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Abstract

Radiation protection has mainly focused on assessing and minimising risks of negative effects on human health.
Although some efforts have been made to estimate effects on non-human populations, modelling of radiation
risks to other components of the ecosystem have often lead to more or less disappointing results. In this paper an
ecosystem approach is suggested and exemplified with a preliminary I4C model of a coastal Baltic ecosystem.
Advantages with the proposed ecosystem approach are for example the possibility to detect important but
previously neglected pathways to humans since the whole ecosystem is analysed. The results from the model
indicate that a rather small share of hypothetical released 14C would accumulate in biota due to large water
exchange in the modelled area. However, modelled future scenarios imply opposite results, i.e. relatively high
doses in biota, due to changes of the physical properties in the area that makes a larger accumulation possible.

1. INTRODUCTION

Radiation protection has mainly focused on assessing and minimising risks of negative effects on
human health. Numerous conceptual and numerical models have been developed to enable predictions
of radiation exposure and subsequent harmful effects on humans [e.g. 1, 2, 3]. Although some efforts
have been made to use similar models to estimate effects on non-human populations, modelling of
radiation risks to other components of the ecosystem have often led to more or less disappointing
results. This is in contrast to assessments of other environmental hazards, where ecological effects on
for example key species often are high priority issues [4]. However, ecological risk assessment of
radionuclide contamination has recently come into focus, for instance in Sweden where new
regulations for nuclear waste storage requires that environmental effects should be described [5].

Several approaches to assess and protect the environment against ecological effects of radionuclides
have been attempted. Sometimes it has been claimed that a focus primarily on protecting human
health indirectly also would protect other organisms, which would make it unnecessary to specifically
describe environmental impacts [6]. Another approach has been to use similar models as for human
exposure to estimate effects on other organisms. A main problem with such attempts is that the
pathways of radionuclide transfer in natural food chains often are incompletely understood and it is a
tremendous task to obtain information on dose-response relationships for all different organisms.
Another commonly used measure for estimating environmental transport processes is a ratio of
activity concentrations in different media, often referred to as "concentration ratio" or "transfer
factor". In general, many of these ratio-type quantities represent more than one fundamental process,
and the absolute values of such ratios vary substantially with chemical, physiological and ecological
conditions. As a result, they generally carry rather impressive uncertainty which, when propagated in
model predictions, produce large uncertainties in predicted endpoints [7].

A complicating factor, which requires consideration in radionuclide assessment, is the long time scale.
For example, in safety assessments of nuclear waste time scales of 1000-1000000 years are necessary
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due to long half-lives of many radionuclides. Since ecosystems often change considerably during such
long time periods, models based on general mechanisms rather than on empirical measurements made
at specific sites are needed.

A major need in radioecological modelling seems to be more process level studies which provide
better insights into the fundamental mechanisms in nature, which control the transport of
radionuclides through the environment and within organisms [7]. In this paper an ecosystem approach
based -on general ecological principles is suggested as a useful tool in the assessment of environmental
effects and transport of radionuclides. The proposed approach is exemplified with a dynamic flow
model that simulates a hypothetical release of 14C from an underground repository in a coastal
ecosystem in the Baltic Sea. Carbon-14 is a radionuclide of great concern in the disposal of
radioactive wastes because of the large quantities of 14C, which often can be found in nuclear waste
repositories, its high mobility and long half-life (5730 a) [8]. The dynamics of 14C in surface water are
of particular interest because the flux of 14C from underground sources may contaminate ground water
discharging into surface water bodies and there enter aquatic food webs via uptake into autotrophic
organisms such as green plants and algae [9].

In ecosystem models the main flows and storages of matter, both in physical environments as well as
transfer and accumulations in food chains, are identified and quantified. Most ecosystem models are
mass conservative compartment models, i.e. substances entering the system have explicit ways where
they accumulate or where, they disappear from the system. This is one of the advantages with this
approach since the entire potential release is always considered and an increased resolution of the
compartments improves estimates on species doses, but does not omit the total radionuclide amount.
The major exposure pathways for most radionuclides in aquatic environments are through ingestion,
which are directly related to energetic and nutritional requirements of the growth and metabolism of
the organisms [10]. These relationships follow simple ecological principles, are constrained by the
rate of primary production, and can thus easily be measured or estimated, as well as modelled.

2. METHOD/DESCRIPTION OF THE MODEL

The aims with the developed model are to provide a method that enables prediction of radionuclide
transfer and estimation of doses to various organism groups including man by simulating a
hypothetical release of 14C from the final repository for radioactive operational waste (SFR). SFR is
located in the bedrock, 50 meters under the seabed in a coastal area of the Baltic Sea
(Oregrundsgrepen, Sweden). In the repository one of the dose-dominant radionuclides is 14C of which
a considerable amount comes from spent ions-exchange filters from nuclear reactors. The maximum
permitted activity from the total 14C amount stored in the repository is 7,22x1012 Bq, which
corresponds to approximately 560 gC. About 90% of the 14C is inorganic while the rest is organic.

The model is based on the most important flows of carbon in the aquatic ecosystem above SFR and
was established by combining both biological and physical data from several studies conducted in the
area [compiled in 11] with the modelling software STELLA (5.0; High Performance Systems, Inc.).
The ecosystem was segmented into compartments, representing functional groups or other distinct
carbon pools, which were connected by carbon flows (e.g. production, respiration and consumption).
Water exchange in the area and a hypothetical release of I4C was also included in the model. The
model allows different simulations to be linked which gives an indication of what effects changes in
for example water exchange, accumulation routes as well as the time period for release of 14C would
have on the fate of the radionuclide.

By combining results from this study with models describing future changes in water exchange [12]
and shore-level displacement [13] in the area, it has also been possible to estimate the fate of a future
release from the repository.
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In the simulations any barriers in the repository or in the geosphere are disregarded and the entire
inventory of 14C is assumed to leak out from the repository during a period that can be varied in the
simulations. Moreover, the release is assumed to reach the biosphere as an inorganic and bioavailable
form of 14C, which is assumed to be assimilated and transported in the ecosystem similar to other
carbon isotopes.

3. RESULTS AND DISCUSSION

The surface of the modelled area is approximately 11,5 km2, the average water depth 10 meters and
the whole water volume in area is on an annual average exchanged every second day. The major
functional organism groups in the ecosystem are macrophytes (37% of the biomass) and benthic
macrofauna (36%), although the largest organic carbon pool is dissolved organic carbon, which is
more than one and a half times larger than the total biomass. The organisms in the modelled area are
self-sufficient on carbon, i.e. the primary production exceeds the consumption of biomass, which lead
to a net export of carbon, corresponding to approximately 50% of the annual primary production,
from the area. The most significant carbon flow is the sedimentation of detritus produced in the
phytobenthic community to the soft bottom community and further away from the area.

The results from model simulations that reflect the ecosystem described above indicate that a rather
small share of a hypothetical release of 14C from the repository would accumulate in biota in the area
due to the large water exchange. The results from a simulation of a release of all 14C in SFR, during a
period of thousand years, in the ecosystem above the repository with a water exchange similar to the
present and accumulation primarily via carbon fixation by the primary producers in the ecosystem are
shown in table I.

TABLE I. ABSORBED DOSE RATE (GY/YEAR) IN BIOTA AND EFFECTIVE DOSE
(MSV/YEAR) TO MAN IF CONSUMING CONTAMINATED BIOTA FROM THE AREA
(ACCORDING TO ASSUMPTIONS ABOVE).

Organism group
Benthic primary producers
Planktonic primary producers
Grazers
Zooplankton
Fish
Benthic fauna

Absorbed dose

(Gy/year)

6 • 10-2

2-10"4

6 • 10-2

2 - 10-4

1 • 10'2

4 • 10-2

Dose to man*

(mSv/year)

3 • 10"'

8- 10"4

3 • 10"'
8 • 10"4

6 • 10-2

2 • 10"'

* Dose to man if the consumed carbon during a year should solely come from the respective carbon source.

The concentration of 14C in the organism groups corresponds to approximately 12 Bq/gC in the
simulation described above. The highest levels are found in benthic primary producers and the
organisms feeding on them (45 Bq/gC), while lower levels are found in plankton (0,10 Bq/gC) and the
pelagic food web, e.g. fish (1,0 Bq/gC).

Humans consuming large quantities of contaminated food (e.g. fish, mussels and algae) from the area
would in worst case get an internal dose of up to 0,3 mSv/year. However, this is not very likely since
this estimated dose is based on the assumption that all consumed carbon during a whole year
originates from the contaminated area.

When comparing simulations with different assumptions for water exchange, accumulations route and
release duration, it is obvious that the water exchange is very important. A larger water exchange will
of cause dilute and export the radionuclide to larger extent than a smaller and further more the water
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exchange is particularly important for determining the amount of 14C accumulated by pelagic
organisms such as phytoplankton, zooplankton and fish.

Modelled future scenarios indicate however that fairly high concentrations will be found in biota if
the release occurs 2000 years or more from now. This future increased environmental risk from a
hypothetical release of 14C is caused by expected drastic changes in the water exchange due to land
rise.

The ecosystem approach proposed and used in this study can be used to estimate concentrations of
radionuclides in the environment. The results indicate that a release of 14C from SFR would lead to an
accumulation in animals and plants in the surrounding ecosystem, especially in the benthic organisms.
Advantages with this approach is among other things the possibility to omit unnecessary detail in the
model by including only the most important species and processes. Moreover, important but
previously neglected pathways to humans can be detected because the entire ecosystem is analysed.
This approach also makes it possible to distinguish between general processes valid for all
contaminants from element specific features, thus providing a general framework for the fate and
transport of many different contaminants.
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