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Abstract The uncontrolled release of radionuclides coming up after the Chernobyl accident
has led to a large number of scientific and political activities to assessing the contamination
of the environment and the consequences for the population. A large scale of measures were
deployed attempting to mitigate the consequences and initiatives were launched to follow the
fate of the radionuclides in and around the Chernobyl area. Some of these efforts are
described in this paper. It summarizes which way radioecologists had chosen to evaluate the
problem, to compare the scientific culture existing in East and West, to sharpen their views
on the fundamentals of radioecology and to test their knowledge in the real field.

1. INTRODUCTION

In April 1986 Chernobyl 4 exploded and large areas around the nuclear power
station were contaminated. The cloud of contamination spread further on largely over
Europe and elsewhere. The track of this cloud is well known. Activities were deployed
to comprehend the amplitude and intensity of the contamination of the environment. A
few million people were potentially affected by the deposition of radioactivity from this
accident. People were affected by this accident as there were potential health risks due
to external radiation or through inhalation of the volatile, but short-lived Iodine-13 9. The
environment was influenced by the short-lived radionuclides, equally though longer lived
radionuclides were deposited such as Caesium-137, Strontium-90 and some even longer
lived such Plutonium, Ruthenium and others.

Agricultural land, water catchments with their tributaries and rivers, as expected,
became contaminated; the deposition of radionuclides had no preferences though, and
forests as well as extensively used pasture and semi-natural land were touched by the
deposits. Around the reactor zone, later called "exclusion zone", radionuclides were
deposited as simple chemical ionic entities as well as in particulate form with a more
complicated chemistry. The more distant from the nearby deposition area, the more the
radionuclides deposited were in the normal ionic form.

Radioecology which is the scientific discipline studying problems of "interaction
between the ecosphere and radioactivity and how to deal with it" [2] was confronted with
a real problem!
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2. DESCRIPTION OF THE RADIOECOLOGICAL CONCEPT

2.A The fundamentals of radioecology
The use the population makes of its food and industrial products and of their

general interaction with the same environments, may lead to external and internal
radiation doses.

Different stands could have been taken to assess the size of the environmental
impact of the Chernobyl event. Such an event could have been traditionally quantified
by a simple monitoring of contamination levels in the environment and changes against
time. This would signify lumping together sometimes very complex events in simple
numbers and expressions such as 'e.g.' Concentration Ratios, being the ratios of
concentrations in successive compartments of the environment (soil, plant, animal, water,
fish etc.). By straightforward multiplication of Concentration Ratios or Transfer Factors
a global and quick view on the temporary contamination in target compartments such as
food and water can be obtained.

The objective, however, of all the experimental works in the radioecology area is
not only to be able to determine the dose to man from different ecosystems. It is also
and even to a larger extent its aim to understand the parameters which determine the
fate of radionuclides at the medium and long term in the environment and therefore the
medium and long term contribution to the dose. This knowledge is also essential when
envisaging adequate measures which would sufficiently reduce the dose without though
a drastic and unacceptable change of the ecological quality and thus of the economic
value of the treated ecosystems.

There are some ecological rules that govern the fate of radionuclides in the
environment and questions to be solved therefore. It is the task of a radioecologist to
unravel the dominant mechanisms that govern this interaction. They are e.g. the fate of
the radionuclides after deposition; how relevant are deposition rates for long-term dose
calculations; what are the mechanisms that determine the long-term fate of radionuclides.
When any xenobiotic substance comes into contact with the biosphere a number of
dynamic processes changes the chemical properties of these substances. They are thence
transferred as chemical entities from one ecosystem to an other. Gradually ratios of initial
deposited amounts are appearing in neighbouring ecosystems. Is it correct to consider the
initial values after e.g. deposition as "real" data expressed as they are usually as "amount
of contamination per kg, or amount of contamination per square meter?"
Phenomenologically it may look so, mechanistically however these data are only lumping
a number of events together giving the semblance of a single number, whereas in reality
it is a composed one.

Also, nuclides are assumed to reach equilibrium with the environment, and
transfer coefficients are defined as steady-state concentration ratios between one physical
situation and another. Straightforward chemical equilibrium is, however, totally strange
to a dynamic biological nature. In its composition every living being is very different from
its surroundings. It is also the concrete materialisation at a time t of a throughflow of
matter and energy against time (flux). The thermodynamics applicable to living systems
(including ecosystems, thus also comprehending non-living elements interacting with the
living element) is the thermodynamics of open systems instead, being crossed by a flux
of matter and energy, that keeps these systems far from the equilibrium.[3] It means "in
concreto" that radionuclides are constantly flowing from one ecosystem to another, that
the ecosystems' components in the mean time grow and decline, and that nothing is
constant at all. It means changes in concentration can embody as well changes in total
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inventories of the radioactive material as changes in the size of the area or volume of
contamination. These fluxes of matter are in the mean time paralleled by fluxes of energy
consumed for maintenance of the environmental stability and thence very much also for
the stability of the human consumption.

This rules out the use of simple straightforward multiplication of concentrations
and concentration changes at modelling of such events or when planning any measure
to mitigate the accidental situation.
The principles outlined above apply therefore; the deposition on agricultural land can be
transferred from the contaminated soil to its subsoil or to the crops grown on that land;
the deposited radionuclides are captured by forest canopies, littered to the soil and
recycled in the typical vegetation such as trees, shrubs and mushrooms, all potentially of
use for industrial or human consumption; rivers and water of lakes can be directly
contaminated or the radioactive material which was caught by plants and soils
(catchments) can run off to these water reservoirs or reach the very same reservoirs
through seepage to the underground water table.

2.B Application of the fundamentals of radioecology in the mitigation of the
consequences of an accident and environmental management
Areas highly contaminated by a radioactive release may require measures that

render them again ecologically accessible and economically usable. Several approaches
can be envisaged to reach this objective and the measures may vary in their intensity of
action!

In the management of contaminated areas and application of a countermeasure
strategy for reduction of both the external and internal doses to the population, there are
several factors to be considered. They are such as the potential radiation dose to the
public to be averted by application of the countermeasure or the dose to the workers
carrying it out; the direct economic cost of the countermeasure and the existence of dose
and activity concentration limits imposed by authorities. The selection of the most
appropriate countermeasure depends on the specific circumstances, such as availability
of resources and the extent of the affected area, as well as its ecological and agricultural
characteristics. Countermeasures can have significant economics effects.

3. IMPLEMENTATION OF RADIOECOLOGICAL RESEARCH AFTER THE
CHERNOBYL ACCIDENT. WHERE HAVE WE WORKED and WHY?

During the Chernobyl accident about 5% of the estimated tons of Uranium
dioxide fuel and fission products were ejected into the atmosphere. The radioactivity was
then very irregularly dispersed into mainly the Northern hemisphere. Roughly 65% of the
contamination was deposited over Belarus, 20% over Russia and 10% over Ukraine.
Belarus contains most of the highly contaminated areas (> 40 Ci knr2 = > 1480 Kbq nr2).
The inhomogeneous distribution can be demonstrated by the fact activities inside the
30-km zone are sometimes as low as 1 Ci km'2, whereas at 50 km southwest of Chernobyl
and 300 km northeast soil activities of more than 40 Ci km"2 have been measured.

In the environmental area, problems of contamination of land used for intensive
agriculture, of zones of extensive agriculture, of zones of consumption of natural
foodstuffs and problems of contamination of surface water and their food products were
investigated through four directed Experimental Collaborative Projects (ECP). In the
area of radioecology four ECP's were aiming at a basic understanding of environmental
mechanisms, governing the fate of radionuclides.
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ECP 2: The Transfer of Radionuclides through the Terrestrial Environment to
Agricultural Products, Including the Evaluation of Agro-Chemical Practices for
Countermeasures.
ECP 3: The Modelling and Study of the Mechanisms of Transfer of Radioactive
Material from Terrestrial Ecosystems to an in Water Bodies.
ECP 5: The Behaviour of Radionuclides in Natural and Semi-Natural Ecosystems
(Forests, Marches, Heather, etc.)
ECP 9: Transfer of Radionuclides to Animals, their Comparative Importance
under Different Agricultural Systems and Appropriate Countermeasures.

In relation to this inhomogeneity, the work of the ECP's 2, 3, 5 and 9 have not
been restricted to the Chernobyl exclusion zone. Investigations have been carried out in
areas where there was little change in the occupation of the land by the population, and
were the traditional living habits were maintained.

The contamination was dispersed over various sorts of landscapes of economic
use. Research was thence conducted by four teams looking at the effect of contamination
on agricultural land and on pasture land (meadows) (ECP2 and 5), on forested areas
(ECP5) and on drainage areas of rivers and lakes (ECP3). A global study on the impact
of land use and food consumption habits was carried out by ECP9. Such included the
comparison between the effect of the consumption of food products from private (small-
scale) farming and those of industrial (collective) farms.

Research activities were conducted in the exclusion zone and in the large
periphery where either the activity was high or where mainly the population makes
intensive use of the local products. The necessaries of life consist of provisions for food,
water, clothing, housing etc. They come mainly from farming and general husbandry,
water reservoirs and deducted water supplies, manufacturing and so forth.
Another criterion for the selection of research location is the soil type. Soil type indeed
does play a dominant role in the behaviour and fate of radionuclides. Their (bio)-
availability to a large extent depends on the way and intensity the soil binds and releases
the deposited radionuclides for further integration in the foodchain or for deeper
migration.

The places of research are located
in Ukraine in the 30-km zone at Chistogalovka and Kopachi, outside the
zone at Poleskoe, the Rovno region (Sarny), etc.
In Belarus at Bragin, Vietka, Mogilev, Gomel, etc.
In Russia in the Bryansk, Kaluga and Tula region, etc.
The drainage area of the Pripyat-Dnieper river-reservoir system

4. EVALUATION OF THE RESULTS OF THE RADIOECOLOGICAL
RESEARCH PROJECTS FOR A LONG-TERM ASSESSMENT OF THE
PERSISTENCE OF ENVIRONMENTAL CONSEQUENCES OF THE
ACCIDENT

4.A The fundamentals of radioecology
Important phenomena came to the attention through the radioecological research

after the Chernobyl accident.

Research on plainly distribution and redistribution as well as on the physico-
chemistry and bioavailability of the deposits gave the main following results:
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The deposition of the radionuclides after the accident was very heterogeneous, not
only from a geographical point of view but also from a physico-chemical point of view.
In the exclusion zone around the exploded reactor a considerable amount of the
radioactive material was deposited as "hot particle", it means complex amorphous
particles containing variable amounts of elements. The further away from the location
of the accident the more though the form of the deposits became simpler and more ionic.

"Hot particles" are such that they have a low bio-availability and are less swiftly
assimilated by the vegetation or animals. In the course of time though "hot particles" are
beginning to disintegrate and the availability of the composing elements such as Sr
increases, and effects its radio-ecological half-life.

Soil types and their concurring chemistry are paramount for the long-term
behaviour (bio-availability and migration) of radionuclides through its control of their
absorption/desorption features. The availability of Cs in arable soils, with a high clay
content is rather low when at least perturbations are under control or envisageable. The
problem of availability of Cs in soils with high organic content is however still
considerable such as in meadow pastures with low quality soil. The availability remains
considerable as these soils hardly can benefit of the strong binding properties of clay
particles, if present. The high proportion of organic matter confuses the clay capacities,
and the radioactive material shows a persistent bioavailability. Moreover, there always
remains the problem of problem of some "reversibility" of the bonded radioactive nuclear
material, especially Caesium; it is clear from the research done that a great deal of
attention still should be paid to kinetic aspects of radionuclides fixation in soils!

Seminatural ecosystems, especially coniferous forests intercepted considerable
amounts of radioactive material, and litter fall takes it to the soil surface. The cycling of
matter in semi-natural environments is a well-known phenomenon. The matter flows as
well through migration as through native soil processes of soil horizon production below
the upper surface. From there on the radionuclidesbecome available for further
migration to deeper layers if the horizon profile is fit for it and could from there on seep
through to the underground water table; they become also available for tree root uptake
and further cycling in the tree; it takes up to four years before the RN's deposited on
forest canopies fully enters the biogeochemical cycling of a dynamic ecosystem. "Root"
uptake thence prevails. The radionuclides are mainly delayed in Oh (Organic humic layer
zone) horizon. The depth depends on the soil type, and microbial life can perturb
profiles. Mushrooms also are part of the cycle as their mycelium (fungal roots) are
"grazing" their nutrients at different soil depths and thence accumulate the radionuclides
in a species dependent way.

Wild animals are a potentially important source of radioactivity; the transfer is
high but very variable, so predictions of mean contamination levels are difficult. Wild
animal contamination is considerable but being though connected mainly to the "exclusion
zone" also a revival of the wildlife is noticed.

In zones with a complicated hydrological system of vague river tributaries and
canalization such as in northwest Ukraine, flooding of river foreland may result in
increases in radionuclide concentration especially Caesium; this leads to important
redistribution over the land.
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Two main sources of long-term contamination of water prevail:
- annual flooding of the Pripyat flood plain
- catchment transport, meaning that water reservoirs can become a long-lasting
sink for contaminants through releases of radioactivity from peat bogs; the water
pathway is thus a very important pathway for eventual transfer of contamination
in the long-term to uncontaminated areas.

The sediments of fresh water systems (rivers and lakes) can act as sinks but are
subject to the surrounding chemical conditions for the further fate of the radionuclides;
clays are important compounds of these sediments and the absorption/desorption
dynamics depends on competitive ions such as potassium and ammonia. Models including
straightforward "distribution factors" (Kd) ought to be considered with caution.

Phenomena of very high concentration in fish in comparison to the level in the
surrounding water were observed where fish species and habitat are key parameters.

4.B Application of the fundamentals of radioecology in the mitigation of the
consequences of an accident and environmental management
Beyond basic radioecological research, there was striven simultaneously after the

application of the basic findings, and equally after the obtention of insights and a grip on
the influence of features of general ecological nature including agricultural practices and
living habits of the concerned population.

The research on the effect of agricultural practices included all sorts of soil
amendments, such as the use of fertilisers or soil ameliorants. Some major results can be
summarized as follows:

The interaction between competitive ions (fertilisation!) for the reduction of the
dose depends very much on the soil type and soil condition. Potassium (K) can for
instance be successfully applied where no K saturation condition prevails, i.e. on poor or
poorly fertilised land. Otherwise, the effect would be marginal! For the assessment of the
effect of other soil ameliorants, processes and systems such as application of some
zeolites or mulching of soils, that work well under laboratory or pilot conditions are still
in a stage of circumstantial knowledge when applied in the field. From a scientific-
technical point of view, a better "STRUCTURE" of the available and new knowledge has
been attained. Loose statements about the use of fertilizers or manure, etc., can be
tightened now, and all sorts of amendments to soils and animals such as mulching or of
a chemical nature (Prussian Blue) can be better assessed and quantified. It is still true
though that more data are available than there have been properly evaluated. Too many
"random" measures have been tried and performed, which have not been profoundly
(statistically) tested against the insights on mechanisms of behaviour of radionuclides in
the environment, recently acquired! Efficiency could be enhanced if a consistent
correlation exercise would be carried out further on, based on the wealth of data
obtained. This is definite not only for soil and vegetation but true for all compartments
of the environment.

The economic structure of the ex-Soviet Union is special in the sense that the
main provision of food stuffs is still provided by so-called Collective Farms, controlled by
governmental regulations. Therefore arable land in the "exclusion zone" as well as outside
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on Collective Farm lands was studied in the three Republics, and the mechanisms
exerting an influence on the dose to man assessed.

Consumption though of seasonally collected or privately grown food products is
becoming an important common practice on large rural areas. The most salient result of
these studies is the revelation food products from seminatural zones are playing a major
role in determining intake to several particular groups and possibly also to the entire
population. The zones of extensive agriculture production are private farms, semi-natural
ecosystems and forests. This means herding cattle grazing on semi-permanent pastures
and forested land, picking of mushrooms in the season, or producing food on the own
garden. Rural populations including town habitants rely on subsistence farming and the
use of nearby forest products, mainly mushrooms and are exposed to higher doses than
in "collective farm" systems. Assessments of doses have to be comprehensive and include
all pathways, since general knowledge of important sources may not be sufficient to
describe radionuclide intake.

During the years a number of somewhat fortuitous measures were taken
regarding hydrological measures to reduce or to avert the risk that could be caused by
the flooding of the Chernobyl area. The years have taught to treat these floodings with
caution in order to avoid undesirable side-effects and unexpected contamination
redistributions. Fluvial planning and flood averting dike construction has thence been
considered carefully and eventually became based on computer-simulated hydrological
management.

GENERAL CONCLUSIONS

Conclusions regarding progress in methodology, some examples:

Questions such as "how deep should one muster in order to take a representative
soil sample" are false ones if one does not consider horizon formation in natural soils!

The lessons we learned especially display how essential it is to remain constantly
aware that random sampling is to be carefully interpreted in the light of the realization
of the complexity of the habitat of animal and man; it means test samples are to be
representative for the total habitat. They are being a society of life, living in and feeding
from simple private farming and collection of foodstuffs in small villages, over industrially
organised and exploited farming up to collecting provisions in urban areas.

Conclusions regarding the progress of radioecological science:

The complexity of the post-Chernobyl situation is immense and the need for an
integrated scientific approach has been clearly shown. All systems are tightly connected
.It is pointless to do just some isolated measurements or monitoring of contamination
levels. These data are to put in a frame where urban zones, use of agricultural land and
forest and finally water supply are looked upon as complex dynamically interacting
environment. It is realised now that this complexity of contamination necessary leads to
investigations of total inventory changes which are best defined as fluxes of matter and
energy between different ecosystems.
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Despite the progress made we still know not enough about long-term effects of
the contamination nor of the mitigative measures, or in other words what will be the
ultimate ecological quality and socio-economic usefulness of the treated zones? To which
extent and for how long is the population of especially rural areas going to be affected
by the fact that their land has a reduced nutritional quality and an economic value, and
will be the health impact on people living constantly under the pressure of a low
exposure?

Conclusions regarding the progress in environmental management:

It is necessary to do the research in a thrust of attempting to comprehend the
complexity of the problem in an integrated way which lead at least to a "wake up" and
to the awareness of the need for integrated environmental management .Not only plainly
features of chemical and biological nature are to be investigated, but also features of
human habitats and human industrial and agricultural activities have to be taken into
account. The consideration of the latter features and activities have now become an
integral part of the knowledge structuring of radioecology!
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