topics are
augmented by re-assessments of specific activities or
sources based on information that has become avail-
able since the beginning of 1997. Only those issues that
pertain directly to conditions in the Arctic or that pose
threats to the Arctic environment are addressed in this
assessment.
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Chapter 2
Sources of Radionuclides

2.1. Introduction

The previous AMAP assessment (AMAP, 1998) de-
scribed the actual and potential anthropogenic sources
of radionuclides and associated radiological effects rele-
vant to the Arctic environment. Actual sources are those
from which there are continuing releases of radionu-
clides to the open environment (i.e., to areas outside nor-
mal regulatory control). These include emissions from
nuclear fuel reprocessing plants in Western Europe, rou-
tine emissions from nuclear power plants in the Arctic
(both civilian and military), and fallout from the atmos-
phere as a legacy of atmospheric nuclear weapons tests.
Potential sources are contained sources of radionuclides
that are managed in a manner that has the goal of pre-
venting radiologically significant releases to the environ-
ment. These include civilian and military nuclear reac-
tors, nuclear waste storage facilities, and authorized ac-
cumulations of radionuclides in controlled areas such as
the Mayak storage ponds. Such containment can fail,
leading to additional releases of radionuclides to the
open environment and possible increased exposure of
humans and other organisms.

This chapter includes new information on sources
of radioactivity covered in the previous AMAP assess-
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Figure 2-1. Sites discussed in this chapter.

Table 2-1. Changes of name of Russian reprocessing plants.

Name used in the

Present name former Soviet Union

Mayak
Siberian Chemical Combine (SCC)

The Mining and Chemical Industrial
Complex of Zheleznogorsk (KMCIC)

Chelyabinsk-65
Tomsk-7

Krasnoyarsk-26

ment as well as on some additional sources not ad-
dressed in the previous assessment. An overview of the
actual, potential, and removed sources in the Arctic dis-
cussed in this chapter is given in Figure 2-1; Table 2-1
shows the changes of name of the Russian reprocessing
plants.

2.2. Major reprocessing sources

Nuclear fuel reprocessing is conducted to recover ura-
nium (U) and plutonium (Pu) from spent nuclear fuel for
re-use. Most spent nuclear fuel from reactors is retained
on-site in interim storage pending decisions on ultimate
disposal or retrievable storage. Worldwide, only about
5 to 10% of spent nuclear fuel is reprocessed. During re-
processing, radionuclides are freed from their contained
state as the fuel is brought into solution. In this liquid
state, the potential for release in waste discharges is
greater than at other stages of the fuel cycle. Routine re-
leases have mostly been in liquid effluents discharged to
the sea and emissions to the atmosphere. The main com-
mercial reprocessing plants are in France, Japan, and the
U.K. (UNSCEAR, 2000).

The locations of the western European reprocessing
plants, at Sellafield (U.K.), Cap de la Hague (France),
and Dounreay (U.K.), are shown in Figure 2-1. Routine
liquid effluent releases from the Dounreay reprocessing
plant have now ceased. Liquid radioactive wastes from
operations at Sellafield and La Hague are discharged
via pipelines directly into the Irish Sea and the English
Channel, respectively. Radionuclides, especially those
that are soluble or conservative (i.e., those that are less
particle-reactive than others), from these sources are
transported northward by regional ocean currents. Sel-
lafield (formerly Windscale) has been the main contribu-
tor to these activity releases. Maximum discharges of
137Cs and the actinides 23%:240Pu and 24'Am from Sel-
lafield occurred during the mid- to late-1970s (Gray et
al., 1995). The introduction of the Site Ton-Exchange
Effluent Plant (SIXEP) in 1985 was followed by a dra-
matic reduction in discharges of ?°Sr, 134Cs, and 137Cs
(Gray et al., 1995). Increased throughput and processing
of residues led to increased discharges of Pu and ameri-
cium (Am) during the early- to mid-1970s. Discharges
then decreased following the operation of a flocculation
precipitation facility from the mid-1970s, the cessation
of discharges of concentrates to the sea, and the com-
missioning of the salt evaporator in 1985 (Gray et al.,
1995).

The first AMAP assessment (AMAP, 1998) addressed
the importance of western European nuclear fuel repro-
cessing plants as radionuclide sources, especially with
respect to radiocesium. This assessment considers ra-
dionuclides in these discharges that were not discussed
in detail in the earlier assessment, namely **Tc and 121,
and the remobilization of Pu and cesium (Cs) from Irish
Sea sediments that constitute a secondary source.
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2.2.1. Technetium-99

Technetium-99 is a long-lived fission product. Liquid
discharges from the Sellafield reprocessing plant on the
northwest coast of England are the major source of ?*Tc
to Arctic marine ecosystems. Discharges of T ¢ were his-
torically high but declined in the late-1970s. Throughout
the 1980s and early 1990s (1981-1993) discharges were
relatively low at 1.9 to 6.6 TBq/yr. During this period
the %°Tc, which is present in medium active concentrate
streams, was held on-site. In 1994, the Enhanced Ac-
tinide Removal Plant (EARP) became operational and
began to treat the backlog of stored wastes (Gray et al.,
1995). This resulted in a considerable increase in the dis-
charge of #°Tc, from about 5 TBq/yr in 1993 to 72-190
TBq/yr post-1994, as illustrated in Figure 2-2. The total
quantity of ?Tc¢ discharged from Sellafield is greater
than that released to the stratosphere between 1945 and
1980, approximately 140 TBq, and present in global
fallout (Rioseco, 1987).

The increased discharges from 1994 onwards together
with the long half-life and conservative properties of this
nuclide have resulted in *?Tc being detectable over long
distances. Increased activity levels in biota and seawater
were observed in Norwegian coastal environments by
1997 (Kolstad and Lind, 2002), (see Section 3.3.1).

2.2.2. lodine-129

Iodine-129 is both a naturally occurring and man-made
radioisotope of iodine. The pre-nuclear era ratio of
1291 . 127] was estimated at ~10712 for the ocean. Releases
from nuclear weapons tests prior to the 1980s increased
this to ~10-10 (Fehn et al., 1986; Hou et al., 2000a;
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Raisbeck and Yiou, 1999; Schink et al., 1995). However,
the largest releases of 12°I have been from the two main
European reprocessing plants, especially in recent years
(Figure 2-3). By 1999, 2113 kg and 865 kg of 121 had
been discharged to the marine environment from Cap de
la Hague and Sellafield, respectively (BNFL, 2000; Gray
et al., 1995; GRNC, 1999; Hou et al., 2000b; Raisbeck
and Yiou, 1999). This is an order of magnitude greater
than the total 12°I inventory from nuclear weapons test
releases and three orders of magnitude greater than the
release from the Chernobyl accident (Raisbeck and
Yiou, 1999). Discharges of 12°I from European reproces-
sing plants continue.

The radionuclides discharged to the English Channel
from Cap de la Hague and to the Irish Sea from Sella-
field are transported to the North Sea by the Atlantic
Current and then to the Norwegian coast and the Arctic
by the Norwegian Coastal Current.

2.2.3. Plutonium and 137Cs remobilization
from sediments

The Sellafield reprocessing plant has discharged about
700 TBq of plutonium-alpha (i.e., a-particle emitting Pu
isotopes) since it was commissioned in 1952. The major
proportion has been deposited in sediments of the Irish
Sea (Kershaw et al., 1999) and adjacent sea areas. When
the discharges were reduced during the 1980s, it became
apparent that Pu was being remobilized from the sedi-
ments because concentrations of dissolved Pu species in
the water column did not reflect changes in the dis-
charges (Hunt and Kershaw, 1990). The amount of dis-
solved Pu leaving the Irish Sea via the North Channel
has been estimated at 0.6 to 1.2 TBg/yr (Cook et al.,
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1997; Leonard et al., 1999). This pathway became a rec-
ognized source of Pu to Arctic waters in the mid-1990s
(Grottheim, 2000; Herrmann et al., 1998; Kershaw et
al., 1995) (see section 3.3.4). Isotope ratios in the Sel-
lafield discharge have varied throughout its period of
operation, but values around 0.2 seem indicative of
238py ; 239,240py activity ratios as well as of 240Pu : 239Py
atom ratios in the remobilized Sellafield-derived Pu
(Kershaw et al., 1995).

Most of the historic 137Cs discharges from Sellafield
(~40 PBq) remained in solution and were transported
out of the Irish Sea, principally to Nordic waters (AMAP,
1998). Complexed cesium in seawater has a weak affin-
ity for sediment particles and so only a very small pro-
portion was deposited in the sediments of the Irish Sea
and downstream sea areas such as the North Sea and
Skagerrak. When the 137Cs discharges were reduced in
the mid-1980s, monitoring showed that concentrations
in the water leaving the Irish Sea originated mainly from
remobilized activity previously deposited in the sedi-
ments (Hunt and Kershaw, 1990). Cook et al. (1997) es-
timated an annual loss of 86 TBq of 137Cs from Irish Sea
sediments based on sampling in 1992. By comparing in-
ventories of 137Cs in Irish Sea sediments undertaken in
1988 and 1993, Poole et al. (1997) concluded that 350
to 573 TBq had been remobilized from the sediments
during that period. The remobilization of 137Cs from
Irish Sea sediments has thus been a more significant
source to Arctic waters than the 1990s discharges.

2.3. Dumping

In March 1993, a report was prepared by the govern-
mental commission on radioactive waste disposal in seas
adjacent to the territory of the Russian Federation (Ya-
blokov, 1993). This is generally known as the ‘“White
Book’ or the ‘Yablokov Report’. During its preparation,
some Russian experts claimed that the upper estimated
inventory for the reactors dumped in the Arctic seas
were not justified. A major source of uncertainty at that
time in the calculation of fission products, activation
products, and transuranium elements (actinides), was
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the lack of information about the mass, enrichment, and
burn-up of the spent nuclear fuel.

The first AMAP assessment outlined the results of
the International Arctic Seas Assessment Project (IASAP).
As part of IASAP, two Russian institutes (the Kurchatov
Institute and the Institute of Physical and Power Engi-
neering) undertook studies to improve estimates of the
total inventory in the nuclear reactors (with and without
spent nuclear fuel) dumped in the seas off the northwest
regions of the Russian Federation (IAEA, 1997). Efforts
to improve these estimates continued in Russia after
TASAP was completed. In January 1998, a workshop as-
sociated with an International Science and Technology
Center project (Lavkovsky, 1998) discussed the results
of these studies and concluded that they did not signifi-
cantly modify the outcome of IASAP (IAEA, 1998a).
The results are summarized in the rest of this section
(Sivintsev and Kiknadze, 1998).

The more recent calculations of radionuclide activi-
ties in the reactor compartments of the icebreaker Lenin
(OK-150) and nuclear submarines dumped in the Kara
Sea compared to the corresponding estimates in the
“White Book’ are given in Table 2-2.

The comparison in Table 2:2 shows that the “White
Book’ underestimated the inventory in the reactor com-
partment of the Lenin icebreaker. This is because earlier
assessments included only the most long-lived radio-
nuclides, namely ?0Sr, 137Cs, 239Pu, and 2*1Am. The ac-
tivity due to short-lived radionuclides, such as 144Ce,
144py, 147py, 106Ry, and 196Rh, as well as relatively long-
lived activation products from structural materials such
as 1C, 60Co, S°Ni, and 63Ni, was not included. When
these radionuclides were included, the estimated activity
present increased by a factor of 3.5 (Table 2-2; Fig-
ure 2-4).

Radionuclide inventories for six submarine reactors
dumped in coastal bays and near to the east coast of
Novaya Zemlya between 1965 and 1981 and containing
spent nuclear fuel were re-estimated between 1993 and
1998 by Sivintsev and Kiknadze (1998). Information on
the quantity, enrichment, and burn-up of nuclear fuel in
the submarine reactors was collated and evaluated by

Table 2-2. Radionuclide activities (TBq) in the reactor compartments of the icebreaker Lenin and submarines dumped in the Kara Sea.

Estimated activities
at time of dumping

Estimated activity
at time of dumping
decayed to 2000

‘White Book’>  Sivintsev and (Sivintsev and
Number of (Yablokov, Kiknadze Kiknadze,
reactors 1993) (1998) 1998)

Reactor compartment and screening assembly from nuclear icebreaker

Lenin OK-150 1 3700 19500 1840
Nuclear submarines with spent nuclear fuel

Reactor from nuclear submarine No. 2835, starboard* 1 29600 11600 561

Reactor compartment from nuclear submarine No. 901 2 14800 2950 625

Reactor from nuclear submarine No. 421 1 29600 1050 253

Nuclear submarine No. 601 2 7400 1340 567
Nuclear submarines without spent nuclear fuel

Reactor compartment from nuclear submarine No. 254 2 ca. 1850 93 8

Reactor compartment from nuclear submarine No. 285, portside* 1 48 5

Reactor compartment from nuclear submarine No. 260 2 ca. 1850 44 4

Reactors from nuclear submarine No. 538 2 6 4
Total 88800 36600 3870

* the fuel had been removed from the portside reactor when the reactor compartment was dumped.
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Figure 2-4. Estimates of the activity in dumped nuclear waste in the
Kara Sea. The data are derived from the “White Book’ (Yablokov,
1993) and calculations by Sivintsev and Kiknadze (1998) and re-
flect activity at the time of dumping.

the Kurchatov Institute and the Institute of Physical and
Power Engineering and has enabled improved estimates
regarding the composition and activity of radionuclides
in these potential sources of radioactive contamination.
Calculations by Sivintsev and Kiknadze (1998) show
that the total inventory in the submarine reactors with
spent nuclear fuel at the moment of dumping was 4.8
times lower than that stated in the “White Book’ (Yablo-
kov, 1993). These authors also estimated that the total
inventory in all reactors dumped near Novaya Zemlya
did not exceed 36 PBq (970 kCi). Thus, the value of 89
PBq (2.4 MCi) given for this activity in the “White Book’
was an overestimate by about a factor of 2.5 compared
to the more recent estimate. The total inventory in the
dumped material was estimated to have decayed to 3.9
PBq by 2000, of which 1.8 PBq was due to the dumped
reactor from the Lenin.

2.4. Radioactive particles
from the Thule nuclear weapons accident

On 21 January, 1968, a B-52 aircraft from the U.S.
Strategic Air Command crashed onto the sea ice of Bylot
Sound 11 km west of the Thule Air Base in Greenland.
The aircraft disintegrated on impact and an explosion
and fire ensued. The four nuclear weapons onboard were
destroyed and fissionable material (Pu and U) was dis-
persed. The Pu was present in an insoluble oxide form
and was mainly associated with particles of an average
size of 2 ym (U.S. Air Force, 1970). During the months
following the accident, a clean-up program was con-
ducted during which most of the debris and contami-
nated ice were removed from the area. However, the im-
pact created a hole in the ice and it is likely that some of
the Pu initially fell through the ice. Furthermore, con-
tamination could not be removed from the vicinity of
the hole because the fractured sea ice quickly re-froze.
Thus, relatively high contamination levels from the cen-
tral impact area could have remained embedded in deep
ice layers and therefore may not have been recovered in
the clean-up process. The following summer, during ice
melt, the ice sheet drifted in a northerly direction in
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Bylot Sound, probably causing the observed contamina-
tion of sediments north of the impact point. The total
amount of Pu dispersed in the accident has been esti-
mated at 6 kg, of which 3.5 +0.7 kg were found on and
in the sea ice, recovered and shipped to the United States
(AMAP, 1998; U.S. Air Force, 1970). An estimated
residue of ~1 TBq (~0.4 kg) remained in the ice after
clean-up. Thus, up to about 3 kg of Pu may have entered
the environment. The actual input may have been lower
than this however, owing to an unknown amount of Pu
associated with the aircraft debris removed from the site
(AMAP, 1998). After the accident, the amount of Pu in
the marine sediments of Bylot Sound was estimated
based on samples taken in 1970, 1974, 1979, 1984,
1991, and 1997 (Aarkrog, 1971, 1977; Aarkrog et al.,
1984, 1987, 1994; Dahlgaard et al., 2001; Eriksson et
al., 1999). These estimates centered on a range of 1 to
1.6 TBq or approximately 0.5 kg.

The nonhomogeneous nature of the Pu contamina-
tion in marine sediments (Figure 2-5) has been noted for
many years, but was previously assumed not to signifi-
cantly influence the inventory estimates. The work upon
which this assumption was made was based solely on ra-
diochemistry and alpha-spectrometry, and the presence
of Pu associated with ‘hot particles’ may have been un-
derestimated partly owing to the incomplete dissolu-
tion of these particles during sample analysis.

Depth in sediment, cm
or o0
Thule crash site °
oo
10 P
[ ]
15} &5
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25+ - o
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Figure 2-5. Concentrations of 23%240Pu measured by radiochemistry
and alpha-spectrometry in 1 g aliquots from a sediment core sam-
pled in 1997 at location 25 (76°30.42'N, 69°13.88"W; water depth
237 m), 2.3 km southeast of the point of aircraft impact (Eriksson,
2002). Note the non-homogeneous results from repeated analysis
indicating the possible presence of ‘hot particles’.

An improved method to determine the total inven-
tory of the heterogeneously distributed contamination
of marine sediments was developed by Eriksson (2002).
This is based on a gamma spectrometric screening of
the 21Am concentration in 450 one-gram aliquots
from six sediment cores. Based on radiochemical deter-
mination of the Pu concentration in 20 of these sub-
samples, the 241 Am values were recalculated to provide
estimates of 23%:240Py concentrations. A Monte Carlo
simulation was then used to generate the probable dis-
tribution of the activity and, based on that, a total in-
ventory was estimated by integrating a double expo-
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nential function. The resulting estimate of Pu in sedi-
ments at Bylot Sound, based on a limited number of
sediment cores, was 10 TBq*+50% (3.5 kg Pu=*=50%).
This is consistent with the estimate of lost Pu, ~3 kg,
provided by the U.S. Air Force (1970) but is subject to
a large uncertainty (=50%).

2.5. Nuclear powered vessels
2.5.1. Russian Northern fleet

Several nuclear-powered vessel accidents have occurred
worldwide, including the loss of entire nuclear-powered
submarines at sea, with and without nuclear weapons
onboard. Few of these accidents are relevant to the Arc-
tic. The first AMAP assessment addressed the issue of
accidents involving nuclear-powered vessels as sources
of radioactivity in the Arctic. That assessment also con-
sidered the status of submarine decommissioning from
the Russian Northern Fleet and associated radioactive
waste management issues. The present assessment gives
specific attention to the loss of the Russian fleet subma-
rine Kursk in the Barents Sea in 2000.

The decommissioning of nuclear-powered subma-
rines of the Russian Northern Fleet is continuing. At the
beginning of 2002, 94 decommissioned nuclear-powered
submarines (52 in northwest Russia and 42 in the Rus-
sian Far East) were being stored afloat and contained
spent fuel in their nuclear reactors. Approximately 110
submarines have been taken out of operation in the
Northern Fleet. It is anticipated that 18 to 20 sub-
marines can be dismantled per year (CEG, 2003).

The primary location for the storage of spent nuclear
fuel (about 80% of the total inventory) from the Russian
Northern Fleet is at Andreyeva Bay on the Kola Penin-
sula. There has been some leakage of radionuclides from
this storage site and soil levels of the order of 10 MBg/kg
of 137Cs and 1 MBq/kg of 2OSr have been observed in the
area (Akhunov et al., 2001). Further work is warranted
to assess the total radionuclide inventory in the area.
The handling and storage of spent nuclear fuel is of ma-
jor importance in terms of threats to the Arctic environ-
ment. Long-term disposal options are still being consid-
ered and there are several radioactive waste manage-
ment problems yet to be resolved.

2.5.2. The loss of the Kursk in the Barents Sea

On August 12, 2000, a Russian submarine, the Kursk,
sank in international waters east of Rybatschi Peninsula
in the Barents Sea. The submarine, a Russian Oscar
Class IT attack submarine, sank to a depth of 116 m at
69°36.99'N, 37°34.50'E, about 190 km from Murmansk.
The Kursk was 154 m long and weighed 14700 t. The
submarine was commissioned in 1995 and was powered
by two pressurized-water reactors. Each reactor had an
output of 190 MW(th), or less than 10% of that of a
typical nuclear power plant. The reactors were shut
down during the accident and the submarine was not
carrying nuclear weapons.

Two joint Russian—-Norwegian expeditions to the
Kursk were mounted in 2000; the first undertaken with
the Seaway Eagle from 17 to 22 August 2000, and the
second with the MSV Regalia from 20 October to 7 No-
vember 2000. During both expeditions, seawater and
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sediments in the close vicinity of the Kursk were sam-
pled extensively and water was sampled from inside the
Kursk to determine whether there had been any leakage
from the reactors. During the Seaway Eagle expedition
divers collected a sample of escaping air from the sub-
marine as the rescue hatch was opened. An air sampling
device was used on both expeditions to measure air-
borne radioactivity over the main deck of the ship. Dose
rate measurements and sample analyses were performed
on-site in mobile laboratories onboard the survey ships.
Replicates of all samples were taken ashore for more ac-
curate analyses.

There was no indication of radionuclide leakage
from the submarine; activity concentrations in the vicin-
ity were normal. The concentration of 137Cs in sedi-
ments ranged from 0.7 to 1.2 Bg/kg, which is similar to
concentrations in recent samples from other areas of the
Barents Sea (AMAP, 1998; Grottheim, 2000). Iodine-
131, 134Cs, and ¢9Co were not detected in any of the
samples. Activity concentrations of y-emitting radionu-
clides in the seawater samples were not elevated. The re-
sults of all analyses were below detection limits of 0.5
Bq/L for 1311, 137Cs, 134Cs, and ¢°Co.

Radioactive contamination of the marine environ-
ment in the area where the Kursk sank was also assessed
during several Russian cruises. A radioecological study
in September 2000 undertaken from the research vessel
Dalnie Zelentsy showed the activity concentration of
137Cs in seawater in this region to be no higher than
background at 2 to 3 Bq/m? (Amundsen et al., 2002a;
Izrael et al., 2000).

In 2001, a company was contracted to raise, trans-
port, and moor the Kursk in a floating dock. To support
these operations, a special expedition was set up to un-
dertake environmental monitoring in the vicinity of the
submarine during all phases of the recovery operation.
An environmental monitoring and assessment group
was created and charged with three tasks: 1) to measure
the current state of environmental contamination; 2) to
predict possible changes in the radiation situation during
the salvage operation; and 3) to provide relevant infor-
mation promptly.

Joint Russian—-Norwegian environmental monitoring
in relation to the recovery of the Kursk was carried out
from 25 September to 10 October 2001 onboard the re-
search vessel Semen Dezhnev of the Russian Northern
Fleet. This expedition involved four stages:

e a survey of background activities in the Barents Sea
(remote from the submarine) prior to the recovery
operation;

e asurvey in the vicinity of the Kursk prior to recovery;

e a survey in the vicinity of the Kursk during recovery;
and

e a survey at the site from which the Kursk was recov-
ered, soon after its removal from the area.

Summaries of the onboard gamma spectrometric
measurements are reported in Table 2-3. No artificial -
emitters (134Cs, 60Co, and others) indicative of radionu-
clide leakage from the submarine were detected. After
the Kursk was removed, surface and near-bottom seawa-
ter samples were analyzed in land-based laboratories for
a wider range of radionuclides, including 137Cs, 20St,
and 239.240p,.
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Table 2-3. Summary of onboard measurements for 137Cs collected during the joint Russian-Norwegian expedition to monitor
radioactive contamination during the raising of the Kursk (Amundsen et al., 2002b; Anon, 2001).

Filtered Surface layer
near-bottom seawater, bottom sediments, Fish,
Bg/m3 Bg/kg ww Bg/kg ww
Background area of the Barents Sea, 25-27 Aug. 2001 2.5-2.7 1.7-3.1 <5
The Kursk accident area before lifting, 28 Sept. to 7 Oct. 2001 2-3 <3 <5
The Kursk accident area during lifting, 8 Oct. 2001 2.5-3 <2 -
The Kursk accident area after lifting, 9-10 Oct. 2001 2.5-3 <3 <3

The 137Cs concentrations were about 3 Bg/m? in sea-
water and <2 to 4 Bq/kg ww in the surface layer of bot-
tom sediments and in fish. Such values are typical of
those found in the Barents Sea in recent years. Thus, no
increase in 137Cs was observed in the marine environ-
ment during the raising of the Kursk. Laboratory radio-
chemical analyses (Anon, 2001) indicate that ?°Sr con-
centrations in surface and near-bottom water samples
obtained after the Kursk was raised were 5.1 +0.6 Bq/m3
and 1.6 0.2 Bq/m? respectively. For 23% 240Py these con-
centrations were 13.4 2.4 mBg/m? and 3.8 +1.1 mBq/m?3
respectively. The ?9Sr and 23%240Py seawater concentra-
tions were also typical of recent values for the Barents
Sea. Thus, no impact of either the Kursk accident or the
recovery operation on the radioecological situation was
detected (Amundsen et al., 2002b; Grottheim, 2000; Ros-
hydromet, 2001).

2.6. Baltic outflow as a source of 137Cs

Outflow from the Baltic Sea incorporated in the Norwe-
gian Coastal Current acts as a transport pathway for ra-
dioactivity to the Arctic. The Chernobyl accident con-
taminated the Baltic with 4 to 5 PBq of 137Cs in 1986.
The inventory in the seawater was reduced by 50% with-
in the first few years (see AMAP, 1998, Table 8-41) de-
spite additional influxes through runoff. The amount of
Chernobyl-related 137Cs deposited on Finland entering
the Baltic Sea through Finnish rivers amounted to only
65 TBq, leaving >97% on the land (Saxen and Ilus, 2001).

A time series of 137Cs data from the Danish Straits
revealed that contamination from the Chernobyl acci-
dent in 1986 is still the dominant source of 137Cs in the
Baltic Sea and Danish Straits. The Danish Straits are a
transition zone between the brackish surface water of
the Baltic Sea (salinity 7) and the high salinity water of
the North Sea (salinity 33 to 34). Inflowing North Sea
water is gradually entrained in the outflowing surface
water from the Baltic. Therefore, surface water salinity
gradually increases from the Baltic to the North Sea.
Linear regressions of 137Cs concentration versus salinity
can be used to estimate the time trend of 137Cs in the dif-
ferent water masses. A mean residence time for the Bal-
tic Sea of 29 yr equates to a ‘half-life’ for the water vol-
ume of 20 yr (Dahlgaard, 2002). The net outflow from
the Baltic was thus calculated at 39 TBq for 2000. This
value showed an exponential decrease between 1991
and 2000 with an effective half-life of 13.4 yr. When the
physical half-life of 137Cs (30.17 yr) is subtracted, the
decay-corrected cesium net outflow can be described by
an exponential decrease with a half-life of 24 yr. This is
equivalent to the estimated 20-yr half-life for Baltic Sea
water mentioned above (Figures 2:6 and 2-7).
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Figure 2-6. Net 137Cs outflow from the Baltic Sea between 1991 and
2000 and concentrations in water masses of salinity 33.6 and 8.6
(Dahlgaard, 2002). The trend lines are an exponential fit.
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Figure 2-7. Concentrations of 137Cs and ?°Tc in the Danish Straits
in June 1999 as a function of salinity (Dahlgaard, 2002).

2.7. Radioisotope thermoelectric generators

Radioisotope thermoelectric generators (RTGs) have been
used over the past few decades as local sources of elec-
tricity in Russia, the United States, and other countries.
These work on the principle of radioactive decay (ther-
mal) energy being converted into electric energy using
thermoelectric converters. RTGs are used in inaccessible
northern areas with harsh climatic conditions to supply
power to navigation systems and beacons to improve
maritime safety.
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Figure 2-8. Schematic illustration of a typical RTG (Lamp, 1994).

One of the main components of an RTG is a radio-
isotopic heat source (RHS). Unlike radioactive radiation
sources, an RHS contains much more radioactive mate-
rial (isotope fuel) and operates at a higher temperature.
It is therefore critical to maintain the integrity and tight-
ness of RHS cladding during the service life of an RTG
and in cases of possible emergency. This is achieved by
creating a leak-tight, multi-envelope ampoule made of
heat- and corrosion-resistant materials and by using
heat-proof, and radiation- and chemically-stable isotope
fuel that is compatible at high temperatures with the
structural materials used in RHS cladding (Fadeev et al.,
1980). The fuel used in an RHS is primarily ?°Sr titanate
(SrTiO3 in Russia and the United States, or Sr2TiO4 in
the United States only), which is a solid ceramic mate-
rial. This has been selected for its strength, fire-resist-
ance, and low water solubility.

The primary risk associated with RTGs is radiation
exposure of humans, animals, plants, and the environ-
ment from the ?9Sr source (U.S. Congress, 1994). The ab-
sorbed dose rate from physical proximity to an operat-
ing RTG is <0.1 mGy/hr at a distance of 1 m from the
RTG surface. Of greater concern is the resulting expo-
sure if the inner shield of the RTG is breached allowing
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the release of ?OSr into the environment. Natural disas-
ters and most accidents associated with human activities
present little risk of such ?Sr releases to the environ-
ment. Greater risk is associated with individuals inten-
tionally damaging or dismantling an RTG and not rec-
ognizing the hazards. In the event that radioisotope ma-
terial is released, the dispersal area would not normally
be large and clean-up activities are not difficult. Resid-
ual ?0Sr material in the environment will remain in an
inert form (strontium titanate ceramic) with minimal up-
take by plants and minimal incorporation into the food
chain. Figure 2-8 shows a typical RTG construction.

2.7.1. RTGs in Russia

In Russia, RTGs are used in automatic meteorological
stations in polar and uninhabited northern areas so that
meteorological data can be continuously transmitted by
radio. A network of RTGs, as stand-alone power supply
sources, has also been established for navigation pur-
poses. Increasing levels of maritime traffic have resulted
in the creation of new high-latitude sea routes and an in-
crease in the length of the navigation period in remote
and uninhabited areas. Some of the designs of RTGs
used in Arctic Russia are shown in Figure 2:9. The char-
acteristics of RTGs used in Russia, including ?9Sr activi-
ties, are given in Table 2-4.

In Russia, there have been two cases (in 1987 and
1997) in which RTGs were lost due to emergency dump-
ing at sea during their transport by helicopter using ex-
ternal suspension devices (Noie et al., 1997). Both inci-
dents occurred in the vicinity of Sakhalin Island. The
two RTGs have not yet been found. However, monitor-
ing in the area in which the RTGs were lost, including
that conducted during a joint Russian—Japanese—Korean
cruise (Noie et al., 1997), did not detect increased levels
of ?9Sr. In the Arctic region of Russia, there have been no
losses of RTGs during transport, although on at least
one occasion, RTGs on the Kola Peninsula have been
sabotaged. In 2001, three RTGs were destroyed by peo-
ple intending to steal parts. The open sources were lo-
cated and removed and no radioactive contamination
was detected (Fylkesmannen i Finnmark, 2001). Under

Figure 2-9. Examples of different types of RTG used in Arctic Russia (Kodyukov et al., 1980). From left to right: ‘Reut-1°, ‘Reut-2’, ‘Beta-M’.
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Table 2-4. Basic characteristics of RTGs using strontium titanate (Fadeev ez al., 1980). Each row

reflects data for different RTGs deployed in the Russian Arctic.

Range of operating temperature Thermal capacity, W

90Sr activity, PBq (Ci)

up to 450°C 148
» 255
» 200
» 60
» 650

260-290
» 240
» 550
» 200-260

0.81 (22000)
1.48 (40000)
1.15 (31000)
0.33 (9000)

3.7 (100000)

1.48-1.67 (40000-45000)

(
11.1 (300000)
3.15 (85000)
(

1.11-1.48 (30000-40000)

Russian—-Norwegian bilateral cooperation on environ-
mental protection, RTGs are currently being replaced by
photovoltaic systems (Fylkesmannen i Finnmark, 2001).

2.7.2. RTGs in the U.S.A.

The U.S. Air Force operates a seismic observatory on
Burnt Mountain in Alaska (67°25'N, 144°36'W) for
verifying compliance with nuclear test ban treaties. The
data collection and communications equipment at the
station is powered by ten RTGs; seven of model Sentinel
25E, one of model Sentinel 25F, one of model Sentinel
25A, and one of model Sentinel 100F (U.S. Congress,
1994). Some characteristics of the Sentinel RTGs are
shown in Figure 2:10 and Table 2-5.

Figure 2-10. An RTG instrument
housing at Burnt Mountain, Alaska
(Photo by Stan Read, 1992).

In August and September 1992, a tundra fire en-
croached on the Burnt Mountain site. It damaged some
data cables but did not disturb monitoring, communica-
tions, and power equipment. The fire raised concern
among nearby inhabitants regarding the safety of ra-
dioactive material as the power source at the station.

Owing to the continuing high level of public concern,
in 1999 the U.S. Air Force conducted an environmental
assessment to evaluate the comparative safety of radio-
active and non-radioactive sources of power (U.S. Air
Force, 1999). It examined the safety of the RT'Gs at Burnt
Mountain and assessed the viability and risks of two al-
ternative power sources — thermoelectric and photovol-
taic generators. As a result, a decision was made to re-
place the RTGs with a centralized hybrid power genera-
tion system. Planning has started for the removal of the
RTGs and the installation of replacement power systems.

Currently, the U.S. Department of Energy and the
U.S. Air Force are cooperating on the conduct of an en-
vironmental assessment to evaluate procedures for the
removal and disposal of RTGs (Huizenga, 2001).

2.8. Russian reprocessing plants
2.8.1. The Siberian Chemical Combine

The Siberian Chemical Combine (SCC) complex is lo-
cated 20 km from Tomsk near Seversk. This plant began
operating in 1953 and comprises facilities posing poten-
tial threats to the population and the environment (Kry-
shev and Riazantsev, 2000). These include:

e uranium-graphite reactors used for power generation
and the production of Pu;

e plant for the production of enriched uranium hexa-
fluoride using centrifuges;

e plant for producing uranium mixed oxide fuel and
uranium hexafluoride;

e radiochemical plant at which irradiated material is
reprocessed to separate and purify U and Pu salts;
and

e chemical-metallurgic plant for nuclear materials pro-
duction.

Table 2-5. Some characteristics of the RTGs at Burnt Mountain, Alaska (U.S. Congress, 1994).

Sentinel 25A

Sentinel 25E

Sentinel 25F Sentinel 100F

o » 3.48 3.89-4.03 4.0 12.2
Activity of initial charge, PBq (Ci) (94000) (105600-109000) (108000) (329000)
Year of initial charge 1968 1969-1971 1970 1972
Exposure rate at housing surface, mGy/hr 0.55 0.65 0.75 1.25
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The activities of the SCC related to the production of
Pu, U, and transuranic elements result in the generation
of large quantities of liquid, solid, and gas-aerosol ra-
dioactive waste. The storage and disposal facilities for
radioactive material, including underground disposal
sites for liquid radioactive waste, are thus important
components of the SCC. The total activity of liquid ra-
dioactive waste disposed of in deep underground strata
by pumping through a system of injection pipes is esti-
mated to be 1.5 X101 Bq, while the amount in open
storage is about 4.6 X108 Bq (Kryshev and Riazantsev,
2000). There is some potential for contamination of the
Arctic by radionuclides in SCC discharges through their
transport to the Kara Sea by the Tom and Ob rivers. The
SCC liquid discharges move from the sedimentation
reservoir via the waste channel to the Romashka River,
and then to the River Tom in the area of Chernilsh-
chikovo. The wastewater contains 24Na, 32P, 46Sc, 51Cr,
$9Fe, 60Co, 65Zn, 76As, 137Cs, 152Eu, 239Np, 239Pu, and
other radionuclides. Historically, the major contribution
to radioactivity in SCC wastewater was derived from the
operation of reactors using direct flow (single pass) cool-
ing systems. These were decommissioned between 1989
and 1992 and the release of radionuclides to the open
hydrological network is now much lower. However, dis-
charges of contaminated water in previous years have
led to significant accumulation of radionuclides in bot-
tom sediments and biota as well as in the Tom and Ro-
mashka River floodplains.

As an example, Table 2-6 presents annual discharges
of selected radionuclides in SCC wastewater to aquatic
systems in recent years. Other radionuclides subject to
discharge monitoring (*¢Sc, 1Cr, 3°Fe, ¢°Co, ¢5Zn, 58Co,
54Mn, 208y, 131], 144Ce, and tritium) were not detected in

Table 2-6. Examples of the levels of activity (TBq/yr (Ci/yr)) in
wastewater discharged to the aquatic environment from the Siber-
ian Chemical Combine (Roshydromet, 2000, 2001).

Authorized discharge Actual discharge

1998 1999
24Na 777 (21000) 208 (5626) 196 (5285)
32p 40.7 (1100) 25 (689) 27 (729)
239Np 14.8 (400) 7.7(207)  11.4 (307)

AMAP Assessment 2002: Radioactivity in the Arctic

1998 and 1999, either at the site of wastewater discharge
to the Tom River or at monitoring stations downstream.
River water and bottom sediments in the area around
the SCC have been monitored continuously. As an illus-
tration of the results, Table 2-7 and Figure 2:11 present
recent data on the concentrations of some artificial and
naturally-occurring radionuclides (Roshydromet, 2001).
The extent of radioactive contamination in water
bodies in the near zone of the SCC has improved since
the single pass coolant reactors were taken out of opera-
tion. Figure 2-12 shows temporal changes in gamma
dose rates above the water surface near the right bank of
the Tom River as a function of increasing distance from
its confluence with the Romashka River. The years se-
lected correspond to changes in plant operations: 1989 —
prior to the first single pass reactor shutdown; 1990 -
after the first single pass reactor shutdown; 1991 - fol-
lowing the second single pass reactor shutdown; and
1992 - following the third single pass reactor shutdown.
The dose rates in 1992 were about an order of magnitude
lower than in 1988 when all reactors were operational.
At distances of >10 km downstream of the confluence of
the two rivers, the observed dose rate was close to 0.1
Gy/hr as early as 1990. This is similar to background.

The distance between the estuary of the Ob River
and the Tom inlet is about 2665 km. In 1977, studies
were conducted on the influence of SCC discharges on
radioactive contamination of the Ob River as far as the
estuary (Vakulovsky, 1993). Analyses of water and bot-
tom sediment samples detected 1Cr, *8Co, ¢°Co, S*Mn,
657n, and 46Sc. Most of the 51Cr occurred in the dis-
solved fraction whereas 70 to 95% of the 58Co, ¢°Co,
54Mn, 6Zn, and #¢Sc occurred in the suspended frac-
tion. The particle reactivity of most isotopes in the river
has resulted in concentrations in water remaining rea-
sonably low.

The relationship between the flux of radioactive ma-
terial transported in the suspended fraction and distance
is virtually exponential with the flux being reduced by a
factor of two in 250 to 300 km. Manganese-54 exceeded
the detection limit of 3.7 Bg/m? (1x10-13 Ci/L) 1500
km upstream of the Ob Estuary. Chromium-51, 38Co,
and 9Co were detectable 2000-2200 km, and #¢Sc up to
2500 km upstream of the estuary.

Table 2-7. Activity concentrations (Bq/kg dw) for radionuclides in bottom sediments in the vicinity of the

Siberian Chemical Combine in 1999 (Roshydromet, 2001).

Tom River
500 m 1000 m 1500 m
downstream of confluence Chernilshchiki
Romashka River with the Romashka River Channel

46G¢ 67.5 86.9 130 39.2 29.8
137Cs 63.6 83.2 458 76.6 85.6
134Cs 6.9 11.8 8.0 7.9 4.1
54Mn 16.3 14.5 22.8 27.4 18.2
S1Cr 477 510 483 243.3 146
60Co 260 337 388 152.4 116
152Ey 42.7 62.8 237 26 17.5
154Ey 7.8 18 45.1 9.2 7.8

S9Fe 25.4 23.2 24.6 10.9 8.8

657n 284 360 337 144 99

40K 386 457 510 430 433
226 Ra 10.6 12.7 27.5 18.3 18.2
232Th 15.6 13.6 37.5 22 20.7
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Thus, most of the radionuclides discharged from the
SCC are removed from the water column during trans-
port along the Tom/Ob river system and are not detect-
able in the lower reaches of the Ob or in the Ob Estuary
(Kuznetsov, 1995; Vakulovsky, 1993). Studies carried
out in 1994 showed that global atmospheric fallout is
the predominant source of the long-lived radionuclides,
137Cs and 239:240Py, in bottom sediments of the Ob delta
and estuary (Panteleyev et al., 1995; Sayles et al., 1999).

2.8.2. The Mining and Chemical
Industrial Complex of Zheleznogorsk

The Krasnoyarsk Mining and Chemical Industrial Com-
plex (KMCIC) is located 9 km from Zheleznogorsk and
covers 360 km? on the right bank of the Yenisey River.
Currently, the KMCIC includes a reactor facility (one
uranium-graphite reactor with a closed cooling circuit),
a radiochemical plant processing irradiated U disks, a fa-
cility for the storage of spent fuel assemblies, and a
radioactive waste processing plant (Kryshev and Ria-
zantsev, 2000).

The first industrial direct-flow (single pass cooling
loop) reactor of the KMCIC began operating in August
1958 and the second in 1961. The third reactor with a

closed circuit became operational in 1964. The direct
flow uranium-graphite reactors, AD and ADE-1, were
shut down in 1992 (Kryshev and Riazantsev, 2000).

The reactor and radiochemical production plant con-
stitute the main sources of environmental contamination
due to gas-aerosol release and water discharges contain-
ing radionuclides. Another potential source of contami-
nation is the site where liquid radioactive waste of vary-
ing activity is buried underground (the total activity of
accumulated liquid radioactive waste is about 3.7 X 1018
Bq; Kryshev and Riazantsev, 2000). There are also solid
radioactive waste storage facilities and disposal sites
within the KMCIC. All radioactive waste produced by
the KMCIC is buried within its site boundary.

In terms of possible radioactive contamination of the
Arctic, consideration must first be given to the water
transport of radionuclides originating from the KMCIC
to the Kara Sea; namely transport via the Yenisey River.
Cooling waters from the operating reactor are retained
in a pool to allow physical decay of short half-life radio-
nuclides. The water is then discharged to the Yenisey River
along with other reactor releases and discharges from
the radiochemical production plant several kilometers
downstream. Because only one power reactor is now in
use and the pool reduces the concentrations of released
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Table 2-8. Discharges (GBq (Ci)) of selected radionuclides in waste-
water from the Mining and Chemical Industrial Complex of Zhelez-
nogorsk (Roshydromet, 2001).

Authorized Actual discharge

discharge 1998 1999
24Na 185000 (5000) 57600  (1560) 72600 (1960)
32p 22200 (600) 7360 (199) 9840 (266)
46S¢ 370 (10) 30 (0.81) 41.4 (1.12)
SICr 14800 (400) 2580  (69.7) 3170 (85.6)
SMn 148 (4) 3.8 (0.104) 1 (0.11)
¢0Co 374 (10.1) 50.5 (1.37) 50 9 (1.38)
64Cu 5550 (150) 1120 (30.3) 1490  (40.2)
65Zn 370 (10) 34 (0.92) 31.1 (0.84)
76As 5550 (150) 738 (19.9) 1070 (28.9)
90G 81.4(2.2) 3.6 (0.097) 411 (1.11)
131 555 (15) 17.4 (0.47) 45.9 (1.24)
134C 29.6(0.8) 0.56(0.015) 0.56(0.015)
137Cs 114.7(3.1) 64.4 (1.74) 42.2 (1.14)
152Ey 185 (5) 2.3 (0.062) 2.96(0.08)
239Np 7400 (200) 4670  (126) 7100 (192)

nuclides, there has been a significant decrease in con-
centrations in the Yenisey River as well as in aquatic
plants and fish, especially for the short-lived isotopes.
However, bottom sediments and the river floodplain are
contaminated with long-lived radionuclides such as
60Co, 137Cs, and 132Fu as a result of previous releases,
largely those from the two direct-flow reactors. Since
1992, discharges of radioactivity in wastewater from the
KMCIC have not led to additional contamination of
bottom sediments above previous levels (Roshydromet,
1998). Table 28 presents data on the discharges of se-
lected radionuclides in wastewater from the KMCIC in
1998 to 1999.

There is continuous monitoring of environmental
contamination in the vicinity of the KMCIC. Table 2-9
provides, as an example, data on the concentrations of
selected artificial radionuclides in river water in the near
zone of the facility in 1999.

Table 2-9. Concentrations (Bg/L) of selected radionuclides in Yeni-
sey River water in the vicinity of the Mining and Chemical Indus-
trial Complex of Zheleznogorsk in 1999 (Roshydromet, 2001).

Intervention
level
NRB-99
(Minzdrav, 1999)

Monitoring point
250 m 10 km
downstream  downstream
of the outlet  of the outlet

24Na 10.7 2.2 -
32p 0.73 0.14 58
46Sc <0.01 <0.001 93
SI1Cr 0.4 <0.1 3700
54Mn <0.001 <0.0002 200
59Fe <0.01 <0.001 77
58Co <0.01 <0.001 19
60Co 0.005 0.0017 41
657n <0.01 <0.001 36
76As <0.2 <0.03 87
90§y 0.0078 0.0069 5
957Zr <0.001 <0.0002 150
95Nb <0.001 <0.0002 240
103Ry <0.001 <0.0002 190
106Ru <0.002 <0.0002 20
1311 <0.01 <0.002 6.3
134Cs <0.0003 <0.00005 7.3
137Cs <0.004 0.0018 11
152Ey <0.001 <0.0002 99
29Np <13 <0.2 170
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The concentrations of artificial radionuclides in
the Yenisey River in the vicinity of the KMCIC are cur-
rently much lower than intervention levels defined in
NRB-99 (Minzdrav, 1999). In addition to continuous
monitoring in the vicinity of the KMCIC, monitoring
of radioactive contamination is regularly conducted
throughout the Yenisey River system (the KMCIC is
2400 km from the Yenisey outlet to the Kara Sea). One
study measured river contamination between 1971 and
1993. This included analyses of bottom sediments,
which are good indicators of river ecosystem contam-
ination. Table 2-10 presents some results of the bottom
sediment survey of August 1973. This study showed the
impact of the KMCIC to be detectable to a distance of
about 2000 km downstream of the plant and thus into

Table 2-10. Activity concentrations (kBq/m?) in bottom sediments
of the Yenisey River in August 1973 (Vakulovsky et al., 1995).

Distance from discharge source

6 km 250 km 800 km 1930 km
465¢ 330 26 2.4 <2
S1Cr 1550 <6 <6 <6
54Mn 220 48 2.3 <0.2
58Co 200 32 3.8 <0.7
60Co 440 65 4.8 <0.3
S9Fe 400 15 <3 <3
657n 1470 260 23 <0.6
134Cs 140 2 <0.4 <0.4
137Cs 460 90 18 4.4
144Ce 110 34 3.5 <3
152Ey 220 36 2.2 <0.2
154Ey 70 12 <0.4 <0.4
Total 5800 620 60 5

the Arctic. Activity concentrations in bottom sediments
at the boundary of the far zone of the Krasnoyarsk con-
tamination trace are a thousand times lower than those
in the near zone, but still exceed levels expected from
global fallout.

Data on the concentrations of radionuclides in river
water in the far zone impacted by the KMCIC for differ-
ent periods of observation are shown in Table 2-11. Be-
yond the near zone the contamination of water de-
creased markedly although trace amounts of artificial
radionuclides were detected at considerable distances
(>1300 km) from the discharge. Nevertheless, activity
concentrations in river water are several orders of mag-
nitude lower than the intervention levels regulated by
the radiation safety norms.

Most of the discharged radionuclides (*¢Sc, *Mn,
38Co, 39Fe, ¢9Co, and ¢5Zn) are transported on sus-
pended particles. Only 24Na and 31Cr are transported
mainly in dissolved form. As most of the *1Cr occurs in
dissolved form it can be transported over long distances
(Table 2-11). These monitoring data, combined with
water discharge data for the Yenisey River, can be used
to estimate the fluxes of radionuclides from the near and
far zones of the KMCIC before the removal from service
of the two single pass reactors. Estimated average fluxes
for 1985 to 1991 are shown in Table 2-12.

The results suggest that the fluxes of long-lived
radionuclides from the far zone were modest. Thus,
these discharges are only likely to have had a minor in-
fluence on radioactive contamination of Arctic seas.
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Table 2-11. Activity concentrations in Yenisey River water (Vakulovsky ez al., 1995).

Intervention  Distance from Activity concentration, mBq/L
level, discharge source, average
mBq/L km 1985-1991 1992 1993
46Sc 93000 250 11 <0.7 <0.7
850 N <0.7 <0.7
1360 N <0.7 <0.7
SICr 3700000 250 1900 700 <14
850 1100 150 <14
1360 700 160 <14
S4Mn 200000 250 8 <0.7 <0.7
850 3 <0.7 <0.7
1360 3 <0.7 <0.7
38Co 19000 250 26 4 <1.5
850 12 <1.5 <1.5
1360 7 10 <1.5
60Co 41000 250 7 <1.5 <1.5
850 4 8 <1.5
1360 4 <1.5 <1.5
S9Fe 77000 250 42 <3 <3
850 7 <3 <3
1360 8 <3 <3
657n 65000 250 23 <2 <2
850 <2 <2 <2
1360 <2 <2 <2
137Cs 11000 250 6 2 1
850 N 6 2
1360 5 2 2

Of the long-lived radionuclides, only 137Cs can reach the
Kara Sea in significant quantities. The amount of 137Cs
entering the Kara Sea in the Yenisey River outflow is es-
timated to have averaged between 0.8 and 2.8 TBq/yr
over the period 1958 to 1993. This includes 137Cs from
both global fallout and discharges from the KMCIC and
should be considered an upper limit. Thus, routine dis-
charges from the KMCIC over this period could have re-
sulted in an input of 30 to 100 TBq of 137Cs to the Kara
Sea (Vakulovsky et al., 1995). This is less than the 137Cs
input from atmospheric fallout (about 1.4 PBq for the
Kara Sea) and comparable with the input to the Kara
Sea from Sellafield, about 150 TBq (NRPA, 1993).

Table 2-12. Estimated average fluxes (TBg/yr) of radionuclides in
the Yenisey River for 1985 to 1991 (Vakulovsky et al., 1995).

Near zone Far zone
(15 km (1360 km
from the discharge) from the discharge)
32p 1800 +1000 -
46S¢ 9 +4 1.7+1.0
SICr 2300 *=1200 250 = 250
S4Mn 9 *5 1.0=0.7
58Co 40 *20 2.5*+1.4
60Co 5 *1 1.4+0.8
S9Fe 20 *10 2.8+1.0
657n 17 =8 -
908y 1.6x0.7 1.5+0.6
137Cs 6 =*3 1.8+1.0

2.9. Nuclear detonations

The total number of nuclear detonations, including the
first nuclear test in 1945, has been 2419, with an aggre-
gated yield of 530 Mt of TNT equivalent (UNSCEAR,

2000). The vast majority (1876) of these detonations
were underground, but with a comparatively low aggre-
gate yield of 90 Mt. In contrast, the 543 atmospheric
detonations contributed 440 Mt or 83% of the aggre-
gate yield (UNSCEAR, 2000). The calculations of yield
are based on certain assumptions about partitioning be-
tween fission and fusion yields in individual tests. The
reliability of these assumptions will determine uncertain-
ties in the estimates of yield. The largest 25 atmospheric
nuclear tests, those exceeding 4 Mt, account for nearly
66% of the total explosive yield and about 55% of the
estimated total (fission plus fusion) yield.

The largest atmospheric test was an air detonation
with a yield of 50 Mt conducted by the former Soviet
Union at the Novaya Zemlya test site on 30 October
1961. The largest underground nuclear tests in the Arc-
tic were a 1.5 to 10 Mt test conducted by the former So-
viet Union at the Novaya Zemlya test site on 27 October
1973, and a test of approx. 5 Mt conducted by the United
States at Amchitka, Alaska, on 6 November 1971. In ad-
dition, the former Soviet Union conducted a number of
crater detonations where nuclear devices were detonated
at shallow depths for non-military purposes.

Recently, there has been new information on local
contamination resulting from underground nuclear ex-
plosions for non-military purposes carried out by the
former Soviet Union. Research has shown that these ex-
plosions led to considerable contamination of localized
areas. The sites ‘Kraton-3’ and ‘Crystal’ in the Republic
of Sakha, where such tests were conducted, contain
residual radioactive contamination despite earlier clean-
up efforts. Concentrations of Pu in lichen in the vicinity
of the Kraton-3 and Crystal sites are relatively high. The
average plutonium concentration in lichen in the most
contaminated area surrounding the Kraton-3 site is 2.1
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kBg/kg, which is a factor of 780 greater than the back-
ground level created by global fallout. However, such
levels of contamination only exist in the immediate vi-
cinity of such sites. For instance, at the Crystal site,
239,240py activity concentrations in soils and lichens
about 2 km from the crater are three to four orders of
magnitude lower than the maximum values. Measure-
ments of the activity concentration of 23%+240Py in bot-
tom sediments suggest there has been a loss of radionu-
clides into the Markha River with the potential for sub-
sequent remobilization and transport over larger areas
(Gedeonov et al., 1999).

The United States conducted underground nuclear
explosions on Amchitka Island between 1965 and 1971.
With the exception of radioactive gas leakage during the
Long Shot test, radionuclides in Amchitka freshwater
and terrestrial environments are essentially of fallout
origin (Dasher et al., 2002). This is consistent with hy-
drogeological knowledge and some limited modelling
that indicates leakage from the underground test cavities
will eventually occur into the nearshore marine environ-
ment (Wheatcraft, 19935), see also Section 3.7.3.

2.10. Operational releases
from nuclear power plants

The locations of the nuclear power plants (NPPs) dis-
cussed in this section are shown in Figure 2-13.
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Figure 2-13. Nuclear power plants within or near the AMAP area.

Figure 214 shows releases between 1995 and 2000
for NPPs in Sweden, Finland, and northern Russia. Not
all types of release are documented for all NPPs.

Loviisa (Finland) se——
Olkiluoto (Finland) + = = = = = = = =
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—

Figure 2-14. Atmospheric releases from nuclear plants of a) noble
gases, b) 1311 (not detected for Bilibino NPP), c) aerosols (no data
for Russian NPPs); and discharges to water of d) 137Cs (no data for
Leningrad and Bilibino NPPs and Ringhals 2-4), and e) ¢°Co (no
data for Leningrad and Bilibino NPPs). See Annex Tables 2-A1-2-A9.
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Table 2-13. Details of Finnish nuclear power plants. PWR: pressurized water reactor; BWR: boiling water reactor.

Unit (company)

Reactor type/model

Commercial
start-up date

Installed capacity,
gross/net, MW(e)

Loviisa 1 (Fortum Power and Heat Oy)
Loviisa 2 (Fortum Power and Heat Oy)
Olkiluoto 1 (Teollisuuden Voima Oy, TVO)
Olkiluoto 2 (Teollisuuden Voima Oy, TVO)

BWR
BWR

PWR/VVER-440/V213
PWR/VVER-440/V213

510/488 1977
510/488 1981
870/840 1979
870/840 1982

2.10.1. Finnish NPPs

Finland has two NPPs both situated on the Baltic Sea
coast: the Loviisa NPP on the Gulf of Finland and the
Olkiluoto NPP on the Gulf of Bothnia. Two reactor
units are in operation at both sites (see Table 2-13).

Annex Table A2-2 tabulates the annual radionuclide
releases (GBq/yr) from each of the two NPPs for 1995 to
2000 for the six most abundant radionuclides in liquid
effluent that also contribute most to individual dose.
Corresponding releases in gaseous effluents are pre-
sented in Annex Table A2-1.

The principal noble gas release from Loviisa has been
#1Ar and, for Olkiluoto, xenon isotopes. Among aero-
sols, the main releases from Loviisa have been ¢°Co,
110mA g and 124Sb, and from Olkiluoto S*Mn, 58Co, and
60Co. The annual release limits for the two NPPs are
shown in Table 2-14.

Table 2-14. Annual release limits (GBq) for the Loviisa and Olkiluoto
nuclear power plants (AMAP Data Centre; Tossavainen, 2002).

Liquid effluents Gascous effluents

Other Noble
SH nuclides gases®  lodines™
Loviisa 150000 890 22000000 220
Olkiluoto 18000 300 18000000 110

*in 131] equivalents

2.10.2. Russian NPPs

There are two NPPs in the Russian Arctic; at Kola and
Bilibino. Of the Russian NPPs outside the Arctic, the Le-
ningrad NPP is of interest within the context of AMAP
assessments. The atmospheric releases of radionuclides
from these three plants and liquid effluents from the

Kola and Bilibino NPPs in 1994 to 1995 were reviewed
during the first AMAP assessment. Annexes A2-3 and
A2-4 show atmospheric releases and liquid discharges of
radionuclides from the Kola NPP in recent years.

Data on atmospheric releases of radionuclides from
the Bilibino NPP in recent years are presented in Annex
A2-5. The ¢°Co discharge from this NPP in 1999 was
0.03% of the permitted discharge and for other man-
made radionuclides discharges were below detection lim-
its (Roshydromet, 2001). Data for the Leningrad NPP
atmospheric releases are given in Annex Table A2-6.

2.10.3. Swedish NPPs

Sweden has four NPPs: two on the east coast (Forsmark
and Oskarshamn on the Baltic Sea) and two on the west
coast (Ringhals on the Kattegatt and Barseback on the
Oresund), as specified in Table 2-15.

No specific discharge limits have been formally de-
fined by the Swedish Radiation Protection Authority.
Limits are currently imposed through restrictions on
doses to members of critical groups (see Chapter 4).
Thus, for each nuclear facility and for each nuclide re-
leased, site-specific release-to-dose conversion ratios have
been calculated. These values pertain to doses to individ-
uals in hypothetical critical groups and take into consid-
eration local dispersion conditions and moderately con-
servative assumptions on dietary conditions and the con-
tribution of locally-produced foodstuffs.

Measurements of actual releases of 12°I were not re-
quested under previous regulations. Likewise, emissions
of 1*C and 3H were not routinely measured. Emissions
of 14C were estimated on the basis of international expe-
rience as 0.2 TBq/GWyr for pressurized-water reactors
and 0.6 TBq/GWyr for boiling-water reactors. How-
ever, new regulations require all nuclides to be meas-
ured. Releases are given in Annex Tables A2-7 to A2-9.

Table 2-15. Details of Swedish nuclear power plants. BWR: boiling water reactor; PWR: pressurized-

water reactor.

Net electric output,

Commercial

Site Discharges to Reactor type MW(e) start up
Barsebick 1 Oresund BWR, ABB-Atom 600 1975°
Barsebick 2 Oresund BWR, ABB-Atom 600 1977
Forsmark 1 Baltic Sea BWR, ABB-Atom 968 1980
Forsmark 2 Baltic Sea BWR, ABB-Atom 969 1981
Forsmark 3 Baltic Sea BWR, ABB-Atom 1158 1985
Oskarshamn 1 Baltic Sea BWR, ABB-Atom 445 1972
Oskarshamn 2 Baltic Sea BWR, ABB-Atom 605 1975
Oskarshamn 3 Baltic Sea BWR, ABB-Atom 1160 1985
Ringhals 1 Kattegat BWR, ABB-Atom 830 1976
Ringhals 2 Kattegat PWR, Westinghouse 870 1975
Ringhals 3 Kattegat PWR, Westinghouse 915 1981
Ringhals 4 Kattegat PWR, Westinghouse 915 1983

*ceased to generate electricity 1 December 1999 when the reactor was shut down.
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2.10.4. Camp Century, Greenland

A portable pressurized-water reactor designated PM-2A
was operated by the U.S. Army at Camp Century in
Greenland between 1960 and 1963. Power capacity
was 1560 kW(e); authorized power was 10000 kW/(th).
The plant was installed at an experimental ice camp for
the provision of power and heat. The camp and the re-
actor were embedded in the surface layer of the Green-
land ice cap at 77°11'N, 61°08'W. The plant was shut
down in July 1963, and dismantled and transported to
the United States during April to June 1964. The exis-
tence of the base and the reactor was made public and
was featured in the National Geographic Magazine in
the 1960s.

2.11. Summary

Significant new information on sources of actual and
potential radioactive contamination of the Arctic envi-
ronment has been provided to complement that pub-
lished at the conclusion of AMAP Phase I. Evidence is
presented regarding the transport of Pu derived from the
Sellafield reprocessing plant discharges into the AMAP
area as a result of the remobilization of Pu isotopes from
bottom sediments of the Irish Sea. Previous activities
at the nuclear facilities in Siberia (the SCC and the
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KMCIC) do not appear to have led to any significant ra-
dioactive contamination of the Arctic as a result of
water transport, due to the effective scavenging of ra-
dionuclides into bottom sediments of the upstream
reaches of the Ob and Yenisey rivers.

Additional investigations have provided improved
estimates of the activity in dumped nuclear reactor com-
partments containing spent nuclear fuel and other
dumped objects in the Kara Sea. These suggest that the
previous estimate of the aggregate activity in dumped
reactors was overestimated while that for the spent
nuclear fuel from the icebreaker Lenin was underesti-
mated. A recalculation of the amount of excess Pu in the
environment of Bylot Sound, taking more complete ac-
count of the incidence of ‘hot particles’, has yielded a
higher value than previous estimates, but with a large
uncertainty. The median value obtained from these stud-
ies is more comparable with the estimates of unrecov-
ered Pu from the crash of a B-52 aircraft in 1958.

As no information on current storage and handling of
nuclear weapons in the Arctic was available, it was not
possible to make any assessment of these subjects.

Monitoring of radioactive contamination in the vi-
cinity of the Kursk submarine that sank in the Barents
Sea in August 2000 has shown that the loss of this sub-
marine and its subsequent recovery have not led to sig-
nificant releases of radionuclides to the environment.

Table A2-1. Annual atmospheric releases (GBq) from the Loviisa and Olkiluoto NPPs in Finland (AMAP Data Centre;

Tossavainen, 1998, 1999, 2000, 2001).

1995 1996 1997 1998 1999 2000

Loviisa

Noble gases* 4600 1600 4900 5300 6000 5600

SH 190 220 250 190 180 200

14C 140 99 230 340 320 280

Aerosols 0.35 0.22 0.25 0.073 0.027 0.062

Todines* 0.77 0.0009 0.000072 0.0033 0.045 0.0000057
Olkiluoto

Noble gases* 17000 9700 210 300 610 300

3H 130 210 300 440 520 460

14C 640 650 670 720 760 750

Aerosols 0.034 0.014 0.045 0.032 0.0065 0.013

Todines* 0.067 0.11 0.018 0.003 0.015 0.084

*Noble gases expressed as 87Kr equivalents and iodines as !3'I equivalents.

Table A2-2. Annual releases (GBq) of the most abundant radionuclides in liquid effluents from the Loviisa and Olki-

luoto NPPs in Finland (AMAP Data Centre).

1995 1996 1997 1998 1999 2000
Loviisa
SH 12000 9400 12000 9300 14000 11000
60Co 0.0073 0.0042 0.0013 0.89 0.01 0.0027
110mAg 0.0092 0.0016 0.00026 0.082 0.014 0.029
124G 0.032 0.016 0.00034 0.032 0.042 0.022
134Cs 0.0043 0.016 0.0025 0.039 0.0084 0.0046
137Cs 0.0064 0.016 0.0067 0.12 0.04 0.038
Olkiluoto
3H 1500 2400 1300 1200 1100 1000
S4Mn 3.6 1.4 0.92 0.11 0.09 0.049
58Co 1.6 0.82 0.68 0.12 0.25 0.11
60Co 8.1 5.9 3.7 0.9 0.79 0.5
134Cs 4.4 2.5 1.3 0.28 0.071 0.043
137Cs 4.9 4 2.8 0.88 0.32 0.21
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Table A2-3. Annual atmospheric releases (GBq) from the Kola NPP (Energgoatomizdat, 1998; Roshydromet, 2000, 2001; U.S.S.R.
Goshydromet, 1991).
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Actual release

Authorized release 1995 1996 1997 1998 1999
Noble gases 2700000 129000 101 000 75500 52900 26 400
1317 540 3.2 1.81 3.3 - 2.1
Long-lived radionuclides 810 2.3 0.925 0.2 0.044 0.367
Table A2-4. Annual releases of liquid effluents and wastewater (GBq) from the Kola NPP (Energgoatomizdat,
1998; Roshydromet, 2000, 2001; U.S.S.R. Goshydromet, 1991).
1995 1996 1997 1998 1999
SICr - - n.d. - 0.0278
S4Mn 0.00022 - n.d. - 0.0013
58Co 0.000074 - n.d. - 0.0012
60Co 0.00137 - 0.01 - 0.0028
657n - - - - 440000
131] - - - - 1900 000
134Cs 1220000 - 92000000 23300000 780000
137Cs 0.0037 - 0.046 0.077 0.0374
n.d.: below detection limit.
Table A2-5. Annual atmospheric releases (GBq) from the Bilibino NPP (Energgoatomizdat,
1998; Roshydromet, 2000, 2001; U.S.S.R. Goshydromet, 1991).
1995 1996 1997 1998 1999
Noble gases 293000 - 304000 339000 349000
1311 n.d. - n.d. - n.d.
Long-lived radionuclides n.d. - n.d. - n.d.
n.d.: below detection limit.
Table A2-6. Annual gas-aerosol releases (GBq) of radionuclides from the Leningrad NPP (Energgoatomizdat, 1998;
Roshydromet, 2000, 2001).
Actual release
Authorized release 1996 1997 1998 1999
Noble gases 27000 1000 960 440 410
Long-lived radionuclides 0.810 0.052 0.023 0.016 0.0020
1317 0.540 0.029 0.017 0.017 0.0021
920Gy 0.0027 0.000031 0.000007 0.000016 0.0000067
137Cs 0.027 0.0013 0.00052 0.0007 0.0003
60Co 0.027 0.000074 0.00014 0.00017 0.00020
S4Mn 0.027 0.00017 0.00017 0.00021 0.00013
SICr 0.027 0.011 0.0041 0.0093 0.00052
Table A2-7. Annual atmospheric releases (GBq) from Swedish NPPs (AMAP Data Centre).
1995 1996 1997 1998 1999 2000
Noble gases Ringhals 1 15700000 6690000 1310000 2340000 463 000 192000
Ringhals 2-4 15300 20900 1330 811 3220 611
Barsebick 1-2 22100 17900 7320 10900 19300 158000
Forsmark 1-3 19800 87000 25600 11400 2330 9800
Oskarshamn 1-3 112000 138000 794 000 74000 31600 670000
1317 Ringhals 1 12.3 7.46 4.20 2.00 52.0 23.5
Ringhals 2-4 930 650 202 180 288 1970
Barsebick 1-2 208 2680 7930 7420 2200 7900
Forsmark 1-3 57.9 44.6 23.2 652 488 446
Oskarshamn 1-3 33.9 45.1 46.1 92.0 22.4 2.31
Particulate/ Ringhals 1 44700 10600 1704 4450 401 92.9
aerosol Ringhals 2-4 5140 88000 504 2500 19.1 2290
Barsebick 1-2 1.00 3.06 1.60 4.49 5.09 47.0
Forsmark 1-3 84.4 1.84 2.77 27.7 20.9 51.8
Oskarshamn 1-3 14.0 40.8 30.5 13.7 1.83 1.89
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Table A2-8. Annual discharges (GBq) to water from Swedish NPPs.

1995 1996 1997 1998 1999 2000
3SH Ringhals 1 832 790 490 550 986 514
Ringhals 2-4 21000 24600 22500 25300 39600 25900
Barsebick 1-2 554 1100 760 490 690 400
Forsmark 1-3 2340 1990 2000 1530 1420 1400
Oskarshamn 1-3 1190 1380 1360 1110 1290 1180
Other Ringhals 1 69.5 47.9 155 52.4 29.4 11.4
nuclides Ringhals 2-4 81.1 48.2 47.3 40.6 41.8 24.7
Barsebick 1-2 57.8 194 58.3 35.7 26.4 24.7
Forsmark 1-3 60.5 72.4 115 25.5 25.2 18.2
Oskarshamn 1-3 97.6 130 51.1 82.0 26.9 20.9

Table A2.9. Annual discharges (GBq) to water from Swedish NPPs of the most abundant

radionuclides*
1995 1996 1997 1998 1999 2000
Ringhals 1
SICr 4.01 4.60 5.90 3.60 1.97 14.7
S4Mn 83.4 2.54 9.90 2.20 2.35 66.4
58Co 4.35 3.94 11.0 3.00 4.25 95.5
60Co 37.9 25.3 110 30.0 14.2 8.60
134Cs 2.75 32.5 42.0 95.0 14.8 304
137Cs 5.63 1.73 5.30 10.0 2.26 42.1
Ringhals 2-4
S1Cr 8.02 5.09 1.92 1.40 4.58 1.88
58Co 39.2 19.2 19.7 20.5 33.4 12.0
60Co 14.1 10.0 6.90 5.31 17.7 3.12
110mAg 2.73 3.04 2.20 5.36 2.80 1.15
1248h 1.91 1.61 12.4 4.39 1.59 3.18
1256h 1.26 2.24 1.69 96.0 94.6 1.45
Barsebick 1-2
S1Cr 10.8 13.0 25.0 16.0 5.30 45.0
S4Mn 5.66 60.0 5.20 2.40 1.50 1.50
58Co 6.16 65.0 5.80 3.70 3.00 1.90
60Co 29.7 52.0 20.0 9.20 15.0 18.0
124Gh 32.9 38.0 49.0 1.30 25.0 20.0
137Cs 3.72 74.0 83.0 1.00 61.0 1.20
Forsmark 1-3
58Co 7.62 4.12 7.60 94.0 1.20 45.3
60Co 24.7 32.1 49.1 12.0 8.70 6.65
657n 7.24 7.77 11.0 1.90 1.53 55.0
0mA o 1.30 2.71 8.20 1.30 61.9 21.2
134Cs 1.68 7.71 13.0 2.40 2.75 1.73
137Cs 3.72 8.49 15.0 3.72 6.35 4.66
Oskarshamn 1-3
S1Cr 24.5 59.4 21.3 53.2 6.17 4.83
58Co 9.52 8.83 2.51 3.94 2.08 97.1
60Co 42.8 43.4 17.0 15.0 11.5 9.94
110mAg 12.0 1.42 1.52 1.45 90.7 88.3
1256h 3.85 3.51 1.19 1.02 1.32 34.6
137Cs 4.92 2.41 2.38 1.12 89.7 67.5

* These releases are included in the summarized values given in the previous tables.
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and Vulnerability of Arctic Ecosystems

3.1. Introduction

Monitoring the levels and trends of man-made radionu-
clides in Arctic environments is a central part of the
AMAP programme. The first AMAP assessment pre-
sented several radionuclide time series for the Arctic. Al-
though, some of these have been extended in the present
assessment, the main emphasis has been on the provi-
sion of new information. Milk is a key foodstuff which
was not specifically addressed in the monitoring and
trend section of the first assessment. To compensate for
this, a number of time trends in 137Cs and ?°Sr activity
concentrations in milk are described below.

Although well known, the presence of Tc and 1291
in the Arctic from fallout and earlier Sellafield dis-
charges was not addressed in the first AMAP assessment
because they were considered of less radiological signifi-
cance than other radionuclides. However, increased rates
of discharge from European reprocessing plants have
raised awareness of these radionuclides, especially tech-
netium, and brought the issue into political focus. Also,
new information on remobilization of sedimented ra-
dionuclides from earlier discharges has made 23%:240Py
activity concentrations more relevant for current moni-
toring activities.

Available data have improved in terms of their quan-
tity, the range of variables monitored, and the length of
time series. This has enabled analysis of vulnerability for
Arctic pathways of radiation with respect to three crite-
ria: spatial variation in transfer rates, spatial variation in
ecological half-lives, and variation in contamination be-
tween species. Radioecological vulnerability, which is
also referred to as radioecological sensitivity (Howard,
2000), is considered in terms of the dose to man (or con-

87Cs concentration in atmosphere, uBg/m?®

centration in environmental compartment, if dose to
man is not applicable) following a unit radionuclide in-
put to the environment. The estimation of integrated trans-
fer coefficients (Bq/m3 per kBq/m2) in the first AMAP as-
sessment is an example of such analysis.

Five site-specific studies are included here, covering
Arctic areas that were inadequately dealt with in the first
assessment or for which significantly improved data are
now available.

3.2. Atmosphere

Measurements of activity concentrations in the atmos-
phere provide one of the best means of detecting recent
releases of radionuclides. Measurements in the surface
atmosphere have not detected any significant new re-
leases of artificial radioactivity over the last six years; in
the Russian Arctic, for example, low mean annual concen-
trations in the surface atmospheric layer, of <0.1 X107
Bg/m3 of 137Cs and <0.02 X 10~ Bq/m? of ?°Sr, have been
measured. Recently reported data for 23240Pu deposi-
tion in Arctic Finland after the Chernobyl accident are
also low at <0.25 Bq/m? (Paatero et al., 2002).

The first AMAP assessment contained few air meas-
urement data for Arctic areas in the early-1960s; the pe-
riod of most intensive atmospheric nuclear weapons
tests. Atmospheric 137Cs activity concentrations in Fin-
land are now available for a 40-year period (Figure 3-1).
This dataset is based on measurements obtained at six
sites and for different time periods. Because there is little
spatial variation in precipitation across Finland, the data
for the two southerly sites (Nurmijarvi and Seutula)
from 1971 until the Chernobyl accident in 1986 are typ-
ical of Arctic conditions. The post-1995 data indicate
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lower levels in winter, due to snow cover, and higher lev-
els when snow is not present, due to resuspension. The
newly available data indicate higher values during the
early-1960s than previously reported by AMAP for this
period. Measurements at Ivalo during the peak period of
global fallout are highly variable (Aaltonen et al., 2002a).
Some new measurements from summer 1986 have
also been made available since the first assessment (Aal-
tonen et al., 2002b). After the Chernobyl accident, at-
mospheric 137Cs activity concentrations in Arctic Fin-
land were comparable to the peak values recorded in the
1960s, but the spatial variability was much greater.

'87Cs concentration in precipitation, Bg/m?/yr
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Figure 3-2. Activity concentrations of 137Cs in precipitation at
Rjupnaha2d (near Reykjavik). The points are quarterly measure-
ments and the line a four-period moving average.

For Iceland, 137Cs activity concentrations in precipi-
tation at Rjupnahad (near Reykjavik) during the global
fallout period are shown in Figure 3-2. Although the rel-
evant time period is not shown on this graph, there was
no detectable Chernobyl fallout in Iceland.

3.3. Marine environment
3.3.1. Technetium-99

Discharges from Sellafield in the 1970s and global fall-
out were mainly responsible for the initial occurrence of
99Tc in Arctic seas. The recent increases in discharges
from Sellafield are now the major source. Activity con-
centrations of around 20 to 25 Bg/kg dw were meas-
ured in the seaweed Fucus vesicolosus between 1994
and 1996 along the northern Norwegian coast (Yiou et
al., 2002). Using 1X105 as a concentration factor for
the uptake, this corresponds to a seawater activity con-
centration of approximately 0.02 Bq/m?3.

A time series of ??Tc activity concentrations in sea-
water at Hillesoy, a coastal location in northern Nor-
way, showed an increase from 0.46 Bg/m? in summer
1997 to a maximum of 2.0 Bg/m?3 in early 2001. Follow-
ing that peak, the levels steadily decreased to <1 Bq/m?.
For Fucus vesiculosus, activity concentrations increased
from around 50 Bg/kg dw in July 1997 to >400 Bg/kg
dw in January 2001. Concentrations then appeared to
level off during 2001 and decrease throughout 2002, al-
though more observations will be needed to confirm this
trend (Figure 3-3). A comparison of ?Tc¢ activity con-
centrations in Fucus and seawater from this site indi-
cates a concentration factor from water to Fucus in the

AMAP Assessment 2002: Radioactivity in the Arctic

9Tc releases from Sellafield, TBq/yr
%Tc concentration in Fucus, Bg/kg dw

200 400 D °

Sellafield

150 300

100 200

50 100

0
1990 1992 1994 1996 1998 2000 2002

Figure 3-3. Temporal variation in ??Tc activity concentrations in
Fucus at Hillesoy (northern Norway) and releases from the Sella-
field reprocessing plant (Kolstad and Lind, 2002).

range 1X10° to 2.6 X105, as equilibrium between ??Tc
in the water and seaweed appears to occur slowly (Kol-
stad and Lind, 2002).

In 1999, **T¢ activity concentrations observed along
the Norwegian coast were associated with the peak re-
leases from Sellafield in 1995, whereas those observed in
Greenlandic and Icelandic waters were mainly due to re-
leases from Sellafield and La Hague throughout the
1970s and 1980s. Global fallout levels are at least an
order of magnitude lower than discharges from Sella-
field (Dahlgaard, 1994; Dahlgaard et al., 1995).

Karcher et al. (2003) simulated the ??Tc distribution
arising from Sellafield discharges between 1990 and
1999. This was done using a three-dimensional coupled
ice-ocean model forced with daily variable atmospheric
data (Karcher et al., 2002). The *°T¢ was assumed to
have been released from January 1990 onwards, with
actual Sellafield discharge data input to the model at the
North Channel in the northern Irish Sea. Figure 3-4 com-
pares the model results for June 1999 with measured
99T ¢ activity concentrations in the Northeast Atlantic in
1999. Predicted activity concentrations in the southern
Barents Sea are in reasonable agreement with measured
values. Values measured around Greenland, Iceland, and
the Faroe Islands are mainly influenced by pre-1990 dis-
charges and are not represented by the model.

3.3.2. lodine-129

Levels of the naturally occurring long-lived iodine iso-
tope 12°T have been elevated substantially over the past de-
cades, initially due to atmospheric nuclear weapons tests
and subsequently due to emissions from nuclear fuel re-
processing (see Figure 2-3). Atmospheric weapons tests
resulted in an increase in the ratio between radioactive 121
and its stable counterpart, 1271, in the surficial compart-
ments (i.e., surface soils, surface seawater, and freshwa-
ters) of the Northern Hemisphere from 10-12 to 1010,
The iodine isotope ratio (and other radionuclide ra-
tios such as 12°1:137Cs and 12°1:%?Tc) can be used to
trace the movement of water masses from the Norwe-
gian Coastal Current into the Arctic basin and the At-
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Figure 3-4. Simulated distribution of **T¢ concentrations in the upper 20 m of the water column in June 1999 (Karcher et al., 2003). Con-
centration is represented by the color coding. The red circles show measured values in 1999.
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Figure 3-5. Activity concentrations of 12 in the Arctic Ocean near
the entry of Atlantic Water (Norway and northwestern Russia) and
the Beaufort Sea (Cooper et al., 1998, 1999; Matishov et al., 2002;
Raisbeck and Yiou, 1999; Smith et al., 1998, 1999; Yiou et al.,
2002).

lantic Deep Water. Along the northern Norwegian and
northwest Russian coasts, 12°1 levels, and hence the iso-
tope ratio, have been orders of magnitude higher than
the global fallout level since the late-1970s. Measure-
ments taken one month after the Kursk submarine acci-
dent in August 2000 did not indicate any leakage of 12°1
from the Kursk, but confirmed the high levels and in-
creasing trend of 12°1I activity concentrations in Atlantic
water entering the Arctic Ocean (Figure 3-5). The activ-
ity concentration of 1291 from European reprocessing
sources in water entering the Arctic Ocean may be pre-
dicted using dilution factors of 1 to 2 X104 yr/m3 and
transit times of 2 to 3 yr (Cap de la Hague) and 4 to 5 yr
(Sellafield) (Figure 3-5). This is in agreement with earlier
studies on other radionuclides (e.g., AMAP, 1998; Dahl-
gaard, 1994). In the Beaufort Sea, levels in the halocline
water masses have increased as a result of 1291 trans-
ported from the Atlantic Ocean through the Arctic
Ocean; whereas in surface waters it is mainly fallout-
derived 1291 of Pacific origin that has been detected. The
transport time for the Atlantic halocline waters across
the Arctic Basin is in the order of one to two decades
(AMAP, 1998; Smith e al., 1998, 1999).
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Figure 3-6. Time trends for 137Cs and ?0Sr in the East Greenland Cur-
rent (between 10.7°E and 22.35°E, and 70°N and 81.9°N).
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Figure 3-7. Activity concentrations of 137Cs in Fucus (Rissanen et
al., 1995).

Box 3-1. Effective ecological half-lives
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3.3.3. Cesium-137 and 29Sr

Changes with time in 137Cs and %0Sr activity concen-
trations in surface seawater in the East Greenland Cur-
rent (where the highest levels generally occur around
Greenland) are shown in Figure 3-6. Whereas ?0Sr activ-
ity concentrations in seawater decrease with an effective
ecological half-life (Tefr; Box 3-1) of approximately nine
years, those of 137Cs level off and even increase during
the late-1980s and early-1990s due to fallout from the
Chernobyl accident and inputs from European repro-
cessing plants.

Recent measurements of !37Cs activity concentra-
tions in Fucus spp. in the Barents, Pechora, and White
Seas are shown in Figure 3-7. The highest values were
detected in the White Sea.

Recent data (1993 to 1998) on the spatial distribu-
tion of 137Cs in sediments from Arctic areas indicate
considerable variability (Figure 3-8). Activity concentra-
tions in areas with no known local sources of anthro-
pogenic radionuclides are <20 Bg/kg dw. Higher levels
occur in the White Sea and off the Norwegian coast
(up to 60 Bq/kg dw) in areas strongly affected by Cher-
nobyl fallout, in the outer parts of the Yenisey estuary
(up to 80 Bg/kg dw), near the Atomflot base in the Kola
fjord (up to 200 Bq/kg dw) and in the dumping areas
along the western coast of Novaya Zemlya (up to 105
Bq/kg dw).

Consistently low 137Cs activity concentrations have
been reported in a range of marine fish species (Table
3-1). Except for dab (Limanda limanda) and capelin
(Mallotus villosus), no significant differences were found
between the various species. Dab (with low levels) were

Table 3-1. Activity concentrations for '37Cs in marine fish species
(Bg’kg ww) for 1995 to 2000 (AMAP Data Centre).

n Mean + SD

Haddock (Melanogrammus aeglefinus) 65  0.25+0.11
Cod (Gadus spp.) 394 0.22+0.08
Shorthorn sculpin (Myoxocephalus scorpius) 10 0.31+£0.16
Flounder (Platichthys flesus) 6  0.33£0.06
Capelin (Mallotus villosus) 3 0.16+0.08
Dab (Limanda limanda) 247 0.09+0.03

The effective ecological half-life (Teff) describes the time required for the activity concentration of a radionuclide in an envi-
ronmental compartment (often a food product) to be reduced to one half of its original activity concentration. It therefore
incorporates physical decay. The ecological half-life (Tec) does not take physical decay into account, and thus can be adapted
for different isotopes of the same element. For example, the Teff of 13*Cs and 137Cs will differ because of the differences in
physical half-lives, while the Tec would be identical. The relationship between Teff and Tec for a radionuclide with a physical

half-life (Tphys) will be:
Tetf = (Tphys + 1/ Tec)/ (Tphys + 1/ Tec)

Where data on long time trends are available, it is possible to model changes with time in activity concentrations. As a given
radionuclide often exists in the environment in different physical/chemical forms, with different mobilities, a multiple expo-
nential function is needed to describe the changes. In practice, a double exponential is often used, of the form:

In2 In2

At) = Ao - (a-exp(—T—-t) +(1—a)-exp(—T—-t

1 2

Eqn. 3.1

where A(#) is the activity concentration at time #, Ag is the initial activity, T1 and T> are the effective ecological half-lives
(Tetr1 and Tefr2) or the ecological half-lives (Tec1 and Tec2); and ais a parameter partitioning the decay between the two half-
lives. In this case, the shorter half-life will dominate the decay for the first period, and the longer half-life will govern the

process on a longer time scale.
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Figure 3-9. Average 137Cs activity concentrations in cod and had-
dock from 1995 to 2000.

sampled near Iceland, where 137Cs levels in seawater are
generally low. Figure 3-9 shows the spatial variation in
mean 137Cs activity concentrations in cod (Gadus spp.)
and haddock (Melanogrammus aeglefinus) from 1995 to
2000.

3.3.4. Plutonium isotopes

The 239:240Py activity concentration in surface waters of
northern seas ranged from 2 to 66 mBg/m?3 in 1995 (Fig-
ure 3-10). The highest 239:240Py activity concentrations
occurred in surface seawater off the north and northeast
coasts of Scotland. This is consistent with findings on re-
mobilized plutonium (Pu) from Irish Sea sediments as a
newly identified source of Pu, with a typical 238Pu:
239,240py jsotope ratio of around 0.2 (see Section 2.2.3).

The 238Py : 239:240Py isotope ratios in waters, particu-
larly in the Norwegian Sea and Barents Sea, are elevated
above the expected fallout ratio of ~0.04 and are, in
some cases, close to Irish Sea ratios. The isotope ratios
therefore suggest that Sellafield-derived Pu may have

Barents
Sea

Figure 3-10. Distribution of 23%240Py in surface seawater of the
northern seas in 1995 (Grottheim, 2000).

been transported with the currents into the Norwegian
Sea and the Barents Sea and, to a lesser extent, even the
Greenland Sea. The ratios indicate that Sellafield could
have been a major contributor to the Pu concentrations
observed in Scottish and Norwegian waters (Grottheim,
2000; Herrmann et al., 1998; Kershaw et al., 1999),
whereas the primary source in the Arctic Ocean and the
Greenland Sea remains global fallout. However, in two
surveys of Pu in seawater in various parts of the Arctic
Ocean, Vintr6 et al. (2002) explained the observed con-
centrations by advection of global fallout Pu from mid-
North-Atlantic latitudes to the Arctic Ocean and failed
to see evidence of Sellafield Pu.
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Figure 3-11 shows Pu activity concentrations in sur-
face sediments. Global fallout levels in marine sediments
depend on many factors such as sediment characteris-
tics, depth, and proximity to river outflows. As is the
case for seawater, isotope ratios may indicate different
origins, but the actual global fallout concentrations in
surface sediments vary considerably. Cooper et al. (2000)
found Pu isotope ratios in Arctic Ocean sediments to be
due to global fallout in most cases, and failed to show
any indications of a Sellafield contribution, in accord-
ance with the results for seawater (Vintré et al., 2002).

Rissanen et al. (2000) analyzed 92 fish samples from
commercial operations in the Barents Sea and found
239,240Py; in one sample only: a ray, Raja radiata, con-
taining 7.9 and 4.9 mBg/kg ww in flesh and bones, re-
spectively. Plutonium activity concentrations were below
detection limits of 1 to 3 mBq/kg ww in all other samples.

3.3.5. Radionuclide behavior in marine systems
3.3.5.1. Partitioning and uptake

Water movement and sedimentation are of major impor-
tance in determining transport pathways and the fate of
radioactive material released to, or transported within,
the marine environment. One of the important geochem-
ical factors affecting the transport of radionuclides is
particle-water exchange. In water, radionuclides are par-
titioned between the dissolved and particulate phases.
Partitioning depends on the chemical form of the radio-
nuclide, the physical-chemical properties of the chem-
ical analogues (usually elemental analogues), and the char-
acteristics of the environment.

Biological uptake and associated dose assessments
for human exposure generally depend on the levels of
dissolved radionuclides in water, although filter feeders
(mussels and oyster) accumulate radionuclides from the
particulate phase. For biota that are closely associated
with marine sediments, such as benthic infauna and epi-
fauna, sediment concentrations can exert the primary in-
fluence on the extent of uptake.

3.3.5.2. Transport of radionuclides in sea ice

Sea ice transport is a unique pathway in polar areas
(Pfirman et al., 1995, 1997; Strand et al., 1996) that is
partially independent of water mass movement (Pfirman

23240p concentration in sedi
Ba/kg dw 4
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et al., 1997). During sea ice formation, dissolved con-
taminants are rejected together with salt. Levels of dis-
solved contaminants are therefore lower in sea ice than
in seawater (Weeks, 1994). Consequently, the main fo-
cus in ice transport studies has been on the transport and
fate of radionuclides associated with sediment particles
incorporated into the ice, derived both from particles
suspended in seawater and from bottom sediments.

A radiological assessment of sea ice transport has been
considered by losjpe and Borghuis (2000) and Iosjpe
(2002). Their approach is based on box modelling (Iosjpe
et al., 1997, 2002) that incorporates the various trans-
fers of radioactivity: from the liquid phase to ice; from
suspended sediment and bottom sediment to ice; through
sea ice transport between sea areas; and into seawater
during ice melt.

The potential significance of sea ice transport in the
dispersion of radionuclides within the marine environ-
ment was illustrated by modelling the transport of
radionuclides from the Kara Sea to the Fram Strait
through the Arctic Ocean following the simulated re-
lease of 1 TBq of specific radionuclides into Ob Bay in
the Kara Sea. Dispersion through the Kara Sea to the
Fram Strait is particularly interesting because the model
indicated that sea ice transport of contaminants in this
region may represent a more rapid transport pathway
than water. Furthermore, modelling showed the effect to
be directly proportional to the partition coefficient (Kd)
of each radionuclide. Thus, sea ice transport seems more
relevant for high-Kd elements such as 21Am and ¢9Co
and less important for 137Cs and ?0Sr which are princi-
pally associated with the dissolved phase (Iosjpe and
Strand, 2002).

3.3.6. Vulnerability in marine pathways

Marine ecosystems are relatively less vulnerable to at-
mospheric inputs of radiocesium than freshwater and
terrestrial environments. This is due to the capacity of
most marine ecosystems to rapidly dilute an input of ra-
dioactive contaminants through processes such as advec-
tion and mixing, coupled with the large volumes of
water generally involved, and the high ionic strength of
the saline waters. Thus, short-term consequences are
likely to be more important in marine ecosystems as di-
lution is a long-term process. Vulnerable marine ecosys-
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tems include those into which liquid discharges are re-
leased — especially if their exchange with the World
Ocean is slow or restricted, as is the case for some fjords
and inlets. In an Arctic context, this could include areas
that receive radionuclides transported from nuclear fa-
cilities by marine currents or rivers such as the Ob and
Yenisey. In addition to man-made radionuclides, marine
areas may receive natural radioactivity from non-nu-
clear industries.

Radioecological vulnerability in marine ecosystems is
affected by a number of factors, such as water exchange
rates; residence times for radionuclides in the water col-
umn; sediment and sedimentation properties, including
bioturbation and resuspension; freshwater inflow; salin-
ity; oxygenation of the water column and sediments;
and ice conditions.

Marine zones with high biological productivity are
considered radioecologically vulnerable, when consider-
ing collective doses. From an economic point of view,
highly productive areas such as the Barents Sea and
areas used for aquaculture of mollusks, fish, or crus-
taceans are potentially important.

3.4. Freshwater environment

Estimates of the initial activity concentration in water
bodies following radionuclide deposition can be made
by assuming dilution of activity ‘deposited’ to the river
or lake surface. Therefore, deep rivers and lakes would
be expected, initially, to be less vulnerable than shallow
water bodies. However, deposition times can be long, as
was the case for global fallout, compared to river water
transit times. Catchment runoff can also make a signifi-
cant long-term contribution to water activity concentra-
tions. Activity concentrations in runoff water decline
significantly with time after deposition. At a given point
in time, the activity concentration in river or lake water
per unit of deposition to the catchment (the runoff coef-
ficient) is a measure of radioecological vulnerability of
the catchment. Organic, boggy catchments, such as those
prevailing in some Arctic areas, have much higher 137Cs
runoff coefficients than catchments with a high propor-
tion of mineral soils (Kudelsky ez al., 1996).

Loss of the initial input of radioactivity from lake
and reservoir water may be estimated using the water
residence time of the lake and simple models for the re-
moval of radioactivity to sediments. Long-term activity
concentrations in lakes with relatively short water resi-
dence times are primarily controlled by inputs of radio-
activity from the surrounding catchment. Long-term ac-
tivity concentrations in closed lakes, which have relatively
long water residence times, are controlled by the transfer
of radioactivity to and from bottom sediments. Lakes
with high vulnerability for radiocesium include shallow
lakes with long water residence times, especially those
having large catchments with a high percentage of organic
boggy soils, as these allow higher runoff than catchments
with other soil types. In areas such as Finnish Lapland,
vulnerability to radiocesium is high due to the presence
of boggy soils (30 to 60% of catchments) combined with
a hilly topography that may increase surface runoff.

When contaminated snow melts, radionuclides may
be transported with runoff waters and may then con-
taminate soils and freshwater systems. Contamination

from snow melt can be highly heterogeneous and radio-
nuclide contents in soil can be higher in areas where
water from melting snow accumulates. The effect varies
with the size of the catchments and lakes. Ice overlying
lakes can, to some extent, protect freshwater biota from
radioactive contamination. However, when the ice melts
there is a sudden influx of contamination, in addition to
that from melting snow. Thus, there can be a delayed
pulse of enhanced activity concentrations in spring.

Currently, atmospheric and surface terrestrial activ-
ity concentrations of 121 in the Northern Hemisphere
exceed those due to global fallout by up to six orders of
magnitude near point sources (Sellafield, Cap de la Hague,
Chernobyl), three to four orders of magnitude in most of
Western Europe, and at least an order of magnitude out-
side Europe (e.g., Moran et al., 1999). In the Arctic, lit-
tle is known about terrestrial 12°1 levels, but some indi-
cations based on analyses of freshwaters and precipita-
tion suggest an increase of about two orders of magni-
tude above the nuclear weapons test (NWT) contami-
nated background levels (Moran et al., 1999), and four
orders of magnitude above the natural background level
in most of the Arctic. For freshwaters, where current
1291:127] ratios are typically up to an order of magnitude
lower than in terrestrial food chains within the same re-
gion, very few data are available for rivers and estuaries
without evident contamination (Beasley et al., 1997,
Fehn and Snyder, 2000; Meili et al., 2002). Levels are far
higher in some Russian rivers into which discharges
from point sources, such as the Mayak reprocessing
plant, occur, reaching about three and four orders of
magnitude above the NWT background level near the
mouths of the Yenisey and Ob rivers, respectively (Coch-
ran et al., 2000; Cooper et al., 1998).

3.4.1. Rivers

The first AMAP assessment reported temporal changes
in 137Cs and 99Sr activity concentrations in Finnish and
Russian rivers. Figure 3-12 shows the extended time
series for 29Sr activity concentrations in the water of dif-
ferent Russian rivers. Current levels are low in all areas
of the Russian Arctic.
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Figure 3-12. Changes in ?OSr activity concentrations in Russian rivers
since the mid-1960s.
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Figure 3-13. Annual mean levels of 137Cs and °Sr in two Finnish
rivers since 1960.

Updated information for two Finnish Arctic rivers
(Figure 3-13) shows further declines over the last five
years, following the Chernobyl accident (1986). In the
global weapons testing period, ?°Sr activity concentra-
tions in rivers were consistently two- to three-fold higher
than for 137Cs. Chernobyl deposition reversed this situa-
tion such that activity concentrations of 137Cs were
higher than “9Sr for some years following deposition.
However, owing to the shorter effective half-life (Tef;
Box 3-1) of 137Cs compared with ?0Sr, activity concen-
trations of ?9Sr have been slightly higher than for 137Cs
since 1994.

Table 3-2 compares Teff values for ?Sr in various
Russian rivers.

Table 3-2. Teft values for 0Sr in Russian rivers.

Teffy (yr) Tty (yr)
Severnaya Dvina 12.9+£1.7%
Ob 0.7£0.3 13.2+2.4
Lena 0.2£0.15 14.3+£2.2

Half-lives calculated using non-linear least squares

(www.r-project.org).

* It was not possible to calculate a double exponential for Sever-
naya Dvina.
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Data for ?Sr and 137Cs in two Finnish rivers (Saxen,
2003) show that post-Chernobyl Tes values for 137Cs
are about a factor of two shorter than the bomb-fallout
half-lives (Table 3-3). As different periods of time were
used to calculate the half-lives in Tables 3-2 and 3-3, the
first components of the Teff for the Finnish and Russian
rivers are not comparable, but the second components
are not significantly different.

3.4.2. Fish

Long-term data for Russia which enable a comparison
of 137Cs activity concentrations in freshwater fish from
two Arctic regions indicate that concentrations in fish
from the Kola Peninsula are statistically significantly

87Cs concentration in freshwater fish, Bg/kg fw
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Figure 3-14. Activity concentrations (+SD) for 137Cs in freshwater
fish from the Kola Peninsula and Nenets AO.

higher than in fish from lakes and rivers in the Nenets
Autonomous Okrug (NAQ), both after the period of glo-
bal fallout and after the deposition of Chernobyl fallout
(Figure 3-14). A contributory factor was the higher Cher-
nobyl fallout on the Kola Peninsula than in the NAO.

Table 3-3. Teff values (yr) for *9Sr and '37Cs in Finnish rivers from weapons test and Cher-

nobyl fallout (based on Saxen, 2003).

Weapons tests Chernobyl
1965-1985 1988-2000 1965-2000
90g, Tornionjoki 9.1 11.6 9.5
Kemijoki 10.5 12.8 11.6
1965-1985 1986-1988 1989-2001
137Cg Tornionjoki 9.3 0.6 4.2
Kemijoki 10.4 1.0 5.1




Chapter 3 - Radioactive Contamination and Vulnerability of Arctic Ecosystems 27

87Cs concentration in freshwater fish, Bg/kg ww

400 -
Inarijarvi
v H Burbot
v 4 Roact_\
ool mt s pSmm
+ A A Perch
B A % Vendance
o -] V Pike
200 + ‘ @ Whitefish
me
A
v
oF
100f % o% ‘e
+*0 9 © Xv' 'IAI
L]
i -‘ I'
el
1960 1970 1980 1 990 2000
400
Jerisjarvi
300 [
200 [
o
100 A
.I
- s "I
.
o\\\\\\\\\\\\\\\\\\\\\\\ .“2“
1960 1970 1980 1 990 2000

87Cs concentration in freshwater fish, Bg/kg ww

400
Akasjarvi
300
200
100
L , V“lia' V“A
0 \\\"’l
1960 1970 1980 1990 2000
400
Apukkajarvi
300
200 -
&
100 X
A XA
* v
o\\\\\\\\\\\\\\\\\\\\\\ L
1960 1970 1980 1990 2000

Figure 3-15. Changes in 137Cs activity concentrations with time in various fish species in four lakes in Arctic Finland.

Also, fish from the Kola Peninsula are mainly caught in
lakes (particularly, Lake Lovozero), whereas they are
mainly from rivers in the NAQO, and fish caught in lakes
are generally more contaminated than fish from rivers.

3.4.2.1. Species differences

Activity concentrations are available for 137Cs in a large
number of different fish species for four Finnish lakes:
Inarijarvi, a large lake in northeast Finland (Pasvik area,
Barents Sea catchment); Apukkajarvi, a small highly eu-
trophic lake in the vicinity of Rovaniemi (Kemijoki
catchment area); and Akisjirvi and Jerisjirvi, which are
two medium-sized lakes in the Tornionjoki system 200
km northwest of Rovaniemi (Figure 3-15). In Inarijarvi,
the only lake sampled in Arctic Finland during the
global fallout period, 137Cs activity concentrations of up
to 356 Bq/kg ww were measured in pike in 1964 (Ko-
lehmainen et al., 1966). In 1982, activity concentrations
of 25 Bq/kg ww occurred in whitefish from Inarijarvi
(STUK, 1983). After the Chernobyl accident, when more
data became available, there was a single high measure-
ment of 305 Bq/kg ww in perch, but otherwise 137Cs ac-
tivity concentrations were much lower than in the 1960s
with maximum values of ~100 Bg/kg ww.

Radiocesium activity concentrations in fish are in-
versely related to the potassium (K) concentration of the
surrounding water (e.g., Blaylock, 1982; Kolehmainen
et al., 1967). Similarly, an inverse relationship has been
found between ?OSr activity concentrations in fish and
water calcium (Ca) concentrations (e.g., Blaylock, 1982).
High K or Ca concentrations in water are often a result
of the runoff of agricultural fertilizers, but this is not
particularly relevant to Arctic ecosystems. Transfer rates

to fish also depend on feeding habit, with 137Cs activity
concentrations in the more radioecologically-vulnerable
predatory fish generally a factor of two or more higher
than for non-predatory fish. The Finnish Arctic data are
diverse and thus difficult to analyze, however, it is clear
that some species generally contain lower radionuclide
activity concentrations than others. For each lake sam-
pled, 137Cs activity concentrations are higher in pike (a
predatory species) and perch (partially predatory) than
in other species, and whitefish contamination is consis-
tently low.

3.4.2.2. Migratory fish

Salmon (Salmo salar) from Arctic seas migrate up the
Tana River, which flows from northern Finland, through
Norway to the Barents Sea, to spawn. They are an im-
portant traditional food resource for the indigenous peo-
ples living near the river and the present total catch
varies from 90 to 180 t/yr. Annual samples show the ac-
tivity concentrations of 137Cs in flesh to have decreased
from 1 Bg/kg ww in 1988 to 0.3 Bg/kg ww in 2000,
with Teff values of 6 yr over the study period. In com-
parison, Baltic salmon from the more heavily Chernobyl-
contaminated Bothnian Bay had activity concentrations
100 times higher (Rissanen and Ikdheimonen, 2000).

3.5. Terrestrial environment
3.5.1. Soil and humus

Recent data demonstrate that 137Cs deposition from 1995
to 2002 at the Zapolyarie and North monitoring sta-
tions, covering the Asian and European parts of the Rus-
sian Arctic respectively, has not exceeded 1.3 Bq/m?/yr.
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A comprehensive survey of 137Cs and 134Cs in the
upper 3 cm humus layer in Finland and northwest Rus-
sia in 2000 (Figures 3-16 and 3-17) found 134Cs (from
the first plume) from the Chernobyl accident could still
be detected in southern Finland and near St Petersburg.
The presence of 134Cs suggests that the elevated 137Cs
levels in this area are also due to the Chernobyl accident.
Paatero et al. (2002) found a similar pattern to that of
the humus survey for Chernobyl-derived Pu fallout in
Finland.

Activity concentrations of 9 to 32 Bq/m? were found
for 23%:240Py in surface vegetation and in the upper 3 to
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Figure 3-16. Activity concentrations of '37Cs in the
upper 3 ¢cm humus layer (Paatero et al., 2002).
Numbers in brackets indicate the number of sam-
ples within each concentration range.
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Figure 3-17. Activity concentrations of 134Cs in the
upper 3 ¢cm humus layer (Paatero et al., 2002).
Number in brackets indicate the number of samples
within each concentration range.

5 cm of soils near the coast in northwest Russia and
Svalbard between 1993 and 1996. The variation was due
to the type and density of the surface vegetation (Rissa-
nen et al., 2001). The 238Puy : 23%:240Py ratio at these sites
and in Franz Josef Land suggests the primary source is
global fallout.

The time of deposition is critical for Arctic ecosys-
tems, particularly for short-term deposition, such as
might occur after an accident. In subarctic areas, snow
cover is present for about seven to eight months of the
year, the period during which the land is snow-covered
increasing with increasing latitude and factors such as
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altitude, and distance from coasts. When deposition oc-
curs onto snow, the radioactivity is available for uptake
by vegetation and biota only after the snow has melted.
Surface contamination of plants, lichens, and mosses oc-
curs as snow melts, by a process similar to interception
of wet deposition. The extent of foliar uptake depends
on the rapidity of snow melt, the topography of the
landscape and the morphology of the vegetation. Subse-
quent lateral transport of radionuclides from melting
snow depends on the extent of interception and catch-
ment characteristics at both the large and small scale. If
deposition occurs in the few months when vegetation is
exposed to the atmosphere, then the transfer of radioac-
tivity to herbivores is more rapid. Furthermore, for
short-lived radionuclides, especially 1311, deposition only
leads to contamination of foodstuffs if it occurs just
prior to, or during, the growing season.

The uptake of radioactivity by plants from soil oc-
curs via the soil solution. The processes controlling ra-
dionuclide transfer between soil components and the soil
solution are critical for bioavailability. For example,
sorption of many radionuclides on non-specific cationic
exchangeable sites is weaker than on more specific sites
such as clay minerals. In addition, soil solution composi-
tion is important because of the competition between ra-
dionuclides and their stable analogues, e.g., strontium
and Ca, and cesium and K. Therefore, soils with low po-
tassium and clay mineral content will be more radioeco-
logically vulnerable to radiocesium than soils with high
potassium and clay mineral content. Strong sorption en-
hances retention of radionuclides in upper soil layers
where most roots absorb nutrients. It is not clear whether
the presence of a thin, organic layer in many Arctic eco-
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systems will enhance or reduce radionuclide mobility,
nor is the effect of permafrost known.

3.5.2. Mushrooms

After the Chernobyl accident, the potential importance
of mushroom consumption as a source of radiocesium
intake became apparent, especially in the mid- to long-
term after the accident. The first AMAP assessment found
the importance of mushroom consumption to vary con-
siderably between countries and population groups. Al-
though a potentially important source, data on 137Cs con-
tamination of mushrooms at Arctic sites were not gener-
ally available. Such data are now available for Finland,
Russia, and Norway.

3.5.2.1. Finland

Figure 3-18 shows the results of an extensive survey in
Arctic Finland of fruiting bodies from a wide range of
mushroom species (Rissanen et al., 2002) The samples
were obtained from 1983 onwards from four forest
types at a site 70 km southeast of Rovaniemi. In 1993,
the average 137Cs deposition to the soil at the site was
0.8 to 0.9 kBq/m? declining to 0.7 to 0.8 kBg/m?2 in
1999. Owing to the low level of Chernobyl fallout in
Finnish Lapland, about half the total 137Cs present was
due to global fallout.

There was no significant difference in the 137Cs activ-
ity concentration of the mushroom species between the
four types of forest stand. Analysis of the 13#Cs content
showed that significant pre-Chernobyl 137Cs was present
in many species, again with about half the total 137Cs
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Figure 3-18. Activity concentrations of 137Cs in a range of mushroom species in Finnish forest stands.
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Box 3-2. Aggregated transfer coefficients

The transfer of radionuclides is quantified using the aggregated transfer coefficient (Tag) defined as the activity concentration
in an environmental compartment (often a food product) (in Bg/kg) divided by the corresponding radionuclide deposition in
soil (in Bq/m?2); with units of m?/kg.

Activity concentration

T =
® Deposition

Tog values were most commonly used in the former Soviet Union to quantify transfer to food products. In other countries,
they are most often used for semi-natural products. They are therefore the most commonly used transfer quotient for Arctic
ecosystems. High T values, such as those derived for highly organic soils for radiocesium, indicate radioecologically vul-
nerable areas. Tg values are time dependent, and can be combined with ecological half-lives to quantify changes with time.
They are not appropriate for use when considering surface depositions onto plants during fallout.

The Tag may be combined with the effective ecological half-life as follows:

TI"I:; . t) +(1-a1) - exp (— 71"::]&22 . t))

where C(¢) is the activity concentration of a given radionuclide in a food product at time # (Bq/kg); A is the surface deposi-
tion of radionuclide p (Bq/m?); Tag, is the initial value of the aggregated transfer coefficient (m?/kg); A is the radioactive
decay constant for radionuclide p (1/days); ¢ is the time after deposition (days); and the other parameters are the same as in
Equation 3.1 (Box 3-1).

The values of parameters Tig, a1, Teff1, and Teff2 can be estimated on the basis of long-term measurements of 137Cs and
90Sr activity concentrations in different food products during the period of global fallout (about 40 years) and after the
Chernobyl accident.

Using these techniques, it is possible to calculate integrated transfer coefficients (ITC) for 137Cs and “°Sr in different
regions (AMAP, 1998). The calculation, assuming a single deposition event uses the formula:

Ct) = A - Tog, - exp(=Ar - 1) - (a1 - exp (— Eqn. 3.2

F C(r)dt [ In2 Tk
ITC= | =—==Ty, " —Ar - ) 0 = )+ (1-am)- = -t))de Eqn. 3.3
of A £ Bfexp( ) (a1 eXp( Teif1 ) e eXp( Teita )) o
or, after integration:
ITC = Tog, - (a1 CTetfr (1-a1) . Lettz. ) (Bq/yr)/kg per kBq/m? Eqn. 3.4
9 In2 n2 /°

In the case of 137Cs, some areas received an additional input from the Chernobyl accident. As this input was a pulse input
and possibly in a different chemical form, separate half-lives must be calculated for the Chernobyl input after removing the
contribution from global fallout by extrapolating the pre-Chernobyl data using the model.
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from Chernobyl and half from global fallout. The high-
est pre-Chernobyl value was 2390 Bg/kg dw in Lactar-
ius trivialis in 1983. Although the variable nature of the
data makes derivation of half-lives difficult, it is clear
that 137Cs uptake persists for many years in a wide vari-
ety of mushroom species.

After the Chernobyl accident, the most highly con-
taminated species in all four forests was the non-edible
Cortinarius armillatus, with a maximum recorded value
of 9030 Bg/kg dw in 1993. Of the edible species, the
most contaminated were Rozites caperata, Lactarius tri-
vialis, and Suillus variegatus, which is consistent with
data for mushrooms in temperate areas.

3.5.2.2. Russia

Activity concentrations of 137Cs in mushroom fruiting
bodies from northwest Russia in 1989 to 1999 were low
compared to those recorded in temperate areas of Eu-
rope. Highest activity concentrations were recorded in
Lactarius flexuosus and Xerocomus spp. Over the pe-
riod 1987 to 2000, 137Cs Tag values (Box 3-2) from soil
to mushroom for two regions in northwest Russia were
relatively constant (RTCP, 1999, 2000; Shutov et al.,
1999). Therefore, in Table 3-4, data from the whole
sampling period have been collated to quantify transfer
for the Kola Peninsula and the Mezen and NAO regions.

Table 3-4. Activity concentrations for 137Cs in mushroom species (Bg/kg, mean + SD, air dw) in northwest Russia for 1992 to 2000
and associated Tag values (m%/kg + SD) for soil to mushroom (Borghuis et al., 2002).

Kola Peninsula

Mezen and Nenets AO regions

Activity Activity
n concentration Tag n concentration Tag

Leccinium aurantiacum 126 27.6+1.7 0.013+£0.0007 27 21.8+3.9 0.0072+0.0012
Leccinium scabrum 63 552+5.3 0.026£0.0025 28 27.8+5.4 0.0082+0.0017
Suillus bovines - - - 2 35.0+7.1 0.0104+0.0031
Russula spp. 70 63.9+4.5 0.029£0.002 19 54.4+11.3 0.016 +0.0032
Paxillus spp. - - - N 45.3£20.3 0.016 +0.0073
Xerocomus spp. 36 117 =9 0.053+£0.0044 4 77.4£20.9 0.028 +0.0075
Lactarius rufus 6 133 +21 0.067£0.01 N 59.4+8.5 0.018 +0.0025
Lactarius flexuosus 3 235 +69 0.144£0.042 4 98.3£36.8 0.035 +0.013
Lactarius necator 14 50.3+9.5 0.026£0.0048 2 40.3+£3.7 0.014 +0.0013
Boletus edulis 1 8.9 0.0047 5 22.4+5.3 0.0075+0.0017
Suillus luteus 11 80 =14 0.037£0.0066 1 40 0.013
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Figure 3-19. Activity concentrations of 137Cs in various mushroom
species from the Kola Peninsula and the Mezen and Nenets AO re-
gions (Borghuis et al., 2002).

The average 137Cs Tyg values from soil to mushroom on
the Kola Peninsula were significantly higher than for the
NAO region (P = 0.00024, Table 3-4 and Figure 3-19).

3.5.2.3. Norway

Activity concentrations of 137Cs in mushroom species
from Troms and Finnmark collected in 1998 to 1999 are
given in Table 3-5. Activity concentrations vary signifi-
cantly between species. The activity concentration in
species such as Rozites caperata, which is known to ac-

Table 3-5. Activity concentrations for 137Cs in mushroom species
(Bg/kg dw +SD) in Arctic Norway for 1998 to 1999 and corre-
sponding Ty values (m%/kg + SD) for soil to mushroom (Salbu, pers.
comm., 2001).

Activity
n concentration Tag
Boletus edulis 1 2097 2.17
Leccinum spp. 2 354+175 0.37£0.14
Rbozites caperata 4 392943557 4.38+4.47
Russula spp. 5 595+417 0.48+0.43

cumulate cesium, was a factor of ten to fifteen higher
than in Leccinum spp. The activity concentration of
137Cs in fungi with a high cesium transfer was about 500
times higher than in plant species from the same site,
whereas the factor was approximately 50 for fungi with
a moderate transfer.

The Tag values also varied between the different spe-
cies. Species with a known high uptake of 137Cs had a
ten-fold higher T,g value for 137Cs than those with a
lower uptake.

Overall, the data indicate lower activity concentra-
tions in Arctic mushroom species than in those from
nearby temperate areas of NW Europe due to the low
levels of global and Chernobyl fallout in most of the
areas sampled. Nevertheless, the 137Cs activity concen-
trations are higher in mushrooms than in many other
Arctic foodstuffs. There is, however, evidence of large
Tag values. Although activity concentrations in the most
contaminated species vary between areas, the data are
not directly comparable as different weight bases have
been used.

3.5.3. Berries

Activity concentrations of 137Cs in the berries of cloud-
berry (Rubus chamaemorus), bilberry (Vaccinium myr-
tillus), and cowberry (Vaccinium vitis-idaea) were meas-
ured at four sites in Lapland. In 1980 to 1981, before
the Chernobyl accident, 137Cs activity concentrations at
Kittila were 25 to 45 Bg/kg ww in cloudberry, 11 to 19
Bqg/kg ww in bilberry, and 6 to 22 Bg/kg ww in cowberry
(Rissanen et al., 1987). Sufficient data were available at
one of the four sites, Salla-Kuusamo, to indicate a slow
change in concentration since the Chernobyl accident
(Figure 3-20) and higher 137Cs activity concentrations in
cloudberry berries than in those of bilberry or cowberry.

%7Cs concentration in berries, Bg/kg ww
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Figure 3-20. Changes over time in '37Cs activity concentrations in
three species of berries at Salla-Kuusamo in Lapland, Finland (Ris-
sanen et al., 1987).

The range in activity concentrations in these species
at the four sites in Lapland since the Chernobyl accident
is shown in Table 3-6. Despite the difficulties in compar-
ing data with some time dependency after the Chernobyl
accident, the sampling frequencies for the four species
are sufficiently similar to conclude that there are differ-
ences between the species and that cloudberry is the
most contaminated.

Table 3-6. Range in 137Cs activity concentrations (Bg/kg ww) for
berry species in Lapland for 1986 to 2001 (Rissanen, pers. comm.,
2002).

Rovaniemi Inari  Salla-Kuusamo  Kittilid
Cloudberry 30-63 16-31 21-49 30-38
Bilberry 6-15 2-9 5-13 10-16
Cowberry 4-25 2-7 4-8 2-12
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Table 3-7. Average '37Cs activity concentrations for various berry species (Bq/kg ww; mean = SE) in
northwest Russia for 1998 to 1999 and associated Tag values (m?/kg) for soil to berries (Borghuis e al.,

2002).

Kola Peninsula

Mezen and Nenets AO regions

Activity Activity
n concentration Tag n  concentration Tag
Cloudberry 28 31.64.4 0.014£0.0007 50 26.912.3  0.0091£0.0008
Bilberry 64 11.1£1.0  0.0048%0.0004 24 14.2£1.3  0.0045%£0.0004
Cowberry 192 7.2+0.4  0.0032%+0.0002 40 3.7+0.4  0.0013%£0.0002
Cranberry N 17.924.7  0.0091£0.0024 38 11.6£1.1  0.0037£0.0004

Activity concentrations and T,g values for 137Cs in
various berry species collected in 1998 to 1999 in north-
west Russia are shown in Table 3-7. Activity concentra-
tions and transfer of 137Cs to cloudberry are higher than
for the other species, including bilberry which is often
the most contaminated berry in temperate areas.

Recent data on 137Cs activity concentrations in the
berries of bilberry and cloudberry from Arctic Norway
in 1998 to 1999 are shown in Table 3-8 (note the data

Table 3-8. Activity concentrations for 137Cs (Bg/kg dw (Bg/kg ww*))
in bilberry and cloudberry in Arctic Norway for 1998 to 1999
(Salbu, pers. comm., 2001).

n Mean Minimum Maximum
Cloudberry 11 74.8 (11.2)  32.0 (4.8) 175.0 (26.5)
Bilberry 15 63.1 (9.5) nd 167.0 (25.1)

nd: not detectable;
* fresh weight values estimated assuming 85% water content in
berries.

'87Cs concentration in berries, Bg/kg ww
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Figure 3:21. Activity concentrations of '37Cs in berries from 1998
and 1999. Russian data: mean + SD. Finnish and Norwegian data:
mean and range. < : Under detection limit.

are on a dry and not wet weight basis). Although, there
was a tendency for higher 137Cs activity concentrations
in cloudberry than bilberry the difference was not
statistically significant. Some samples also contained
134Cs from the Chernobyl accident (with maximum val-
ues of 33 Bq/kg dw in cloudberry and 45 Bq/kg dw in
bilberry).

The Finnish, Russian, and Norwegian data are com-
pared in Figure 3-:21. Overall, the data indicate that
cloudberry, which is a species typical of Arctic ecosys-
tems, has the highest 137Cs activity concentrations and is
relatively vulnerable to radiocesium deposition com-
pared to the other berry species. Cloudberry (and cran-
berry; Vaccinium oxycoccus) grow on wet, highly or-
ganic bogs, conditions which would be expected to lead
to high radiocesium plant uptake from soil. Bilberry and
cowberry grow on dry land, mainly in forests, in which
the depth of the organic layer varies and sand is often
present under the upper organic horizons.

The limited Finnish data suggest that the reduction
with time in the 137Cs content of Arctic berries is slow.

3.5.4. Milk

Sufficient data are now available on 137Cs activity con-
centrations in milk to report on changes over time dur-
ing the period of global fallout and after the Chernobyl
accident for several locations in Finland, Sweden (annual
averages), the Faroe Islands, Iceland, Russia, and Nor-
way. The sample sites are shown in Figure 3-:22. For 137Cs,
all time series show a peak in activity concentrations in
the early-1960s with nearly 100 Bg/L detected in the
Faroe Islands and Iceland. After the Chernobyl accident,
some fallout was detected in milk in parts of Sweden,
Arctic Finland, northern Norway, northwest Russia, and
the Faroe Islands, with peak values of up to 20 Bg/L.

In most time series with an adequate sampling fre-
quency, a strong seasonal signal can be seen with higher
137Cs activity concentrations in the summer, when cows
are put out to pasture or fed fresh grass. In some cases,
the completeness of directly comparable time series has
been affected by dairies closing down and consequent
changes in the collection areas for those remaining.

Long-term time series on ?OSr activity concentrations
in milk are available for northern Finland, Sweden, Nor-
way, and the Faroe Islands. Peak 20Sr activity concentra-
tions in the late-1960s were around 2 Bq/L in Fenno-
scandia. Little input from the Chernobyl accident was
detected, although the weighted mean value in Sweden
for 0Sr in milk increased marginally from 0.10 Bq/L just
before the Chernobyl accident to 0.13 Bq/L just after. In
all time series with adequate sample numbers, a strong
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seasonal signal in 29Sr activity concentrations is seen
with higher values in the summer.

The 137Cs and 9Sr activity concentration data are
summarized in Table 3-9. Despite more ?9Sr being de-
posited during the period of global fallout, there were
consistently higher 137Cs activity concentrations in milk
due to a roughly 15-fold higher transfer of 137Cs to milk
compared to ?9Sr.

3.5.4.1. Finland

Milk has been sampled at several sites in Finnish Lap-
land since the 1960s. Sampling was undertaken from 1963
to 1987 in Kursu, an area with boggy soils. Samples of
milk powder were collected from a dairy in Rovaniemi
from 1966 to 1975 and dairy milk from 1986 onwards.
Samples from individual farms were collected from
Apukka from 1975 to 1977 and 1986 to 1991 and from
Vikajirvi from 1991 onwards. Kostiainen and Rissanen
(2003) summarized the findings as follows: ‘The highest
908y and 137Cs concentrations in the 1960s in Finnish

Figure 3-22. Sites at which
~ 9 milk samples were collected.

milk were recorded in Lapland even though the deposi-
tion of °0Sr and 137Cs was no greater than in the rest of
Finland. This was mainly due to the high proportion of
peat soils and nutrient deficiency of the pastures in Lap-
land. Cs-137 deposition after the Chernobyl accident in
1986 in Lapland was less than 1 kBq/m?, and *°Sr depo-
sition was so low that there was no detectable increase
in the %98y concentration in milk.

Although total 137Cs deposition from nuclear weap-
ons tests was similar in parts of Finland Lapland to that
for Chernobyl fallout, 137Cs activity concentrations in
milk during the 1960s were considerably higher than after
the Chernobyl accident. The pre-Chernobyl fallout, char-
acterized by an annual maximum in summer, resulted
in significant direct contamination of growing crops,
whereas the Chernobyl deposition occurred before the
start of the growing season in Lapland. The direct con-
tamination of growing crops resulted in higher contami-
nation levels compared to the short-term deposition fol-
lowing the Chernobyl accident when, before the start of
the growing season, the food chain is hay to milk. The

Table 3-9. Activity concentrations for 137Cs and ?9Sr in milk (Bq/L; mean (range)) (AMAP Data

Centre).
1964 1986 1998

137Cs  Faroe Islands 51 (22-97) 5.8 (0.9-19) 0.8 (0.2-1.9)
Arctic Finland 31 (27-36) 2.4 (0.5-5.2) 0.55 (0.5-0.6)
Iceland 27 (7-83) - 1.4 (0.9-2.4)
Arctic Norway 16 (7-37) 6.2 (1-20) -
NW Arctic Russia - 6.4 (4.0-10) 1.3 (0.04-0.3)
Arctic Sweden 22 (14-30) 6.0 (2.0-13) 2.5 (1.5-4)

90Sr Faroe Islands 7.2 (3.3-12)% - 0.04 (0.04-0.05)*
Arctic Finland 1.1 (0.9-1.4) - 0.05 (0.04-0.05)
Iceland - - -
Arctic Norway 1.7 (1.3-2.2) - -
NW Arctic Russia - - 0.17 (0.05-0.54)
Arctic Sweden 1.4 (1.0-1.8)** - 0.06 (0.03-0.09)

* the Faroese ?0Sr data were calculated from values in Bq/kg Ca, using an average of 1.2 g Ca

in 1 kg milk;

** data from 19685, for Sweden, on average, ?OSr levels declined by 18% from 1964 to 1965.



34

87Cs concentration in milk, Bg/L

40 Kursu dairy
Rovaniemi dairy
A Apukka MTT
e Vikajarvi
30

10

R .

1965 1970 1975 1980

1985 1990 1995 2000

Figure 3-23. Time series for 137Cs activity concentrations in milk
from sites in northern Finland (Kostiainen and Rissanen, 2003).
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Figure 3-24. Time series for ?0Sr activity concentrations in milk
from sites in northern Finland (Kostiainen and Rissanen, 2003).

time trends in 137Cs and ?0Sr activity concentrations in
milk are shown in Figures 3-23 and 3-24, respectively.

The increase in the activity concentrations of 37Cs in
milk due to the Chernobyl fallout was clearly visible in
July 1986, and the peak lasted until summer 1987. In
early-1987, activity concentrations in Kursu dairy milk
were twice as high (5 to 7 Bq/L) as those from the Ro-
vaniemi dairy (3.5 Bq/L), which collects milk from most
of Lapland. The difference was due to the high fre-
quency of peat soils and to the higher fallout in the area
of the Kursu dairy compared to the average deposition
in Lapland. The peak activity concentrations in the Apuk-
ka farm milk were about the same as in Kursu dairy
milk, and decreased after summer 1988 to below the
level of the Rovaniemi dairy milk. The activity concen-
trations of 137Cs in Vikajirvi farm milk were similar to
those in Rovaniemi dairy milk.

In contrast, ?9Sr in milk in Lapland is mainly from
the fallout from nuclear weapons tests and the activity
concentrations in milk from different areas of northern
Finland were similar.

After the period of nuclear weapons tests, fallout
continued to be deposited at lower, but not negligible
levels, for several years. The Tef values for 137Cs and
90Sr in milk after the peak values in 1963 were similar, at
2 yrin 1963 to 1966 and 5 yr in 1966 to 1975 (Table
3-10). During 1975 to 1985, the effective half-life of
137Cs was still 5 yr, but for 2°Sr had increased to 10 yr.
The effective half-lives of 137Cs in milk after the peak
concentrations resulting from the Chernobyl accident
were similar to those in the 1960s to 1970s. The effec-
tive half-lives for 137Cs in dairy milk and farm milk were

AMAP Assessment 2002: Radioactivity in the Arctic

Table 3-10. Tef values (yr) for 137Cs and ?°Sr in milk at the Kursu
and Rovaniemi dairies after the period of global fallout and the
Chernobyl accident (Kostiainen and Rissanen, 2003).

137Cs 90G,

Kursu Rovaniemi Kursu Rovaniemi

1963 to 1966 2.0 2.2

1966 to 1975 4.8 3.2 5.1 6.1
1975 to 1985 5.3 10

1987 to 1989 2.2 14
1989 to 1993 4.1 6.9
1993 to 2001 7.6 16

about the same during the 1990s (at 7 to 8 yr), as were
those for 29Sr during the 1970s. There were larger fluc-
tuations in the monthly activity concentrations of 137Cs
in farm milk than in dairy milk.

Kostiainen and Rissanen (2003) conclude that the
whole of Lapland is vulnerable to radioactive contami-
nation. The transfer of 137Cs into milk from peat soils
was more than twice that for the clay soils of southern
Finland, and the Tes values for milk in Lapland are
twice those for intensively-cultivated clay pastures.

3.5.4.2. Sweden

Annual average '37Cs activity concentrations at two
sites in Arctic Sweden are shown in Figure 3:25. These
indicate consistently higher values at Tdrnaby than at
Vittangi. A peak due to the Chernobyl accident can be
seen in the values for Tarnaby milk.

A regular seasonal variation was evident for 137Cs,
and to a lesser degree for ?OSr, during the 1950s and
1960s. Generally, peak levels occurred during the third
quarter of the year coincident with the months of high-
est precipitation. Seasonal variations are especially pro-
nounced in milk from the dairy in Tarnaby where cows
graze in summer on natural pastures and in forests. A
similar, but not as regular, seasonal variation was appar-
ent after the Chernobyl accident.

Tetf values for 137Cs in Swedish milk, estimated for
the period from the peak of the atmospheric testing fall-
out until the Chernobyl accident, exhibit a fast and a slow
component. The Tef1 values were 1.4 and 1.8 yr, and
the Tefr2 values 9.1 and 6.2 yr for Tarnaby and Vitti-
angi, respectively. The Teff2 of 9.1 yr for Tarnaby is the
longest Teff2 for milk found in this study, but is not sig-
nificantly longer than Teff> values found in northern
Norway and on the Faroe Islands. Insufficient data were
available to calculate post-Chernobyl Teff values.

'87Cs concentration in milk, Bg/L
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Figure 3-25. Annual average !137Cs activity concentrations in milk
for two sites in northern Sweden.



Chapter 3 - Radioactive Contamination and Vulnerability of Arctic Ecosystems 35

%0Sr concentration in milk, Bg/L

20
Tarnaby

16
12
0.8 -

Vittangi
04

cv v v b e e e b by

0
1960 1965 1970 1975 1980 1985 1990 1995

Figure 3-26. Annual average *Sr activity concentrations in milk for
two sites in northern Sweden.

High precipitation combined with the high transfer
of 137Cs via the grass — cow food chain in natural pas-
tures and forest environments was the main cause of the
high activity concentrations and relatively slow decrease
rates in milk at Tarnaby.

Annual average %OSr activity concentrations at the
two sites in Arctic Sweden are shown in Figure 3-26.
Again, consistently higher values occurred at Tarnaby
than Vittangi. For ?0Sr, the short component (Tef1) after
1963 was 2.1 yr, while the longer component (Teff2) be-
fore and after the Chernobyl accident was 9.1 and 9.2
yr, respectively.

3.5.4.3. Faroe Islands

Milk has been sampled weekly in Térshavn, Klaksvik,
and Tveroyri. The Klaksvik and Tveroyri samples are
from locally produced milk, while the Térshavn samples
are from a dairy which collects milk from most of the
country. The 137Cs activity concentrations are shown in
Figure 3-27.

The Tett for 137Cs in milk from the Faroe Islands has
been calculated to 6.5 to 8.8 yr for the long (second)
component in global fallout, whereas the short (first)
component was between 1.0 and 1.8 yr. For Chernobyl
fallout, the Teff was from 1.3 to 1.8 yr.

Activity concentrations of %9Sr in milk have been
measured as Bq/kg Ca (Figure 3-28). With an average Ca
concentration of 1.2 g/L, the peak values of ~10000
Bqg/kg Ca correspond to ~12 Bg/L. The short and long
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Figure 3-27. Weekly 137Cs activity concentrations in milk at three
locations in the Faroe Islands.
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Figure 3-28. Weekly %0Sr activity concentrations in milk (per kg Ca)
from two sites in the Faroe Islands. The average calcium content of
milk in the Faroe Islands is 1.2 g/L.

components in the Teff for 2Sr were found to be 1.1 to
1.4 and 5.2 to 5.5 years, respectively.

3.5.4.4. Iceland

The 137Cs activity concentrations in Icelandic milk in the
mid-1960s are shown in Figure 3:29. The average Tef
for 137Cs in milk from these dairies during 1964 to 1967
was 3.0 yr, similar to that in Kursu in northern Finland.
Soon after this period, the rate of reduction of Cs con-
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Figure 3-29. Activity concentrations for
137Cs in Icelandic milk (adapted from

| Pélsson, 1996). Note logarithmic scale.
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Figure 3:30. A comparison of '37Cs activ-
ity concentrations in Icelandic and Faroe
Island milk.

100 C
50
i ® Selfoss, Iceland
B @ Borgarnes, Iceland
@ Akureyri, Iceland
® Tdrshavn, Faroe Islands
5¢
3
0.5F
0.1L
L P P P T
1960 1970 1980 1990 2000

centration in milk decreased. The Icelandic data exhibit a
high spatial variability between sample areas, with rela-
tively high maxima compared to other Arctic areas. In par-
ticular, the values at Grafarnes are relatively high for many
years although there are occasional dips. A comparison
with the 137Cs deposition map in Section 3.7.2.2 (Figure
3-52) shows good agreement between the pattern of depo-
sition and 137Cs activity concentrations in milk, with the
highest values in the southwest and the lowest in the north.

Activity concentrations of 137Cs in Icelandic (Selfoss,
Borgarnes, and Akureyri) and Faroe Island (Térshavn)
milk are compared in Figure 3:30. This shows that activ-
ity concentrations in milk in the 1960s were slightly lower
in Iceland than the Faroe Islands. However, in the 1990s,
the levels in Iceland were higher in the three study areas
than in Torshavn, although the relative difference in
concentration between the milk from the three Icelandic
regions remained the same (Palsson et al., 2002b). This
is despite the Faroe Islands receiving some fallout from
the Chernobyl accident (see Figure 3-:30), in contrast to
Iceland where it was hardly detectable. The comparison
indicates that the reduction in 137Cs activity concentra-
tions in milk has been slower in Iceland than the Faroe
Islands. This is also reflected in the lower slope of the

87Cs concentration in milk, Bg/L

Icelandic data sets during the 1990s. The explanation may
lie in the lower cesium-binding properties of the young
volcanic Icelandic soils compared to those of the Faroe
Islands (Sigurgeirsson et al., 2002). It is thus concluded,
as was also the case for Lapland, that Iceland is vulnera-
ble to radioactive contamination due to high transfer of
137Cs from soil to milk and very high Teft values.

3.5.4.5. Norway

Figures 3-:31 and 3-32 show 37Cs and ?9Sr activity con-
centrations in milk from four dairies in Arctic Norway,
since 1960. Because precipitation in Arctic Norway is
low compared to precipitation on the southwest coasts,
the deposition of global fallout in Arctic Norway is also
relatively low compared to other parts of the country.
In general, the spatial variation in activity concentra-
tions broadly follows that for precipitation and there-
fore global fallout. The highest values were measured at
Bodg, a coastal area. However, there is an anomaly in
that levels at Kautokeino are higher than would be ex-
pected from the low rate of precipitation in this area.
A possible explanation is that cows in Kautokeino were
fed lichen as fodder (Eikelmann, pers. comm., 2002).
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Figure 3-31. Activity concentrations of 137Cs in milk at four locations

in northern Norway.
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Figure 3-32. Activity concentrations of 29Sr in milk at four locations
in northern Norway.

The impact of the Chernobyl accident is variable, with
fallout most noticeable at Bode.

3.5.4.6. Russia

Sporadic data on 137Cs activity concentrations in Rus-
sian milk from 1986 onwards support the findings in
sections 3.5.4.1. to 3.5.4.5. Due to the limited amount
of data available for milk in the Russian Arctic, a de-
tailed assessment is not possible.

3.5.4.7. Trends

The data in sections 3.5.4.1 to 3.5.4.6 were collected
using various techniques over different periods of time,
which makes direct comparisons difficult. Nevertheless,
a rough comparison between countries is attempted in
Table 3-11 using double exponential Teff values and a
consistent method for the various sites in the different
countries. All the half-lives were calculated using the sta-
tistical package ‘R’, and its nls- (nonlinear least squares)
library. The Teft values are estimated for global fallout
data from 1964 to 1985, and for Chernobyl fallout from
1986 onward. The global fallout values are expected to
be greater than for a single pulse input as global fallout
continued to be deposited after the peak values in the
mid-1960s.

A comparison of 137Cs activity concentrations in
milk from a range of locations in northern Scandinavia
and the Faroe Islands in 1964, the year for which most
data were available, shows that even though some sam-
ples came from dairies taking milk from a wide geo-
graphical area, a relationship is still evident between
milk contamination and global fallout, which is linked
to precipitation rates (Figure 3-33). Thus, for instance,
within Norway and Iceland the west coast, which re-
ceives the highest rate of precipitation, produced the
most contaminated milk. Some of the lowest values were
recorded in the areas of Norway closest to the Novaya
Zemlya test site.

Table 3-11. Tef values (yr £SD) for 137Cs and ?0Sr activity concentrations in milk from various Arctic areas.

Faroe Islands Finland Norway Sweden
Klaks- Toérs-  Tver- Rova- Mails-  Kauto- Tédrna-  Vitti-
vik havn  oyri Apukka Kursu niemi Bode Vadse  elv keino by angi
137Cs
Global fallout
Tesfy 1.5+£0.1 1.0£0.1 1.8+0.2 1.0+0.1 1.9+0.6 1.6+0.4 1.5+0.3 1.1+0.3 1.4+0.4 1.8%0.6
Tettr 7.1+0.5 6.5+0.4 8.8+0.7 4.5+0.7 4.5+1.2 5.1+1.3 6.1+x1.2 6.0+2.0 9.1+1.1 6.2+1.0
Chernobyl fallout
Teft 1.3£0.1 1.8£0.1 1.8+0.1 0.7+0.1 3.4+0.1
90§y
Teffy 1.0£0.1 1.4+0.1 1.3£0.1 1.8£0.6 n.a. na. 1.5£0.4 3.0£1.0 1.4£0.3
Tefty 5.2+0.4 5.5+0.5 8.4+0.3 4.0+1.0 n.a. na. 4.6*1.3 9.0+2.0 8.5+1.0

n.a.: no statistically valid half-life could be calculated.

Figure 3-33. Activity concentrations of 137Cs in milk
from different locations in Nordic areas in 1964.
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The highest 137Cs activity concentrations in milk, after
the Chernobyl accident, are shown in Figure 3-34. In all
Arctic areas, levels were higher in the global fallout pe-
riod than after the Chernobyl accident.

There were no statistically significant differences in
the average 137Cs Tg values from soil to milk (and beef)
produced in two Russian Arctic regions (Table 3-12)
after global fallout.

Table 3:12. 137Cs Tag values (10-3 m?/kg) for beef and milk in north-
west Russia (Borghuis et al., 2002).

n Mean £ SD t-test

Beef, 1978-1985

Kola 7 0.28+0.08

Nenets AO 34 0.24+0.12 P=0.10
Milk, 1974-1978

Kola 21 0.14+0.07

Nenets AO 7 0124005 [ =068
Milk, 1978-1985

Kola 12 0.082+0.030

Nenets AO 39 0062:0.035 70081

3.5.5. Lichen and reindeer

The long-term trend in 137Cs activity concentrations in
reindeer meat from the Kola Peninsula and the NAO re-
gion in Russia is shown in Figure 3-35. Over a 40-year
period, the 137Cs activity concentrations in meat from
the Kola Peninsula were consistently statistically signifi-
cantly higher than in the NAO region. One reason for
the difference is the greater amount of global fallout on
the Kola Peninsula than in the NAO region, but there
may also be other contributory factors connected with
pasture conditions.

Tables 3:13 and 314 present parameters describing
the transfer and temporal variability in 137Cs activity
concentrations, such as Tag,, Ao, T1, and T> (see Boxes
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> ‘f‘?Cs concentration
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Figure 3-34. Maximum '37Cs activity
concentrations in 1986 to 1987 in
milk from different Nordic areas.

'87Cs concentration in reindeer meat, Bq/kg ww
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Figure 3-35. Changes with time in 137Cs activity concentration in
reindeer meat collected in the Kola Peninsula and NAO regions
since 1961 (Borghuis et al., 2002).

3-1 and 3-2), for lichen and reindeer meat, in northern
Russia and northern Fennoscandia. These values are
based on the assumption that the interception rate was
the same for global fallout and Chernobyl fallout. Over
the 40-year observation period, activity concentrations
in lichen and reindeer meat are well described in all re-
gions by a double exponential fit.

The Tag, values in Tables 3-13 and 3-14 were esti-
mated on the basis of annual data. However, significant
seasonal fluctuations are possible. Thus, for example, if
the deposition in winter occurs onto snow, lichen is con-
taminated during the period of snowmelt and the inter-
ception fraction decreases through runoff as part of the
activity is lost in snowmelt. In contrast, for a single dry
deposition event, the interception fraction can be much
higher than the annual mean value. Annual Tag, values
must therefore be used with care as they are likely to un-
derestimate single pulse deposition and do not take sea-
sonal variation or (wet versus dry) deposition conditions
into account.
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Table 3-13. Initial values of the aggregated transfer coefficient (m2/yr), ecological half-lives (Tec, yr), and ef-
fective ecological half-lives (Teft, yr) for 137Cs and ?Sr in lichen (dw). a is a parameter partitioning the decay

between the two half-lives (see Box 3-1 and Box 3-2)

Tago ai Tect Tec2 Tef1 Tetf2
137Cs Kola Peninsula 1.4 0.80 2.0 20 1.9 12
Northern Sweden 1.4 0.52 3.4 14 3.0 10
90Sr Kola Peninsula 0.7 0.72 0.70 20 0.7 12

Table 3-14. Initial values of the aggregated transfer coefficient (m2/yr), ecological half-lives (yr), and effective
ecological half-lives (yr) for 137Cs activity concentrations in reindeer meat (ww).

Tag() ai Tect Tec2 Teff1 Tes2
Kola Peninsula 1.7 0.82 2.0 18 1.9 11
Nenets AO 1.2 0.81 1.8 15.6 1.5 10
Kautokeino (Norway) 1.8 0.83 1.2 13 1.1 9.0

Activity concentrations of 137Cs in reindeer meat also
vary over the year due to changes in food selection. In
summer, reindeer eat herbaceous vegetation. In autumn
they can eat large quantities of mushrooms. In winter,
they mainly eat ground and arboreal lichens, which have
a higher radiocesium content than herbaceous vegeta-
tion which they dig out from under the snow. The high
interception of radionuclides by lichen, particularly ra-
diocesium, is one of the key factors contributing to the
most vulnerable Arctic food pathway, lichen — reindeer
—man (Figures 3-36 and 3-37; Ahman and Nylén, 1998).

87Cs concentration in reindeer meat, Bg/kg ww

If contamination occurs during deep snow cover,
then reindeer will ingest contaminated snow. The ex-
tent of intake is determined by the amount of snow
ingested, but also by further snowfalls that may be
less contaminated. The extent of contamination re-
ceived from lichen depends on whether the contami-
nated snow overlying the lichen melts allowing the
lichen to intercept the radioactivity. There can be a sig-
nificant delay in reindeer attaining high levels of radio-
cesium from lichen owing to the protection of lichen
by snow.
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0 ! ! [ & 9 Lo P \G TN NP0 NEP A0, and Nylén, 1998).
1 2 3 4 5 6 7 8 9 10 11 12

Years after the Chernobyl accident

Figure 3-37. Seasonal variation
in Tag values for reindeer follogw—
ing the Chernobyl accident (Ah-

0.8 4 *
n < May-July

0.7 - = " O August-September

. * m October-December

« \®~« T * January-April
0.6 [
0.5
0.4
0.3
o

0.2 -
0.1

0 | |

0 1000 2000 3000 4000

man and Nylén, 1998).

Days after the Chernobyl accident



40

87Cs concentration in reindeer meat, Bq/kg ww

AMAP Assessment 2002: Radioactivity in the Arctic

1000 3
E Highland areas Highland areas Coast Small Small
L ° confined  confined
[ ] area, area,
100 = P ° summer winter
==1=— ==
r [ ]
10 == Figure 3-38. 137Cs activity concentra-
F %l tions in meat from free-ranging rein-
- deer from Iceland for different hunting
i seasons. Datasets for 1965 to 1991 are
1E — from highland areas and the coast, and
F the 1992 data from a more homoge-
! ! ! ! ! ! ! ! neous restricted area.
1965 1966 1967 1990 1991 1991 1992 1992

'87Cs wholebody content, Bq
60000 -

50000 |-

40000

30000

20000 [

10000 -

Kautokeino, Norway

£ Males
® Females

Figure 3-39. Wholebody measurements
of 137Cs in reindeer herders from Kau-
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Significant changes from year to year due to changes
in food selection and variability in the 137Cs activity
concentrations in plants are also clearly visible in a study
of wild free-ranging reindeer in Iceland. They are rela-
tively few in number (around 3000) and roam within a
highland region of different types of vegetation. A few
samples were obtained each year by inspectors monitor-
ing the hunting together with information about the lo-
cation in which the animals had been shot and where
they had grazed (Figure 3:38).

If the herd had grazed a large area with different
types of vegetation, this was reflected in greater variabil-
ity in the activity concentrations in the meat. If the herd
had grazed a relatively small or uniform area, then activ-
ity concentrations showed little variability. The grazing
areas selected by the herd varied from year to year, influ-
enced for example by climate and the state of the vegeta-
tion. The lowest values (<1 Bq/kg ww) occurred in sam-
ples from 1992 from a herd that had grazed a relatively
homogeneous area confined by glacial rivers and close
to the glacier Vatnajokull.

3.6. Humans

Trends in wholebody measurements of 137Cs presented
in the first AMAP assessment have been extended by
new data on wholebody measurements for northern
Norway, Finland, and the Kola Peninsula and NAO re-
gions of northwest Russia (see Table 3-15). An example
of the temporal trend since 1965 is shown in Figure 3-39.

tokeino, Norway.

Table 3-15. Wholebody measurements (Bq) for reindeer herders
(STUK; NRPA; Borghuis ez al., 2002).

Males Females Average
Russia
Kola 1999 3250+250
Finland
Inari 1995 3300
1997 3000
Norway
Kautokeino 1996  2600+£1400 1400+600
1999  2200+800  1100+400
2002 1414 872

3.7. Site-specific data
3.7.1. Faroe Islands

The Faroe Islands were not addressed in the first AMAP
radioactivity assessment. They comprise 18 islands be-
tween 6°15'W and 7°41'W and 61°20'N and 62°24'N
with a total land surface area of 1399 km? (Figure 3-40).
The land is mountainous, with the highest peak 882 m
above sea level. There were 46 180 inhabitants on 31
December 2000. There is no woodland on the Faroe Is-
lands. Land cover is dominated by rough, semi-natural
pasture, and is grazed throughout the year by around
70 000 sheep and some cattle.
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Figure 3-40. The Faroe Islands.

3.7.1.1. Climate

The climate is milder than might be expected at a lati-
tude of 62°N due to the influence of the North Atlantic
Current (the ‘Gulf Stream’). Measurements at synoptic
weather stations within 100 m of sea level, indicate an
average annual air temperature of 6 to 7°C, with aver-
age winter and summer air temperatures of 3 to 4°C and
9 to 10°C, respectively (Cappelen and Laursen, 1998;
Lysgaard, 1969). Only minor differences in air tempera-
ture occur between the synoptic stations. There is signif-
icant spatial variation in precipitation rates, however,
due to the combined effects of meteorology and topog-
raphy. These synoptic data are not totally representative
of the Faroese climate however, as the zone within 100
m of sea level only covers 10% of land area. The cli-
matic conditions change gradually from cool temperate
oceanic conditions at the coast to Arctic conditions in
the mountains (Mortensen, 2002). The annual average
temperature at a new weather station on the mountain
Sornfelli, 722 m above sea level, was 1.71°C in 2000
(Mortensen, 2002).

3.7.1.2. Cesium-137 and %9Sr
in precipitation and foodstuffs

Measurements of environmental radioactivity have been
carried out on samples from the Faroe Islands since 1962,
with an emphasis on terrestrial and marine foodstuffs.

Precipitation

Monthly precipitation samples have been obtained for
radioactivity analyses since the 1960s. Annual average
137Cs deposition rates in Torshavn in the central part of
the country and in Klaksvik in the north, shown in Fig-
ure 3-41, were highest in the early-1960s and showed a
pronounced peak following the Chernobyl accident in
1986. Pre-1986 137Cs data are based on °Sr measure-
ments (using a 137Cs : 20Sr fallout ratio of 1.6); after 1986
they are actual measurements (Figures 3:41 and 3-42).

Lamb meat

Figures 3-43 and 3-44 show annual average '37Cs and
90Sr activity concentrations in lamb meat, based on a
few samples collected mainly in October. Trend analyses
were not possible because the samples were collected
from different places and there is significant spatial vari-

87Cs flux via precipitation, Bq/m?/yr
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Figure 3-41. Annual average 137Cs levels in precipitation from Térs-
havn and Klaksvik, Faroe Islands.
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Figure 3-42. Activity concentrations of °Sr in precipitation from
Toérshavn and Klaksvik, Faroe Islands.
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Figure 3-43. Annual average 137Cs activity concentrations in lamb
meat, Faroe Islands.
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Figure 3-44. Annual average ?Sr activity concentrations in lamb
meat, Faroe Islands.
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ation in contamination across the country (Joensen,
1999). During the 1990s however, the samples were col-
lected consistently from the same places. Figure 3:43 in-
dicates increased 137Cs activity concentrations after the
Chernobyl accident. In contrast, ®0Sr activity concentra-
tions in lamb meat are lower and are not affected by
Chernobyl fallout (Figure 3-44).

Drinking water

Figure 3-45 shows annual average activity concentrations
for 29Sr in tap water from Térshavn and Klaksvik since
1962. Faroese drinking water is obtained from surface
water. Sampling frequency has varied from monthly in
the early-1960s to an annual summer value in the 1990s.
No ?29Sr from Chernobyl was observed in drinking water.
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Figure 3-45. Annual average activity concentrations for °Sr in drink-
ing water from Térshavn and Klaksvik.

Effective ecological half-lives

Table 3-16 presents Teff values for 137Cs and 20Sr in milk,
lamb meat, precipitation, and drinking water. These are
estimated by regressing the logarithm of the measured
activities against time. The 137Cs Tt values in foodstuffs
range from 4.9 to 8.7 yr, while those for ?9Sr range from
3.7 to 4.5 yr. Figures 3-41 to 3-45 and Table 3-16 indi-
cate a tendency for increasing Teff values with time. De-
spite the small geographical extent of the Faroe Islands,
spatial variation in the Teff values is apparent.

AMAP Assessment 2002: Radioactivity in the Arctic

3.7.1.3. Transfer of 137Cs within the lamb food chain
in semi-natural pastures

Spatial variability in 137Cs transfer to lamb has been
evaluated by comparing its characteristics at nine uncul-
tivated pastures during 1990 to 2000. Their locations
are shown in Figure 3-40 (locations marked by black
symbols). Tefr values and transfer factors for various
components of the lamb food chain were estimated for
the nine pastures. The soil at each site was previously
characterized by Hove et al. (1994) and Joensen (1999).

Soil

There are large temporal and spatial variations within
and between pastures in terms of 137Cs deposition in the
upper 10 c¢m soil layer (Figure 3-46). Between 50 and
80% of the deposition in this layer occurs in the upper 5
cm. Deposition ranges from 2000 to 8000 Bq/m?2. There
was no consistent pattern of change with time for the
nine pastures; with clear declines in some pastures, but
not in others.

Soil pH in the nine pastures was between 4.4 and 5.3,
and loss on ignition was 50 to 70% (Joensen, 1999). Thus
these soils are acidic with a high organic matter content:
conditions that favour a high uptake of radiocesium.

Grass
Activity concentrations of 137Cs in mixed grass decreased
in most pastures during the 1990s, with the highest lev-
els in Hvalvik and the lowest in Hvalba. Although Fig-
ure 3-46 shows little clear difference in deposition be-
tween the nine sites, change over time in the grass varied
widely (Figure 3-47). In some pastures early declines
were evident, which were presumably due to the declin-
ing Chernobyl input, while others showed no overall de-
cline, and others an approximate 20-fold decline.
Soil-to-grass T, values for the nine pastures are
shown in Figure 3-48. The highest values occurred in
Hvalvik and the lowest in Hvalba and Sandur. A multi-
ple linear regression analysis between Tag values and pH,
loss on ignition, and potassium, showed loss on ignition
to be the most significant factor (Joensen, 1999), and
that the regression coefficient is negative for pH and
potassium, and positive for loss on ignition. There were
two orders of magnitude between the lowest and highest

Table 3-16. Estimated Teff values (yr) based Figures 3.41 to 3.45. 72 (shown in brackets) from linear regres-
sion of the natural logarithm of the measured activity concentrations against time.

Milk Lamb meat Precipitation Drinking water
137Cs* Klaksvik 6.2 (0.846)
To6rshavn 4.9 (0.959)
Tveroyri 5.8 (0.971)
‘Faroes’ 5.5(0.555)
137Cs**  Klaksvik 5.3 (0.980) 3.3 (0.940)
Torshavn 6.4 (0.977) 4.3 (0.932)
Tveroyri 7.1 (0.987)
‘Faroes’ 8.7 (0.772)
90Gy %+ Klaksvik 4.4 (0.980) 2.8 (0.941) 5.1 (0.958)
Torshavn 4.4 (0.985) 3.2 (0.953) 6.9 (0.966)
Tveroyri 4.5 (0.986)
‘Faroes’ 3.7 (0.935)

*only pre-Chernobyl data; **all data except for 1986 to 1992 (to avoid the Chernobyl peak); ***all data.
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Figure 3-46. Annual average (+SE) 137Cs deposition to surface soil (upper 10 cm) between 1990 and 2000 (1999 for Hvalba and Sumba) in

the Faroe Islands (for locations see Figure 3.40).
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Figure 3-47. Annual average (+SE) 137Cs activity concentrations in mixed grass between 1990 and 2000 (1999 for Hvalba and Sumba) in the

Faroe Islands (for locations see Figure 3.40).
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Figure 3-48. Annual average and ranges of soil-to-grass Tag values for 137Cs between 1990 and 2000 in the Faroe Islands (for locations see

Figure 3.40).
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Figure 3-49. Annual average (+SE) 137Cs activity concentrations in lamb meat between 1990 and 2000 (1999 for Hvalba and Sumba) in the
Faroe Islands (for locations see Figure 3.40).
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Figure 3-50. Tag values for 137Cs transfer to lamb meat at nine different sites in the Faroe Islands (for locations see Figure 3.40). Yearly aver-
ages and ranges 1990-2000.

T,g values over the ten-year period. Some individual pas- The T,g values at the nine sites are shown in Figure

tures showed a similar degree of variation. There was no 3-50. Again, the highest values occurred at Hvalvik,

clear time dependency in Tag values at most sites. Skali, and Nordoyri. There is significant variation in Tag
values within and between sites.

Lamb meat

Figure 3-49 shows 137Cs activity concentrations in lamb Effective ecological half-lives

meat for 1990 to 1999. Large standard errors reflect Effective ecological half-lives were derived for 137Cs ac-

large individual variation between animals. The highest tivity concentrations in grass and meat (Table 3-17).

values occurred at Hvalvik, Skéli, and Nordoyri. They could only be estimated for some pastures.

Table 3-17. Tes values (yr) based on measurements for 1990 to 2000. 72 (shown in brackets) from linear regression of the natu-
ral logarithm of the measured 137Cs activity concentrations against time. No estimates given when 72 < 0.3.

Bour Velbastadur ~ Hvalvik Skali Nordoyri Sandur Hvalba Sumba
Grass - 5.3 - - 5.3 3.1 - 3.6
(0.027) (0.306) (0.235) (0.167) (0.93) (0.379) (0.005) (0.667)
Meat 51 - - - - 6.9 8.0 -

(0.668) (0.033) (0.199) (0.031) (0.060) (0.392) (0.873) (0.069)
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Conclusion

Even though the Faroe Islands cover a small geographi-
cal area, there was considerable spatial and temporal
variation in the transfer of 137Cs from soil to both grass
and lamb meat. Owing to this high variability it is inap-
propriate to use a single Tig value for either grass pas-
ture or lamb meat. In other countries, there is generally
greater variation in the key soil characteristics influ-
encing radiocesium uptake than was measured at these
sites. Even higher variability could thus be expected in
other countries and country-wide generalizations about
transfer are open to considerable error.

3.7.2. Iceland
3.7.2.1. Site description

Iceland is the second largest island in Europe, located in
the North Atlantic just south of the Arctic Circle. The total
surface area is 103 000 km?, of which 23 805 km? (23%)
are vegetated, 11 922 km? glaciers, 2757 km? lakes, and
the remaining 64 538 km?2 (63 %) barren. The coastline,
including fjords and inlets, is about 4970 km long.

Iceland is the most sparsely populated country in Eu-
rope with an average of 2.8 inhabitants per km2. On 31
December 2000 the number of inhabitants was 283 361.

The Icelandic diet is western European in most re-
spects. Nevertheless it retains some characteristics of a
subarctic region, making it unique among European na-
tions. Fish, meat, and milk are traditionally the main
foods produced in Iceland. Icelanders consume more fish
than any other nation in Europe (73 g/d/cap) and, in gen-
eral, food of animal origin constitutes a large proportion
of the Icelandic diet. During the 1990s, the consumption
of lamb meat decreased, beef consumption increased
slightly, and the consumption of pork and poultry in-
creased significantly (50 to 100%). This is reflected in
agricultural production figures, since most of the prod-
ucts are consumed domestically.

In 2000, there were 466 000 sheep and 72 000 cattle
on Iceland. During summer the sheep graze freely on
rangelands in the interior, the same applies for a propor-
tion of the 74 000 horses and around 4000 wild reindeer
(Rangifer tarandus, the original herd imported from
Scandinavia between 1771 and 1787) which inhabit the
northeast of the country. Although reindeer constitute a
minor part of the Icelandic diet, hunting is an increas-
ingly popular sport, which also provides an important
source of income for local communities.

Thus, sheep, horses, and reindeer would be affected
by contamination of the highland areas of Iceland,
whereas lowland contamination would affect cattle, and
pig and chicken farming.

Volcanic eruptions are frequent in Iceland, producing
lava fields and volcanic ash deposits of various extent.
The unstable barren areas of the highlands and the
floodplains of glacial rivers act as sources of aeolian ma-
terial. The parent materials of Icelandic soils are largely
of volcanic origin. Icelandic soils are mostly andosols,
which are characterized by low cohesion and a high ca-
pacity to absorb water (>100% on a dry weight basis).
This high water-holding capacity intensifies freezing ef-
fects, resulting in solifluction, landslides, needle ice
formation, and the formation of hummocks (Arnalds,
1999).

The uneven surface of the rangeland areas and the
sparse vegetation can make it difficult to obtain repre-
sentative deposition estimates by sampling the soils.

The first AMAP assessment (AMAP, 1998) identified
Iceland as one of the Arctic areas receiving the most fall-
out from atmospheric nuclear weapons tests, owing to re-
latively high precipitation rates compared with much of
the rest of the Arctic and subarctic (Wright ez al., 1999).

The 137Cs in the Icelandic terrestrial ecosystem origi-
nates almost entirely from nuclear weapons tests carried
out in the atmosphere until the early-1960s. Fallout was
greatest in the mid-1960s. Additional fallout from the
Chernobyl accident was relatively small (Pilsson, 1996).
This section provides data on radionuclide contamina-
tion in Iceland and uses recently acquired data to test the
methodology and conclusions of the first AMAP assess-
ment regarding global fallout.

Measurements of fallout from nuclear weapons tests
in soil, vegetation, and agricultural products started in
Iceland over 40 years ago (Palsson, 1996). Considerable
variability was present in the results, even between adja-
cent sites, probably due to the mountainous terrain, var-
iable and strong winds, and highly variable levels of pre-
cipitation. This variability is particularly noticeable for
soils. Early measurements of nuclear fallout were re-
stricted to cultivated lowland areas. The importance of
uncultivated rangelands in Icelandic agriculture (e.g., for
sheep farming) makes their inclusion desirable for cur-
rent and future estimates of radionuclide transfer into
agricultural products.

Since summer 2000, spatial variation in 137Cs depo-
sition in Iceland has been studied systematically. The ob-
jectives of the study are to measure the spatial variation
of radiocesium inventories in Icelandic soils and to com-
pare the results with predicted 137Cs soil levels (Sigur-
geirsson et al., 2002).

In summer 2000, soil samples were collected to a
depth of 25 cm at 14 sites. The sites were located close
to meteorological measurement stations so that repre-
sentative precipitation data were available. Deposition
at each site was estimated by assuming the 137Cs activity
concentration in precipitation was the same at all sites
during any given period. Thus, deposition at each site is
estimated by measuring the activity concentration of
137Cs in precipitation at one reference site and then esti-
mating deposition at the other sites by summing the
product of precipitation (in m) at the site and 137Cs in
precipitation (in Bq/m3) at the reference site for the pe-
riod of interest (Palsson et al., 2002a,b).

A reference station close to Reykjavik (Rjupnahzed,
location 7 on Figures 3-51 and 3:52) was used for pre-
dicting fallout in Iceland, and quarterly measurements of
fallout radioactivity in precipitation were undertaken reg-
ularly by the U.K. Atomic Energy Authority from 1959
to 1982 (Pélsson, 1996). Precipitation data for the refer-
ence site were supplied by the Icelandic Meteorological
Office (Vedrattan 1959-1983). The reference station data
show that 82.9% of the decay-corrected deposition of
137Cs occurred during the first eight years, i.e., 1960 to
1967. The emphasis of the study was thus placed on me-
teorological stations that were operational during this
eight-year period; estimates of deposition for these years
were based on 1960 to 1967 precipitation data. The re-
sults were subsequently scaled up to cover the entire study



46

'87Cs deposition, Bg/m?

5000 -
Iceland
4000 - 7
]
3000 g
7
s Ay 7
Predicted % ’ ’
2000 - ” %
Measured ¥ ’ g
A A %
1000* A ¥
0 " 4 /. /. # Y 4 /. /. g g / /.
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Sampling site

Figure 3-51. Comparison of predicted 137Cs deposition based on
precipitation data and measured values at fourteen sites (see Figure
3-52 for locations) close to meteorological stations in Iceland (Pals-
son et al., 2002a).

period, 1960 to 1982, assuming in all cases that 82.9%
of the deposition had occurred during the first eight
years used for calculations. Fallout data prior to 1960
were not included in this study and thus the measured
values should be slightly higher than those predicted.
The measured '37Cs content per unit area of soil var-
ied from 900 to 4700 Bq/m2, with deposition greater in
the south of Iceland which receives more precipitation.
There are various ways of estimating the correlation
between predicted and measured 137Cs deposition. The
method used in the comprehensive AMAP study (Wright
et al., 1999) was to force the regression line through the
origin and calculate correlation coefficients on that
basis. This gives a higher value for the correlation coeffi-
cient than for an unbound regression line, but can be
justified in that the assumption being tested is that depo-
sition is directly proportional to precipitation. This ap-
proach was used in the present study. Figure 3-51 com-
pares measured and predicted deposition at the 14 sites.
The correlation between predicted and measured val-
ues for Iceland was much stronger than that reported by
Wright ez al. (1999). The AMAP study was based on 50
samples obtained from Greenland, Norway, and Russia
between 1961 and 1985. A line through the origin was
fitted to the data using least squares regression and gave
an 7% value of 0.51 based on a coarse precipitation data
set and disparate sources of measured 137Cs deposition
using different sampling methods. In Iceland, a compar-
ison of predicted and measured values gave a correspon-
ding 72 value of 0.96. This same value was obtained
using both the AMAP method and when prediction was
based on average annual precipitation for 1960 to 1967.
Some of the improved correlation relative to the AMAP
study is probably due to the proximity of meteorological
stations, where precipitation has been measured in a
consistent manner. Also, soil sampling was conducted by
the same team, with a consistent, rigorous methodology
over a short period of time. However, the strength of the
correlation is surprising considering that dry deposition
is not accounted for, although the high precipitation rate
in much of Iceland means dry deposition is unlikely to
contribute much to the total 37Cs deposition. In addi-
tion, lateral transport by erosion would be expected in
some Icelandic areas (Arnalds, 1999). A map of predicted
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137Cs deposition for Iceland, based on the AMAP meth-
odology is given in Figure 3-52.

Overall, the AMAP methodology has been successful
and has the advantage that it is possible to predict the
137Cs deposition at any location in any year since 1960.
Allthough fallout did occur prior to 1960, this was at
lower levels than during the 1960s.

L

87Cs, estimated cumulative deposition, Bg/m?
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Figure 3-52. Preliminary map of estimated cumulative deposition of
137Cs from atmospheric nuclear weapons tests, decay-corrected to
1995 (AMAP Data Centre). The map is based on a preliminary esti-
mate of the average annual precipitation in Iceland, using a model
developed by Crochet (2002) and precipitation data from 1960 to
1990. The conversion to deposition was achieved using a method
equivalent to the AMAP method (Palsson et al., 2002a). Numbers
indicate locations of sites represented in Figure 3-51.

3.7.3. Amchitka Island

In November 1971, the project Cannikin was conducted
by the U.S. Atomic Energy Agency, now the Department
of Energy, at the Amchitka Island underground nuclear
test area; this was its largest underground nuclear test,
with a yield of about 5 Mt. Preceding Project Cannikin
were Projects Long Shot and Milrow; tests of approxi-
mately 80 kt and 1 Mt. These three tests represented an
estimated 15 to 16% of the total effective yields of all
the U.S. underground nuclear tests. In total effective
yield, this site is the second largest and the only island
underground nuclear test area in the United States. The
location is shown in Figure 3-53.

Bering Sea
10 km
Cannikin Site

Long Shot Site

Milrow Site

gt . WS T

Figure 3-53. Amchitka Island, Alas-
ka, underground nuclear test areas.
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3.7.3.1. Sampling

Since the late-1970s there has been no marine sampling
around Amchitka to assess the status of the anthro-
pogenic radionuclides present or to determine trends.
Groundwater contaminated by the three underground
nuclear tests is transported toward discharge points on
the ocean floor. Conceptual groundwater transport mod-
els have shown, based on a range of geohydrological as-
sumptions, that discharge of radionuclides could have
started as early as 1975; ten years after the first test.

In 1996, Greenpeace reported that leakage of 241Am
and 239+240Py had been detected from these under-
ground test sites to the terrestrial and freshwater envi-
ronment (Miller and Buske, 1996). The marine environ-
ment was not specifically addressed in the Greenpeace
report. In response, a federal, state, tribal, and non-gov-
ernmental team conducted a terrestrial and freshwater
radiological sampling program in 1997. Additional radio-
logical sampling was conducted in 1998. An assessment
of the reported leakage to the freshwater environment
was evaluated by assessing tritium (3H) values in surface
waters and 240Pu : 23%Pu ratios in various sample media
(Dasher et al., 2002). Tritium values ranged from 0.41
Bq/L+0.11 (2 SD) to 0.74 Bq/L+0.126 (2SD) at the sur-
face water sites sampled, including the reported leakage
sites. Only at the Long Shot test site, where leakage of
radioactive gases to the near surface occurred in 19635,
were higher 3H levels of 5.8 Bq/L£0.19 (2SD) still ob-
served in 1997; in mud pit #3 (Faller and Farmer, 1998).
The mean 240Pu : 239Pu ratio for all Amchitka samples
was 0.199+0.014 (1 SD), with values ranging from
0.182+0.0007 (1 SD) to 0.24+0.02 (1 SD).

For the macroalga Fucus distichus the mean
240py : 239Py atom ratio of 0.217+0.016 (1 SD) is
slightly outside the 95% confidence interval (+2 SD) of
the reported global ratio of 0.176 + 0.014 (1 SD) (Krey
et al., 1976). The mean 240Py :239Py atom ratio of 0.216
+0.023 (1 SD) for the littoral zone marine sediment
samples was consistent with the higher ratio seen for F.
distichus. Deviations from the global fallout mean
240py : 239Py atom ratio observed in marine algae, sedi-
ment, and pooled Amchitka samples may suggest an-
other source of Pu to the marine environment. In an in-
vestigation of Bering Sea sediments Hameedi et al.
(1999) reached similar conclusions. However, uncertain-

Russia

North American Plate

Amchitka

) .
MoYe o oot

Pacific Plate

ties in analyses and environmental processes must be
fully assessed before making conclusions. Further work
is needed to determine whether there are any other
sources of Pu to the Bering Sea and North Pacific regions
besides global fallout.

Results of the 1997 and 1998 sampling based on the
measured 240Pu : 239Py ratios and 3H levels do not pro-
vide any evidence for leakage of 241Am or other ra-
dionuclides from the underground test shot cavities into
the terrestrial or freshwater environments on Amchitka
Island (Dasher et al., 2002). In addition, the hydrogeo-
logical regime as understood for Amchitka does not pro-
vide the physical means to transport transuranics from
the test cavities to the reported surface locations.

Clearly, these results do not mean that leakage from
the Amchitka underground nuclear tests is not occur-
ring or will not occur into the North Pacific Ocean or
the Bering Sea. Hydrogeological modelling predicts
leakage can begin initially for 3H from the test sites into
the marine water over periods of 20 to 3000 years (Claas-
sen, 1978; Dudley et al., 1977). These periods bridge the
various hydrogeological parameter assumptions that
can be made. No sampling has been conducted in the
marine environment surrounding Amchitka since the
late-1970s and, thus, it remains an important area to be

addressed.

3.7.3.2. Geological forces

Since the underground nuclear tests, dramatic changes
have taken place in the field of geosciences and in the
understanding of the geological forces acting on the
Aleutian Islands, including Amchitka (Eichelberger et
al., 2002). In the 1960s, the site was considered geo-
logically stable, showing little evidence of vertical tec-
tonic motion or massive slope failures. Large ongoing
horizontal displacements were not considered a pos-
sibility.

A paradigm shift occurred in the years following the
nuclear tests with the acceptance of the theory of plate
tectonics. Amchitka Island is now understood to be a
fragment of an island arc crest at the intersection of the
subduction of the Pacific Plate beneath the North Amer-
ican Plate (Figure 3-54). Recent field measurements (Ei-
chelberger et al., 2002) indicate that Amchitka is under-
going westward movement of about 1 cm/yr. This sug-

Figure 3-54. The Aleutain Vocanic Arc.
Orange circles indicate active volcanoes.
Arrows show the motion of the Pacific
Plate relative to the North American
Plate (Eichelberger et al., 2002).
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gests potential major faults in Amchitka Pass and also a
strike-slip boundary north of Amchitka that is moving
at a rate approximately two-thirds that of the San An-
dreas fault. The stresses induced would tend to open
fractures perpendicular to the island leading into the
marine environment.

The acceptance that Amchitka is part of a crustal
block rotating clockwise within the fore-arc of an
obliquely converging subduction zone raises concerns
over possible enhancement of ‘fast pathways’ for the re-
lease of radionuclides from the underground nuclear test
sites to the marine environment. Figure 3-55 provides a
schematic illustration of the Cannikin underground nu-
clear test site over the adjacent Teal Creek Fault. A lim-
ited survey of the coastline near the Cannikin test area
revealed a low density of joints, but did identify appar-
ent fluid transport along these structures in the geologi-
cal past. A better understanding of the geological forces
affecting Amchitka is needed to determine their poten-
tial impact on leakage and in designing appropriate
long-term monitoring programs.

3.7.3.3. Summary

The knowledge that environmental pathways, poten-
tially enhanced by geological forces, exist on Amchitka
Island to transport radionuclides into the nearshore ma-
rine environment is a cause for concern. The nearshore
environment is commercially and environmentally im-
portant. An independently conducted radiological as-
sessment is required to protect the indigenous peoples of
the region (the Aleut), U.S. and Russian citizens, and
people living off the vast commercial fisheries of the re-
gion (State of Alaska and Aleutian/Pribilof Island Asso-
ciation, 2001). The recent radiological assessment of the
French nuclear test sites in the South Pacific provides an
example of what is needed (IAEA, 1998b).

Teal Creek Fault

SE<«——> NW

Cannikin Lake

Collapse
chimney

Figure 3-55. Schematic cross-section showing the effects of the Can-
nikin underground test, based on work by R. Laczniak and col-
leagues at the Nevada Test Site (Eichelberger et al., 2002).
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Figure 3-56. The central test site of the Russian Federation at No-
vaya Zemlya.

3.7.4. Novaya Zemlya

Since the first AMAP assessment, two further sources of
information on Novaya Zemlya have been published: a
report by Ivanov et al. (1997) and a major review of the
Novaya Zemlya test site by Logachev (2000). The fol-
lowing information is based on these sources.

Novaya Zemlya was one of two major nuclear test
areas for the former Soviet Union. Altogether, 130 nu-
clear tests had been carried out at the north test site by
25 October 1990 (the date the effective moratorium was
announced). Nuclear tests were conducted in three areas
(Figure 3-56):

Zone A. A series of nuclear tests were conducted from
1955 to 1962. The first underwater nuclear test occur-
red on 21 September 1955, the date of commencement
for the site. The explosion comprised the experimental
blasting of a T-5 torpedo with a warhead of about 3.5 kt
at a depth of about 12 m. Another underwater test was
conducted later. Six underground nuclear tests were con-
ducted in vertical blast holes between 1972 and 1975,
and there was a near-surface nuclear explosion on 7 Sep-
tember 1957.

Zone B. Thirty-three underground nuclear tests were
conducted in tunnels within mountains between 1964
and 1990.

Zone C. A series of elevated and atmospheric nuclear
tests, were undertaken commencing 24 September 1957
and ending 25 December 1962. The largest nuclear test
explosion ever, a 58 Mt atmospheric blast, occurred in
this zone on 30 October 1961.

3.7.4.1. Soil contamination

The data used by Ivanov et al. (1997) and Logachev
(2000) are mainly from surveys by the E.K. Fedorov In-
stitute of Applied Geophysics (in 1976 to 1978 and 1990)
and the V.G. Khlopin Radium Institute (in 1992).

The 137Cs contamination density outside the test areas
ranged from 1.7 to 5.6 kBq/m?2 (45 to 150 mCi/km?2) in
the 1976 to 1978 survey, with a mean of 3.4 kBq/m?2 (91
mCi/km?2). The contamination density in 1990 ranged
from 1.5 to 6.7 kBg/m? (40 to 180 mCi/km?) with a mean
of 3.3 kBq/m?2 (90 mCi/km?).
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54°40'E 55°20'E

The surveys placed particular emphasis on studying
radioactive traces due to deposition of radioactive prod-
ucts after the nuclear explosions. The zones of increased
radioactive contamination detected during the survey in-
clude:

o the area around Chernaya Bay (Zone A);

e Sukhoy Nos Peninsula (Zone C);

o the area around Bashmachnaya Inlet (Zone B); and
e the tidal area of the Matochkin Shar Strait (Zone B).

The present assessment contains improved data for
the first two sites; data for the others are available in the
first AMAP assessment (AMAP, 1998).

3.7.4.2. Area around Chernaya Bay

Of the 90 atmospheric nuclear weapons tests conducted
on the archipelago between 1955 and 1962 at least four
were in contact with the underlying surface, and all oc-
curred in the area of Chernaya Bay.

56°00'E

71°00'N

70°50'N

Figure 3-57. Radiation situation in

the area around Chernaya Inlet in Au-

gust 1964 (Ivanov et al., 1997; Lo-

gachev, 2000). Contour lines show vy
7oaon  dose rates 1 m above ground.

71°00'N

70°50'N

Figure 3-58. The radiation situation

in the area of the Chernaya Inlet in

September 1977 (Ivanov et al., 1997).

Contour lines show vy dose rates 1 m

above ground. Red dots and associ-

ated numbers indicate sampling sites
7oaon  referred to in Table 3-19.

The epicenter of one of the explosions conducted in
1957 was about 100 m from the shore. The trace of the
radioactive fallout from this explosion, as followed in
the first three days after the explosion to a distance of
1500 km from the epicenter, covered part of the South
Island and the Yamal, Gydansky, and Taymir Peninsu-
las. In 1964, another aerial survey was carried out over
the extent of the trace covering 70 km along the axis and
the results are shown in Figure 3-57. Analyses revealed
the presence of the following radionuclides: 137Cs,
144Ce, 1255b, 106Ru, 9051.’ GOCO, 152Eu, 154Eu, and 155Fu.
The epicenter of this near-surface explosion is the most
contaminated zone on the archipelago. The measure-
ments in this zone were repeated in 1976 to 1977. Re-
sults of the 1977 aerial survey and the location of soil
sampling points are shown in Figure 3:58. The level of
gamma radiation near the 1957 explosion funnel was as
high as 5 wSv/h (the transverse size of the zone is several
tens of meters). The distribution of the radionuclides
was investigated using depth samples collected from two
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Table 3-18. Radionuclide profiles for soils (Bq/kg (102 Ci/kg)) col-
lected in 1977 from the epicenter of the near-surface nuclear explo-
sion conducted in 1957 in the area of Chernaya Inlet, Novaya
Zemlya (Ivanov et al., 1997; Logacheyv, 2000).

Depth, cm 137Cs 60Co 152Ey
Site 1
0-1 67000 (1800) 52000 (1400) Trace
12 70000 (1900) 44000 (1200) Trace
2-3 44000 (1200) 33000 (900) 17000 (460)
3-4 19000 (520) 22000 (590) 18000 (480)
4-5 12000 (320) 22000 (590) 22000 (590)
10-15 2300 (61) 27000 (720) 54000 (1450)
20-25 8700 (235) 17000 (460)
30-35 70 (1.9) 13000 (360) 2500 (67)
40-45 330 (8.9) 190 (5.1) 440 (12)
50-55 230 (6.1)
60-65 160 (4.2) - -
Site 2
0-2 41000 (1100) 32000 (870) 4400 (120)
2-4 46000 (1250) 26000 (710) 6700 (180)
4-6 50000 (1350) 26000 (715) 7000 (190)
6-8 27000 (725) 16000 (425) 8000 (215)
8-10 23000 (610) 12000 (325) 7800 (210)
10-15 16000 (430) 13000 (360) 6800 (185)
20-25 13000 (360) 4100 (110) 8500 (230)
30-35 190 (5) 1900 (50)
40-45 110 (3) 120 (3.3) 250 (6.8
50-55 -
60-65 46000 (3.8) - -

pits; located 10 m southwest of the funnel crest (site 1,
Figure 3:58) and 100 m north of the funnel (site 2, Fig-
ure 3-58). Data on the local distribution of y-emitters
for these samples are shown in Table 3-18.

The extent of the radioactive trace is decreasing with
time. The area of the trace exceeding 0.1 pSv/h decreased
from 133 km?2 in 1964 to 10 km? in 1977 (see Figures
3-58 and 3:59). Moreover, the trace has become hetero-
geneous in character, due to radioactive decay of short-
lived y-emitters.

54°00'E
/
Yy dose rate, pSv/h

September 1977

54°20'E

54°40'E

55°00'E

Figure 3-59. The radiation situation on the Sukhoy Nos Peninsula
in September 1977. The radiation dose rate was in excess of natural
background (Logachev, 2000). Red dots and associated numbers in-
dicate contaminated sites referred to in the text.
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In addition to the trace resulting from the near-sur-
face explosion of 1957, traces of radioactive contamina-
tion from an above-water explosion in 1961 and an un-
derwater explosion in 1955 can be seen in Chernaya
Bay. Data on the density of contamination by radionu-
clides in these traces obtained in 1977 are shown in
Table 3-19.

3.7.4.3. Sukhoy Nos Peninsula

Most of the atmospheric nuclear weapons tests were
conducted above the Sukhoy Nos Peninsula to the north
of the Matochkin Shar strait. Several areas of contami-
nation resulted from these tests. A gamma survey and
soil sampling campaign carried out in 1977 showed four
contaminated areas (see Figure 3-59):

e the western trace is an area (0.5 km?) 3 km east of the
Fedorov Mountain (Site 1);

e the central trace (0.3 km?2) is in the center of the penin-
sula (Site 2);

e the northern trace (0.3 km?2) is 10 km from the Tsi-
volki Cape (Site 3); and

e the eastern trace (0.4 km?) is 12 km northeast of the
Klochkovsky Peninsula (Site 4).

Table 3:20 shows the man-made radionuclides in soil
from the eastern trace. These data suggest that contami-
nation after the elevated air explosions, during which
mineral (soil) particles were generally not entrained in
the plume, was primarily due to radionuclides formed as
a result of interaction between the neutron flux of the
penetrating radiation arising from the nuclear explosion
and the soil.

3.7.5. Thule

In January 1968, a B-52 aircraft carrying four nuclear
weapons crashed onto the sea ice ~11 km from Thule
Air Base in northwest Greenland (see Section 2.4). As a
consequence, the benthic marine environment of Bylot
Sound (180 to 230 m deep) became contaminated by
239,240py, The site was revisited in August 1997, 29
years after the accident. Sections 3.7.5.1. to 3.7.5.4. are
extracted from Dahlgaard et al. (2001).

3.7.5.1. Plutonium in water and seaweed

Activity concentrations of 23%:240Pu in Fucus distichus
(a brown alga) around Thule and 750 km to the south
near Uummannaq ranged from 0.15 to 1.14 Bg/kg dw.
The source of most of this Pu is global fallout — except
possibly the highest value seen in a single sample near
the accident site. With the exception of a near-bottom
water sample taken at the point of impact containing
30 mBqg/m3, no clear effect of the accident was seen in
any of the water samples. Of this elevated level, 42%
was particulate indicating that resuspended sediments
containing accident-related Pu are an important
source. The general level of 23%240Py within Bylot
Sound was 5 to 10 mBg/m?3 in unfiltered surface water,
which is regarded as global fallout background. These
data indicate that Pu from contaminated sediments
is not transported into surface waters in significant
quantities.
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Table 3-19. Radionuclide profiles for soils (kBq/m? (mCi/km?2)) collected in 1977 from within the traces of nuclear explosions in the
Chernaya Bay area (Ivanov et al., 1997).

No. of site in ~ Sample
in Fig 3-58 No. Depth, cm 137Cs 90Gr 60Co 152Ey
Epicenter zone 1 0-5 4800 (1.3X105) - 2800 (7.5X10%) 780 (2.1X10%)
and near-surface 2 0-5 4100 (1.1x105) - 2400 (6.4X10%) 280 (7600)
explosion trace 3 0-3 26 (690) - 160 (4200) 230 (6300)
1957 3-6 20 (540) - 160 (4200) 190 (5200)
6-10 7 8 (210) - 130 (3500) 200 (5400)
4 0-5 4 (380) -
S 0-5 85 (2300) - 59 (1600) -
6 1 0-5 160 (4400) 100 (2700) 190 (5200) -
2 0-2 21 (560) - 24 (650) 5.4 (140)
2-4 5.2 (140) - 4.8 (130) 0
4-6 - - -
3 0-2 37 (1000) - 78 (2100) 8.1 (220)
2-4 - - - -
7 0-5 74 (2000) 89 (2400) -
8 0-5 11 (310) 4.8 (130) 10 (280) -
9 0-5 7.8 (210) - 5.9 (160) -
10 0-5 30 (800) - 24 (660) -
11 0-5 2.6 (69) - - -
12 0-2 11 (310) - 10 (270) -
2-4 3.5 (94) - 3.3 (88) 0
4-6 - - - 0
13 0-5 5.7 (155) 0.93 (25) 2.7 (72) -
14 0-5 9.3 (250) - (140) -
15 0-5 3.9 (106) 3.7 (100) - -
16 0-5 2.6 (69) - - -
Trace of above- 17 0-5 48 (1300) 70 (1900) - -
water explosion 18 0-5 5.2 (140) - - -
1961 19 0-5 2.3 (61) - - -
Spot resulting from 20 1 0-5 - - 120 (3300) 220 (5900)
near-surface 10-15 - - 56 (1500) 110 (2900)
explosion 20-25 - - 12 (330) 23 (630)
30-35 - - - -
2 0-1 0.96 (26) - 4.4 (120) 7.4 (200)
1-2 - - 13 (350) 23 (610)
2-3 - - 28 (770) 46 (1250)
3-5 - 63 (1700) 96 (2600)
21 0-5 6 (69) 2.9 (79) - 4.4 (120)
Trace of the 22% 0-3 300 (8000) - 48 (1300) -
the underwater 3-6 160 (4400) - 34 (930) -
explosion 1955 6-10 4 (1200) - 10 (270) -
23 0-2 410 (11000) - 56 (1500) -
2-4 60 (4300) - 29 (780) -
4-6 6 (700) - 7 (190) -
6-8 1 (1100) - 9.8 (265) -
8-10 9 (1600) - - -
24 0-5 4 (1200) 3.7 (100) 8.5 (230) -

*no vegetation on the sampling location.

Table 3-20. Radionuclides in soil (kBq/m2 (mCi/km?)) from the eastern part of the exper-
imental zone (Site 4) on the Sukhoy Nos Peninsula in early-1993 (Ivanov et al., 1997; Lo-

gachev, 2000).

Sample No.  Depth, cm 137Cs 60Co 152Eu
#1 0-1 1.4 (37) Trace 2.7(72)
1-2 1.4 (37) Trace 3.7 (100)
2-3 0.85 (23) Trace 4.4 (120)
3-4 Trace Trace 5.6 (150)
4-5 Trace Trace 5.9 (160)
#2 0-5 2.6 (70) 19 (520) 36 (980)
10-15 Trace Trace 23 (610)
20-25 Trace Trace Trace
30-35 Trace Trace Trace
#3 0-5 2.2 (60) 15 (400) 14 (380)
#4 0-5 3.5 (95) Trace 20 (550)
#5 0-5 4.6 (125) 2 (330) 31 (830)
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Figure 3-60. Sediment 239:240Py activity
20 3 - 3 concentration profiles at sites in Bylot
D Ny-3 Thule-1412 Schades Dler Sound (shown in Flgure.3-61) and back-
30 L L L L ground sites in 1997 (Eriksson, 2002).

3.7.5.2. Sediments

Figure 3:60 shows Pu depth profiles for contaminated
sediment cores from Bylot Sound, plus background cores
taken outside Bylot Sound (Ny-3, Thule-1412, and Scha-
des Jer; the latter about 750 km southeast of Thule). In
all cases, the Pu appears well mixed throughout the
upper 3 to 5 cm layer (note the logarithmic concentra-
tion axis in Figure 3-60). Despite logarithmic axes, the
large variation in Pu concentrations is clear. This is
caused by ‘hot particles’. In a recent thesis Eriksson
(2002) stated that these ‘hot particles’ hold more Pu
than previously anticipated (see Section 2.4).

Plutonium concentrations in surface (0 to 3 cm) sed-
iments are shown in Figure 3-61. The highest concentra-
tions are centered on the accident site, with a fairly even
distribution in the remaining deep part of Bylot Sound,
and almost fallout background concentrations outside
Bylot Sound. The water depths at the accident site — close
to location V2 — are 180 to 230 m. The two assumed
background sites outside Bylot Sound, Ny-3 and Thule-
1412, have depths of 500 and 640 m. A surface (0 to 3
cm) 239:240Py activity concentration of 0.12 Bq/kg dw
occurred 750 km further south near Schades Jer. Sur-
face concentrations outside Bylot Sound (at Thule-1412
and Ny-3) are an order of magnitude higher. It is unclear
whether this reflects accident Pu or a natural perturba-
tion caused by differences in sedimentological parame-
ters. At other Arctic marine locations similar levels of Pu
have been attributed to global fallout (see Section 3.3.4).

3.7.5.3. Benthic biota

Plutonium concentrations in biota have been compared
with concentrations in surface (0 to 3 cm) sediments (Fig-
ure 3-61) to give ‘concentration ratios’ (Table 3-21). Al-
though the biota live within or on the sediments the con-
centration ratios indicate that the bioavailability of the
weapons Pu is low. Most of the concentration ratios fall
within the range 0.01 to 0.1, i.e., Pu concentrations in
benthic biota are around one to two orders of magnitude
lower than in surface sediments. Furthermore, a signifi-
cant proportion is probably not metabolized but is bound

to particles within the gut and adheres to the surface struc-
ture of the animals. One single bivalve sample had a much
higher level, which was probably due to a ‘hot particle’.

3.7.5.4. Isotope ratios

A number of the sediment samples were analyzed for
240py : 239Py atom ratios by High Resolution Inductively
Coupled Plasma/Mass Spectrometry. These had ratios in
the range 0.027 to 0.057. The calculated uncertainties
for most of the samples were 2 to 10%. The samples
with highest activity — which have been identified as
containing ‘hot particles’ — show significant variation in
the 240Py : 239Py atom ratios, i.e., there is a variation in
Pu isotope ratios in the Thule debris significantly above
measurement error. This supports the conclusion by
Mitchell et al. (1997) that the Thule Pu originates from
at least two sources of different quality. Plutonium con-
centrations in the samples for this study were dominated
by the Thule weapons accident. Therefore, the higher

Table 3-21. Plutonium (23%240Pu) concentration ratios (based on
values in Bg/kg dw) for benthic biota and surface (0 to 3 cm) sedi-
ments (Dahlgaard ez al., 2001).

Mean SD n

Mollusks Bivalves 0.025 0.024 13
Macoma calcarea 37%* 1

Snails 0.0033 0.0018 9

Squid, Rossia sp.  0.00036 1

Echinoderms Starfish 0.0094 0.0139 9
Brittle stars 0.013 0.016 4

Feather stars 0.0070 0.0060 4

Sea urchins 0.12 0.16 4

Sea cucumber 0.0080 0.0083 4

Crustaceans  Shrimp 0.0048 0.0088 4
Various 0.038 0.039 4

Annelids Pectinaria sp. 0.068 0.052 4
Various 0.023 0.033 10

Tube 0.28 0.29 6

Fish Liparis sp. 0.00035 1

* outlier, probably caused by ‘hot particle’.
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240py : 239Py atom ratio observed in global fallout, ap-
proximately 0.18, will not affect these results. Any in-
fluence of the higher 249Pu :23°Pu atom ratios in Sell-
afield discharges, up to around 0.25, is even more un-
likely as the Sellafield-derived Pu concentration in the
Thule area is accepted to be less than global fallout.
Average isotope ratios for 240Pu : 239Py atom ratios,
and 238Py : 239:240Py and 241 Am : 239:240Py activity ratios
for sediment samples containing >20 Bq 23%-240Pu/kg, i.e.,
at least an order of magnitude above the fallout back-
ground, are given in Table 3-:22. The reference date is the
sampling date, 1997. By comparing the 241Am : 239:240py

Table 3-22. Isotope ratios in Thule sediment samples with >20 Bq
239.240Py/kg in August 1997 (Dahlgaard et al., 2001).

Mean SD, % n
240py ; 239py atom ratio 0.045 15 30
238py : 239.240Py activity ratio  0.014 53 223
241Am : 239.240Py  activity ratio  0.13 61 114

Table 3-23. 241Am : 239:240Py activity ratios in sediment-dwelling
benthic biota, Thule 1997 (Dahlgaard ez al., 2001).

Mean SD, % n

Benthos All 0.39 76 84
Mollusks All 0.63 62 24
Polychaetes All 0.28 77 16
Crustaceans All 0.22 36 5
Echinoderms  Brittle stars 0.55 24 4
Starfish 0.41 34 11

Sea urchins 0.17 8 5

Sea cucumber  0.13 67 2

activity ratios for sediments (Table 3-22) with those for
benthic biota (Table 3-23), it is evident that some biota ap-
pear to have a higher uptake of americium (Am) than Pu.
This appears to be the case for mollusks — bivalves as well
as snails — and for some echinoderms, namely brittle stars
(Ophiuroidea) and starfish (Asteroidea), but not sea ur-
chins (Echinoidea) or sea cucumber (Holothurioidea). This
greater affinity for Am than Pu is not new. The Interna-
tional Atomic Energy Authority reported higher concen-
tration ratios for Am than Pu in mollusks (IAEA, 1985).

3.8. Summary

Since the first AMAP assessment, monitoring of various
man-made radionuclides in the Arctic environment has
continued to a variable degree. In general, concentra-
tions of radionuclides derived from global fallout, from
the Chernobyl accident, and from earlier discharges
from European reprocessing plants are slowly decreas-
ing, as expected. This is especially evident for 2OSr, where
global fallout is still the dominant source. It is also the
case for 137Cs, although the contribution from the Cher-
nobyl accident and reprocessing discharges during the
1970s and 1980s has added significantly to the fallout
level and still constitutes a source to the Arctic marine
environment owing to remobilization and relocation
processes. More unexpectedly, evidence is mounting that
the Pu being remobilized from Irish Sea sediments is
now responsible for a major proportion of the Pu con-
tamination in the Norwegian and Barents Seas.

Data for the Faroe Islands and Iceland were not ade-
quately dealt with in the first AMAP assessment.They
have therefore been addressed in significantly greater de-
tail in the present assessment.



54

Chapter 4

Assessment of Human Exposure

The exposure of different Arctic populations to anthro-
pogenic radionuclides was addressed during the first
AMAP assessment (AMAP, 1998). However, several is-
sues have since arisen which together justify further as-
sessment: 1) data have become available for the Faroe Is-
lands, 2) the Canadian population group selected to rep-
resent Arctic caribou herders has been criticized, 3) more
detailed information has become available for some
population groups in northwest Russia; and 4) owing to
the increased releases of ?*Tc and 291 from Sellafield
and 12°I from Cap de la Hague, interest in the resulting
doses has increased. No estimates of the uncertainties
associated with the dose estimates are given, as the in-
formation needed for this was not available.

4.1. Atmospheric sources

The first AMAP assessment concluded that: “The vulner-
ability of Arctic terrestrial ecosystems results in a five-
fold higher exposure to radioactive contamination com-
pared to that in temperate areas’. Many post-Chernobyl
studies have demonstrated that the highest exposures do
not necessarily occur in the most contaminated areas, es-
pecially in the mid- to long-term after an accident. The
reasons for this vary but can depend, for instance, on

87Cs deposition, kBg/m?
Wholebody content, Bq

Chernobyl-affected Global fallout

(countermeasures applied)

100000 ¢ . i

E Deposition !

L | Wholebody .

10000 i

E |

: 1

1000 ¢ '

E |

s i

100 ¢ i

F |

- i

10E |

E |

E |

i L i
Russia Norway (Saami) | Norway (Saami)

|

i

Figure 4-1. Wholebody content of 137Cs for population groups in
areas of different 137Cs deposition in 1996 (Strand et al., 2002).

variable plant uptake from different soil types or on the
application of countermeasures. An example of the ef-
fects of countermeasures is shown in Figure 4-1. This
shows the dose contribution from global fallout and
Chernobyl fallout to two Saami populations in mid-
Norway and to Russians living in the Novozybkov dis-
trict. The Chernobyl fallout in both areas was high and

required the application of extensive countermeasures.
The effect was to dramatically reduce the ratio between
the wholebody !37Cs content of people and 137Cs depo-
sition in areas where countermeasures were applied,
compared to areas in which they were not.

Estimates of doses to the public, based on measure-
ments or model predictions, frequently generalize varia-
tions in environmental conditions, either owing to the
limited availability of data or to an inadequately detailed
knowledge of conditions in the environment that influ-
ence exposure. Such generalizations mask considerable
variability in the distribution of dose, both in space and
time, even if the rate of input of radionuclides to the en-
vironment is essentially uniform. While this is of little con-
sequence to the calculation of collective dose, variations
in individual doses resulting from variations in vulnera-
bility can be masked and locations and populations re-
ceiving comparatively high doses may not be identified.
Allowing for these variations in the calculation and pre-
diction of individual dose enables improved insights into
the doses that would occur in the event of accidental re-
lease. This is particularly valuable for the Arctic because
of the comparatively heavy reliance on locally produced
foods and semi-natural foods in some populations.

4.2. Faroe Islands

Sufficient data are now available for the Faroe Islands to
enable a similar analysis to that carried for the other
Arctic countries in the first AMAP assessment (AMAP,
1998).

4.2.1. Food consumption

There have been two extensive nutritional investigations
in the Faroe Islands; the first in 1936 (Knudsen, 1940)
and the second in 1981 to 1982 (Vestergaard and Za-
chariassen, 1987; see Table 4-1). Most of the mutton is
lamb meat; about 18 kg/yr/cap according to unpublished
information (Joensen pers. comm., 2002). Reliable food
consumption rates are not available for the Faroe Is-
lands as much of the food is acquired privately, particu-
larly mutton and fish (mainly cod and haddock).

It is likely that the relative proportions of the differ-
ent food groups have changed over time. Milk has been
produced locally for the last 15 to 20 years but most
other dairy products are imported, mainly from Den-
mark. It is also likely that the relative proportions of the
different food groups vary across the country, but the
available data are insufficient to confirm this.

Table 4-1. Annual mean consumption of foodstuffs (kg/yr/cap) in the Faroe Islands, 1981 to 1982

(Vestergaard and Zachariassen, 1987).

Dairy Faroese Marine Grain Whale Whale
products  mutton fish Potatoes  products Vegetables meat blubber
142 25 26 70 78 12 4.4 2.6




4.2.2. Dose estimation

Internal doses resulting from the dietary intake of 137Cs
in the Faroe Islands since 1950 were calculated on the
basis of activity concentrations in foodstuffs and con-
sumption rates (Table 4:1). Activity concentrations in
milk were used to represent dairy products, those in
lamb to represent mutton, and those in white bread to
represent grain. Activity concentrations of 37Cs in
whale meat and vegetables were not available. The cal-
culation method was similar to that used in the first
AMAP assessment. Annual values based on actual 137Cs
measurements were collated to yield 5-year means since
the beginning of the 1960s. Owing to gaps in the data
set, values for 1950 to 1960 were obtained by linear in-
terpolation. Estimates of doses since 2000 were made
using an effective ecological half-life (Tef; Box 3.1) for
137Cs of 10 yr. The modelled integrated calculated dose
for the average Faroese population through the nuclear
age was 3.5 mSv, which is consistent with the estimated
value of 3.3 mSv in the first AMAP assessment. The
foodstuffs contributing the major part of the 137Cs dose
(approximately 60%) were milk and lamb.

4.3. Canadian Arctic

Some reservations were expressed about the effective in-
dividual internal dose commitments due to 137Cs intake
calculated in the first AMAP assessment. These con-
cerned the high rates of caribou meat consumption as-
sumed for the Canadian selected (Gwich’in) population
group, which appeared much higher than for selected
high consumption groups in other Arctic countries.
Since then, new dietary information for Canadian north-
ern population groups has become available (Berti ez al.,
1998; Kuhnlein et al., 2000; Van Oostdam et al., 1999).
This indicates that the caribou consumption estimate ap-
plied to the Gwich’in selected group in the first AMAP
assessment pertains to an extreme (high consumption)
group in the population, and does not represent an ‘av-
erage’ consumption estimate for relatively large popula-
tion groups, as was the case for the selected population
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Figure 4-2. Intakes by the selected groups in the period 1990 to
1995 (AMAP Data Centre).

groups for other Arctic countries. The Canadian selected
group described in the first AMAP assessment was
therefore not directly comparable with the selected
groups for other Arctic countries. Consequently, the
Canadian 137Cs internal dose was re-evaluated in the
present assessment using the new dietary data. The out-
come is described in the rest of this section (Figure 4-2).

Berti et al. (1998) report on a dietary survey per-
formed in five regions (16 communities) of Denendeh in
1994. During the study 1012 individuals completed a
24-hr dietary recall. Results were subdivided according
to sex, age (20 to 40 yr, and 40+ yr), and (five) regions.
The Gwich’in and Sahtt are groups with a high con-
sumption of caribou meat (Table 4-2).

Table 4-2. Caribou consumption (g/d/cap) for the Gwich’in and Sahtd (three communities sur-

veyed for each group) averaged over four seasons (Berti et al., 1998).

Female (mean * SD) Male (mean * SD)

Gwich’in 20-40 yr 40+ yr 20-40 yr 40+ yr
(n=19,32)* (n=8,35) (n=17,29) (n=22,33)
Fresh meat 122+73 178 £113 163 +81 224 £127
Dried meat** 15.8+9.7 7.8%14.6 34.8+23.9 129+£7.3
Liver 0.8+0.8 74172 4.4£49 7.2+7.0
Kidney 0.7+0.3 1.5+0.6 5015 1.8£0.8
Sahta 20-40 yr 40+ yr 20-40 yr 40+ yr
(n=24,22) (n=26,17) (n=18,31) (n=29,13)
Fresh meat 126 £67 227+129 135£85 250+132
Dried meat** 15.7+8.7 63+41.5 44.1+28.8 44.2+27.8
Liver 1.2+1.2 12.8£13.1 0.47+0.49 11.2+£12.2
Kidney 0.8+0.3 5.9+23 2.8%£1.0 4.9+2.4

*first number represents 24 hr diet recalls in the late winter and food frequency questionnaires for
the winter, second number represents 24 hr diet recalls in the autumn and food frequency ques-
tionnaires for the summer;

**dry weight basis, all other values fresh weight.
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Table 4-3. Average daily intakes (g +SE) of caribou in Arctic Canada (after Kuhnlein ez al., 2000).

15-19yr n 20-40yr  n 41-60yr n 61+ yr n
Inuvialuit — males
Meat 88 24 132 100 114 32 72 14
Dried meat* - 24 22 100 12 32 18 14
Ribs - 24 7 100 27 32 16 14
Bone marrow - 24 1 100 4 32 - 14
Liver - 24 - 100 4 32 - 14
Heart - 24 - 100 4 32 - 14
Kidney - 24 - 100 4 32 - 14
Kivalliq — males
Meat 428 7 259 87 365 33 440 15
Fat - 7 12 87 - 33 56 15
Ribs - 7 3 87 - 33 N 15
Dried meat™ - 7 4 87 - 33 7 15
Bone marrow - 7 2 87 23 33 - 15
Tongue - 7 - 87 - 33 14 15
Intestine - 7 1 87 - 33 - 15
Stomach contents - 7 2 87 - 33 - 15
Stomach - 7 1 87 - 33 - 15
Baffin — males
Meat 204 24 106 112 164 82 235 20
Fat - 24 4 112 10 82 - 20
Dried meat* 2 24 3 112 6 82 - 20
Intestine - 24 - 112 6 82 - 20
Stomach - 24 - 112 10 82 - 20
Bone marrow - 24 - 112 10 82 - 20
Liver - 24 - 112 6 82 - 20
Kidney - 24 2 112 0.1 82 - 20
Cartilage - 24 2 112 - 82 - 20
Labrador — males
Meat 142 18 148 80 135 68 74 21
Dried meat* - 18 13 80 2 68 - 21
Heart - 18 6 80 - 68 25 21
Ribs - 18 6 80 - 68 - 21
Tongue - 18 - 80 - 68 6 21
Bone marrow - 18 - 80 0.5 68 - 21

n = number of 24 hr diet recalls and food frequency questionnaires in the autumn and late winter;

*dry weight basis, all other values fresh weight.

The Canadian Inuit also exhibit high intakes of cari-
bou meat and other caribou products. Average daily
consumption data for four Inuit regions are presented
in Table 4-3. These data are based on 24 hr dietary re-
calls for individuals that had eaten caribou within the
previous 24 hours (Kuhnlein ef al., 2000). The data re-
veal a high degree of variability in the frequency and
amount of caribou consumed. Table 4-3 shows the av-
erage consumption for the groups as whole. Within
each of these groups it is evident that the heaviest con-
sumers had a fresh caribou meat intake of around 500
to 850 g/d on the days that they ate caribou during au-
tumn and winter. Adding the consumption of other
caribou products, especially dried meat, meant the total
individual caribou product consumption rates could
exceed 1 kg/d on certain days. Obviously, these high
consumers represent a limited proportion of the popu-
lation as a whole. Average consumption rates in the Can-
adian north are more typically around 100 to 400 g/d
(Kuhnlein et al., 2000; Table 4-3). These new data do
not support the average consumption rate of 1000 g/d
used in the first AMAP assessment, which would imply
that individuals were consuming 1000 g of caribou
meat per day seven days a week throughout the year.

Although this new information indicates that the con-
sumption rates for caribou meat in the selected Gwich’in
population group, for which exposure calculations were
performed in the first AMAP assessment, may have
been substantially overestimated, it appears that there
are individuals within the Canadian Arctic that period-
ically have consumption rates of a comparable mag-
nitude.

The selected groups from the other Arctic countries
represent ‘average consumers’ among larger groups in-
volved in caribou/reindeer herding. The values for cari-
bou/reindeer consumption were therefore lower than
those used for Canada. The first AMAP assessment con-
cluded that ‘It cannot be ruled out that there are small
numbers of individuals within other Arctic countries
having similar dietary habits as the selected Canadian
community. Accordingly, comparable or higher doses
than those calculated for the Canadian selected group
may exist within the Arctic’.

Figure 4-2 shows a revised comparison of 137Cs in-
take among selected groups using the new Canadian in-
take data (Berti ef al., 1998). The data for the selected
Canadian group are now more comparable with those
for the selected groups in other Arctic countries.
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Barents Sea

4.4. Northwest Russia

Several datasets concerning radionuclide transfer to
foodstuffs, dietary habit, and wholebody measurements
associated with studies of ingested radiation dose in
northwest Russia have become available since the first
AMARP assessment. Data for the Kola Peninsula and the
Nenets Autonomous Okrug (NAO) were collected
under the European Union and the Russian—-Norwegian
bilateral project ‘AVAIL, which involved five expedi-
tions to northwest Arctic Russia between 1998 and
2001 (Borghuis et al., 2002; see Annex Tables A4:1 and
A4-2).

The purpose of the expeditions was to assess con-
temporary levels of environmental contamination by
the long-lived radionuclides, 137Cs and 9Sr, and to de-
termine site-specific characteristics for estimating cur-
rent internal doses in the different population groups of
northwest Russia.

Three population groups were considered: indige-
nous peoples, mainly reindeer herders and members of
their families (Group I); rural populations and inhabi-
tants of small villages and settlements having mixed
diets (Group II); and the populations of big ports and
cities whose inhabitants mainly consume imported food-
stuffs (Group III).

The expeditions thus aimed to include a variety of
different types of Arctic inhabitant. Surveys were under-
taken in the areas shown in Figure 4-3, namely:

Lovozero village on the Kola Peninsula where Saami
and Komi are occupied in reindeer herding. The Slavic
population of the area is not directly connected with
reindeer herding but does consume reindeer meat. Umba
was also included although its inhabitants do not con-
sume much reindeer meat;

Dolgoshelye village and Mezen town in the Mezen
district of the Arkhangelsk Oblast. The Nenets nomad
camp located by the mouth of the River Perechnaya was
also included; and

Khongurey, Ust’-Kara, Nelmin Nos, and Krasnoye
villages, and Nar’yan-Mar town in the NAO. Here,

...

Pechora Sea
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Figure 4-3. Settlements included in the
1998 to 2001 dietary study, and the
larger cities.

Nenets dominate the indigenous population and are
largely occupied with reindeer herding. A nomad camp
of reindeer herders, who have owned the land along the
Kara Sea between Ust’-Kara and Amderma for many
years, was also included.

A questionnaire was used to obtain information
about the local population and the consumption and
origin of the eight most important foodstuffs in the diet.
Together with information on the levels of 137Cs and
90Sr in different foodstuffs, the dietary data were used to
assess which foodstuffs contributed most to the radionu-
clide intake of each population group. The 137Cs whole-
body contents of individual local inhabitants were also
measured.

4.4.1. Dietary preferences
4.4.1.1. Group I

The diet of reindeer herders in the Mezen district of the
Arkhangelsk Oblast and the NAO was similar to that
of the Saami and Komi reindeer herders on the Kola
Peninsula, both in terms of the consumption of reindeer
meat, and fish from local lakes and rivers, and the con-
sumption of milk of local origin. Some differences oc-
curred in the consumption of mushrooms and berries
(Table 4-4).

The most significant differences occurred in the con-
sumption of vegetables and fruit. This is primarily ex-
plained by 84% of the reindeer herders on the Kola
Peninsula having kitchen gardens compared to only
16% in the NAO. However, the contribution of vegeta-
bles and fruit to internal dose is negligible. Since the

Table 4.4. Consumption of natural products by Group I inhabitants
of northwest Russia (kg/d, mean+SE) (Borghuis ez al., 2002).

Mushrooms Berries
Kola Peninsula 0.021£0.005 0.045£0.012
Mezen district 0.036+0.009 0.042+0.008
Nenets AO 0.014£0.002 0.026£0.003
Average 0.024+0.011 0.038+0.015
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Table 4-5. Consumption of basic food products (kg/d; mean + SE) by Group I inhabitants of the northern European part of Russia in 1998 to
2001 (Borghuis et al., 2002).

Milk Reindeer meat  Other meat Potato Fish Mushrooms Berries
Local produce 0.086+0.013 0.310£0.011  0.007£0.001 0.110£0.015 0.130+£0.009 0.024+0.011 0.038+0.015
Imported products  0.005%0.003 - 0.006+0.001 0.078%+0.009 - - -
Total consumption 0.091+£0.013  0.310£0.011  0.013£0.002 0.190+0.014 0.130+0.009 0.024+0.011 0.038%0.015

Table 4-6. Consumption of basic food products (kg/d; mean = SE) by Group II inhabitants of northwest Russia (Borghuis ez al., 2002).

Milk Reindeer meat  Other meat Potato Fish Bread
Kola Peninsula
Lovozero (1998) n=25
Local produce 0.206£0.052  0.083+£0.011  0.004£0.004 0.323+£0.040 0.109+0.024 -
Imported products 0.079£0.029 - 0.072£0.013  0.049+0.021 - -
Total consumption 0.285£0.066  0.083+0.011 0.076+0.013  0.376+0.033  0.109+0.024  0.302%0.031
Nenets AO
Ust’-Kara (2000) n=41
Local produce - 0.084+0.016 0.056+0.009 - 0.155+£0.014 -
Imported products 0.014£0.008 - 0.022+£0.004  0.173+0.012 - -
Total consumption 0.014£0.008 0.084+0.016 0.078+0.011 0.173+£0.012  0.155+0.014  0.382%0.045
Nar’yan-Mar (2000) n=37
Local produce 0.206£0.056 0.169+0.028  0.040£0.014  0.239+0.042 0.087%0.011 -
Imported products 0.021£0.015 - 0.036£0.010  0.061+0.021 - -
Total consumption 0.227£0.056  0.169+0.028 0.076+0.019  0.300+£0.039  0.087+0.011  0.292+0.019
Mezen district
Dolgoshelye (1999) n=13
Local produce 0.497+0.162  0.032£0.009 0.051£0.005 0.333£0.040  0.125+0.020 -
Imported products - - 0.004£0.007 - - -
Total consumption 0.497+£0.162  0.032+0.009  0.055+0.003  0.333+£0.040 0.125+0.020  0.324+0.025

n = number in survey.

Table 4-7. Consumption of basic food products (kg/d; mean £SE) by Group III inhabitants of northwest Russia (Borghuis et al., 2002).

Milk Reindeer meat  Other meat Potato Fish Bread
Kola Peninsula
Umba (1998) n=58
Local produce 0.128£0.041  0.002+£0.002  0.021+£0.005 0.334%£0.026 0.113+0.011 -
Imported products 0.038£0.015 - 0.058+0.008 0.037%0.013 - -
Total consumption 0.166+0.044 0.002+0.002  0.077£0.009 0.370£0.023  0.113+0.011  0.332%£0.020
Mezen district
Mezen (1999) n=22
Local produce 0.414%£0.110  0.012+£0.005  0.024£0.007 0.420%£0.055 0.073+0.014 -
Imported products - - 0.101£0.066 - - -
Total consumption 0.410£0.110  0.012+£0.005  0.125+£0.066  0.420%£0.055 0.073+0.014 0.423%0.009

n = number in survey.

consumption of mushrooms and berries by this group
makes a relatively small contribution to dose, the data
for the reindeer herders for the entire northern European
part of Russia can be combined (Table 4-5).

4.4.1.2. Group II

A comparison of reindeer consumption by reindeer
herders (Table 4-5) and typical rural inhabitants of small
towns and villages (Table 4-6) shows that, on average,
rural inhabitants consume two to four times less rein-
deer meat than reindeer herders, with almost an order of
magnitude lower consumption in Dolgoshelye in the
Mezen district. This is explained by the gradual decline
of reindeer herding in the Mezen district. In contrast,
reindeer farms on the Kola Peninsula and in the NAO

are comparatively stable, and Lovozero, Ust’-Kara and
Nar’yan-Mar have shops selling reindeer meat.

Rural inhabitants, except inhabitants of Ust’-Kara,
exceed the milk consumption rates of Group I by a fac-
tor of 2.5 to 5.5 and potatoes by a factor of 1.5 to 2.
Ust’-Kara is on the shore of the Kara Sea, there is no
agricultural production, and kitchen gardens are rare.
Almost all foodstuffs, except reindeer meat and fish, are
thus imported. Group II inhabitants have similar fish
consumption rates to reindeer herders.

4.4.1.3. Group III

Inhabitants of large villages and towns in the European
part of Arctic Russia do not consume significant
amounts of reindeer meat (Table 4-7). However, milk
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consumption exceeds that of Group I by a factor of 1.8
to 4.5 and potato consumption by a factor of 2.

4.4.1.4. All Groups

Average consumption rates of mushrooms and berries
by Group II and Group III inhabitants of northwest
Russia, i.e. individuals unconnected with reindeer herd-
ing, are shown in Table 4-8. Fish consumption rates
were similar in all the population groups surveyed.
Rates of bread consumption were also similar, at 290 to

350 g/d.

Table 4-8. Consumption of mushrooms and berries (kg/d; mean £
SE) by Group II and Group III inhabitants of northwest Russia
(Borghuis et al., 2002).

Mushrooms Berries
Kola Peninsula 0.025 £ 0.010 0.045 £ 0.012
Dolgoshelye 0.036 + 0.010 0.052 + 0.010
Mezen district 0.042 + 0.007 0.071 £ 0.011
Ust>-Kara 0.012 + 0.002 0.028 + 0.004
Nar’yan-Mar 0.024 + 0.004 0.026 + 0.005
Average 0.028 + 0.006 0.044 + 0.009

4.4.2. Radionuclides in the diet

The highest 137Cs activity concentrations currently oc-
cur in reindeer meat, mushrooms, freshwater fish, and
berries (Figure 4-4). The 137Cs level in reindeer meat is
around two orders of magnitude higher than in locally
produced agricultural foodstuffs. As expected, there are
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Figure 4-4. Activity concentrations of 137Cs in products collected in
northwest Arctic Russia 1998 to 2001 (Borghuis et al., 2002).
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Figure 4-5. Activity concentrations of ?Sr in products collected in
northwest Arctic Russia 1998 to 2001 (Borghuis et al., 2002).

significantly higher 137Cs concentrations in lichen and
fungi compared with grasses and agricultural products
(potato, milk, and beef). Relatively high 137Cs activity
concentrations in Arctic freshwater fish are probably due
to low mineralization (low dissolved potassium and other
ions) of water and thus an elevated accumulation of
137Cs. Activity concentrations of 137Cs in marine fish are
an order of magnitude lower than in freshwater species.

Activity concentrations of 137Cs (Figure 4-4) and ?9Sr
(Figure 4-5) in locally produced milk and potatoes and
the corresponding Tig values are similar to those ob-
served in mid-latitudes.

For almost all foodstuffs, 137Cs and ?°Sr activity con-
centrations were higher on the Kola Peninsula than in
the other regions, with the differences more pronounced
for 137Cs.

4.4 .3. Dose estimation

Ingestion doses (Eint) were estimated from the dietary
intake data for the different population groups and the
radionuclide activity concentrations in the various food-
stuffs according to the formula:

Eint = 30 - X (dk; - I;), pSv/month Eqn. 4.1

where dk; is the dose factor for ingestion of the ith radio-
nuclide in the body of an adult; dk; is equal to 1.3 X102
and 2.8 X 10~2 wSv/Bq for 137Cs and ?0Sr, respectively
(ICRP, 1993); I; is the daily intake of the ith radionuclide
in the body with food in Bg/d; and 30 is the number of
days in a month.
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Table 4-9. Average daily intake of 137Cs and ?Sr in summer 1998 for Group I inhabitants of Lovozero

village (Borghuis ez al., 2002).

Activity concen- Intake,
tration, Bg/kg Bq/d

————————————————————————— Consump-,  Food pro- oo

137Cs 90Sy tion, kg/d  cessing factor 137Cs 208y
Milk 0.39 0.15 0.10 1.0 0.04 0.015
Reindeer meat 70 - 0.30 1.0 20.9 -
Mushrooms 58 0.13 0.021 0.5 0.61 0.0014
Berries 19 3.4 0.045 1.0 0.86 0.153
Potatoes 0.12 0.25 0.31 0.8 0.03 0.062
Fish 20 - 0.10 1.0 2.1 -
Total 24.5 0.23

Table 4-10. Average daily intake of 137Cs and °Sr in summer 1998 for Group Il inhabitants of Lovo-

zero village (Borghuis et al., 2002).

Activity concen- Intake,
tration, Bg/kg Bg/d
------------------------- Consump-,  Food pro- e
137Cs 208y tion, kg/d  cessing factor 137Cs 208y
Milk 0.39 0.15 0.28 1.0 0.11 0.042
Reindeer meat 70 - 0.083 1.0 5.8 -
Mushrooms 58 0.13 0.025 0.5 0.73 0.002
Berries 19 3.4 0.045 1.0 0.86 0.153
Potatoes 0.12 0.08 0.38 0.8 0.04 0.024
Freshwater fish 20 - 0.085 1.0 1.7 -
Total 9.2 0.22

Table 4-11. Average daily intake of 137Cs and 29Sr in summer 1998 by Group III inhabitants of Umba

(Borghuis et al., 2002).

Activity concen- Intake,
tration, Bq/kg Bg/d

————————————————————————— Consump-,  Food pro- e

137Cs 208y tion, kg/d  cessing factor 137Cs 208y
Milk 0.49 0.17 0.128 1.0 0.063 0.022
Mushrooms 59 - 0.021* 0.5 0.62 -
Berries 3.7 - 0.045* 1.0 0.17 -
Potatoes 0.12 0.18 0.33 0.8 0.032 0.048
Fish 2-20%* - 0.11 1.0 0.22-2.2
Total 1.1-3.1  0.07

* consumption assumed to be the same as at Lovozero village;

** first number corresponds to the average 137Cs activity concentration in marine fish and the second

to freshwater fish.

The daily radionuclide intake is estimated by com-
bining the intake of different foodstuffs:

Ij = 21) (ij . Vip . Kip), Bq/d Eqn 42
where (Cip(2) is the concentration of the ith radionuclide
in the pth foodstuff in Bq/kg; Vip is the daily consump-
tion rate of the p* foodstuff in kg/d; and Kip, is the food
processing factor accounting for the loss of the ith radio-
nuclide during cooking of the pth foodstuff.

The internal dose to inhabitants from 137Cs may also
be assessed on the basis of measured activities in the hu-
man body. The mean monthly effective dose through in-
ternal exposure in adult inhabitants from 137Cs (E137),
based on wholebody measurements, was calculated using
the formula:

E137 = 30 - kd137 - O/M, pSv/month Eqn. 4.3

where Q is the 137Cs activity in the body of a person
under investigation in Bq; M is the mass of the body of
the person in kg; kd137 is the dose rate coefficient con-
verting the specific activity of 137Cs in the body, O/M, to

the effective dose rate; kd137 = 6.3 X 103 (uSv/kg per
Bg/d) (ICRP, 1993).

4.4.3.1. Group 1

Table 4-9 shows the average daily 137Cs and ?9Sr intakes
from local foodstuffs in reindeer herders from Lovozero
village. The consumption of reindeer meat in summer
provides 83% of the 137Cs internal dose. Fish and mush-
rooms and berries are also significant sources (at 8%
and 9%, respectively). The average monthly internal
dose from 137Cs in summer 1998 was 10 uSv/month.
The diet of the reindeer herders was the same in
spring as in summer. This is to be expected as the food
supply of the indigenous population is generally stable
throughout the year. Again, the major contributor to the
internal dose was reindeer meat, at 88%, with the rest
from local freshwater fish, and mushrooms and berries.
As in summer, the contribution from milk was small.
The average daily intake of 137Cs by reindeer herders in
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late winter was 39 Bq and the monthly internal dose was
15 wSv. This is 1.5 times higher than in summer and con-
sistent with a factor of 1.6 between the 137Cs activity
concentration in reindeer meat after the winter slaughter
and in summer. To estimate the annual internal dose, ap-
propriate weightings were assigned to the winter (seven
months with snow) and summer periods.

If wholebody measurements are used for dose esti-
mation (the average 137Cs content in the body of rein-
deer herders in winter 1999 was 3250 + 250 Bq), the cal-
culated dose is 8.8 wSv/month. This is only 10% higher
than the estimate for the summer period and 1.7 times
lower than that estimated on the basis of 137Cs intake
using food product data. The contribution of %OSr to the
total internal dose to reindeer herders is about 1-3%.

4.4.3.2. Group II

Estimated average daily intakes of 137Cs and 9Sr in key
foodstuffs for inhabitants of Lovozero village not di-
rectly connected with reindeer herding are given in Table
4-10. Reindeer meat still contributes the most to internal
dose (63%), although the average daily consumption
(0.08 kg) is 3.5 times lower than for reindeer herders.
The next most important contributions are from fish
(18%), and mushrooms and berries (17%). The average
monthly internal dose from 137Cs to Lovozero rural in-
habitants is 3.6 u.Sv. The contribution of 20Sr to the total
internal dose of village inhabitants is about 5%.

4.4.3.3. Group III

In Umba, inhabitants rarely consume reindeer meat and
so their intake of radionuclides is considerably lower
than at Lovozero. Instead, the greatest contribution to
internal dose is from local mushrooms and berries.
Based on Table 4-11, the internal dose from 137Cs and
90Sr ranges from 0.5 to 1.2 wSv/month.

4.4.3.4. All Groups

The contribution of ?9Sr to total internal dose is lowest
for Group I (reindeer herders) at 2.4 to 3.4% and high-
est for Group III (urban inhabitants) at 16 to 20%. This
reflects the considerable difference in reindeer meat con-
sumption by the two groups. Reindeer meat is the main
dose-contributing foodstuff for Group I (through 137Cs
intake rather than ?9Sr). In Group II (rural inhabitants),
the contribution of ?Sr to total dose varies from 3.8 to
5.0%. Only for inhabitants of Dolgoshelye does it reach
15% and this reflects the comparatively low reindeer
meat consumption (only 0.032 kg/d).
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Table 4-12. Current average internal doses (pSv/yr) in northwest
Russia (Borghuis et al., 2002).

Group Monthly dose Annual
(n) summer winter dose
Kola Peninsula (Lovozero, Umba)
1(43) 10 19 183
I (25) 4.5 6.9 71
11 (58) 1.2 1.2 14
Mezen district (Dolgoshelye, Mezen)
1(8) 53 8.6 87
1 (13) 15 1.8 20
IIT (22) 1.2 1.4 16
Nenets AO (Ust’-Kara, Nar’yan Mar)
1(63) 49 82 82
1I (41) 1.6 2.5 26
11 (37) 29 47 47

Table 4-13. Current average internal doses due to the intake of
137Cs and ?0Sr normalized to the specific activity per unit soil sur-
face in northwest Russia (Borghuis et al., 2002).

Annual dose, pSv/yr per kBg/m?

137Cs 90G

Kola Peninsula

Group I 100 2.8

Group II 37 2.6

Group III 6.6 2.2
Mezen district

Group I 31 2.6

Group II 6.3 3.1

Group III 4.6 3.2
Nenets AO

Group I 30 1.9

Group 11 13.0 (9.2-17) 1.1 (0.7-1.5)

Similar dose assessments were performed for inhabi-
tants of the Mezen district in the Arkhangelsk Oblast
and the NAO. Estimated doses are summarized in Table
4-12. The calculations were based on the intake of 137Cs
and ?9Sr with food.

Current doses to inhabitants of the Russian Arctic
are <200 pSv/yr, much lower than during the 1960s
when global fallout was at its highest. Doses on the Kola
Peninsula are higher than in the Mezen district and the
NAO. The highest doses occur among reindeer herders.
Doses to reindeer herders on the Kola Peninsula are
twice those in other regions.

A direct comparison of different areas is achieved by
normalizing the internal doses due to 137Cs and “9Sr in-
take to the 137Cs and ?0Sr activity concentrations per
unit soil surface (Table 4-13). This shows that doses to
Groups I, I, and III per unit deposition are higher on the
Kola Peninsula than in the other areas. This presumably
reflects the higher transfer to foodstuffs in the Kola re-
gion. Table 4-14 shows the contributions of different
foods to effective internal dose in northwest Russia.

Table 4-14. Percentage contribution of different foodstuffs to effective internal dose in northwest Russia (Borghuis ez al., 2002).

Kola Peninsula Mezen district Nenets AO
GroupI Group Il Group III Group I Group I  Group III Group I Group II

Dairy products 0.14 0.88 2.7 0.54 13 14 0.21 0.86
Beef 0.02 0.03 0.88 0.07 2.3 1.4 0.08 1.3
Reindeer meat 89 63 7.4 90 40 19 95 86
Mushrooms 2.5 7.9 39 4.8 21 31 0.84 2.4
Berries 2.5 6.6 32 2.8 15 26 2.8 7.4
Potato 0.15 1.1 5.7 0.22 2.8 4.5 0.14 0.52
Freshwater fish 5.1 20 11 1.3 5.5 4.1 0.67 1.7
Marine fish 0.09 0.04 1.8 0.14 0.57 0.42 0.19 0.47
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Currently, the annual effective dose from external ex-
posure to anthropogenic gamma radiation (137Cs of
global and Chernobyl fallout origin) varies from 1 to 10
wSv/yr. The highest values correspond to reindeer her-
ders and the lowest to urban inhabitants.

Reindeer meat consumption is important to all
groups, with the exception of the coastal community at
Umba, and dominates intake for reindeer herders. For
rural inhabitants, fish, mushrooms, berries, and dairy
products are also important. For urban dwellers, dairy
products, mushrooms, berries, and freshwater fish can
be important contributors to internal dose.

This assessment of communities in northwest Russia
has shown that some of the current variations in food
product contribution and total dose are explained by the
following factors:

o the rate of reindeer meat consumption;

o the higher transfer of radiocesium to foodstuffs on the
Kola Peninsula than in areas further east;

e the location of the community — coastal communities
receive the lowest doses;

e land use — communities on the Kola Peninsula culti-
vate their own crops and buy local produce in shops to
a greater extent than communities further east; and

e the rate of mushroom and berry consumption.

4.4.4. Comparison of past and present estimates
of internal dose

Table 4:15 compares the internal doses estimated for the
1990s in the first AMAP assessment (AMAP, 1998) with
those of the present assessment (based on the data in Sec-
tions 4.4.1. to 4.4.3.). Because the recent data were ob-
tained after those considered in the first AMAP assess-
ment, the annual values of internal dose for ‘average’
and ‘selected groups’ (reindeer herders) for the period
1990 to 1994 (Tables 8-13 to 8-16 in AMAP, 1998) were
corrected to allow for the expected decline in activity
with time. For reindeer meat and freshwater fish the Tef
for 137Cs was taken as 12 yr. For other foodstuffs, the
corresponding physical half-lives of 137Cs and ?°Sr were
used as the effective ecological half-lives.

The two dose estimates for the average population
agree well. However, the effective internal dose esti-
mated for the reindeer herders in the first AMAP as-
sessment is approximately twice that of the present es-
timate. This is mainly due to the lower average ra-
dionuclide activity concentrations in the data used in
the present assessment, and is despite the slightly
higher intakes of reindeer meat used in the present as-
sessment.

Table 4-15. A comparison of annual internal effective doses (pSv)
due to the intake of 137Cs and 9Sr for the average population and
reindeer herders in western Arctic Russia in the late 1990s esti-
mated during the first AMAP assessment (AMAP, 1998) and the
present assessment.

AMAP (1998) Present assessment
Average  Reindeer Average  Reindeer
population  herders population  herders
137Cs 14 280 12 80-180
90Gy 1 5.6 1.5-2.2 1.3-2.0

AMAP Assessment 2002: Radioactivity in the Arctic

4.5. European spent nuclear fuel
reprocessing plants

The first AMAP assessment addressed discharges from
the Sellafield and Cap de la Hague spent nuclear fuel re-
processing plants in Western Europe, the transport of re-
leased radionuclides into the Arctic, and the associated
doses to Arctic inhabitants. This assessment focuses on
99Tc and 1291, two radionuclides released from these
sources which were not discussed in detail in the previ-
ous assessment and about which concern has recently
been raised.

4.5.1. Technetium-99

Technetium-99 has two isomers, ??Tc and ?*mTc. The
latter has a short half-life (T1/2= 6 hr) and is used in med-
ical applications. It is of little concern outside the area of
medical health physics. The former, however, is a long-
lived fission product (T12 = 212 000 yr) that has gener-
ated increased interest since the first AMAP assessment.
The main sources of *Tc are nuclear weapons tests and
the nuclear fuel cycle. The most important sources for
western Scandinavia and Arctic environments are the
European nuclear fuel reprocessing plants at Sellafield
and Cap de la Hague (Dahlgaard et al., 1997). Releases
of 9Tc¢ from Sellafield have increased substantially in re-
cent years (Section 2.2.1). As a result, a steep increase has
been observed in the levels of °T¢ in some marine biota,
particularly crustaceans and seaweeds (Section 3.3.1).
Owing to its long half-life and conservative behavior in
seawater, *T¢ is now of concern to some European na-
tions (especially Ireland and the Nordic countries) as ev-
idenced by discussions at the Ministerial Meeting of the
OSPAR Commission in 1998 (OSPAR, 1998).

The contribution of ®*Tc¢ to average individual doses
to members of the local critical group of seafood con-
sumers for Sellafield discharges during the period 1994
to 1996 are estimated at 18 to 42 pSv/yr (Uranium Insti-
tute, 1998).

An assessment of ?°Tc¢ in the marine environment,
around Ireland which included an estimate of doses to
members of the Irish population, was developed in
preparation for the 1998 Ministerial Meeting of the
OSPAR Commission (Pollard et al., 1998). This con-
cluded that the individual (committed effective) doses to
average seafood consumers were 0.053 wSv in 1996 and
0.068 pSv in 1997, reflecting a moderate increase asso-
ciated with the increased concentrations in seafoods re-
sulting from the increased discharges of *Tc¢ from Sella-
field that began in 1993. For heavy seafood consumers
(presumably corresponding to a critical group), the cor-
responding values were 0.21 pSv in 1996 and 0.27 pSv
in 1997. However, it should be noted that there are no
estimates of the uncertainties associated with these dose
estimates. In a follow-up to this work, Smith et al.
(2001) extended the calculations to 1998, a period when
99T c activity concentrations in the marine biota of West-
ern Europe were still increasing. The values quoted for
average and heavy consumers of seafood for the years
1996 and 1997 were identical to those quoted by Pol-
lard et al. (1998). The doses for 1998 were estimated at
0.062 wSv for average consumers and 0.25 pSv for
heavy consumers of seafood. As stated by Smith et al.
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(2001), these doses are of negligible radiological signifi-
cance when compared to the annual dose limit of 1000
pSv for members of the public from practices involving
controllable sources of radiation (ICRP, 1991). The au-
thors also noted that doses to the same seafood con-
sumer groups associated with 210Po, a natural radionu-
clide for which doses through marine pathways are usu-
ally dominant, were 32 wSv and 148 pSv, respectively,
for average and heavy seafood consumers.

Since conservative radionuclides discharged from
Sellafield can be transported with the prevailing marine
currents into Arctic waters it is appropriate to consider
the biogeochemical behavior of *°Tc, and associated im-
pact in terms of human doses, in northern marine envi-
ronments. Although human doses in Arctic regions are
likely to be significantly below those observed in areas
close to discharge points, differences in biological up-
take and human dietary patterns may offset lower ambi-
ent contamination levels caused by dilution. In other
words, uncertainties associated with the fate of *T¢ in
Arctic marine environments require attention.

Within the context of estimating human exposure in
northern marine environments based on analyses of
99T ¢ activity concentrations in foodstuffs derived from
the sea, the Norwegian Radiation Protection Authority
(Brown et al., 1998) observed that: ‘Individual radiation
doses from buman consumption of seafood from Nor-
wegian waters are probably low due to the present low
levels of contamination and the low dose conversion fac-
tor of 22Tc’.

The Uranium Institute (1998) has estimated the dose
in relation to the quantities of specific seafoods con-
sumed in Norway on the basis of reported **T¢ activity
concentrations in seafood (Brown et al., 1998). The Ura-
nium Institute calculated that the consumption of Nor-
way lobster (Nephrops norvegicus), containing *?Tc in
the range 11.2 to 42 Bg/kg, would give rise to an indi-
vidual dose to the consumer of <0.03 uSv/kg ingested.
The corresponding value for mussels and shrimps, with
99T¢ in the range 0.54 to 0.68 Bq/kg, is 0.5 nSv/kg.
These are very low dose/mass consumption ratios. Even
an extreme seafood consumer eating 1 kg/d of Norway
lobster would receive an annual dose of <11 pSv.

Thus, it can be argued that discharges of **Tc¢ from
Sellafield, even at rates close to the authorized release
rate of 200 TBq/yr, as in 1995, lead to levels in Arctic
marine waters that are of no radiological significance for
human populations. However, there is much uncertainty
regarding the biogeochemical behavior of *°Tc in the
marine environment, which undermines the ability to
make prospective human impact assessments with any
great conviction. It is notable that uptake levels under
field conditions for some crustaceans (Brown et al.
1999; Busby et al. 1997) were largely unstudied before
the recent discharges from the Enhanced Actinide Re-
moval Plant (EARP) caused environmental levels to in-
crease dramatically (Section 2.2.1), although laboratory
studies had indicated that uptake rates could be high in
these groups and that large inter-species variability ex-
isted. Technetium uptake by many Arctic species re-
mains largely unstudied and thus an additional area of
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uncertainty with respect to human dose assessment. Fi-
nally, although technetium forms the highly soluble
pertechnetate ion in oxygenated seawater and can there-
fore be modelled using hydrodynamic models, little at-
tention has been given to the field behavior of ?*Tc
under anoxic conditions, as occur in some Norwegian
fjords, for example. In reality, little is known about the
environmental transfer and biological uptake of reduced
forms of this radionuclide.

4.5.2. lodine-129

Iodine-129 is a long-lived fission product (Tip =
17 000 000 yr) released from the nuclear fuel cycle. The
release of 121 to the European marine environment has
increased in recent years primarily due to increased re-
lease rates from the Cap de la Hague fuel reprocessing
plant (Yiou et al., 1995). Owing to its long physical and
environmental half-life 12°I is globally dispersed. The
total global release from the civilian nuclear fuel cycle
(reactors and reprocessing operations) is 14.8 TBq. This
corresponds to a collective dose commitment, truncated
at 10000 years, of 295 manSv (UNSCEAR, 2000). The
maximum individual dose from globally dispersed 12°I is
0.005 pSv/yr (UNSCEAR, 2000). Thus, current individ-
ual dose rates are of little significance and a virtually in-
significant source of risk to human health.

4.6. Conclusions

This chapter presents some dose assessments based on
newly available information. The main outcome is as
follows.

Doses to the Faroe Islands’ population were consis-
tent with the outcome of the preliminary assessment
during the first AMAP assessment.

The consumption of caribou by the indigenous peo-
ples in Arctic Canada has been reassessed and the doses
to critical groups are now shown to be lower.

There is good agreement between the present dose
rates estimated for the average population in northwest
Russia in this assessment and those of the first AMAP
assessment. However, the effective internal dose esti-
mated for reindeer herders in the first AMAP assessment
has now been halved. This is mainly due to data report-
ing lower average radionuclide activity concentrations in
reindeer meat, and is despite slightly higher intakes of
reindeer meat.

Although doses to the Arctic population from the re-
lease of ?*Tc and 2% are very low, because these radio-
nuclides behave conservatively in seawater, have very
long half-lives, and because ??Tc accumulates strongly
in certain species, more work should be done to assess
their effects on marine biota.

The doses to populations from a number of nuclear
power plants within or near the Arctic were assessed
during the first AMAP assessment. As this situation is
not known to have changed significantly since then, that
assessment has not been updated.

Further work should be carried out to assess the un-
certainties for calculated internal doses.
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Annex. Tables

Table A4-1. Activity concentrations of 137Cs (Bq/kg ww) in products from northwest Arctic Russia 1998-2001
(Borghuis et al., 2002).

Kola Peninsula Mezen district Nenets AO
n mean *SD n mean = SD n mean = SD
Reindeer meat
summer 10 70+14 3 58+33 21 34+38
winter 44 14668 - - 30 64173
Fish marine 8 0.561+0.43 4 0.394£0.23 8 0.51+0.29
Fish freshwater 19 31420 9 3.8+3.2 20 1.8£1.9
Mushrooms 57 93170 35 47143 26 19+14
Berries 22 16+£10 7 8.7+£5.2 34 17+16
Milk 34 0.32+0.23 9 0.51+0.40 9 0.22%0.15
Beef 18 1.3+£2.3 5 1.9+1.6 - -
Potatoes 12 0.12+0.07 3 0.060%+0.013 4 0.08+£0.04
Lichen* 20 164+80 8 100+£28 23 23+18
Natural grasses® 3 9.7+3.2 4 4.6%2.5 8 6.6+£4.0

*dry matter.

Table A4-2. Activity concentrations of 2Sr (Bq/kg ww) in products from northwest Arctic Russia 1998-2001
(Borghuis et al., 2002).

Kola Peninsula Mezen district Nenets AO

n mean +SD n mean + SD n mean +SD

(range) (range) (range)
Reindeer meat 10 0.36+0.18 3 0.42+0.1 4 0.44+0.13
(0.10-0.65) (0.30-0.63) (0.31-0.61)
Mushrooms 19 1.30£0.80 - - 4 0.90+0.38
(0.50-2.70) (0.42-1.30)
Berries 8 2.80%2.40 8 1.6110.44 7 1.00+0.51
(0.80-11.0) (0.70-4.00) (0.40-1.90)
bilberry 3 4.61£5.20 3 2.20%1.62 2 1.40%0.64
(1.0-11.0) (1.10-4.00) (1.00-1.90)
cowberry N 2.12+1.10 3 1.62%0.61 2 1.20£0.45
(0.80-3.40) (1.00-2.10) (0.86-1.50)

Milk N 0.15+£0.09 4 0.30£0.21 5 0.094%0.018
(0.05-0.21) (0.10-0.54) (0.07-0.11)
Potatoes 12 0.25+0.11 9 0.18+0.08 5  0.090%£0.034

(0.05-1.00) (0.11-0.27) (0.05-0.13)

Lichen™ 14 62156 9 61£27 16 38%22

(5.2-187) (27-99) (8-83)

Natural grasses* 3 117 6 16+3.7 6 l6+12

(5-19) (12-21) (4.2-35)

*dry matter.
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Protection of the Environment
from the Effects of Radiation

5.1. Introduction

There is a growing awareness that radiation risk man-
agement needs to address the question of effects on the
environment. Radiological protection has traditionally
been based on the protection of man. This is because the
international advisory body on such matters, the Inter-
national Commission on Radiological Protection (ICRP),
has maintained a strong bias toward human health. The
ICRP has stated that: “The Commission therefore be-
lieves that if man is adequately protected then other liv-
ing things are also likely to be sufficiently protected’
(ICRP, 1977). More recently, a caveat has been added
(ICRP, 1991) stating that ‘individual members of non-
human species might be harmed, but not to the extent of
endangering whole species or creating imbalance be-
tween species’.

The inadequacies of applying this approach to envi-
ronmental protection are increasingly recognized, from
both scientific and ethical perspectives (Strand, 2002;
Strand et al., 2000). One problem is that no evidence is
given to support the ICRP statements, with the result
that regulatory bodies in many countries are not in a
position to demonstrate explicitly that the environment
is being protected for a given situation. Laboratory stud-
ies and accidents have shown that radiation can have a
number of detrimental effects on biota, including mor-
tality, and reproductive and genetic damage. Neverthe-
less, current knowledge about the effects of radiation on
wild plants and animals is limited and subject to large
uncertainties, and there is little consensus on the rele-
vance and acceptability of these effects within the con-
text of risk management. The ICRP statements are po-
tentially invalid in certain situations, for example when
pathways to man do not exist or are long and tenuous,
or when accidents contaminate sparsely populated areas.
Hence, there are likely to be situations where the resi-
dent biota are exposed to harmful doses but doses to
man are maintained at levels well below the recom-
mended dose limits (Pentreath, 1998). It could be antici-
pated that the Arctic, where human population densities
are very low and exposure pathways to humans can be
relatively long, is a prime example.

For these reasons, there has been increasing pressure
to explicitly demonstrate environmental protection from
radiation and to incorporate environmental considera-
tions into the system of radiological protection. AMAP
activities, focusing on radioactivity and other hazardous
substances, have played an important role in driving the
debate, particularly by highlighting inconsistencies be-
tween the approaches taken for radioactivity and other
environmental pollutants (Strand et al., 2002). Wide-
spread international consensus has been reached over
the last couple of years on the need to develop a ration-
ale for the protection of the environment from ionizing

radiation and to demonstrate explicitly that the ecosys-
tem and its components are not being harmed by expo-
sure to radionuclides (Strand and Oughton, 2002).

The subject is specifically addressed within some
agreements, for example the Joint Convention on the
Safety of Spent Fuel Management and on the Safety of
Radioactive Waste Management. Furthermore, the sec-
ond principle of the International Atomic Energy Agency
(IAEA) Safety Fundamentals for the Management of Ra-
dioactive Waste states that: ‘Radioactive waste shall be
managed in such a way as to provide an acceptable level
of protection of the environment.” In addition, several
relevant agreements were made at the 1992 UNCED
Earth Summit in which a number of general principles
for environmental protection were laid down. An exam-
ple is “The Rio Declaration’ (UNCED, 1992) which em-
phasizes the issue of sustainable development in Princi-
ple 4, by stating that ‘Environmental protection shall
constitute an integral part of the development process
and cannot be considered in isolation from it.”

5.2. Frameworks for environmental protection

Developing and defending a practical and coherent sys-
tem of protection for flora and fauna raises a number of
dilemmas and conflicts, including those relating to scien-
tific, ethical, and legal issues. A better understanding of
ecological effects and their uncertainties primarily re-
quires a framework for risk and impact assessment that
can incorporate the sensitivities of various species and
ecosystems. Factors influencing sensitivity include expo-
sure pathways, uptake to biota, and dose-effect relation-
ships. These can be ecosystem-dependent (for example,
nutrient status or biological activity) and species-depend-
ent (such as high bioaccumulation of **T¢ by lobster or
the radiosensitivity of pine compared to other tree spe-
cies). Acute lethal doses can vary by several orders of mag-
nitude among and within species. Moreover, reproductive
and population health effects may occur at much lower
doses than would kill an organism and there is little in-
formation about the effects of low chronic exposure.
Ethical issues include whether animals have moral
status and why, the definition of harm in relation to the
exposed population or individuals, the balance between
the interests of humans and non-human species, and the
fundamental issue of why the environment should be
protected anyway. In common with many risk manage-
ment policies, the answers will need to reflect both sci-
entific knowledge and ethical values. Interestingly, many
of the groups concerned with the protection of the envi-
ronment from radiation, including the IJAEA and ICRP,
have identified a need to address the ethical and philo-
sophical questions. AMAP has collaborated on work
with the International Union of Radioecologists (IUR),
which was one of the first international organizations to
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actively promote the need to focus on non-human biota
and to propose a system for impact assessment.

Any framework for the protection of the environ-
ment from radiation should be compatible with protec-
tion systems for other environmental stressors. How-
ever, it is important to be aware that this area of law is
under continuing development. There is general world-
wide consensus on the issue of human rights (although
not total agreement on how those principles might be
applied in practice), which simplifies the management of
human radiation exposure in some respects. Nothing
like the same level of agreement has been reached on en-
vironmental principles however, although progress is
being made and is pertinent to the present assessment.
There are three major points to bear in mind when ad-
dressing the development of frameworks for protection
of the environment from radiation. First, legislation for
environmental protection is relatively new and still un-
dergoing development. Second, the issue is global, is
deemed important by governments and the public alike,
and has stimulated action on an international scale.
Third, practical solutions are not without conflict and
controversy. Not withstanding these difficulties, exam-
ples of environmental law can be found in the national
laws of every country. Although their scope and detail
vary considerably, progress during the last 30 years has
led to a certain amount of agreement on what is meant
by the ‘environment’ and its ‘protection’ and which
principles should guide that protection (see Box 5-1).

5.2.1. General legal and ethical principles

A two-stage approach is useful when assessing the legal
and ethical basis for the development of a framework
for environmental protection, namely: to consider some
general and/or common legal and ethical principles used
in environmental protection; and then to derive some
policy or management principles on the basis of these
being specifically relevant and pertinent to protection
from radiation.

The following principles are drawn from interna-
tional and national environmental policy (i.e., the Rio
Declaration; and policy arising from the European
Union, the U.S. Environmental Protection Agency, and
the U.K. Environment Agency) or from environmental
ethics. The list is not exclusive and reflects the broad is-
sues and spirit of international and national law.

Box 5-1. Definitions
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1. It is the responsibility of all humankind, where possi-
ble, to prevent detriment to the environment and to pre-
serve and protect the health and integrity of the Earth’s
ecosystem. (Principle of responsibility).

2. The use and exploitation of natural resources must
be sustainable and should equitably meet the develop-
mental and environmental needs of present and future
generations. (Principle of sustainable development).

3. Society must recognize the serious impact of humans
in causing extinction and a loss in species and actively
promote conservation measures to preserve the Earth’s
biodiversity. (Conservation/biodiversity principle).

4. Humans should avoid causing suffering to other liv-
ing organisms. (Welfare principle).

5. Humans should respect the inherent and intrinsic
worth of nature, recognizing that the environment has a
value beyond its direct impact on human interest. (Prin-
ciple of respect).

6. Environmental management needs to be combined
with concerns for economic and social justice (particu-
larly in developing countries) and with the informed
participation of affected citizens. (Principle of environ-
mental justice).

7. Decisions on environmental issues should reflect sci-
entific understanding, acknowledge uncertainties, and rec-
ognize the identity, role, culture, and specific knowledge
of indigenous peoples, traditional practices, and local
communities. (Transparency and participation principle).

8. In order to protect the environment, a precautionary
approach should be encouraged. Where there are threats
of serious or irreversible damage, lack of full scientific
certainty should not be used as a reason for postponing
cost-effective measures to prevent environmental degra-
dation. (Precautionary principle).

9. Authorities should promote the internalization of en-
vironmental costs taking into account that the polluter
should bear the costs of pollution, including those con-
nected to liability and compensation. (Polluter pays

principle).

10. The need to prevent environmental damage at
source requires that environmental impact assessments
should be carried out for all new developments, propos-
als, and technologies. (Environmental impact; justifica-
tion principle).

The term environment has been defined in a number of national and international laws. Common to most definitions is the notion
that the environment consists of man, biota (e.g., microorganisms, plants, and animals), abiota (e.g., soil, water, and air), physical
surroundings (e.g., climate, and light), and their interactions. Some definitions extend to both natural and man-made features of
the environment (i.e., cultural heritage, and buildings); some limit the definition to those external factors having a direct effect on

living organisms.

Protection of the environment is predominantly perceived as the prevention of detriment to the environment and its living com-
ponents. But the term can also encompass restoration, enhancement, and maintenance of environmental quality. While recogniz-
ing natural environmental stressors, most legislation and international conventions deal specifically with anthropogenic effects.

In the broadest sense protection of the environment from ionizing radiation might include all biotic and abiotic components of the
Earth’s biosphere. In a more practical sense, the abiotic component of the biosphere is known to be unaffected directly by the ef-
fects of radiation under all but the most extreme of conditions. In some instances, an interpretation of ‘damage’ might reflect that
an environment is contaminated per se, particularly for ecosystems perceived as ‘pristine’ such as the Arctic. However, in most
cases, efforts to quantify systematically the consequences of radiation exposure and to develop a system for protection might be
more constructively focused on the most sensitive components of the biosphere, i.e., living organisms, but not totally excluding the

abiotic environment.

At present, the only part of the environment explicitly considered for protection from ionizing radiation is man.
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Depending on the context, some principles may be
deemed more relevant than others and some more fun-
damental than others. In practice, the principles may even
conflict (e.g., 5 and 6). Principles 1 to 5 concern the ques-
tion of why it is necessary to protect the environment,
and 6 to 10 how to achieve this protection in practice.

The TAEA recently concluded that despite the appar-
ent diversity of values in the different ethical outlooks,
consensus on principles of environmental protection was
sufficient to identify five common principles, namely:
conservation of habitat and species; maintenance of bio-
diversity; sustainability; environmental justice; and hu-
man dignity (IAEA, 2002). Clear support for these five
principles was obtained at the IUR consensus conference
in 2001, which was attended by participants represent-
ing a wide range of disciplines connected to radiation
protection and environmental protection. Participants
identified a need for ‘development of policy in an open,
transparent, and participatory manner’, considered that
‘the best available technology, including consideration
of economic costs and environmental benefits, should be
applied to control any release of radionuclides into the
environment’, and supported a precautionary approach
to risk management (Strand and Oughton, 2002).

5.2.2. Management of environmental risk

In general, programs addressing the management of en-
vironmental risk can be grouped (although somewhat
arbitrarily) into three categories:

e management through pathway-based analysis of ex-
posure, often involving environmental standards (e.g.,
radiation dose to certain organisms or concentrations
of radionuclides in environmental media);

e management through process standards relevant to
specific source(s) based on best available technology
(BAT) and similar criteria of technical status and per-
formance; and

e pure management standards, which may include certi-
fication schemes or schemes that ensure that positive ac-
tion is taken to protect the environment and where conti-
nuous performance improvement is sought. An example

is the EC Eco-Management and Audit Scheme (EMAS).

Pathway-based schemes are generally considered most
relevant to the development of assessment frameworks
for the environment, but aspects of other schemes may
be incorporated when appropriate.

5.2.3. System for environmental impact assessment

A coherent and logical environmental impact assessment
methodology for ionizing radiation is essential (Pen-
treath, 1999). Components that could form the basis for
such a system include:

e a set of reference organisms — not all organisms can be
studied, necessitating a selection procedure;

e a set of quantities and units to express doses to biota.
Currently, doses are expressed in Grays per unit time,
which does not reflect the variable biological effects
arising from equal absorbed doses of differing radia-
tion types;

e a defined set of dose models for a number of reference
flora and fauna. Methodologies exist which allow the

calculation of doses to organisms with varying geome-
tries (e.g., consensus is required in adapting these al-
gorithms for use within a protection framework); and

e a set of dose—effect relationships for reference organ-
isms that could include data from low-exposure (e.g.,
cytogenetic effects) to high-exposure (e.g., lethal ef-
fects) situations.

Discussion within the scientific community has led to
the adoption of these points into a proposed strategy
comprising three key components (IUR, 2000), namely:
exposure pathways and retention of radionuclides by
biota; dose calculations; and dose-effect relationships.

5.2.3.1. Exposure pathways
and retention of radionuclides by biota

The outcome of the work on exposure pathways will be
based on the acquisition and synthesis of information
concerning ecological characteristics and radionuclide
uptake within selected ecosystems. Simple reference mod-
els could be developed for the simulation of radionuclide
migration and uptake to the whole organism (and or-
gans if applicable) for those reference species living in
representative terrestrial and aquatic ecosystems.

5.2.3.2. Dose calculations

Radiation dosimetry models will be developed for the ref-
erence organisms. These will be designed to estimate the
actual or potential absorbed dose rates to the organisms
from internal and external sources of a-, B-, and y-radia-
tion. The final output will be a tabulation of absorbed
dose rate coefficients (Gy/hr per unit radionuclide activity
concentration in the relevant environmental compart-
ment) for each reference organism for the radionuclides of
concern. It is likely that the reproductive organs will be
important targets for inclusion in the dosimetry models.

5.2.3.3. Dose—effect relationships

Endpoints of concern in individual generic organisms
could be defined and dose rate/response relationships for
the chosen endpoints tabulated. This would involve the in-
tegration of data from earlier reviews, and assessments of
the potential impacts of radiation in the environment, as-
sessments of the wider radiobiological literature, and as-
sessments of newly available information from the Kysh-
tym (see Section 7.5.1) and Chernobyl accidents. Relevant
effects of radiation will probably include, but not neces-
sarily be limited to, changes in morbidity, mortality, fer-
tility, fecundity, and mutation rate. Information will be
organized so as to indicate the approximate dose rate/re-
sponse relationships. An attempt should be made to quan-
tify the intrinsic uncertainty in these threshold dose rates
(e.g., through the extrapolation of laboratory data to nat-
ural conditions) and to indicate possible modifying influen-
ces (e.g., the influence of other environmental variables).

5.2.4. Target level of biological hierarchy

It is generally recognized that protective action should
be taken in such a way as to ensure that populations of
organisms receive an adequate level of protection (IAEA,
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1992, 2000) and that the functioning of their associated
ecosystems is unaffected by the presence of a contami-
nant. A practical approach to ensure that unacceptable
effects on populations are avoided is to target protective
action at the organizational level below populations, i.e.,
individuals. This is justified on the basis of a number of
precepts, including:

e population effects are unlikely to be manifested if indi-
viduals are unaffected;

e population effects are more complex to assess than ef-
fects on individuals and more likely to be masked by
the normal range of spatial and temporal ecosystem
variability;

e scientific information on population effects is compar-
atively scarce; and

e in protecting threatened or endangered species, con-
sideration of individuals is necessary.

However, the reasoning is not straightforward in all
cases, bearing in mind that:

e for a variety of species (e.g., with asexual or vegetative
propagation), individuals and populations in the con-
ventional sense may be difficult to differentiate;

e there are cases where individuals may be affected (e.g.,
in the case of endocrine disrupters) while populations
remain unaffected; and

e in the case of stochastic effects, effects may be observed
in individuals while not affecting the viability of the
population.

5.2.5. Dose or dose rate as an indicator
of actual or potential impact

One approach to environmental assessment involves the
calculation of the dose or dose rate to reference organ-
isms. The rationale being that biological effects of radia-
tion are mediated through the absorbed dose and much
information is available linking the severity of effects to
the dose or dose rate.

Alternatively, assessments could be based on ra-
dionuclide activity concentrations. However, the dose is
further modified by the type of radionuclide and exter-
nal and internal geometry, as well as other factors such
as lifespan and size. Activity concentrations could be of
relevance in compliance discussions, e.g., by comparing
expected/observed concentration data with data from
dose standards (e.g., U.S. DOE, 2002). However, for as-
sessing effects, including the radiation dose or dose rate
adds transparency.

Several dosimetry models are available for aquatic
and terrestrial environments, although these are not
necessarily sufficiently comprehensive for developing a
framework for environmental protection. For the aquatic
environment, the generic models relate to: small and
large phytoplankton; pelagic and benthic crustaceans;
benthic molluscs; and pelagic and benthic fish. These
have been developed to the point at which dose rate fac-
tors have been tabulated for a range of radionuclides in
environmental media (Amiro, 1997; Pentreath and Wood-
head, 1988). It is envisaged that future work will focus
on the development of the dosimetry models, and the as-
sociated dose conversion factors that relate directly to
the reference organisms (and their local environment).
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5.2.6. Practical and ethical advantages
of the framework

A number of practical and ethically-relevant advantages
of this framework can be highlighted; the framework
is site- and case-specific, transparent, involves stake-
holder participation, enables comparison with other
environmental contaminants, is ‘bottom-up’; is applic-
able to individuals and populations; and is compatible
with anthropocentric and ecocentric environmental phil-
osophies.

5.2.6.1. Site- and case-specific

That the framework is site- and case-specific promotes
the notion that there may be a number of different rea-
sons for protecting the environment. For example, the
case may depend on available alternatives, the ecosystem
itself (e.g., a protected habitat or common resource),
and/or the organisms it contains (e.g., endangered spe-
cies). There is also uncertainty in going from a measure-
ment of concentrations in abiotic compartments (e.g.,
soil, water), to calculations of accumulation and doses
in organisms, and to estimates of cellular up to ecosys-
tem effects. Source-specific, site-specific, species-specific,
and individual-specific variability all contribute to such
uncertainty. This complexity has the disadvantage of in-
troducing difficulties and there may be cases where a
simple approach is sufficient. Until better scientific evi-
dence is available to support such judgments, oversim-
plification should be avoided.

5.2.6.2. Transparency

The framework is transparent in that it indicates the po-
tential consequences of actions and how these were de-
rived. It also provides information relevant to the issue
of ‘risk’, for example, uncertainties as to outcome, prob-
abilities of harmful effect, errors in dose-risk calcula-
tions, and model sensitivity. Honesty about the level of
scientific knowledge (meaning some distinction between
what is widely acknowledged as fact, generally accepted,
disputed, difficult to predict, unknown, etc.) is funda-
mental to building public trust; short-sightedness or dis-
honesty is one of the fastest ways to lose this trust.

5.2.6.3. Stakeholder participation

The framework promotes a more open debate on the
acceptability of the consequences of radiation exposure
to biota, and encourages public and stakeholder par-
ticipation in such debates. A simple statement that ‘re-
leases are below dose limits’ tends to beg the question as
to where the limits came from and whether they are ap-
propriate. It is also questionable whether the public is
sufficiently competent to participate in such debates,
and whether the perceptions influencing attitudes to their
own risk — for example, whether voluntary or imposed —
are equally relevant to the question of what is acceptable
to animals and other living organisms. The public is not
always ‘rational’ and consistent in the way it values
animals (dogs and pandas being more important than
mosquitoes and worms). Who decides which factors are
relevant?
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5.2.6.4. Comparison with other
environmental contaminants

Because the framework provides information on effects
and uncertainties for a range of endpoints, it should be
possible to use that information to compare the environ-
mental effects of other practices or alternative actions.
Effects from radiation exposure may be compared di-
rectly with effects of other environmental stressors,
many of which result in the same biological endpoints.
This is an important step towards ‘holistic’ environmen-
tal management, and promotes coherence with other
methods.

5.2.6.5. Bottom-up

In ecotoxicology, there is often talk of a distinction be-
tween ‘bottom-up’ and ‘top-down’ systems. This para-
digm has attracted increasing attention, largely owing to
scientific developments in the analytical techniques used
to study the mechanisms and processes of environmental
effect (e.g., molecular biology, population studies, and
vulnerable species). A ‘bottom-up’ system means that
the framework first acknowledges that actions can have
a variety of effects on the environment (from DNA to
ecosystems), and considers a range of biological end-
points, changes, and causes. From a risk management
point of view, the question is: What might we do and
how can we avoid doing it? A ‘top-down’ system focuses
on constraints, standards, and compliance, usually de-
rived from ‘no observed effect level’ or ‘critical load” cri-
teria. In this case, the question is: How much can we do?

5.2.6.6. Applicable to individuals and populations

The main area of focus for the framework is individual
organisms. This is sometimes necessary from the point of
protection, as in the case of protected species. But evalu-
ation of possible population effects can also be derived
from individual effects. Also, the individual is often the
highest level at which scientific experiment and hypoth-
esis testing can be directed. Observed biological or phys-
iological effects on an individual organism (or its cells,
DNA, etc.) may be reduced causally to the radiation ex-
posure; subsequent effects at a population or ecosystem
level require more complicated ecological modelling.

5.2.6.7. Compatible with anthropocentric
and ecocentric environmental philosophies

Lastly, the framework is compatible with anthropocen-
tric and non-anthropocentric (i.e., ecocentric) environ-
mental philosophies and can be incorporated into na-
tional environmental legislation.

5.2.7. Conclusions

A system for assessing the consequence of radiation ex-
posure on Arctic flora and fauna should have high prior-
ity. This requires collaboration at the international level
and, with this in mind, joint activities are planned be-
tween AMAP and IUR. The European Commission has
also initiated further scientific developments through the
research projects FASSET (Framework for Assessment

of Environmental Impact) and EPIC (Environmental
Protection from Ionising Contaminants in the Arctic).

There is a need for the development of a framework
for the protection of the environment from ionizing ra-
diation. This is also required to structure the informa-
tion derived from earlier studies in order to direct future
scientific research. Such a system will include environ-
mental transfer models, environmental dosimetry mod-
els, and tabulated dose-effect relationships. The system
will also require ‘reference organisms’ (i.e., a group of
organisms that are selected from a number of criteria
such as radiosensitivity, accumulation potential, ubiqg-
uity, and importance to ecosystem functioning) and the
derivation of relevant quantities and units. The final sys-
tem should allow regulators to explicitly and transpar-
ently demonstrate a commitment to environmental pro-
tection and should provide a basis for developing stan-
dards against which to test for compliance of current
and future practices.

5.3. Arctic-specific issues

The Arctic requires special attention in the selection
of reference organisms owing to its greater vulnerability
and lesser abundance of species. The project EPIC — an
EC Inco-Copernicus funded research project coordi-
nated by the Norwegian Radiation Protection Author-
ity — aims to develop a methodology for the protection
of natural populations of organisms in Arctic ecosys-
tems from radiation. One component has been the de-
velopment of a list of Arctic-specific reference organ-
isms (Beresford et al., 2001). These were proposed on
the basis of their ecological niche, radiosensitivity,
likely internal and/or external exposure to radionu-
clides, and their suitability for monitoring and/or fu-
ture research.

5.3.1. Identification of reference organisms
5.3.1.1. Biological endpoints

The four ‘umbrella’ types of biological effect are mor-
bidity (the general well-being of the organism), mortal-
ity, reproductive success, and cytogenetic effects.

The choice of endpoints will be facilitated by the de-
velopment of a database for biological effects on a num-
ber of groups of terrestrial and aquatic fauna and flora.
The effects of radiation on plants and animals have been
reviewed many times from the perspective of assessing
the potential impacts of radioactive waste disposal (IAEA,
1976, 1988, 1992; NCRP, 1991; UNSCEAR, 1996).
The present need is to structure this information so as to
identify the levels of dose rate at which different degrees
of damage might be produced in the endpoints of inter-
est. This will also identify gaps in scientific knowledge
that could lead to further research to improve the level
of understanding of these topics.

5.3.1.2. Identification based on exposure

For a suite of radionuclides, expert judgment and trans-
fer models can be applied in order to identify which or-
ganisms assimilate and retain radionuclides to a high de-
gree and which organisms occupy habitats that are likely
to concentrate enhanced levels of radioactivity.
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Figure 5-1. Comparative radiosensitivity of different organisms rep-
resented by the acute lethal dose ranges (UNSCEAR, 1996).

The habits and habitat of different life stages of some
organisms may vary considerably (e.g., bird and egg, lar-
val and adult insects) and this may lead to different ex-
posure pathways. This should be considered when se-
lecting reference organisms. A selection of candidate ref-
erence organisms for European ecosystems based purely
on radioecological criteria were drawn up by Strand et
al. (2001).

5.3.1.3. Identification based on ecological relevance

Ecological sensitivity is defined in terms of the role of
the organism in the ecosystem concerned. A number of
factors are relevant, e.g., population size; trophic level;
reproductive strategy, including generation time; size;
habitat; seasonal variations; physiological features; and
biological complexity.

The simple approach, as used in EPIC, is to assess the
requirements for representation of each trophic level.
Dominant organisms at each trophic level are responsi-
ble for the major energy and nutrient flows in the eco-
systems; therefore, it could be argued that protection of
these organisms (by their selection as reference organ-
isms) will ensure the protection of the ecosystem as a
whole.

5.3.1.4. Identification based on radiosensitivity

The effects of ionizing radiation on living organisms
have been reviewed extensively (Rose, 1992; UN-
SCEAR, 1996). The comparative sensitivity of different
organisms to radiation in terms of acute lethal dose is
shown in Figure 5-1. Although other radiation-induced
effects (e.g., morbidity, fertility, and fecundity) may also
be important; as a thorough review of these ‘other’ fac-
tors has not yet been conducted the comparative lethal
dose (mortality) was used to aid the selection of refer-
ence organisms.

Available data on acute lethal dose exposures indi-
cate that mammals and birds are the most radiosensitive
groups, although the radiosensitivity ranges are large
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and sensitivities for different groups overlap consider-
ably. These criteria indicate that mammals and birds
should be included in any suite of reference organisms.

5.3.1.5. Distribution and practicality
for research and monitoring

There is little point selecting reference organisms that
are not widely distributed through at least one of the
three Arctic zones (High-, Low-, and subarctic). Species
known to occur in these zones, for those groups for
which there is sufficient information, are listed in the
EPIC report (Beresford et al., 2001). The practicality of
collecting the organisms for monitoring purposes (to de-
termine the radionuclide content or to assess effects due
to exposure) or to enable further radiosensitivity and
radioecological studies is a further consideration. For
some groups, this would be difficult owing to their pro-
tected status (e.g., raptors, marine mammals) or their
perceived public sentiment (e.g., marine mammals, large
terrestrial carnivores). Also, some potential reference or-
ganisms are of commercial importance, for example,
macroalgae (in the Norwegian, Barents, and White Seas),
benthic fish (haddock, Greenland halibut, European
plaice) and pelagic carnivorous fish (Atlantic cod). Tak-
ing these factors into account, a selection of appropriate
organism groups are listed in Table 5-1.

5.3.1.6. Examples of reference organisms

A search for candidate reference organisms occurred
during the EPIC project. In this respect, it must be em-
phasized that the term ‘reference organism’ does not
imply a particular species, but serves as a surrogate.
Thus, in principle, it should be possible to identify spe-
cific plants and animals that are listed under the heading
‘reference organism’ (Table 5.1). In the practical applica-
tion of the system, ‘secondary reference organisms’ may
need to be defined at the species level. For example, in
the case of a carnivorous terrestrial mammal, the Arctic
fox (Alopex lagopus) might be selected and in the case of
a marine benthos-eating bird, the common eider (Soma-
teria mollissima). The selection process is driven by fac-
tors such as ubiquity and practicability for monitoring.

Table 5-1. Groups from which aquatic and terrestrial reference or-
ganisms should be selected (Beresford et al., 2001).

Terrestrial
reference organisms

Aquatic
reference organisms

Benthic bacteria
Macroalgae (marine)
Aquatic plants (freshwater)
Phytoplankton
Zooplankton

Molluscs

Polychaetes (marine)

Insect larvae (freshwater — benthos)
Pelagic fish (planktotrophic)
Pelagic fish (carnivorous)
Benthic fish

Carnivorous mammals
Benthos-eating birds

Fish eggs

Lichens and bryophytes
Gymnosperms
Monocotyledons
Dicotyledons

Soil microorganisms
Soil invertebrates
Herbivorous mammals
Carnivorous mammals
Bird eggs
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6.1. Introduction

This chapter considers nuclear safety initiatives relating
to the eight Arctic countries. However, as many of the
practices that impact upon or present a hazard to the
Arctic environment are sited in northwest Russia, the em-
phasis of this chapter is on that region. Safety initiatives
mostly relate to safety assessments of nuclear installa-
tions, particularly nuclear power plants (NPPs); other
initiatives address regulatory improvements, arrange-
ments for physical protection, and nuclear safeguards.

Production of weapons-grade nuclear materials, op-
eration of NPPs, nuclear fuel cycle facilities, nuclear-
powered ships, and other activities involving the use of
nuclear energy and radioactive materials in the territory
of the Russian Federation have resulted in the accumula-
tion of significant amounts of radioactive waste and
spent nuclear fuel in Arctic Russia. Their management
presents a major challenge.

Nuclear safety support programs are designed to
contribute to the prevention of serious nuclear accidents
at nuclear facilities. Their purpose is to provide assis-
tance to the operators of nuclear facilities and the na-
tional safety bodies that regulate these facilities. Other
international programs address risks associated with nu-
clear waste, illicit trafficking, and terrorism involving
nuclear materials. While terrorism has always been of
concern to bodies such as the International Atomic En-
ergy Agency (IAEA), interest in the wider community
has been renewed following the 11 September 2001 at-
tacks (Lubenau and Strom, 2002). The initiatives are not
specific to the Arctic; however, the break-up of the for-
mer Soviet Union has meant that administrative controls
and competence require strengthening to prevent terror-
ists obtaining nuclear material (Webb, 2002).

6.2. The purpose of risk management

Risk management is a process designed to assess, priori-
tize, and control risks with the specific goal of reducing
risks in a manner that optimizes the use of resources and
achieves the greatest reductions in risk for a given re-
source investment. A major fundamental underlying risk
management is to ensure that planned activities, includ-
ing monitoring and assessment, are formulated within
the context of comparative risk. Thus, resource invest-
ments are justified on the basis of their relevance to the
predominant risks or to improving the characterization
of risks. The characterization of absolute and relative
risks should consider both the risks posed by exposures
from the planned operation of existing sources and prac-
tices and the hazards associated with proposed future
sources and practices.

Owing to the stochastic nature of effects associated
with low-level exposures, risk management within the
context of radiological protection must deal with a num-
ber of categories of risk. The basis for radiological pro-

tection in low dose regimes is the assumption that the
risk of effects on humans is proportional to radiation
dose without the assumption of any threshold. While
there is ongoing debate on the validity of this assump-
tion (Koblinger, 2000) and on the approaches to its
practical application in situations of very low level expo-
sure (Clarke, 1999), this is the primary type of risk ad-
dressed and is of immediate relevance to existing expo-
sures to radiation from anthropogenic sources and activ-
ities, i.e., practices in International Commission on Ra-
diological Protection (ICRP) terminology (ICRP, 1991).
The principles of radiological protection require that
sources and practices are optimized to reduce doses to the
extent achievable under the prevailing technical, social,
and economic climate. Thus, optimization addresses the
reduction of risks associated with operational and acci-
dental exposures. Risk management involves the assess-
ment of potential consequences of events at nuclear fa-
cilities that could result in additional exposure to radia-
tion and the probability that any such event occurs.
Here, the emphasis is on potential risks of exposure as-
sociated with exceptional events such as accidents at ex-
isting nuclear facilities within, or near, the Arctic.

While the risk management approach outlined in Sec-
tion 6.3 concerns radioactivity from nuclear operations
and activities, this approach can be used for all types of
contaminants.

6.3. The approach to risk management

The first AMAP assessment identified known sources of
radioactivity in the Arctic. These range from atmos-
pheric fallout from nuclear weapons tests, past and pres-
ent nuclear power reactor operations, nuclear-powered
vessels, spent nuclear fuel management, and the Cher-
nobyl accident. The presence of radionuclides in the
Arctic from some of these sources will diminish with
time. Nevertheless, spent nuclear fuel management and
potential nuclear accidents present risks of additional
exposure to Arctic populations and the environment.

In its most basic form, the risk management process
consists of a sequence of steps. Namely:

e identification of hazards (in this case, current or pro-
posed sources and practices);

e initial assessment of the risks presented by these haz-
ards;

e identification and analysis of options for risk reduc-
tion through the imposition of preventive measures to
abate risks;

e design and application of preparedness and response
measures to reduce the consequences to society; and

e refinement of the selection of associated performance
evaluation measures and the corresponding risk as-
sessment.

Initial estimates of risk can be based on simple assump-
tions and relatively simple analyses. These warrant fur-
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ther refinement through more detailed assessments
if the scoping approach ranks a given risk as a major
one among the various risks considered in relation to
existing and potential sources and practices. Thus,
substantial risks (from the various sources and prac-
tices) may require improved assessments, especially if
the outstanding uncertainties are large or the scoping
assessment suggests that a specific source or practice
exceeds risk targets and/or regulatory protection ob-
jectives. More importantly, they may warrant inter-
vention, or direct action, to reduce risks (either the
probability of accidents or the magnitude of conse-
quences), or other measures, such as monitoring, to
provide early warning or detection of unplanned re-
leases.

Estimation of overall risk is a convenient way of
identifying those sources and activities deserving prior-
ity consideration from the perspective of risk reduc-
tion. However, risk reduction measures can never ob-
viate the entire risk associated with a given source or
practice. Commonly available options merely reduce
the risk rather than removing it entirely. Accordingly,
a more appropriate measure of the benefit of risk re-
duction measures is not the overall risk but the pro-
portion of risk that is potentially averted by the ac-
tion (i.e., the averted risk). It follows that, in setting
priorities among risk reduction options, it is necessary
to consider the degree to which they avert or reduce
risk.

Environmental impact assessment (EIA) is also an
important tool for evaluating the options for reducing
risk. EIAs of the ‘no action’ scenario as well as options
for risk reduction should be conducted prior to any deci-
sion to implement risk reduction measures. This pro-
vides a means of determining that there is an overall net
benefit associated with any measure adopted and also of
determining that the measure, when implemented, has
the desired consequences by helping to identify and se-
lect measures of performance. EIA within the context of
nuclear facilities in Norway and Russia is discussed by
JNREG (2001).

6.3.1. Risk analysis

The risk management process represents an analysis of
the probability and consequences of events associated
with sources and practices. The elements of a risk analy-
sis are:

e defining the facility and operation;

e identifying the hazards and determining the associated
levels of risk (screening);

e characterizing the hazards that present the greatest
risks;

e postulating and analyzing possible event scenarios;
and

e estimating the consequences of the postulated scen-
arios.

A risk analysis leads to a plan for the development of
risk management programs that are commensurate with
each specific activity. The results of the risk analysis
process are used to consider and analyze options for pre-
vention, preparedness, and response strategies to mini-
mize the consequences of releases of radionuclides.
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6.3.2. Identification of hazards

The potential sources of radionuclides in the Arctic were
identified in the first AMAP assessment. The following
hazard prioritization is a ranking based on the magni-
tude of the potential consequences that could ensue
from accidents at nuclear facilities. Namely, accidents
resulting from the operation of:

e NPPs in the Arctic;

e NPPs within 1000 km of the Arctic;

e nuclear-powered vessels in the Arctic; and

e interim storage of spent nuclear fuel including improp-
erly stored fuel elements and decommissioned vessels
containing spent fuel.

For context, it should be noted that global fallout from
atmospheric nuclear weapons tests, fallout from the
Chernobyl accident, and previous underground nuclear
device detonations continue to pose minor risks to man,
plants, and animals in the Arctic through continuing ex-
posure to radiation but that these risks are diminishing.
Risks related to storage and handling of nuclear weap-
ons have not been assessed, as no information on these
issues has been made available.

Measurable, but in practice insignificant, releases of
radionuclides to the environment occur during normal
operation of NPPs, nuclear-fuel reprocessing plants, and
nuclear-powered vessels.

6.3.3. Need for closer links between risk assessment
and risk reduction activities

Risk management can only be effective when risk reduc-
tion measures are based on risk assessments. Prevention,
preparedness, emergency response, and contingency
strategies and plans, when based on a well-developed
and well-considered risk management program, provide
a basis for the optimization of risk reduction measures
and options for intervention, if these are deemed neces-
sary. Furthermore, risk management ensures that the
consequences of contemplated actions are fully assessed
and validated independently and against other impact
assessments to provide the most appropriate measures of
benefit and options for averting risk (see Figure 6-1).
Communication and interaction between existing risk
and impact assessment programs and programs leading

Risk

No action

Various actions

MWW

2000 2002 2004 2006 2030

Figure 6-1. Potential risks and benefits connected with risk reduc-
tion actions.
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to the formulation of actions and/or interventions to
prevent accidental releases and/or to minimize their con-
sequences is essential for decision makers in scoping and
implementing risk reduction measures. This is vital to
ensuring that risk reduction actions and/or interventions
provide overall net benefits in terms of protection of the
health and safety of workers, the public and the environ-
ment.

6.4. Nuclear power plants

Although challenges remain, especially related to the age
and basic construction principles of some of the reac-
tors, considerable progress has been made since the first
AMAP assessment was completed in 1997 in improving
safety assessments and introducing additional safety
measures for nuclear power reactors, especially those in
Russia and other eastern countries such as Lithuania (Ig-
nalina NPP). This progress is, in large part, due to coop-
eration between the Russian Federation and the other
Arctic countries (particularly Finland, Sweden, and the
United States). This section reports progress in safety as-
sessments and additional safety measures for NPP oper-
ations relevant to the Arctic; with links made to section
7.2 dealing with accident scenarios at land-based NPPs.

Tables 6.1 and 6.2 present an overview of the train-
ing and equipment improvements that have been made
at the Bilibino, Kola, and Leningrad NPPs since the first
AMAP assessment.

6.4.1. Bilibino

Bilibino NPP is located in the Chukotka region of Rus-
sia, and consists of four small (12 MW) light-water
cooled, graphite-moderated reactors. Efforts at Bilibino
have focused on improving the safety of day-to-day op-

Table 6-1. Training improvements.
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erations. This has been achieved through specific train-
ing events such as a workshop for plant engineers on the
unique aspects of corrosion in cold weather environ-
ments; a training course on testing and repairing circuit
boards; training on the use of ultrasonic, x-ray, and
eddy-current equipment; training on the software pack-
ages SCALE and MCNP/Visual Editor (the former being
a suite of criticality, neutronics, and heat-transfer codes
used by the nuclear industry to support licensing submit-
tals and the latter involving codes for criticality and
shielding calculations); and provision of safety mainte-
nance equipment, including thermography, vibration
analysis, and alignment equipment.

6.4.2. Kola

The Kola NPP, in Murmansk, consists of four VVER-
440 pressurized water reactors that produce 411 MW(e)
each. Efforts at the Kola plant are directed primarily to-
ward improving the safety of day-to-day operations in
addition to upgrading critical plant safety systems. Pro-
jects focus on developing emergency operating instruc-
tions, upgrading the confinement system and improving
other engineered safety systems. Projects are also in
place to perform safety assessments, transfer capabilities
for performing plant safety analyses, and provide a full-
scope simulator to enhance staff training. There have
also been a number of engineering upgrades specific to
the plant, their purpose being to limit the spread of ra-
dioactive material in the event of an accident in Unit 2,
to reduce leaks in the Unit 2 confinement system, and
the installation of post-accident confinement radiation
monitors. Plant safety evaluations were also carried out
for internal events as well as probabilistic risk assess-
ments and design basis accident analysis (NRPA, 2002).
Safety improvements are planned until 2005.

Bilibino Kola Leningrad
Completion of operator exchanges to train plant personnel
. . . X X X

to develop improved operating safety procedures and practices.
Plant instructors now trained in the ‘systematic approach to

. s - . X X X
training methodology’ and in instructor skills.
A full set of emergency operating instructions that promote % >
safety through improved accident mitigation strategies now available.
Transfer of the systematic approach to training methodology > > >
and training material developed at the Balakovo Training center to the NPPs.

Table 6-2. Equipment improvements.
Bilibino Kola Leningrad

Analytical simulator. X X
Inmarsat satellite phones. X
Safety maintenance equipment. X
Non-destructive examination equipment for evaluating pipes. X X
Basic equipment such as computers, video and overhead projector facilities. X X
Valve-seat resurfacing equipment, a pipe lathe/welding preparation machine,
and a vibration monitoring and shaft alignment system for improving X

safety maintenance activities
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6.4.3. Leningrad

The Leningrad NPP is located just outside St. Petersburg
and consists of four RBMK-1000 reactors of 925 MW
output. At the Leningrad NPP, the focus is on improv-
ing the safety of day-to-day operations and upgrading
critical plant safety systems. Specific projects include de-
veloping emergency operating instructions, providing
modern safety maintenance tools and techniques, and
performing in-depth safety assessments. In addition, pro-
jects are underway to provide fire detection and alarm
systems in Units 1 and 2 (NRPA, 2002). Plant safety
evaluations have been carried out to support the proba-
bilistic safety assessment and full-scope in-depth safety
assessment with a view to meeting Russian regulatory
requirements.

6.5. Regulatory cooperation

Responsibility for nuclear safety in the Russian Federa-
tion is with the Russian regulators and operators. How-
ever, support from other Arctic countries is welcome to
ensure application of best international practice and the
continuous development of safety culture, as well as to
satisfy international obligations, such as those resulting
from the London Convention 1972 (Smith and Amund-
sen, 2002). Norway, Sweden, Finland, and the United
States are the main contributors to regulatory improve-
ment projects initiated by Russia.

Each of these countries has framework agreements
with the Russian Federation concerning the develop-
ment of protocols for regulatory and industrial proj-
ects. These help to reduce the time taken for projects to
gain approval. The Joint Russian—-Norwegian Working
Group on Environmental Impact Assessment, the Mur-
mansk Initiative trilateral agreement between Russia,
the United States, and Norway, and the Collaboration
Agreement between the Norwegian Radiation Protec-
tion Authority and Gosatomnadzor, have all been par-
ticularly prolific. Such regulatory cooperation encour-
ages interaction between different regulatory bodies,
and between the regulatory bodies and the operators;
both Russian and western European (Sneve et al.,
2001).

A major step forward occurred with the adoption of
the program ‘Nuclear and Radiation Safety of Russia’
for the period 2000 to 2006 (Government of the Russian
Federation, 2000). This was commissioned and is coor-
dinated by the Ministry of Atomic Energy of the Russian
Federation.

The program aims at ensuring nuclear and radiation
safety in an integrated manner. The primary objectives
of the program include:

e dealing with the management of radioactive waste and
spent nuclear material in an integrated manner;
ensuring nuclear and radiation safety of nuclear fuel
cycle facilities;

e ensuring safety in the operation and decommissioning
of NPPs;

e ensuring nuclear and radiation safety during the con-
struction, repair, and dismantling of nuclear-powered
naval vessels, as well as nuclear-powered vessels and
ships of the nuclear technical servicing infrastructure
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of the Ministry of Transport of the Russian Federa-
tion; and

e improving state radiation monitoring in the territory
of the Russian Federation.

The program comprises 20 sub-programs, and includes
protection of the public and the environment from the
consequences of potential radiation accidents. The pro-
gram will be implemented through the following activi-
ties:

e development and application of state-of-the-art tech-
nology for the safe handling of radioactive waste and
spent nuclear fuel, their storage, and disposal;

e development and adoption of nuclear, radiation, ex-
plosion, and fire safety technology;

e preparation of design documentation and procedures
to ensure nuclear and radiation safety during the dis-
mantling of reactor compartments of submarines and
ships, as well as in the handling of spent nuclear fuel
and radioactive wastes at ship-building facilities; and

e design and establishment of a state-of-the-art and au-
tomated national system for radiation monitoring.

Social and economic benefits from the implementation
of this program will arise from the improved radiation
and environmental situation in and around nuclear facil-
ities, minimization of direct and indirect economic losses
caused by severe radiation accidents, and the prevention
and minimization of economic losses from environmen-
tal and human exposures to radiation by taking prompt
action to contain and mitigate contamination and its
consequence.

6.6. Emergency preparedness

A national Emergency Response Center has been devel-
oped in St. Petersburg in addition to the Situation and
Crisis Center at the headquarters of Minatom (the Min-
istry of Atomic Energy of the Russian Federation). All
Russian NPPs, with the exception of Bilibino NPP, have
direct emergency communication links to these crisis
centers (see section 6.8).

NRPA has reported on the emergency response pro-
cedures in place in the Nordic and Baltic countries
(NRPA, 1996). An updated report is currently in prepa-
ration. Several of the Arctic countries have well-devel-
oped regulations and emergency preparedness proce-
dures that can be implemented should an accident or in-
cident occur. These include methods to disseminate in-
formation, monitoring systems, and training exercises.

6.7. Waste management
and risk reduction measures

There are a large number of risk reduction measures cur-
rently in place, or due to be implemented, in relation to
sources of radioactive material in the Arctic. They have all
been justified or supported, to a greater or lesser degree,
by the type of risk analyses referred to in Section 6.3.
As a consequence of monitoring and assessments on
the state of the environment in northwest Russia in 1995,
five major projects relating to the prevention of radioac-
tive contamination and a number of actions to address

existing problems have been identified (NEFCO, 1996).
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Since 1996, several sub-projects have resulted in signifi-
cant risk reductions to the population and the environ-
ment. Some have been undertaken through the Nordic
Environment Finance Corporation, while others have
been addressed and funded by other international bodies
and collaborations. The Contact Expert Group, set up
under sponsorship by the IAEA, has facilitated interna-
tional collaboration (CEG, 2002). The remainder of sec-
tion 6.7 details some of the major projects that involve
facilities other than NPPs.

6.7.1. Rehabilitation
of the Murmansk RADON center

The Russian RADON interim storage for low and inter-
mediate level radioactive waste located in the Mur-
mansk area ceased operation in 1993 because it did not
meet Russian quality requirements. Decommissioning of
this facility with European Union assistance is now be-
ing considered. Recently, a proposal for a regional in-
terim storage facility sited at the NERPA dockyard with
the capacity to store all conditioned low and intermedi-
ate level waste from the Murmansk region, including
that from the RADON facility, has been completed.

6.7.2. Submarine spent fuel management
in northwest Russia

Under a bilateral assistance program to help tackle nu-
clear related clean-up in northwest Russia announced by
the United Kingdom in February 1999, assistance is
being provided for the management and interim storage
on land of spent nuclear fuel from decommissioned nu-
clear submarines. This involves the creation of an in-
terim storage facility for spent nuclear fuel comprising a
storage pad for up to 50 casks and a number of certified
Russian 40 t dual-purpose casks at either NERPA or
Polyarnyi, two Russian shipyards.

6.7.3. Improved reprocessing facilities at Mayak

All reprocessable naval spent fuel should be sent to the
Mayak reprocessing facility. However, current storage
facilities are full and the lack of interim facilities has cre-
ated a bottleneck in the decommissioning program. The
European Commission, France, Norway, Sweden, Rus-
sia, and the United Kingdom collaborated in a study to
investigate three possible interim storage options. The
chosen option was a new dry store and additional in-
terim storage for the spent nuclear fuel casks on-site. The
project is due to be funded solely by the United States as
part of the Co-operative Threat Reduction program.
Other projects relating to improvements at Mayak are
being funded by European countries and the European
Commission.

6.7.4. Treatment of liquid radioactive waste

This project involves the construction and deployment
of mobile processing facilities to decontaminate and re-
duce the volume of liquid radioactive wastes. The inten-
tion is to site treatment plants at Severodvinsk and in
Snezhnogorsk (NERPA). These plants are based on a ce-
mentation process and are intended to be mobile and
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transportable by sea. Particular emphasis is placed on
the processing of liquid wastes from the decommission-
ing of nuclear-powered submarines.

6.7.5. Atomflot

There are three consortium projects with Atomflot and
the Russian Northern Fleet for the treatment of liquid
radioactive waste with permanently-sited and moveable
equipment. Trilateral collaboration between Norway,
the United States, and Russia has been particularly suc-
cessful in the expansion and upgrading of facilities at
Atomflot. A notable success is the inclusion of quality
assurance procedures in Russian methods and the use of
environmentally friendly technology during implemen-
tation. The start of operation of the purification plant,
however, has been seriously delayed, and in 2003 it was
still not operational.

In addition, the Finnish NURES system for purifying
liquid radioactive wastes has been successfully used at
Atomflot. It has been proposed for use in a Norwe-
gian—-U.S.-Russian project to deal with military wastes
in Murmansk although progress has been delayed by ac-
cess restrictions.

6.7.6. Repository at Novaya Zemlya

A Russian-lead project developed designs for a low to
medium level waste repository in the permafrost of No-
vaya Zemlya. The technical designs were peer reviewed
by several international organizations, under the coordi-
nation of the European Commission. There was wide-
spread support for the facility although more detailed
safety assessments were required. Early in 2002, Russian
designs for the repository were approved by the Ecolog-
ical Expert Commission and are currently awaiting ap-
proval from the State Committee for Environmental
Protection (Goscomecology). Following approval, de-
tailed design and construction plans can be made. Large-
scale international finance is required to implement the
project as the estimated cost of such a facility is US$ 70
to 90 million.

6.7.7. Andreyeva Bay

At Andreyeva Bay there are 21000 spent fuel elements
from the Northern Fleet’s decommissioned submarines
stored in three concrete tanks. These tanks are in very
poor condition and the spent fuel elements need to be re-
covered. In 2001, a Norwegian—Russian bilateral agree-
ment resulted in the initiation of several projects. Engi-
neering infrastructure improvements and feasibility
studies have been established and the main tasks
planned involve the stabilization of current spent nu-
clear fuel storage units, treatment or removal of liquid
radioactive waste, conditioning of solid wastes and their
removal to a regional store, and decontamination and
final remediation of the site.

6.7.8. The Lepse

The Lepse is a decommissioned service vessel of the Rus-
sian icebreaker fleet that is docked in Murmansk and
used as a storage facility for spent nuclear fuel and other
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radioactive wastes. The ship is in a very poor state of re-
pair and there has long been a desire to offload and
transfer the radioactive wastes and damaged spent fuel
to land-based storage.

Since the first AMAP assessment, there has been little
progress in the work to decommission the Lepse. How-
ever, the Murmansk 80 t Cask Project, which will pro-
vide transport and interim storage for spent nuclear fuel
from Russian nuclear submarines and icebreakers cur-
rently stored on barges and service vessels, and in a low-
level radioactive waste treatment facility in Murmansk,
is addressing the transfer to storage of the spent fuel that
is not suitable for processing owing to its damaged state.
A cooperative venture between Norway, Sweden, and
Gosatomnadzor (Russia’s State Committee for Supervi-
sion of the Safety of Work in Nuclear Power Engineer-
ing) is tasked with identifying means of dealing with the
wastes stored on the Lepse.

The results of Phase 1 of the Lepse Regulatory Pro-
ject were published in April 2001 (Sneve et al., 2001).
The main results were a set of three regulatory guidance
documents and increased mutual understanding of the
differences in the regulatory systems and processes for li-
censing nuclear activities in the Russian Federation com-
pared to other western countries, notably Sweden, Nor-
way, and the United Kingdom. The guidance documents
provide specifications for:

e documentation to substantiate nuclear and radiation
safety assurance measures for submission by operators
when applying for a license from Gosatomnadzor to
implement the Lepse Project, as described by the
NRPA (2001);

e the quality assurance program for unloading spent fuel
assemblies from the Lepse; and

e the safety analysis report required to support a license
application for unloading spent fuel assemblies from
the Lepse.

This regulatory guidance is intended to help focus on
safe implementation. In addition, considerable emphasis
is being given to EIAs and their role in determining the
suitability of specific mechanisms for unloading spent
fuel from the Lepse. Phase 2 of the Lepse Regulatory
Project will comprise the review of license application
documents submitted to the appropriate Russian au-
thorities, primarily the Gosatomnadzor.

6.7.9. Environmental impact assessments
of other hazardous Russian facilities

A working group under the Joint Norwegian—Russian
Expert Group for the Investigation of Radioactive Con-
tamination of Northern Areas compared EIA systems
in Russia with those in Norway and other western coun-
tries (J]NREG, 2001) and concluded that the principles
and methods used in Norway and Russia are broadly
similar. They are based on the common principles of
prevention, openness, and obligation to conduct EIAs
for all projects likely to significantly influence the en-
vironment. Concerns have been expressed however
about the degree to which transboundary impacts are
considered under Russian procedures and the lack of at-
tention to the effects of ionizing radiation on fauna and
flora.
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The working group also noted that, in the planning
phase of projects having potential radiation hazards,
close contact between the developer and the government
bodies responsible for health protection, environmental
protection, and nuclear safety is essential. It is important
that those undertaking EIAs are well informed about the
information required and the system for approving plan-
ning activities. This ensures the overall aims of EIAs are
met; namely selection of the optimum location, appro-
priate technology, and methods for the protection of
human health and the environment.

6.8. Alarm, notification, and
radiation measurement systems
in northwest Russia

Radiation monitoring in the Arctic is of great impor-
tance because Russia is the largest country in the re-
gion and operates many relevant sources and practices.
A major area of work for AMAP involves risk and im-
pact assessment, including monitoring systems. Much of
this occurs within the context of a general Barents
region environmental and human health monitoring
system. There are also plans for a risk and impact as-
sessment for workers and members of the public that
may be affected by military and civilian sources; devel-
opment of a monitoring system for environmental re-
leases of radioactivity from such sources; provision of an
emergency and monitoring system in the Archangelsk
Oblast; and construction of a regional laboratory for
surveillance and early warning systems. The first AMAP
assessment provided useful input to these developments.

In 1992, the Finnish Radiation and Nuclear Safety
Authority (STUK), in cooperation with Gosatomnadzor,
installed push button alarm panels and satellite commu-
nication systems in the site offices of Gosatomnadzor at
the Leningrad and Kola NPPs and at the Atomflot Re-
pair Technical Plant near Murmansk. These facilitate the
prompt transmission by Gosatomnadzor local safety in-
spectors of a selected pre-programmed emergency or in-
cident telex message. These can be transmitted to the 24-
hour emergency response systems of STUK, other
Nordic countries, and the Emergency Response Center
in Moscow operated by the Federal Nuclear and Radia-
tion Safety Authority of Russia. The notification system
is independent of local ground communications and has
battery back-up to ensure continuous operation. It is
also tested automatically each week and manually each
month to all Nordic receivers and to Moscow. There has
been no actual emergency use of this system since its in-
stallation.

In 1994, eight environmental monitoring stations of
Finnish origin were installed on the Kola Peninsula.
These operate under local supervision and without auto-
matic connections to the central system at Roshydromet
in Murmansk for their data acquisition and alarm sys-
tems. Data collection is manual and the data are trans-
mitted by telephone and telex. Reliable automatic oper-
ation of these stations would be difficult as the local
telecommunications environment is prone to interfer-
ence and other disturbances. In 1998, STUK and the
NRPA signed a joint agreement on the development of
the Roshydromet environmental radiation measuring
system. Radiation monitoring stations would be up-
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graded and the telecommunication connections en-
hanced. Progress on this project is conditional upon the
conclusion and implementation of a general agreement
on this work between Norway and Russia.

In 2000, the nuclear and radiation safety authorities
in the Nordic countries signed a framework agreement
concerning joint Nordic financing for upgrading alarm
and notification systems.

6.9. Security (including physical security)

Safety and security of radiation sources has acquired a
new significance since the terrorist attacks in the United
States on 11 September 2001. Special security measures
to protect against terrorism should be part of safety as-
sessments (Lubenau and Strom, 2002). There are a num-
ber of orphaned sources (i.e., sources that are no longer
under regular institutional control) in the Russian Feder-
ation that should be located and brought back under in-
stitutional control. The European Commission and the
United States are funding programs to do this.

A ‘safeguard’ is generally understood to be a method
for controlling fissile/fissionable material. Six of the eight
Arctic countries have signed IAEA safeguard agreements
to contribute to non-proliferation obligations. Safeguard
support programs have constituted the primary means
of bilateral Finnish assistance to the Ukraine, the Baltic
States, and the Russian Federation. Their objectives are
to assist in establishing and improving national systems
for accounting and control of nuclear material. The rele-
vant regulatory bodies are assisted in the development of
regulations, guides, and inspection procedures. Training
has also been extended to border-control authorities in
the detection and control of radioactive and nuclear ma-
terials. Training courses were organized for the Russian
border controls using experts from the Finnish Radia-
tion and Nuclear Safety Authority (STUK) and from other
institutes within the European Union (STUK, 2000).
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A bilateral Russian—Norwegian project was started
in 1998 to replace the radioisotopic power sources at
four Russian lighthouses in Varanger Fjord by solar
powered technology. The aim is to reduce the likelihood
of radioactive contamination of the northern marine en-
vironment. When the project is complete, all radioiso-
topic power sources in the Russian parts of Varanger
Fjord will have been replaced by solar panels. A Russian
information video has been made in connection with
this project. The radioisotope thermoelectric generators
will be stored at Atomflot before transport to the Mi-
natom Institute for Technical and Atomic Physics and
then to Mayak for final treatment and storage.

6.10. Conclusions

The main criterion of success for a nuclear safety project
is its net contribution to the improvement of nuclear
safety (NRPA, 2002). Owing to the difficult economic
situation in Russia, improvement initiatives in the region
are often only possible through international collabora-
tion. Lack of funds and/or difficulties in developing bi-
lateral/multilateral agreements can delay the start of nu-
clear safety initiatives; nevertheless, the Arctic countries
are committed to further improvements. Priorities for
risk reduction are being identified through a process of
risk analysis. In addition, projects are being supported
only within the context of demonstrated compliance
with Russian regulatory requirements. That context in-
cludes safety assessments and EIAs incorporating a vari-
ety of risk analyses to demonstrate compliance with risk
objectives relating to environmental and human health
protection. Risk assessments and EIAs should also be
used to select and/or prioritize risk reduction projects, to
optimize the use of resources. Resources and effort will
continue to be focused on the areas of greatest risk and
on the operations and facilities that pose the greatest po-
tential threats.
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Chapter 7

Potential Accident Scenarios

7.1. Introduction

This chapter considers the nature and scale of conse-
quences arising from potential accidental releases of ra-
dioactivity into the Arctic environment from sources
under human control. The sources considered to war-
rant accident assessment are those described in Chapter
2. All scenarios are described in more detail in the rele-
vant literature. Relevant accidents and subsequent im-
pact assessments are reviewed and, where possible, ex-
trapolated to provide perspectives on the consequences
of accidents associated with other sources. The chapter
concludes with recommendations for further impact as-
sessments.

Scenario analysis begins with a consideration of the
different possibilities for sequences of events and pro-
cesses (such as containment failure mechanisms) that
can lead to radionuclide release. These depend upon the
specific management and engineering features of the fa-
cilities under consideration. The release mechanisms and
characteristics are important determinants of the envi-
ronmental and human health impacts. Relevant vari-
ables might include: isotopic composition; amounts of
each isotope released; physical-chemical form of release
(gas, solution, aerosol, etc.); time development of the re-
lease; release point and plume height; and the energy
content of the release.

The scenarios discussed here were not necessarily de-
veloped for the same purposes as the AMAP assessment.
They are illustrative of selected aspects of the possible
consequences of radionuclide release rather than repre-
sentative of comprehensive risk or scenario analyses for
the Arctic.

The radionuclide release information provides in-
put to a radionuclide transport model that is used to
predict the subsequent environmental distribution of
contamination. For accident scenarios resulting in re-
leases to the atmosphere, the assumed (or actual, if as-
sessing the consequences of past accidents) meteoro-
logical data are very important as they can radically
affect the degree of atmospheric dispersion. Similarly,
for releases to the aquatic environment, the hydrody-
namic characteristics of the receiving environment are
equally important. Distribution following releases to the
ground are strongly dependent upon surface geology
and hydrology. The radiation characteristics of the ra-
dionuclides and their environmental mobility are also
important determinants of the magnitude of the conse-
quences following release. The receiving environments
themselves also influence the scale of the consequences,
since some are more susceptible to incorporating ra-
dionuclides into human exposure chains than others, as
discussed in Chapter 4 (NRPA, 1999; Skuterud et al.,
1999). Radiation doses to humans and other biota are
assessed using assumptions about the ways in which
they interact with contaminated media. Finally, the im-
pact on human and environmental health is assessed

using assumptions relating radiation doses to health
impacts. Such information is essential for risk manage-
ment.

7.1.1. Risk management

Risk management includes the analysis of accident sce-
narios and consequences and, where possible, an assess-
ment of the probabilities of accidents and their conse-
quences. Sources may occur within the Arctic, in which
case these ‘point sources’ require analysis, and outside
the Arctic. The potential for accidents occurring outside
the Arctic to contaminate the Arctic environment de-
pends on the dispersal characteristics.

Generally, the larger the inventory of radionuclides,
the greater the hazard. In most cases, the inventory in
Becquerels (Bq) is well established owing to the applica-
tion of well-proven technology and associated regulatory
requirements. However, in some cases, the information
may be less complete, as for example, in the case of old
waste storage facilities for which information is limited.

The risks associated with hazardous sources may
also be modified by measures to control the source term.
That is, consideration of the risks must address both the
scale of the consequences and the likelihood of their oc-
currence. Thus, while a very large source term may pres-
ent the greatest hazard (potential for harm), measures to
reduce the chances of release may reduce the risks to a
tolerable level (HSE, 1988). Nuclear safety initiatives to
reduce the likelihood of accidents are discussed in Chap-
ter 6. Other ways of reducing risk include measures to
reduce the consequences of potential accidents. Risk
management must account for both. A simple example is
the case of spent nuclear fuel, which is a significant ra-
dioactive source term. Left on the surface with limited
containment, the chance of releases into the environ-
ment, before radioactive decay has reduced the hazard
significantly, whether as a result of waste container de-
gradation or by human sabotage, is relatively high. Deep
disposal is considered to reduce the risks by reducing the
likelihood of gross and acute environmental releases.
See, for example, discussions concerning high level waste
disposal in Japan (JNC, 2000).

Another aspect of risk management is the introduc-
tion of measures to mitigate the impact of accidental re-
lease. International guidance concerning countermea-
sures is provided by the International Commission on
Radiological Protection (ICRP, 1992). Examples include
evacuation, advice to remain indoors, and the distribu-
tion of iodine tablets. Interventions should be based
upon evaluations of their benefit, expressed as averted
doses, and disbenefits, especially those of an economic
or social nature. Assessments of the consequences of ac-
cidents should take account of the planned emergency
response in the early and latter phases of the accident; in
the long-term the effects of clean-up measures may be
important, see Brown et al. (2000).



7.1.2. First AMAP assessment

The first AMAP assessment concluded that of greatest
concern were the possible accidents associated with: nu-
clear power plant (NPP) operation; nuclear weapons
handling and storage; decommissioning of nuclear sub-
marines; and the management of spent fuel from nu-
clear-powered vessels.

Consideration is given to the consequences of each of
these types of accident. Also, to additional or modified
potential accident sources, particularly reactors in sunken
submarines such as the Kursk (Amundsen et al., 2002a)
and the management of damaged spent fuel, as stored on
the Lepse (NRPA, 2001).

7.2. Land-based nuclear power plants

Operational land-based NPPs in the Arctic include the
Kola and Bilibino NPPs. The Kola plant comprises four
VVER-440 pressurized water reactors each with a de-
sign output of 1375 MW(th) and 411 MW(e). The Bili-
bino NPP is located in the Chukotka region in eastern
Russia and comprises four light-water cooled, graphite-
moderated reactors each of output 62 MW(th) and 12
MW(e).

Owing to design differences, a direct comparison of
the risks posed by the Kola and Bilibino NPPs is not
straightforward. Risk assessments need to include a con-
sideration of the engineered features and management at
the respective plants, but for assessing significant re-
leases, there are obvious differences owing to the reac-
tors at the Kola NPP being more than 20 times larger.

The power plants on the Kola Peninsula clearly rep-
resent the major potential reactor accident source within
the Arctic.

7.2.1. Accident scenarios and consequences
for the Kola NPP

The Kola NPP is located in Murmansk Oblast in north-
west Russia and severe accidents at the site have the po-
tential to substantially contaminate both northwest Rus-
sia and northern Fennoscandia. Studies by Stokke (1997),
including a review of the Kola reactor safety systems,
have provided detailed information on the Kola plant
and its reactor inventories.

7.2.1.1. Initiating events

Initiating events that may lead to core melt sequences in
pressurized water reactors are generally grouped into
three classes: loss of coolant accidents (LOCAs), tran-
sients, and common cause initiators (CCIs).

LOCAs may be initiated by large leaks or breaks in
the primary circuit, which in turn may be caused by me-
chanical failure (such as pipe breaks, fire, and corrosion)
resulting from poor maintenance. The loss of cooling
may take place early in the sequence or at a later stage.
Early loss of cooling is potentially the most dangerous as
it gives little time to re-establish cooling and because sig-
nificant decay of short-lived radioisotopes will not have
occurred.

Transients can be failures in power supply, reactiv-
ity transients (sudden increases in reactivity), failures
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in control systems (e.g., control rod ejection), and loss
of flow.

CClIs (e.g., power transients and earthquakes) lead to
multiple failures and may affect several components in
the system.

According to Stokke (1997), loss of coolant in pres-
surized water reactors does not immediately signify a
large radioactive release. The vessel should be able to
contain an overheated core for a period that may be suf-
ficient to allow restoration of adequate core cooling. If
there is extensive core damage, it is unavoidable that ra-
dioactivity leaks occur. A core melt by itself, however,
does not create an explosive situation unless reactor
containment fails. A source term for the Kola NPP hav-
ing a very high radioactive plume rise and thus exposure
of core and fuel to the open air has therefore a low prob-
ability. Nevertheless, releases of noble gases and volatile
radioactive compounds should be expected in a severe
core damage accident.

There are differences between the two older and the
two newer plants. For the older Model 230 reactors, the
effectiveness of the confinement structure in containing
the radioactive steam-gas mixture after a LOCA is un-
certain. The airtightness of the confining structure is not
assured and there may be considerable leakage even
without open valves or other penetrations. Breaks in the
largest coolant pipes may generate a steam pressure that
could crack or rupture the confinement structure and
create an open passage from the core to the environ-
ment, although the reactor vessel would still be intact
(Stokke, 1997).

7.2.1.2. Probabilities

The probability that a severe accident may occur is de-
pendent on many factors such as design features, con-
struction quality, and human performance. The proba-
bility that an event may lead to an unintentional core
melt can be assessed on the basis of engineering judg-
ment or by performing a Probabilistic Safety Assessment
where, in principle, all realistic chains of events leading
to core melt are analyzed and their probabilities of oc-
currence calculated. The sum of all probabilities for all
possible initiating events to cause a core melt is the Core
Melt Frequency (CMF), given as the probability per re-
actor operating year. The CMF does not include the
probability of human failure, sabotage, or terrorist at-
tack (Stokke, 1997). For modern NPPs, the CMF is con-
sidered to be within the range 10~ to 10~5. At present,
there is no CMF for the Kola NPP for use in accident
consequence analysis. However, the International
Atomic Energy Agency (IAEA) has reported a prelimi-
nary estimate of 5.5 X 1073 per year for the oldest Kola
reactors (Stokke, 1997).

7.2.1.3. Accident source terms

Accident source terms depend on the initiating events,
which may result in different accident scenarios. Ex-
amples of scenario development are provided by Stokke
(1997). Worst case scenarios concern situations in which
the reactor core contains the maximum number of prod-
ucts and maximum activity concentrations of radio-
nuclides at the end of the normal fuel burn-up cycle.
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Table 7-1. Combined inventory of radionuclide groups with release potential in a VVER-440 Kola NPP (Stokke, 1997).

Total activity in

core, Bq
Noble gases 85SmKr, 87Kr, 88Kr, 89Kr, 20Kr, 133Xe, 139Xe, 138Xe 1.21x101?
Halogens 84By, 87Br, 131], 1331 134 135] 1.48 x 1017
Alkaline metals 86Rb, $5Rb, $9Rb, %0Rb, 134Cs, 136Cs, 137Cs, 135Cs 7.53% 1018
Tellurium group 127mTe, 127Te, 129Te, 129mTe, 131mTe 132Te 127Gh, 129Gh 3.90x 1018
Alkaline earth metals  89Sr, 20Sr, ?1Sr, 140Ba 6.42x1018
Transition metals Y, 1Y, 957Zr, 97Zr, SNb, 2?Mo, ?mTc, 103Ry, 105Ry, 106Ry, 195Rh  2.14 X101
Lanthanides 140 5, 141Ce, 143Ce, 144Ce 9.57x1018

Table 7-1 summarizes information on the relatively mo-
bile radionuclides present at the end of the fuel burn-up
cycle that are most likely to be released in the event of an
accident.

There is currently no information on the inventory of
actinides for the Kola NPP and so the consequences of
actinide release have not been assessed. Stokke (1997)
has estimated the highest release fractions for various
potential accidents from the Kola reactors (Table 7.2).

Table 7.2. Highest release fractions (%) from the core inventory for
different initiating events (Stokke, 1997).

VVER-440/213 VVER-440/230

Small  Large Large

Transient LOCA LOCA LOCA
Noble gases 100 20 50 100
Todine 2.5 0.05 1 15
Cesium 2.5 0.05 1 12
Tellurium 0.1 0.05 0.2 10
Strontium 1 0.1 1 2
Barium 0.5 0.05 0.5 2

For a given event, the estimated release for a single nu-
clide is calculated by multiplying the amount of the nu-
clide in the core by the release fraction. The source term
suggested for the VVER-440 230 model (Stokke, 1997)
is based on source terms applied in earlier consequence
assessments of accidents at the Kola NPP. The source
term for the VVER-440 213 model is based on the IAEA
Technical Co-operation Project on Evaluation of Safety
Aspects for VVER-440 model 213. Because all aspects
of a potential accident are not yet completely under-
stood, a conservative approach should be taken so as
not to underestimate the risk. The source terms for
model 230 reflect a conservative approach that results in
source terms that are larger than most other source
terms previously applied for VVER-440 reactors.

Releases of noble gases, radioiodine, and radioce-
sium are the most important, as these are assigned the
highest release level (level 7) on the International Nu-
clear Event Scale (INES) for this reactor type. Releases
of radioiodine, radiocesium, and radiostrontium are im-
portant from a radiological hazard point of view, while
the long-term consequences of much smaller releases of
actinides are also significant. The inventory estimates in
Table 7-1 and fractions released in Table 7-2 are assumed
to be valid for both VVER reactor types. Various acci-
dental release scenarios have been considered, examples
of which are given in Sections 7.2.1.4 to 7.2.1.7, for an
unintentional ‘worst case’ scenario (i.e., where the acci-
dent that is not a result of malicious intent, e.g. terror-
ism) with a large LOCA and a less severe transient sce-
nario. Table 7-3 shows the inventory, fraction released,
and consequent activity emitted to atmosphere for the two
scenarios. A major fraction of the radionuclides, including
Cs- and Sr-isotopes will be present as particles. Since the
air dispersion and transfer model does not currently in-
clude radioactive particles, these are not considered in
the estimated ecosystem transfer and doses to humans.

7.2.1.4. Initial dispersion

The dispersion of radionuclides from a source depends
on the release height and meteorological conditions at
the release site and along the transport route, in addition
to the properties of the released material such as size dis-
tribution and the degree of volatilization. Buildings and
other structures near the release point can also affect the
initial dispersion, especially in the case of releases at low
height. This effect, however, becomes insignificant at
distances over a few kilometers from the source, and is
negligible for releases with a high effective release height.
Scenarios for a hypothetical release from the Kola NPP
are based on data from the Norwegian and Danish Me-
teorological Institutes.

Table 7-3. Calculated release fractions for selected radionuclides under a large LOCA

and a transient scenario (Larsen et al., 1999; Stokke, 1997).

Inventory, Fraction released, % Activity released, PBq

PBq LOCA  Transient LOCA  Transient
137Cs 117 12 2.5 14.0 2.9
134Cs 156 12 2.5 18.7 3.9
205y 85 2 1 1.7 0.9
132Te 2240 10 0.1 224 2.2
1321 2330 15 2.5 233 57.5
1311 1570 15 2.5 236 39.3
103Ru 2350 1 0.1 23.5 2.4
140Ba 2790 2 0.5 55.8 55.8
140La 2860 0.2 0.1 5.7 2.9
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The information was supplemented by a study of the
meteorology and transport of radioactive contamination
from the Kola NPP (Bartnicki and Saltbones, 1997; Salt-
bones et al., 1997). The Norwegian Meteorological In-
stitute defined the meteorology in the area, calculated
the transport times, and investigated the likelihood of
nuclear contamination at specific locations. Three sce-
narios were selected as initial conditions for the disper-
sion model (Saltbones et al., 1995). The scenarios used
three sets of weather situations that would provide par-
ticularly unfavorable consequences for Norway. Two of
the three situations were relevant to Arctic Norway.

Scenario A, with a rapid transit time to northern
Norway, where one-eighth of the released material was
deposited within 72 hr.

Scenario B, with precipitation during the passage of
the plume over northern Norway, with wet deposition
such that nine-tenths of the release was deposited over
Norwegian territory.

7.2.1.5. Consequences

There have been recent assessments of both the short-
term and long-term doses from hypothetical accidents at
the Kola NPP. The analysis of short-term doses was con-
fined to Norway and to external and inhalation doses.
The short-term analysis did not include ingestion doses
based on the assumption that the accident occurred out-
side the short growing period, when dairy animals
would be housed; a situation which prevails for most of
the year in the Arctic. The long-term doses were esti-
mated for northern Norway and for various regions of
northwest Russia and considered external and ingestion
doses arising from the mobile, long-lived radionuclides,
radiocesium and radiostrontium only. For both assess-
ments, the unintentional worst-case accident was se-
lected for an assessment of radiation levels and doses.

7.2.1.6. Short-term assessment

The assessment included more than 50 radionuclides.
The dispersion model results were based on the release
of particles with a given mathematical mass and must
therefore be combined with information about the ra-
dioactive emission in order to calculate the atmospheric
and ground levels of the various radionuclides. Activity
concentrations and ground deposited activity were used
as a starting point for calculating doses from the various
exposure pathways associated with inhalation and ex-
ternal irradiation from radionuclide deposits on the
ground and in the air.

Although foodstuffs are the major contributor to the
total long-term dose, the focus of the short-term conse-
quence assessment was on external exposure and inhala-
tion. There is a very short growing season in the Arctic
and the implicit assumption is that the accident occurred
outside this period.

For an adult, the effective dose was calculated at
about 1 mSv for Scenarios A and B. In both cases, the
contribution from radionuclides deposited on the
ground predominates, especially where precipitation is
high and wet deposition considerable.

Throughout the first year, external irradiation from
the ground is the most important exposure pathway: cal-
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culated effective doses are 3.5 mSv and 5.1 mSv for Sce-
narios A and B, respectively, with 134Cs and 137Cs the
most important contributors (60 to 70%). High activity
of deposited radiocesium is the main reason for the higher
annual dose in Scenario B, the precipitation scenario.

External irradiation from airborne radionuclides is a
relatively insignificant exposure pathway a week or
more after the hypothetical accident. However, during
cloud passage, airborne radionuclides, such as noble
gases with very short half-lives (e.g., 133Xe), could be of
some significance for the dose rate.

Owing to large quantities of short-lived radionu-
clides emitted during the hypothetical accident, a consid-
erable fraction of the external dose will occur during the
first few days after contamination. In Scenario A, where
the atmospheric transport of radioactivity occurs rap-
idly, about 20% of the effective external dose will result
from irradiation during the first week after deposition.
In Scenario B, where the transport is considerably
slower, the corresponding value was estimated at about
10%. Furthermore, if radionuclide migration through
soil profiles, and the subsequent radioactive shielding by
overlying soil, is considered, then the external dose re-
ceived from the first few days may be of even greater rel-
ative importance than that estimated.

Of the 50 radionuclides considered, only a few are
significant contributors to the total external dose. Over
a short time-scale (days or weeks) the dominant nuclides
are 132Te/132], 131] 103Ry, and 140Ba/!140La. After these
decay the external dose is dominated by 13#Cs and 137Cs.

The effective dose from inhaled radionuclides is pre-
dicted to be <1 mSv for both scenarios and is generally
highest for young individuals. The dominant nuclide is
1311 which contributes 50 to 70% to the total inhaled
dose, depending on the scenario and age group. Equiva-
lent doses to the thyroid gland were calculated at 4.6 to
10.6 mSv (Scenario A) and 1.6 to 3.6 mSv (Scenario B).

The doses calculated for the two scenarios are as-
sumed to represent the worst possible consequences of a
severe nuclear accident at the Kola NPP. Nevertheless,
the received doses are much too low to result in any
acute radiation injuries.

International guidance concerning countermeasures
(e.g., ICRP, 1992), such as evacuation, staying indoors,
or the distribution of iodine tablets is based on evalua-
tions of the benefits and disadvantages of implementa-
tion, expressed as saved (averted) doses. This assessment
indicates that the saving potential is too low to justify
the direct implementation of countermeasures; however,
this must be investigated further. The uncertainties in the
calculations are large, and an evaluation of the pros and
cons for an actual situation can result in the use of dif-
ferent countermeasures, e.g., for special groups.

7.2.1.7. Long-term assessment

The first AMAP assessment concluded that the vulnera-
bility of the Arctic (defined as the relationship between
dose and atmospheric deposition of nuclides) is higher
than in most other areas of the world, particularly for
137Cs. This reflects the transfer of radionuclides de-
posited from the atmosphere through terrestrial food
chains to human radiation exposure. The long-term as-
sessment estimated the long-term impact of radioactive
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contamination from a hypothetical LOCA at the Kola
NPP on the two northernmost counties of Norway
(Troms and Finnmark), and on the Murmansk Oblast in
Russia. The weather pattern for the Russian scenario
was based on predicted ground deposition provided by
the Danish Meteorological Institute, with most deposi-
tion occurring on the Kola Peninsula.

The study considered radionuclide deposition, trans-
fer to and contamination of locally produced foodstuffs,
and external and ingestion doses for reindeer herders
and other inhabitants. A spatial model was developed
within a geographical information system to predict the
long-term consequences of radionuclide deposition on
northern Norway and northwest Russia. As no site spe-
cific data were available, general transfer factors were
used in the model (JNREG, 2002a,b,c).

External doses

The highest individual external y-doses occur in those
areas receiving most accident deposition, but are negligi-
ble compared to ingestion doses. Individual external -
doses for reindeer herders are twice those of the other in-
habitants owing to the tendency of the latter to occupy
areas with higher shielding (i.e., buildings).

Internal doses

Radionuclide transfer to foodstuffs was modelled using
aggregated transfer coefficients (Tag; Box 3-2) and effec-
tive ecological half-lives (Teff; Box 3-1). Long-term pre-
dictions were made for the spatial variation in activity
concentrations in foodstuffs, individual external and in-
gestion doses for reindeer herders and other inhabitants,
and radionuclide fluxes (total Bq output from contami-
nated land areas over specified time periods).

Data were collated for each study area to derive area-
specific Tag and Tegr values for radiocesium and 20Sr
(JNREG, 2002a). The biggest difference was the 3-fold
higher Tig value for 137Cs transfer to reindeer meat for
the Murmansk Oblast compared to Norway, and the
longer associated half-life. Together, these were responsi-
ble for the greater intakes predicted for radiocesium in
reindeer meat per unit deposition, and the greater per-
sistence in reindeer meat and thus Russian reindeer
herders. In addition, the Tag value for 137Cs transfer to
potato and to a lesser extent berries, was lower for Nor-
way than Russia. Tesf values for freshwater fish were
lower for Norway than Russia. The Teg value used for
20Sr in milk was much greater for Russia than that as-
sumed for Norway. For ?0Sr, T,g values for Russian dairy
products and potatoes were lower than for Norway,
while those for most other products were higher.

The most obvious difference between the diets of the
Norwegian and Russian inhabitants is in the consump-
tion of dairy products; these are important in Norway
but much less so in the Murmansk Oblast. Reindeer
meat consumption is highest in the male reindeer herd-
ers in Lovozero in Russia. Sheep and goat meat is only
consumed in Norway. Potato and freshwater fish con-
sumption is also greater in Russia.

Under the scenarios considered, high activity concen-
trations persist in foodstuffs owing to the high Teff val-
ues. Activity concentrations for ?9Sr in foodstuffs are
much lower than for radiocesium. In the first year after
accident deposition, the highest radiocesium activity
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concentrations were predicted to occur in reindeer meat,
sheep meat, mushrooms, and berries, and the highest
90Sr activity concentrations in berries and potatoes.
After fifty years, the highest activity concentrations pre-
dicted for foodstuffs were for 137Cs in mushrooms, rein-
deer meat, and berries.

As for foodstuffs, predicted annual individual inges-
tion doses for reindeer herders and other inhabitants
vary spatially according to differences in deposition and
land cover. Annual ingestion doses for all population
groups in the first year after deposition were predicted
to exceed 1 mSv. Annual individual radiocesium inges-
tion doses for reindeer herders are significantly greater
than for other inhabitants. In the first year after deposi-
tion, the most significant contributor to annual individ-
ual radiocesium ingestion dose is reindeer meat for all
population groups, with the exception of other Norwe-
gian inhabitants for whom dairy products and mutton
are important contributors. Potatoes and dairy products
are the largest contributors to the much lower annual in-
dividual ?9Sr ingestion doses for all population groups.
Berries are another important ?Sr contributor to the
two Russian population groups, while reindeer meat is
also a source of ?Sr for Russian reindeer herders.

Under all accident scenarios, reindeer herder annual
ingestion doses are predicted to exceed 1 mSv for many
decades after accident deposition (and are much higher
in the first few years); for the other population group,
ingestion doses exceed 1 mSv for a few years after acci-
dent deposition in northern Norway and for a decade in
Murmansk Oblast. Fifty years after accident deposition,
individual 137Cs ingestion doses for reindeer herders are
over two orders of magnitude lower than during the first
year; those for the other population group are more than
30 times lower. The largest contributors to annual indi-
vidual 137Cs ingestion doses for Norwegian reindeer
herders fifty years after accident deposition are reindeer
meat, freshwater fish, and dairy products, with dairy
products, freshwater fish, mushrooms, and reindeer
meat the most important contributors to the other Nor-
wegian population group. Reindeer meat and mush-
rooms are the largest contributors to annual individual
137Cs ingestion doses to the Russian population groups
50 years after accident deposition.

Sr-90 is a much less important contributor to inges-
tion dose and the predicted consequences of the accident
scenarios are much less certain owing to the paucity of
relevant data for the Arctic, in particular for milk. For
reindeer herders, freshwater fish, potatoes, berries, and
reindeer meat, provide the largest contribution to annual
individual 29Sr doses, while potatoes, freshwater fish,
and berries, are the most significant contributors for the
other inhabitants.

The most significant contributor to total doses for all
population groups is radiocesium ingestion. Vulnerabil-
ity to ?0Sr contamination is much lower than to radioce-
sium for both reindeer herders and other inhabitants.

There are substantial differences in agricultural pro-
duction within the various areas of northern Norway.
Production of almost all agricultural products in Troms
is 2- to 5-fold higher than in Finnmark, whereas reindeer
production is 20-fold higher in Finnmark where most of
reindeer herders live. Detailed production data were not
available for Murmansk Oblast. Annual radionuclide
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fluxes have been predicted for all locally grown food-
stuffs (production of mushrooms, berries, and freshwa-
ter fish was estimated by multiplying diet and popula-
tion). In the first year after deposition, the highest ra-
dionuclide fluxes are predicted to coincide with the
areas receiving the highest accident deposition. The
largest contributors to radiocesium fluxes are reindeer
meat and dairy products, while dairy products and pota-
toes are the largest contributors to annual *9Sr fluxes.
The contribution of different foodstuffs to radionuclide
fluxes changes with time. Fifty years after accident dep-
osition, the highest radionuclide fluxes do not necessar-
ily occur in those areas receiving the greatest accident
deposition. High radionuclide fluxes can occur in areas
with high food production. In general, reindeer meat
and dairy products remain the significant contributors
to 137Cs fluxes in the fiftieth year, while berries, pota-
toes, and freshwater fish are the largest contributors to
the lower annual 2°Sr fluxes.

This study confirms the outcome of the first AMAP
assessment, i.e., that Arctic residents are particularly vul-
nerable to radiocesium contamination and that the vul-
nerability would persist for many years after deposition.
Reindeer herders are particularly vulnerable due to their
higher levels of reindeer meat consumption. Neverthe-
less, other inhabitants of northern Norway and Russia
would also be potentially exposed to high doses, espe-
cially if consuming many local products. While reindeer
production is the most vulnerable pathway, freshwater
fish, lamb meat, dairy products, mushrooms, and berries
are also vulnerable foodstuffs. Although game was not
included in this study, post-Chernobyl studies show high
and persistent contamination of some game animals.

The location of communities and their types of agri-
cultural production are important variables determining
vulnerability; if high deposition occurred in the major
reindeer production areas (Finnmark in Norway and
Lovozero in the Murmansk Oblast) the impact would be
much higher than if deposition occurred in areas where
other types of agriculture predominated. Conversely, be-
cause dairy cattle are inside for much of the year, vulner-
ability increases if an accident occurs during the short
summer grazing period, especially for 29Sr.

Major factors contributing to the uncertainties in the
estimates of doses and fluxes are the limited number of
nuclides being considered, as well as the use of general
rather than site specific transfer factors. Also, the scenar-
ios address releases of gaseous and aerosol components
but potential releases of radioactive particles are not taken
into account. The effects of countermeasures were not
evaluated in this assessment. Doses and fluxes were pre-
dicted assuming no mitigating actions having been taken.
However, the results clearly indicate the need for an ef-
fective emergency response, including the application of
countermeasures, should an accident of the scale consid-
ered in this assessment ever occur at the Kola NPP.

7.2.2. Barents region environmental center
study of atmospheric transport
pathways from the Kola NPP

An assessment of atmospheric transport pathways from
the Kola NPP was undertaken for four geographical re-
gions: Scandinavia, Europe, the central former Soviet
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Union (CFSU), and the Taymir Peninsula. Several ap-
proaches were used to determine the probability that air
would be transported from the Kola NPP to each of
these regions, transport times, and seasonal variations in
atmospheric transport.

The assessment indicated that Scandinavia would be
affected by a release for 44.5% of days between 1991
and 1995, Europe for 8.1%, the CFSU for 43.2%, and
the Taymir Peninsula for 55.5%. The airflow probabil-
ity field had a similar pattern to that for the one avail-
able assessment of the consequences of hypothetical ac-
cidents at the Kola NPP, where the released materials
were distributed in an almost circular pattern extending
slightly in a northeasterly direction (Baklanov et al., 2002).
Seasonal variations influenced the transport pattern.

Two cases of rapid transport from the Kola NPP to
Scandinavia were selected for more detailed study. In
both scenarios, 60 PBq of 137Cs were released over a pe-
riod of 20 hr in a plume rising 400 to 600 m. The areas
contaminated by 137Cs to a level exceeding 30 kBq were
190 000 and 250 000 km?2.

Mean individual doses, collective doses, and collec-
tive risks were calculated for one of the two scenarios,
based on assumptions of the relative importance of vari-
ous nuclides and exposure pathways to the total dose re-
sulting from the effects of the Chernobyl accident on
Scandinavia. The highest mean individual doses, 1.15
mSv, occurred in northern Norway. The collective dose
for the area affected was calculated as 1100 manSv, cor-
responding to a collective risk of 54 cases of additional
cancer.

7.3. Nuclear-powered vessels

The reactors of nuclear-powered vessels located around
the Kola Peninsula represent the greatest density of nu-
clear reactors in the world. Several types of release have
been registered from these vessels, particularly from
those operating at sea. However, releases have also oc-
curred at bases on shore, for example in Andreyeva Bay
and Gremikha Bay. Limited effort has been made re-
garding impact assessments for accident scenarios re-
lated to operating vessels, decommissioned vessels, or
vessel components after dismantling, owing to the tradi-
tional secrecy surrounding these vessels, their reactors,
and the composition of their fuel. There is a need to
standardize the existing studies comparing Russian and
western efforts and to complete the assessments. Never-
theless, some significant contributions have already been
made, such as the IAEA assessment of the risks from
the dumped reactors close to Novaya Zemlya (IAEA,
1998a). Other more recent efforts include the pilot study
by the NATO Committee on the Challenges of the Mod-
ern Society concerning an environmental risk assessment
for decommissioned Russian nuclear submarines still
containing fuel, and an evaluation of the potential im-
pact of large releases from the Kursk at the time of sink-
ing and during subsequent recovery operations (Bak-
lanov et al., 2003).

The operation, maintenance, decommissioning, and
dismantling of a nuclear vessel fleet is a complex process
involving a large number of smaller operations. The ac-
tivities include: different modes of operation (training,
patrolling, tracking, etc.); assignments in port, changes
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of crew; docking for maintenance and repair; refuelling
and defuelling; storage onboard of fuelled reactors; on-
and off-loading of fresh and spent fuel from vessels and
transport ships; mode of fuel transport; and storage of
damaged reactors/damaged fuel.

To date, some of these operations have been covered
by risk assessments. Hopefully, the most serious scen-
arios involving potential releases have been covered;
however, as this work and international efforts to assist
Russia in these tasks are reaching new levels of advance-
ment and maturity, new facts and scenarios are being
identified. The most recent and relevant efforts toward
comprehensive impact assessments are presented in the
rest of this section. These have been subdivided into ves-
sels in operation (Sections 7.3.1. and 7.3.2.), decommis-
sioned vessels still containing spent fuel on board (Sec-
tion 7.3.3.), and accident scenarios involving spent fuel
and radioactive waste after dismantling of the vessel
(Section 7.3.4.). The focus is on the presence of spent
fuel because 90 to 99% of the radioactivity resides
within the fuel. However, the reactor compartments, and
the solid and liquid high-level, medium-level, and low-
level radioactive waste also constitute formidable prob-
lems, mainly in the remediation of the bases and sites.
The latter requires further evaluation as remedial work
involving international participation is to begin shortly.

7.3.1. Military vessels

There are around 33 operative nuclear submarines
within the Russian North Fleet. According to Ulgaard
(2001), these comprise 12 ballistic missile submarines
(Typhoon and Delta Classes), 4 cruise missile sub-
marines (Oscar Class), 12 attack submarines (Akula,
Sierra, Yankee, and Victor Classes), 1 cruiser (Kirov
Class), and 4 other submarines (Yankee, Uniform, and
X-ray Classes). These regularly patrol the nearby oceans
as part of their contribution to the Russian defense
force. During service, four Russian nuclear submarines
have sunk, 36 accidents have occurred, and there have
been 378 associated fatalities (Jlgaard, 2001).

The first AMAP assessment made reference to design
and beyond-design accident scenarios prepared in rela-
tion to Russian nuclear-powered submarine refuelling.
No new assessments of this type were available for the
present assessment and so that in AMAP (1998) remains
the most appropriate. A submarine incident in a ship re-
pair yard in Chazhma Bay on the Russian Pacific coast
on 10 August 1985 (Sarkisov, 1999; Sivintsev et al., 1994)
involved inadvertent criticality in a reactor core. This
can be used to illustrate the potential circumstances and
the nature, scale, and consequences of such accidents.
The accident claimed ten lives and gave rise to 39 cases
of acute radiation effects. Subsequent on-site observa-
tions and radioecological investigations showed that the
accident did not have a measurable radiological impact
on Vladivostok or the nearby Shkotovo-22 village.
Residual long-lived radioactive contamination in the
Chazhma Bay region is localized and does not give rise
to serious radioecological concern.

Risk estimates of criticality events during refuelling
have been performed by NATO (NATO, 1998). The
probability of a severe accident in the Russian navy is es-
timated to be 2 X103 per refuelling.
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7.3.1.1. Kursk

The latest accident involving a Russian submarine was
that of the Kursk in August 2000. The sinking, and sub-
sequent recovery operation, raised considerable concern
about possible consequences. The accident represented a
significant challenge for the nuclear emergency prepared-
ness organization; from the day of the accident until the
larger part of the submarine was brought into dock at
Roslyakovo in October 2001.

Owing to considerable concern in Norway, the Nor-
wegian Radiation Protection Authority undertook an
environmental risk assessment for four scenarios; com-
bining two inventory calculations and two release sce-
narios. The Kursk inventory calculations were based on
information for the Russian cargo ship Sevmorput with
some adjustment of the technical input data. The hypo-
thetical release rate for radionuclides depends strongly
on release conditions. These range from instantaneous
release owing to the explosion of torpedoes or cruise
missiles within the submarine, to the slow long-term
corrosion of fuel material. The latter may occur when
seawater has penetrated the fuel cladding. If the clad-
ding is zirconium, penetration may take several hundred
years. However, if conditions for galvanic corrosion are
present, the cladding could be fully corroded in less than
a year.

Two radionuclide release scenarios were considered.

1. An abnormal event one year after the accident, i.e.,
during the salvage operation, in which 100% of the
inventory in both reactors is released instantaneously.

2. The assumption that all barriers, for all practical pur-
poses, have been removed after 100 years, and that
100% of the inventory of both reactors is then re-
leased.

Two versions of operational history, resulting in burn-
ups of 12 000 (Version 1) and 24 000 (Version 2) MW-
days respectively, were considered for each scenario.
Both versions were based on the submarine being opera-
tional for an average of 50 days per year for each year
since commissioning at the end of 1994. Version 2 in-
cludes extensive operation of the reactors for electrical
power in port, as has been reported to occur by several
sources in recent years. An estimated release of 100% of
the inventory, a very pessimistic approach, was chosen
to demonstrate the consequences of a simple scenario,
even if not realistic, to the public concerned. There is a
lack of comprehensive environmental assessments of ac-
cidents involving submarines in operation and the asso-
ciated release mechanisms and source terms. Earlier stud-
ies concentrated on releases from sunken submarines to
the marine environment (Eriksen, 1990; IAEA, 1997) or
releases from decommissioned non-defuelled submarines
(NATO, 1998) to sea and air. A consideration of sub-
marines in operation, such as the Kursk, might indicate
more severe consequences owing to the greater amount
of short-lived radionuclides present.

Estimates of the radiological consequences for the
marine environment of potential radionuclide releases
from the Kursk were performed for Scenarios 1 and 2,
using a box model to estimate radionuclide transport
over large distances (>1000 km) and long time-scales
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(up to centuries or millennia). The model included terms
that describe the dispersion of radionuclides into the
marine environment over time (losjpe and Strand, 1999;
losjpe et al., 1997, 2002).

Transport, transfer to fish, and collective doses to
humans were modelled for a range of radionuclides
present in the reactors. However, most attention was fo-
cused on 137Cs because this has a relatively long physical
half-life (30 years), readily dissolves in water, and accu-
mulates in edible parts of fish and shellfish. For 137Cs
dispersion in oceanic surface water for the worst case
potential accidental release, with immediate release of
spent fuel and high burn-up (Scenario 1, Version 2), the
model predicted that 0.5 years after a hypothetical acci-
dental release of 100% of the inventory, the average ac-
tivity concentration in Barents Sea water would be 160
to 210 Bg/m? in the vicinity of the submarine. Activity
concentrations would decrease rapidly and after ten years
the average incremental water activity concentration in
the Barents Sea was estimated at 0.1 to 2.8 Bq/m3.

For 137Cs activity concentrations in fish from the
Barents Sea region (also for Scenario 1, Version 2) the
calculations indicate that during the first few years of
potential dispersion, the activity concentrations would
vary widely depending on the habitat of the fish. During
the early stages of dispersion, the Barents Sea would
contain areas with relatively high levels of contamina-
tion and areas that were completely unaffected. The cal-
culated transfer to fish is subject to large uncertainties
and other transfer pathways, such as particle ingestion,
were not considered. The maximum 137Cs activity con-
centration in fish was calculated as between 0 and 100
Bq/kg during the first year after a hypothetical leak from
the Kursk. By comparison, the intervention level for
137Cs in basic foodstuffs, as recommended by the EC
and adopted by several countries, including Norway, is
600 Bg/kg.

For Scenario 1, the collective dose to man is domi-
nated by the contribution from 137Cs. Calculations show
that a collective dose of 61 manSv would be attributable
to the intake of 137Cs from the Barents Sea alone, while
the total collective dose from all radionuclides from the
whole marine area would be 97 manSv. For the latter,
contributions from 137Cs and 23°Pu correspond to col-
lective doses of 69 and 5.5 manSy, respectively. For com-
parison, collective doses from other radionuclides for
Scenario 1 are estimated at 6.5, 4.3, 2.2, 0.37, and 0.27
manSyv for 208, 134Cs, 241Am, 147Pm, and 106Ru, respec-
tively. For Scenario 2, Version1, the total collective dose
was estimated at 8.4 manSv. Furthermore, approxi-
mately 80% of the collective dose from the Barents Sea
was attributable to 137Cs exposure. There is no signifi-
cant contribution from 23°Pu to the collective dose for
Scenario 1. For Scenario 2, however, the contribution of
239Py is comparable to that of 137Cs. This mainly results
from the comparatively short radioactive half-life for
137Cs of 30 years.

No indications of leakage from the Kursk submarine
were observed during the expeditions to the site in Au-
gust and October 2000. Elevated levels of radioactivity
were not observed in any dose-rate readings or in any
environmental samples from close to or inside the sub-
marine, even after the submarine was taken ashore in
Roslyakovo.
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7.3.1.2. Komsomolets

The Komsomolets submarine sank in 1989 in the Nor-
wegian Sea, south of Bear Island (Bjerneya). The ra-
dioactive inventory at the time of the accident is esti-
mated at 2.8 X101 Bq of ?9Sr and 3.1 X101 Bq of 137Cs
in the reactor, and 1.6 X103 Bq of plutonium in the
warheads. Minor releases of radioactivity from the reac-
tor compartment have been detected but large-scale re-
leases are thought to be unlikely as the containment bar-
riers will prevent corrosion of reactor fuel for at least a
thousand years.

7.3.1.3. Other nuclear submarines

There are 70 decommissioned submarines moored around
the Kola Peninsula at the bases from which they oper-
ated, some close to international borders. Fifty-two are
waiting to be defuelled and are in various states of re-
pair. Some have damaged cores due to accidents, which
has prevented the removal of the fuel from the reactor
compartment. Decommissioning submarines with dam-
aged cores is a major problem requiring large investment
and often significant radiation risk to workers.

In 1993, the International Arctic Seas Assessment Pro-
ject (IAEA, 1997) began a study of the radiological and
environmental hazard posed by the reactor compart-
ments dumped in the Barents and Kara Seas in the 1960s
and 1970s. Six were dumped with spent nuclear fuel on-
board (two being complete submarines) and ten were
dumped without fuel. An environmental survey of the
disposal sites found limited evidence of contamination
that could be attributed to the reactor compartments
(Strand et al., 1997). Transport and dispersion models
using isotope release rates indicated that the maximum
annual dose would be received by local populations, al-
though this was <0.1 pnSv/yr. However, military person-
nel that patrol Novaya Zemlya were projected to receive
a potential annual dose of up to 700 wSv (comparable to
natural background doses). The global collective dose
over the next 1000 years from *C in the inventory was
estimated at 8 manSv.

NATO has considered accident analysis in some de-
tail (NATO, 1998). For an environmental release to
occur, an event with sufficient energy to dislodge the ra-
dioactive material from its normal location and a failure
of the containment boundary are required. Fuel within
the reactor compartment is the most probable area for
such an event to take place due to existing defects, me-
chanical damage, or overheating. Events can be internal
or external (specific to the mooring location) and the
main concern is core overheating or a LOCA. This is
used as the reference event and indicates the upper limit
for consequences arising from other events. The activity
release from a core containing spent fuel is estimated at
100 TBq of ?°Sr and 600 TBq of 137Cs immediately after
the event. The NATO report does not attempt to esti-
mate the quantity of radioactivity that could be released
for each internal event analyzed.

The number of potentially hazardous radionuclides
likely to be dispersed following a criticality accident on a
decommissioned but non-defuelled submarine is rela-
tively small, taking into account core activity, the release
fraction, and exposure pathways for radiological effects.
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Actinides and fission products provide the greatest po-
tential hazard. Short-lived radionuclides may dominate
immediately after an accident and their presence is im-
portant in the vicinity of the accident site, but they do
not cause extensive spatial contamination. The majority
of the dose from an atmospheric release is contributed
by 137Cs, 134Cs, and ?9Sr, with source terms estimated at
350, 35, and 70 TBq, respectively.

A decommissioned, non-defuelled moored subma-
rine can sink and release radioactivity to the sea as a re-
sult of lapsed maintenance. The consequences are not
necessarily severe since reactors and submarines are de-
signed to withstand considerable pressure. There may be
some activity release from corrosion of the outer sur-
faces of the nuclear reactor. However, if the reactor com-
partment was breached, as for example in the event of a
collision, corrosion of the fuel could occur rapidly and
release fission products to the sea. Estimates based on
models using data from Ara Bay, near Murmansk, sug-
gest that the release in the year of the accident would be
1.6 PBq, with actinides providing <1 TBq of the release
and fission products dominating. Over time, the pre-
dominant isotopes would change owing to differential
decay and mobilization.

It is also possible for an undamaged submarine to
sink and such a scenario was examined for Ara Bay.
Sinking in such shallow water (a few tens of meters) is
unlikely to damage a submarine’s primary systems. Re-
leases of the four major activation isotopes, ¢°Co, *?Ni,
63Ni, and 1#C, were estimated at around 300 MBq one
year after sinking, decreasing to 180 MBq after 20 years
(IAEA, 1997). Except for 14C, these isotopes would ad-
sorb onto coastal sediments and ultimately settle to the
sea floor or remain on the hull. Models indicate little ac-
tivity in the waters of Ara Bay and even less 1.5 km from
the release site.

Such studies indicate that recovery of sunken sub-
marines or reactor compartments is not too difficult if
the reactor is undamaged but that the effects of a criti-
cality accident are difficult to predict, making the conse-
quences difficult to estimate. Nevertheless, the risks of
radionuclide release to the Arctic are considered to be
negligible.

7.3.2. Civilian icebreakers

The Murmansk Shipping Company operates the Russian
icebreaker fleet. According to Dlgaard (2001) the fleet
currently comprises six operational icebreakers (Ark-
tika, Rossiya, Sovetskiy Soyuz, Yamal, Taymyr, and
Vaigach), and one icebreaking container ship (Sevmor-
put). These are stationed at the Atomflot Repair Techni-
cal Plant near Murmansk. Two icebreakers have been
decommissioned and defuelled (Lenin and Sibir). A new
icebreaker, 50 let Pobyedy (50 Years of Victory), is cur-
rently under construction at the Baltiysky shipyard in St.
Petersburg.

7.3.3. Decommissioned,
currently-fuelled submarines

The decommissioning of Russian nuclear submarines in
the Arctic has caused considerable concern since the end
of the Cold War. In 1992 and under the auspices of the
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NATO Committee on the Challenges of the Modern So-
ciety, Norway initiated a study on cross-border defense-
related environmental problems. At an early stage, the
working group decided to focus on decommissioned but
still fuelled submarines. Operational submarines and nu-
clear weapons were beyond the scope of the working
group. A direct comparison of the risks was not under-
taken.

Three scenarios were used to examine releases to the
sea: sinking of an undamaged submarine; sinking of a
damaged submarine; and a criticality accident followed
by sinking. Using the release rate model established dur-
ing the International Arctic Seas Assessment Project, the
dose rate to an individual on a small craft in the harbor
of Ara Bay, chosen as the location of the sunken subma-
rine, was 100 pSv/hr. At 2 km north of the site, average
dose rates from the water surface to personnel in a small
craft decreased to about 10 wSv/hr. At the mouth of Ara
Bay, the level decreased to 1 wSv/hr. This work did not
include uptake by edible fish species; however, Klopkhin
et al. (1997), based on model considerations of a ra-
dionuclide plume in water, suggest that fish swimming in
the plume do not accumulate enough activity to justify
restricting their consumption.

Of the many scenarios discussed, only criticality acci-
dents, LOCAs, and hull damage due to sinking or ship
collision were considered potential causes of cross-bor-
der contamination. Weather conditions during an inci-
dent may lead to contamination of foreign territory. For
example, using Ara Bay as the accident venue a Gauss-
ian puff model was used to calculate the dispersion of
radioactivity for stable weather conditions with winds
toward Kirkenes and the county of Finnmark in Nor-
way. Kirkenes is an urban environment, whereas Finn-
mark represents a critical group with a high consump-
tion of locally produced foodstuffs. For dry deposition
only, the 137Cs deposition at Kirkenes was about 10
kBg/m? and for 134Cs and ?9Sr was typically a factor of
ten lower. The maximum annual effective dose for adult
members of the public for the two cross-border receptor
areas assuming a ‘worst-case’ scenario (NATO, 1998) is
shown in Table 7-4. With dry conditions during the pas-
sage of the radioactive cloud, the average individual ef-
fective radiation dose received in the first year is <1 mSv.
Rainfall during cloud passage may lead to enhanced
deposition of radioactivity, which would cause signifi-
cantly higher long-term radiation doses.

7.3.4. Storage of spent fuel

Russian marine reactors and spent fuel are of interna-
tional concern. One hundred and eighty-eight nuclear
submarines have been decommissioned in Russia. Of
these, 48 have been dismantled, 28 are being disman-
tled, and 112 are waiting for dismantling to start. Most
still contain loaded reactors. While the focus on military
nuclear issues and spent fuel began around 1990, the in-
famous service ship Lepse, containing more than 600
spent fuel assemblies, is still harbored near Murmansk.
According to the CEG (2003), fuel arising from 130
submarine nuclear reactor cores is currently being stored
in northwestern Russia, while fuel from an additional 20
cores is located in far eastern Russia. An average reactor
core has approximately 455 fuel assemblies. In Decem-
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Table 7-4. Maximum annual effective dose estimates for adult members of the public for two cross-border re-
ceptor areas assuming a ‘plausible worst-case’ accident scenario (NATO, 1998). ‘Short-term’ refers to the first
24 hr of the event (cloud passage) and ‘long-term’ to the first year excluding the first 24 hr. “Wet’ refers to the as-
sumption of moderate rainfall during passage of the radioactive cloud.

Kirkenes (urban) Finnmark (rural)

dry wet dry wet
Ground deposition of 137Cs, kBg/m?2 10* 250% 1 25
Integrated air concentration of 137Cs, MBq s/m3 10 10 1 1
Effective dose from exposure pathway, mSv
Short-term**
Inhalation*** 0.19 0.19 0.02 0.02
Cloud-shine - - — _
Ground-shine - 0.02 - -
Short-term subtotal 0.19 0.21 0.02 0.02
Long-term
Ground-shine™*** 0.08 1.9 0.02 0.5
Ingestion*** 0.03* 0.9*% 0.19 4.5
Long-term subtotal 0.11 2.8 0.21 5.0
First-year
Total annual dose 0.30 3.0 0.23 5.0

* average contamination of the wider surroundings of Kirkenes is set equal to 30% of the Kirkenes value;

* no protection assumed in the early phase of the incident;
* effective dose commitment;

ber 2000, there were reports of large quantities of fuel
ready to be taken ashore (Moltz, pers. comm., 2000).

The scenarios for an accident or inappropriate use of
a Russian marine reactor or its fuel are numerous, as ev-
idenced by various incidents throughout the 1990s. For
example, the sinking of Komsomolets and the Kursk,
several thefts of fresh fuel from bases in northwest Rus-
sia, and an attempt to blow up the Vepr, an Akula Class
submarine, by a distressed Russian sailor after a serious
hostage situation at the Gadzhiyevo Naval Base on 11
September 1998. The scenarios include: releases to air,
sea and/or the terrestrial environment; sabotage and other
radiological incidents initiated deliberately; and thefts or
other illegal, organized acquisitions of radiological or
fissile material by terrorists.

Earlier impact assessments concentrated on releases
from sunken submarines to the marine environment
(Eriksen, 1990; IAEA, 1997) or releases from decommis-
sioned, non-defuelled submarines to sea and air (NATO
1998). There is need for additional understanding of
criticality issues related to remediation and clean-up ac-
tivities; damaged cores; and the types of spent fuel con-
figurations currently stored at naval bases such as those
at Andrejeva Bay and Gremikha Bay.

7.4. International transport
of spent nuclear fuel from commercial use

Between 1992 and 1999 there were six shipments of
plutonium and vitrified high level radioactive waste
from France to Japan and one shipment of mixed oxide
reactor fuel from the United Kingdom to Japan. Such
shipments, if carried out in a manner consistent with in-
ternational guidance and existing TAEA Conventions
paying specific attention to the prevention of criticality
accidents, pose only minor risks to human health. The
risk of accidents for such transport has been reviewed
extensively over recent years in a comprehensive cooper-

ation between the IMO and TAEA (IAEA, 2001). The

*** corrected for runoff (urban environment only) and shielding (rural area lower than urban environment).

doses to a maximally exposed individual that might be
caused by the loss of a flask at sea were estimated to
range from 5X10-12 Sv/yr for the loss of a vitrified high
level waste flask to the deep ocean, to 2 X10-¢ Sv/yr for
the loss of a high burn-up irradiated fuel flask to shallow
coastal waters.

It is difficult to predict the long-term trend in such
traffic. However, if mixed oxide fuel is increasingly used
as a means of safeguarding surplus weapons-grade plu-
tonium and if investment in nuclear power generation
increases as a means of reducing dependence on fossil
fuels and emissions of carbon dioxide to the atmos-
phere, the quantities and frequency of such shipments
may increase substantially. A seminar on the transport
of spent nuclear fuel in Norwegian coastal areas con-
vened for Norwegian senior officials in March 2002
concluded that, even if the calculated risk is low, there is
a need for consideration of possible release scenarios
and for detailed impact assessments. The possible trans-
fer of spent nuclear fuel through Arctic areas has caused
controversy, for example in Norway, and will continue
to do so if such concerns are not addressed properly.

In the case of transport of spent fuel within, for ex-
ample, Russian territory, there are potential problems
associated with Russian transport ships not adhering
strictly to international transport regulations. Any for-
eign assistance, such as the provision of Norwegian
transport ships for assisting Russian authorities in the
dismantling of nuclear submarines, would probably de-
mand and ensure adherence to international regulations

and standards (IAEA, 2001).

7.5. Reprocessing and production plants
7.5.1. Mayak

Operations at the Mayak PA installation have resulted
in serious nuclear environmental contamination. Two
accidents have resulted in severe contamination outside
the Mayak site boundary. In 1957, an explosion in a
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high level waste storage tank caused severe *°Sr contam-
ination of a 1000 km? area within the Chelyabinsk,
Sverdlovsk and Tyumen regions. This is referred as the
‘Kyshtym accident’. In 1967, wind dispersal of contami-
nated sediment from the dried-out bed of Lake Kara-
chay (a storage reservoir for liquid radioactive waste) re-
sulted in 137Cs deposition over 1800 km? surrounding
the site. Between 1949 and 1956, authorized discharges
of intermediate-level radioactive waste directly into the
Techa River resulted in severe contamination downstream
from the release point. Although operational procedures
have been revised extensively since the late 1950s, as has
also been the case at other nuclear installations, the pos-
sibility of accidents remains. The human population in
the vicinity of Mayak is at most risk from an accident
and has, together with the environment, suffered the ad-
verse effects of previous accidents. However, since the
Mayak installation is sited at the head of the Techa
River, which is a tributary of the major Ob River, there is
also the possibility of long-range transport of radionu-
clides to Arctic areas. AMAP has therefore recommended
studies on the transport of radionuclides from land-
based sources through river catchments (AMAP, 1998).
The possible consequences of far-field transport of ra-
dionuclides released as a result of various hypothetical
accidents at the Mayak installation have been assessed
by the Joint Norwegian—Russian Expert Group on Ra-
dioactive Contamination (JNREG, 2003). The study fo-
cused on six accident scenarios.

1. An explosion in a storage tank for high level waste.
This is a modern analogue of the Kyshtym accident. It
results in radioactive contamination of the environ-
ment and subsequent washout of radionuclides into
the river system.

AMAP Assessment 2002: Radioactivity in the Arctic

2. A tornado in the Lake Karachay area. A tornado
passing over Lake Karachay lifts and disperses con-
taminated water and sediment over the surrounding
area in a similar manner to the events of 1967.

3. Inflow of water from Reservoir 11 to the Techa River
due to:
a. a dam break, which brings dissolved and particu-
late radionuclides as well as washout from the Techa
riverbed and floodplain into the river system;
b. a controlled release that results in a discharge of

dissolved radionuclides from Reservoir 11 into the
Techa River.

4. Release of radionuclides from the Asanov Swamp.
This was heavily contaminated by early operational
discharges of radionuclides into the Techa River, due
to flooding.

5. An accident at the reprocessing plant. This is compa-
rable to scenario 1, although on a smaller scale and
with other radionuclides being involved.

6. Groundwater contamination from Lake Karachay
reaches the river system.

The accidents vary in size, impact, and duration. Some
allow time for the introduction of measures to reduce
their severity; others represent serious, acute accidents
(e.g., a dam failure) that allow little possibility of mitiga-
tion. All incidents have the potential to release radionu-
clides that could result in impacts on biota and humans
in the surrounding area, both in the near and far field.
Because of the concern regarding long-range river
transport, a major focus has been to model the transport
of radionuclides through the Techa-Iset-Tobol-Irtysh-Ob
River system to Ob Bay and the Kara Sea. In some cases,

Table 7-5. Consequences for Arctic areas of six hypothetical contamination scenarios at Mayak PA (JNREG, 2003).

Maximum
Collective dose
Release to Discharge to dose, per person,
Total inventory environment the Techa River manSv mSv/yr*
Current runoff 1.2 TBq/yr 29Sr 0.6 TBq ?°Sr for 50 yr 0.01 0.009
Scenario 1. Waste tank explosion 370 PBq - single tank; ~ 15.2 PBq ?°Sr + °Y 180 TBq ?Sr 0.39 1.9
20000 PBq - total 20.4 PBq 137Cs 59 TBq 137Cs
Scenario 2. Tornado 4400 PBq 4.4 PBq P%Sr + 137Cs 5§ TBq ?°Sr, 0.005 0.006
0.5 TBq 137Cs
Scenario 3a. Dam burst In water: 650 TBq 300 TBq 29Sr 300 TBq %°Sr 1.0 4.8
3.7 TBq 137Cs 3.7 TBq 137Cs
In sediment: 1500 TBq 205 TBq “°Sr 205 TBq ?9Sr
150 TBq 37Cs 150 TBq 137Cs
Scenario 3b. Controlled release 650 TBq ?°Sr + 137Cs 13 TBq ?0Sr 13 TBq ?9Sr 0.009 0.05
0.16 TBq 137Cs 0.16 TBq 137Cs
Scenario 4. Asanov Swamp 19-22 TBq °Sr 3.2 TBq ?°Sr 3.2 TBq ?°Sr 0.002 0.01

170-190 TBq 137Cs

Scenario 5. Plant accident

1.1 TBq** 0.0007 0.004

Scenario 6. Groundwater
contamination

4400 PBq

22 TBq/yr 29Sr

0.6 TBq “°Sr for 50 yr 0.00008 0.00007

*for a diet containing 28 kg fish per year; **estimate for all radionuclides.
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other transport processes (e.g., atmospheric transport of
radioactive debris) have also been considered. The mod-
els, developed by scientists at Mayak PA and SPA Ty-
phoon, include radionuclide transport in river systems,
and tornado, flood, and groundwater contamination.
Where possible, the models are based on existing scien-
tific knowledge concerning the transport and behavior
of radionuclides in the area surrounding Mayak and on
the outcome of previous accidents, both at Mayak and
other installations. Information on the physico-chemical
forms of radionuclides and the influence of speciation
on transport processes and mechanisms was also in-
cluded. Finally, major uncertainties, variability, and model
sensitivity has been assessed.

The models required particular variables (release in-
ventory, radionuclide composition, meteorological con-
ditions, etc.) for each scenario. Each scenario will vary
according to the course of events, particularly concern-
ing the quantity of radionuclides released, which could
be more or less than the hypothetical estimate. There-
fore, the estimates derived using the models have large
uncertainties. Worst-case conditions were generally con-
sidered for each scenario.

The outcome of the modelling exercise is compared
with current run-off in Table 7-5. For each scenario, the
table presents estimates for the total radionuclide inven-
tory and estimates of radioactive releases to the environ-
ment outside the Mayak PA area. Radioactive discharges
to the upper Techa-Iset-Tobol-Irtysh-Ob River system
(mainly into the Techa River) can be much lower than
those to the environment, if for example, contamination
is due to washout from the water catchment area. Doses
were estimated for Ob Bay and the Kara Sea for a 50-
year period after the hypothetical accidents.

Scenarios 1 and 3a result in a very high radioactive
discharge to the Techa River. The other scenarios result
in much lower radioactive contamination of the Techa
River.

The models indicate that %0Sr transport through the
river system will lead to a significant increase in contam-
ination in the lower reaches of the Ob River compared
to current levels. For example, the additional °Sr activ-
ity concentration for the first year after the dam break is
estimated to be five times higher than background. Con-
tamination of Ob Bay and the Kara Sea by other ra-
dionuclides is much lower. The longer-lived radionu-
clides released, 137Cs and Pu, are less mobile in river sys-
tems than 20Sr. For all six scenarios, the estimated activ-
ity concentration is much lower than the norms regu-
lated by modern radiation safety standards. Overall, it
was concluded that the potential doses to Arctic biota
and human populations from hypothetical accidents at
the Mayak PA installation are very low. However, for
the local population, the consequences may be severe.

7.5.2. Sellafield

The UK. Health and Safety Executive have produced
safety assessment principles for nuclear plants (HSE,
1992) that address safety issues, including accident sce-
narios for the Sellafield site. There are a number of prin-
ciples to ensure that safety is maintained throughout op-
erations and in the event of design or beyond-design
based accidents. During operation there are a number of
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design features that can mitigate an accident before it
reaches a critical state. In the event of a design-based ac-
cident, the safety assessment principles state that ‘there
is no release of radioactivity except in the most severe of
cases, and even then, no person will receive an effective
dose of 100 mSv or more’.

The storage of Highly Active Liquor (HAL) is an im-
portant source of concern for severe accidents at the Sel-
lafield site. HAL is a waste product from the reprocess-
ing of irradiated nuclear fuel and is currently stored on-
site in water-cooled storage tanks. It is converted into
solid form via the process of vitrification (incorporation
into borosilicate glass) at a rate limited by the capacity
of the vitrification plant. The Nuclear Installations In-
spectorate has instructed British Nuclear Fuels (BNFL)
to vitrificate HAL from a current volume of about 1300 m?
(1999) to a buffer volume of 200 m3 (to feed the vitrifi-
cation process) by 2015 in response to the potential haz-
ard associated with these wastes (HSE, 2000). The main
part of the activity in a typical HAL tank is due to 137Cs
and 29Sr. There are in total 21 tanks containing about
7 %1018 Bq of 137Cs and 4.8 X1018 Bq of ?Sr (Turvey
and Hone, 2000). Vitrified wastes are also stored on-site
at Sellafield and are generally thought to be safer than
HAL because the fission products are immobilized in a
solid matrix and cooled by the circulation of air. They
are thus not dependent on an active cooling system.

A major BNFL safety case for HAL stores was com-
pleted in 1994. This was followed by a Nuclear Installa-
tions Inspectorate assessment (HSE, 2000). The assess-
ment concluded that the BNFL approach to accident
analysis was incomplete and not best practice. In 1999,
BNFL completed the Continued Operation Safety Re-
port (COSR), which is the latest safety analysis associ-
ated with the HAL stores. Although this report is not
publicly available, the Radiation Protection Institute of
Ireland (RPII) was given access to the BNFL safety docu-
mentation and has published an evaluation report of the
COSR (Turvey and Hone, 2000). The objectives of the
RPII examination of the safety material were to deter-
mine whether the COSR includes all significant hazards;
to evaluate the conclusions of the COSR on the proba-
bility of occurrence of a number of accident scenarios; to
determine whether confidence can be placed in the data-
base used in the COSR and to assess the significance of
any shortcomings; and to assess the need for further im-
provements in safety. Turvey and Hone (2000) conclude
that the risks of a severe accident associated with the
HAL stores are low but identify some areas where the
risks could be reduced further. The report also states
that the risk of damage from a severe earthquake has not
been fully analyzed. According to Turvey and Hone
(2000), all other major accident scenarios appear to
have been considered in the COSR. Despite the proba-
bility of an accident involving a significant release of ra-
dioactivity being considered low, Turvey and Hone
(2000) identify certain safety weaknesses, e.g., that the
water supplies for cooling the tanks are not fully inde-
pendent of each other, that there is no instrumentation
for detecting possible hydrogen build-up in the storage
tanks, and that the consequences of very severe acci-
dents have not been adequately assessed.

Low probability but high consequence events appear
to pose the greatest environmental risk at Sellafield, and
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could even impact upon the Arctic. These include: seis-
mic events; fire or explosion due to hydrogen generation
as a result of radiolysis of HAL or red oil reactions (hot
organic liquid and aqueous nitrate solution); extreme
weather conditions; aircraft crashes; other man-made
hazards (toxic gases); criticality; beyond-design basis ac-
cidents; and accidents as a result of human factors.

These issues have been considered by BNFL and the
U.K. Health and Safety Executive (HSE, 1992, 2000)
but estimates of the radiological consequences (i.e., radi-
ation doses) of each accident scenario have not been as-
sessed.

After 11 September 2001, the possibility of a terror-
ist attack on, or an airplane crash into, nuclear plants
has received much attention. A report prepared for the
European Parliament by an external contractor, WISE-
Paris (WISE-Paris, 2001a), mentions this briefly and ad-
dresses the subject in greater detail in a later report
(WISE-Paris, 2001b). The HAL stores are identified as
the major risk for radioactivity releases. An assessment
is made based on an estimated release of half the total
137Cs content in the HAL tank, and then compared with
consequences from the Chernobyl accident. However,
these estimations are controversial and have received
some criticism.

7.6. Conclusions

Risk assessments are important for establishing priori-
ties. Even though the absolute results from these assess-
ments have large uncertainties, their relative magnitudes
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may be compared in order to help identify where to
focus efforts for risk reduction. The outcome of risk as-
sessments and actual accidents indicate that the conse-
quences of releases to the atmosphere, and subsequent
fallout to the terrestrial environment, are greater than
for releases to the marine environment.

This assessment has addressed the unintentional po-
tential releases from reprocessing plants in central and
southern Russia in detail. The first AMAP assessment
concluded that possible consequences of accidents at
these plants should be assessed for the Arctic population
and environments, owing to the possible transport of ra-
dionuclides through the river systems. The present as-
sessment shows that the consequences of such accidents
for the Arctic are likely to be much less than previously
expected.

That many of the sources to be evaluated in risk as-
sessments are within the military domain, e.g., naval re-
actors and nuclear weapons, is a problem. Necessary in-
formation is often restricted. Openness regarding mili-
tary sources should be promoted, such that risks to soci-
ety as a whole can be compared and resources for risk
reduction programs used optimally.

The increased awareness of terrorist activities since
2001 has also forced the nuclear industry to reassess the
probability and consequences of a terrorist event. Al-
though AMAP does not address security issues, and this
matter has therefore not been discussed further, it should
be noted that, with negative intentions, the results of an
‘accident’ could be worse than those estimated in the
present scenarios.
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New information on actual and potential sources of ra-
dioactive contamination in the Arctic environment has
been provided for this assessment. More detailed knowl-
edge for several sources has enabled new impact assess-
ments; however the major sources of radioactive contam-
ination of the Arctic environment are still fallout from
atmospheric nuclear weapons tests conducted between
1945 and 1980, discharges from European spent nuclear
fuel reprocessing plants, and fallout from the accident at
the Chernobyl nuclear power plant in the Ukraine in
1986. Doses to humans are derived mainly from global
fallout and fallout from the Chernobyl accident.

A topic new to this assessment is the loss of the sub-
marine Kursk of the Russian Northern Fleet off Mur-
mansk in August 2000 after an explosion on board. The
Kursk has now been recovered and monitoring shows
that the accident did not result in any measurable re-
leases of radionuclides to the Arctic environment.

In general, levels of radionuclides in the Arctic are
declining. The exceptions are seawater concentrations of
the long-lived water-soluble fission products **Tc and
1291, This is due to increased releases from nuclear fuel
reprocessing in Western Europe and supports the recom-
mendation by AMAP in 2000 that the Arctic Council
encourage the United Kingdom to reduce the releases
from Sellafield to the marine environment of tech-
netium, by implementing best available technology.

There is evidence that sediments are now a source of
Pu and 137Cs to the Arctic. Previous releases, such as
those from Sellafield that have deposited in Irish Sea sed-
iments, are being remobilized such that these deposits
now act as sources to the Arctic. Thus, even if opera-
tional releases from reprocessing plants are reduced, ra-
dionuclides remobilized from contaminated sediments in
the Irish Sea and the Baltic Sea will continue to be ob-
served in the Arctic. Nevertheless, present doses to Arc-
tic peoples from radionuclides originating from spent
nuclear fuel reprocessing plants are small, although the
uncertainty surrounding the pathways to and effects of
such radionuclides in the Arctic indicates the need for
further assessment. Impacts on the Arctic should be con-
sidered when evaluating discharge reduction measures,
and it is reccommended that the Arctic Council support a
more detailed study on the remobilization of radionu-
clides from sediment and its potential long-term effects
on the Arctic.

Despite the decline in current levels, there is continu-
ing uncertainty about the amount of radionuclides pres-
ent at a number of sources and potential sources in the
Arctic. Access to information about civilian and military
sources continues to be a problem. It is recommended
that the Arctic Council promotes more openness for re-
stricted information.

New work has been done on doses to populations in
the Faroe Islands, Canada, and northwest Russia. Doses
to the non-indigenous populations in Russia and to the
Faroe Islands’ population were the same as estimated

during the first AMAP assessment, whereas the new esti-
mates for doses to the indigenous populations in Canada
and northwest Russia were lower and higher, respec-
tively. In both cases, the difference was due to revised es-
timates of the intake of reindeer/caribou meat.

Previously, the focus of radiation protection has been
the protection of human health. A new initiative, high-
lighted in this assessment, is an attempt to develop a
basis for protecting the environment from the effects of
radiation. An international consensus has emerged for
the rapid development of a system and framework for
the protection of the environment. The International
Union of Radioecology, with support from AMAP, was
one of the first international organizations to promote
this. It is reccommended that AMAP be asked to take an
active part in continued efforts to address environmental
protection, taking special responsibility for the Arctic.
This should focus on the scientific needs associated with
protection of the environment, and the development of
associated monitoring strategies and assessment tools.

The major concern regarding potential environmen-
tal contamination relates to accidents involving nuclear
material, especially accidents at nuclear power plants.
Models show that a major accident at the Kola nuclear
power plant in Russia resulting in substantial release of
radioactive material to the atmosphere would require
countermeasures to avoid high radiation doses to the
population, which may then need to be applied for sev-
eral years. Vulnerability, expressed as dose from a given
fallout, can vary considerably, even over small areas.
Owing to high transfer rates and long ecological half-
lives, previous deposition must be quantified when esti-
mating the consequences of potential accidents. It is rec-
ommended that AMAP be asked to clarify the vulnera-
bility and impact of radioactivity on the Arctic environ-
ment and the consequences for emergency preparedness
planning.

Major efforts are underway to reduce radiation risks
associated with nuclear reactors and radioactive waste
handling. Nevertheless, further improvements are war-
ranted. The main criterion of success for a nuclear safety
project is its net contribution to the improvement of nu-
clear safety. Projects must be undertaken within a con-
text that includes safety assessments and environmental
impact assessments that incorporate a variety of risk
analyses, to demonstrate compliance with risk objectives
relating to environmental and human health protection.
Future effort will continue to be concentrated on the
areas of greatest risk and the operations and facilities
that pose the greatest potential threat. To reduce risk, to
mitigate the consequences of possible future accidents,
and to optimize the use of resources, work has been un-
dertaken on risk management and risk analysis of nu-
clear activities and on assessments of the vulnerability of
Arctic areas. This provides a basis for improved emer-
gency prevention, preparedness, and response to nuclear
incidents, with the optimal use of resources.
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It is recommended that risk and impact assessment
programs, including uncertainty estimates, be performed
before action is taken to reduce risk. Risk and impact as-
sessments, including accident scenarios, should be un-
dertaken for the transport of nuclear waste and fuel
within the Arctic and nearby areas, and with regard to
storage and reprocessing within the Arctic and nearby
areas. Since the first AMAP assessment, nuclear safety
programs have been undertaken in Russia at nuclear
power plants and other nuclear installations relevant to
the Arctic. It is recommended that the Arctic Council
continue its cooperation with Russia to improve the
safety and safeguarding of nuclear installations and
waste sites.

Co-operation is required between relevant authori-
ties on the development of initiatives concerning health
and safety, and preparedness. Of particular interest are
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health and safety risks immediately before, during, and
after a risk reducing initiative. Although such coopera-
tion has not been prioritized to date, current coopera-
tion between the authorities responsible for radiation
protection, environmental protection, and nuclear safety
is working well and contributing to effective interna-
tional programs. Such efforts are not costly and con-
tribute significantly to the development of large multi-
lateral internationally funded projects. At the same time,
they have wider significance — one consequence is that
Russian management practices and demands relating to
radiation protection are now becoming more transpar-
ent and more compatible with international guidelines.
A further strengthening of the Russian authorities re-
sponsible for nuclear protection would increase their
ability to effectively implement these improved manage-
ment practices.
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Glossary
Abbreviations RTG ... .. .. Radioisotope thermoelectric
generator
AMAP . . .. .. Arctic Monitoring and Assessment SCC ....... Siberian Chemical Combine
Programme SD ........ Standard deviation
AO. .. ... .. Autonomous Okrug SIPEX . .. ... Site Ion-Exchange Effluent Plant
BAT ....... Best available technology STUK. . .. ... Finnish Radiation and Nuclear
BNFL . ..... British Nuclear Fuels Safety Authority
CCL. . ...... Common cause initiator Thg o o v oo v v Aggregated transfer coefficient
CEG ....... (IAEA) Contact Expert Group (see Box 3.2)
CFSU. . . .... central former Soviet Union ) Ecological half-life (see Box 3.1)
CMF . ...... Core Melt Frequency Tegp o o v oo v . Effective ecological half-life
COSR ... ... Continued Operation Safety Report (see Box 3.1)
DNA....... Deoxyribonucleic acid TINT .. ... .. trinitrotoluene
dw . . ... ... dry weight (basis of determination) UK. ....... United Kingdom
EARP. . . .. .. Enhanced Actinide Removal Plant UNSCEAR . . . . United Nations Scientific Commit-
EC........ European Commission tee on the Effects of Atomic Radi-
EIA. . . ... .. Environmental impact assessment ation
EMAS ... ... (EC) Eco-Management and Audit USDOE . .. .. United States Department of Energy
Scheme WW. oo wet weight (or fresh weight)
EPIC . . ... .. Environmental Protection from Ion- (basis of determination)
ising Contaminants in the Arctic
(project)
EU .. ...... European Union Main radionuclides discussed
FASSET. . . . .. Framework for Assessment of Am . ... Americium
Environmental Impact (project) Cs ... ... Cesium, caesium
HAL .. ..... Highly Active Liquor . .. Todine
HSE ... .... (U.K.) Health and Safety Executive Pu . . ... Plutonium
IAEA . . . .. .. (UN) International Atomic Energy Sr. ... Strontinm
Agency ) Te ... ... .. Technetium
IASADP. . . .. .. International Arctic Seas Assessment u. ... Uranium
Project
ICRP. ...... International Commission on Radio-
logical Protection Prefixes
IMO . ... ... (UN) International Maritime Organ- .
ization | I micro-, 1076, e.g. pSv
INES . . ... .. International Nuclear Event Scale G glga-, 1039’ e.g. Gw
IUR. . .. .... International Union of Radioecol- koo 1“10_" 10%, e.g. kt, kBq
ogists m. ........ milli-, 1073, e.g. mBq
JNREG. . . . .. Joint Norwegian—Russian Expert Moo mega-, 1(1):’ e.g. Mt, MW, MBq
Group on Environmental Coop- P peta-, 10'°, e.g. PBq
eration T......... tera-, 1012, e.g. TBq
KMCIC . .. .. Krasnoyarsk Mining and Chemical
Industrial Complex Units
LOCA ... ... Loss of coolant accidents
NAO....... Nenets Autonomous Okrug Bq ........ Becquerel
NATO . ... .. North Atlantic Treaty Organization G ........ Curie
NEFCO. . .. .. Nordic Environment Finance Cor- d......... day(s)
poration Gy . ....... Gray
NPP. . ... ... Nuclear power plant h.o........ hour(s)
NRPA . ... .. Norwegian Radiation Protection Me........ Megaton
Authority MW(e) . ... .. Megawatt (electrical energy)
OSPAR . . . . .. Oslo and Paris Commissions MW(th) . .. .. Megawatt (thermal energy)
RHS . ...... Radioisotopic heat source Svo o oo Sievert
RPII . ...... Radiation Protection Institute of | tonne (1000 kg)
Ireland )4 S year(s)
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