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Abstract. In the CIS countries, during the Chernobyl accident, more than 30000
km2 of forested areas received a 137Cs deposition higher than 37 kBq m"2 and
about 1000 km2 a deposition of radiocaesium higher than 1.5 MBq m"2. Before the
accident only few data were available on the behaviour of radionuclides in forests
and during last eight years, the understanding of the fate of radionuclides in these
ecosystems has been improved significantly.
This paper reports the results achieved in the frame of 1991-1996 EU/CIS
collaborative project on the consequences of the Chernobyl accident. The ECP-5
project deals with the impact of radioactive contamination on natural and semi-
natural environment. The investigations were carried out in different forest
ecosystems, located in the near field (within the 30-km zone around the
Chernobyl nuclear power plant) as well as in the far field in the CIS and in the
western Europe countries, The results achieved have been used to develop a
simplified model representation of the behaviour of radiocaesium within forest
ecosystems.
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1. Introduction

After Chernobyl accident, it was difficult to define the contribution of forest ecosystems to
the dose to man and to adopt well justified countermeasures in these environments, because
there was very little information relating to the impact to man of radioactive fallout on
forests. After the fallout from atmospheric nuclear weapons testing, in the 1960's,
considerable attention was paid to the effect of fallout on agricultural products, drinking
water, etc. but only the lichen-caribou-man and lichen-reindeer-man food chains were
studied for natural and semi-natural environments [1,2]. The few observations in forest
environments in the 1960's and the studies carried out after the Kystym accident (in which
mainly 90Sr was released) showed that in these environments, radionuclides remain available
for a longer time than in agricultural systems [3]. In the wake of the Chernobyl accident it
became apparent that these ecosystems are very important sources of dose to man which
demand careful management. Nine years after the Chernobyl event, the 137Cs
concentrations in plants grown in forest, did not significantly decline. Meat and milk from
animals grazing on forest clearings as well as mushrooms, wild berries and game, might
contribute a significant dose to man. Restrictions in the use of food products coming from
semi-natural ecosystems are still necessary in some areas heavily contaminated of Ukraine,
Belarus and Russia. Additionally external dose may be received by forestry workers and
groups of population using timber for furniture or building material. Wood industries, like
pulp mills, consuming large amount of wood, concentrate radionuclides in their waste
products. In highly contaminated areas these wastes can be a source of external dose to
workers in wood industries. Furthermore in the heavily contaminated areas of CIS
countries, forests are a potential reservoir of secondary contamination and fires represent a
resuspension risk. In conclusion, in the long-term, the contribution to the dose to man from
forest environments might be, for some groups of population, more important than that
from agricultural and urban areas. Due to the lack of understanding of radionuclides
behaviour in these systems, it was essential to implement a programme of intensive
research.

The studies performed in the frame of EU/CIS collaborative ECP-5 project
"Behaviour of Radionuclides in Natural and Semi-Natural Environments" [4] had as a
central aim the understanding of the migration and transfer mechanisms, the quantification
of the main parameters playing a role in these processes and their dependence on time;
reliable predictions of the long-term dose to man from forests and meadows cannot be done
without this knowledge.Therefore within this project, field studies were carried out in near
field (within the 30km zone around Chernobyl) and in far field forest scenarios (in other
areas of CIS and western Europe countries). Forest systems can be partitioned into four
major components: overstorey, understorey, organic and mineral soil horizons. This paper
gives a short overview of the behaviour of radiocaesium in the different components of
forest systems and discusses the main processes that play a role on the dynamics of
nutrients and trace elements throughout the forest system. Furthermore this paper briefly
reports the results of a model developed on the basis of the ECP-5 experimental data and
shortly gives some suggestions for soil-based countermeasures.

2. Results and Discussions

2,1. Radiocaesium Behaviour in Trees

Immediately after the Chernobyl accident, a programme of field monitoring started in the
30-km zone around the Chernobyl nuclear power plant. These investigations showed the
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role of the tree canopies in the interception of dry deposition; in the 30-km zone 60-90% of
137Cs deposition was intercepted by tree leaves/needles. The variability of the fraction
intercepted by the vegetation was mainly attributable to the type of forest; deciduous trees,
leafless at the time of deposition collected the lowest fraction, while coniferous stands,
characterised by high densities of trees, intercepted about 80-90% of the deposited
material. The effectiveness of tree canopies in the interception of dry deposition was also
observed in Belarus, 50-100 km away from Chernobyl, where forests showed a higher
deposition than open field areas [5]. The initial capture and retention of radioactive material
by forest canopies is highly dynamic and the duration of radioactive deposit in tree canopies
is considerably shorter than in other compartments of the forest ecosystems. Immediately
after the deposition event, wind action can resuspend and redistribute the deposited
material to adjacent agricultural areas. This was observed after the Kyshtym accident when
a broadening of an initially narrow band of contamination near a forested area was seen
within 1 month following the accident [5]. Season of deposition seems to influence the half-
life of radionuclides on tree canopy. Experiments in controlled conditions, with 89Sr in
aqueous solution [6], show that in spring and in summer, when tree growth is active the
half-life of loss is about 30 days, irrespective of rainfall events, while during autumn and
winter period, when the trees are physiologically dormant, the half-life is about 120 days.

Table 1.
TF (m2 kg"1 10"3) of 137Cs to the various structural parts of woody plants. Data collected in 1987.137Cs

depositions at the sampling sites are:Dl -155 , D3 - 16Q kBq m"2 and biomass is 0.001 m2 kg ' dry mass.
Tree

Pine (Pinus
sylvestris)

Birch (Betula
pendula)

Oak (Quercus
robur)

Alder (Alnus
nigra)

Site

Dl

D3
Dl

D3
Dl

D3
Dl

D3

external bark

29.7

-
28.2

37.8
21.3

-
-

30

internal bark

4

-
3.2

5.5
2

-
-

3

wood

0.83

-
1.2

2.3
0.66

-
-

0.83

branches

7.7

-
10

17.8
8.8

-
-

7.8

young
needles/leaves

7.2

-
11.2

32.3
5.2

-
-

7.3

old needles

36.2

-
-

-
-

-
-

-

In the Chernobyl area the initial contamination of the forest stands was due to fallout
interception by the aerial structure. Thus the main contamination pathway was external, and
in this case, the main influence on the behaviour of radionuclides was the physico-chemical
properties of the fallout. In Table 1 are reported the data collected in two forests located in
the 30-km zone (Dl, 26 and D3, 28 km from Chernobyl nuclear power plant). Data are
expressed as TF; ratio of radiocaesium concentrations in dry plant material (Bq kg"1) to
radiocaesium deposition (Bq m~2)

Concentrations of 137Cs in various above ground organs and tissues of woody plants
decrease in the following series: external bark (cork)>branch wood>leaves and
needles>internal bark (bast)>trunk wood. In the first year after the accident, radiocaesium
found in the internal part of the tree demonstrates translocation of external contamination
to the internal parts.

Following the initial contamination, radionuclides deposited on the canopies are
transported to the forest floor by weathering processes (rainfall and wind action) and by
shedding of leaves and other parts of the trees. Weathering processes and leaf/needle fall
transfer most of the radionuclides, from the canopy to the forest floor, where they enter in
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the bio-geochemical cycle and the main pathway of contamination of forest vegetation is
via root uptake from the soils. Data collected in the 30-km zone around Chernobyl nuclear
power plant show that in autumn 1987 about 90% of the total deposition was in the first
layers of the forest soil and about 85% was found in the Ol layer (mainly formed by needles
and leaves fallen down after the Chernobyl accident). Eight years after the accident, the
radiocaesium distribution found along the soil profile at D3 and Dl, show that about 60,
70% of deposition is still in the organic layers of forest soils (Ol, Of, Oh), with a maximum
value in the Oh horizon. When root uptake became the dominant pathway, soil properties
have a major influence on the extent of radionuclide transfer to wood. Figure 1 shows
results achieved in two sites with different soil characteristics; site Dl is located on soddy
podzolic sandy soil, while D3 is located on peaty gley soil. The initial TF is quite low and
its decline in the years immediately after the accident is similar at both sites. Subsequently,
in peaty site, there is an increase in TF as the contamination migrates down the soil profile
to the rooting depth. In contrast, at the podzolic site, sorption of radiocaesium in the clays
of this soil type results in a continuous decline in TF.

Figure 1. TF (m kg ) of Cs to birch wood on two soil types

Tree samples collected in Ukraine (near-field, Kopachi) and in Ireland, in 1993/1994,
show that in far field site, 26% of l37Cs deposition was found in the tree biomass (18% in
the overground biomass), while in Kopachi this value was 1.7% (1.3% in the overground
biomass). The factors that can explain the low uptake of 137Cs at the Ukrainian site are: the
age difference between the trees at the two sites, (the Ukrainian trees are 60 years, while
the Irish trees are only 30 years) and the low availability of radiocaesium for root uptake at
Kopachi, where it is mainly incorporated into fuel and condensed particles. The influence of
tree age on radiocaesium concentrations was investigated in Belorussian forests. The
results show that 60 to 80 year old trees have a 6 times lower 137Cs concentrations
compared with 20 to 40 year old trees [4].

2.2. Radionuclide Fluxes from Canopy to Forest Floor

To predict the long-term behaviour of radionuclides in forest ecosystems it is necessary to
determine the major fluxes involved in the transfer of elements from the canopy to the
forest floor. The transfer rates of elements were assessed by measuring their concentrations
in the fluxes (throughfall, stemflow, litterfall etc.) and then multiplying concentrations by
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the flow rate of the respective fluxes. Two coniferous forests, the first one located in the
30-km zone and the second one in Ireland, were equipped with litter traps and water
collectors. The fluxes of radiocaesium associated with litterfall (material derived by
shedding of dead leaves and other components of the trees), with throughfall (water
derived by the interaction of precipitation with the canopy) and with stemflow (water
derived by the interaction of precipitation with the stems of the trees) were regularly
determined. The selected areas are representative of the near field and far field scenarios.
Table 2 summarises the radiocaesium fluxes measured in 1992/1993 at Kopachi site (near
field) and at Waterford (Shanagarry Wood) in Ireland (far field). Data are expressed as
percentage of total deposition on the sites.

Table 2.
Annual fluxes of137 Cs at Ukrainian and Irish sites in 1992/1993

Fluxes
Throughfall

Stemflow
Litterfall

Kopachy (Ukraine) (%)
0.044
0.007
0.14

Waterford (Ireland) (%)
0.60
0.01
0.50

2.3. Radionuclide Migration in Forest Soils

Eight years after the accident, the radiocaesium distribution along the soil profile of forests
located in the 30km zone shows that the percentage of deposition in the organic layers of
forest soils (Ol, Of, Oh), ranges from 60 to 80%. The variability between the different
forests is mainly attributable to the different physico-chemical characteristics of fallout. In
the areas nearer to the point of release (Shepelichi and Kopachi), the highest percentage of
deposition was found in the superficial layers of forest soils, because the radionuclide
deposited were mainly associated with fuel and condensed particles with larger dimensions.

To evaluate the migration rates between forest soil horizons, residence half times (t)
for the horizons Ol, Of, Oh, Ah and A1 were derived considering each horizons as a
compartment.

Table 3.
Caesium ('" Cs and1M Cs) residence half times, in years and migration rates in cm y"' for individual soil

horizons at each of the three study sites. Mean half times are given ± 1 standard deviation.

Soil Horizon

Ol

Of

Oh

Ah

Al

Shepelichi

Half Time

(y)

0.99 ±0.01

1.76 + 0.04

200+17

1.29 + 0.01

6.61 ± 0.06

n = 2

Shepelichi

Migration

Rate

(cm y'1)

1.01

1.42

0.01

0.78

0.61

Kopachi

Half Time

(y)

1.1 + 0.4

3.0 ±0.7

24±3

6 + 1

17+13

n = 4

Kopachi

Migration

Rate

(cm y')

0.90

0.82

0.06

0.17

0.24

Dityatki 1

Half Time

(y)

1.01 ± 0.03

3.60 ±0.07

10±2

3±2

28 ±19

n = 4

Dityatki 1

Migration

Rate

(cm y1)

1.19

0.42

0.10

0.30

0.14

The vertical migration rate coefficients between the compartments were assessed by
fitting the experimental data on vertical radionuclide profiles at known times after
deposition. For the sampling site Hochstadt, Bavaria, the compartment model was fitted to
an extensive time series of soil profiles.
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The residence half-times and the migration rates were assessed for three sites within
the Chernobyl 30-km zone (Table 3) and for sites at Waterford in Ireland and Hochstadt in
Bavaria (Table 4).

The derived migration rates for radiocaesium within the Chernobyl 30-km zone,
demonstrate the tendency for the Oh horizon in particular to retard the vertical migration of
caesium isotopes, at least within the first few years following deposition. Examining the
trend of migration rates within this horizon, there is a clear increase from Shepelichi to
Kopachi to Dityatki 1. This is most likely a reflection of the decreasing importance of 'hot
particles' at each of these sites. The very large Oh residence half time and the low migration
rate observed at Shepelichi is a good indication, that when radiocaesium is initially
introduced to a forest ecosystem in 'hot particle' form, its migration through the soil is
likely to be considerably slower than if it is present as a fine aerosol, as would be expected
in the far field situation.

Table 4.
Summary of caesium ("7Cs and l3"Cs) residence half times, in years, and rates,

in cm y', for individual soil horizons at each of the two study sites.

Soil Horizon

01

Of

Oh

Al

A2

Waterford

Half Time

(y)

0.9

1.5

3.3

3.5

14.2

Waterford

Migration Rate

(cm y1)

1.12

1.95

0.90

1.43

0.35

Hochstadt

Half Time

(V)

2.9

4.6

6.3

8.7

1.8

Hochstadt

Migration Rate

(cm yJ)

0.34

0.44

0.32

0.17

3.33

The migration rate estimates at the far field sites (Waterford and Hochstadt) indicate
a generally lower retention of radiocaesium within the Oh horizon than at the sites in the
30-km zone.

One of the major causes of variability in observed residence half times between
different forest sites and between different radionuclides is likely to be the physico-chemical
speciation of radionuclides. Two aspects of this phenomenon must be considered: the initial
speciation (ie. speciation of the depositing radionuclide) and post-deposition alterations to
radionuclide speciation within the soil during the migration processes.

Table 5.
Average concentration and annual leaching of 137Cs by intrasoil flow

in Ukraine and Ireland. Annual leaching data are presented also
as a % (per unit area) of the I37Cs of the soil horizons being leached.

Site

Ukraine

Ireland

Soil Horizon

Ol+Of
01+0f+0h
O+Ah/Al

O+Al
O+A1+B1

Ol+Of
01+0f+0h

Depth
(cm)
0-3
0-4
0-5
0-10
0-20
0-3
0-6

137Cs
(Bq I"1)

13.3
17.7
8.5
7.0
5.4
0.4
0.3

137Cs
(Bq m"2)

3900
3800
815
372
99
129
102

(%)

0.5
0.2

0.07
0.03
0.007

13
2

The role of organic layers in retarding the vertical migration of radiocaesium in forest
soil is also confirmed by the results of the lysimetrical studies, summarised in Table 5 which
show that the amount of 137Cs leached diminishes with increasing depth down the soil
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profile. The 137Cs content of leachate was subject to seasonal variability and tended to be
positively related to rainfall, but other seasonal factors such as microfloral and microfaunal
activity could have a co-incident influence. However, overall the total amount of 137Cs
present in these leachates was low - of the order of 1-2% of total deposition.

2.4. Radiocaesium Fluxes in Decomposing Litter

Migration of radiocaesium within the forest soil profile is slow and most of the Chernobyl
deposition of radiocaesium is still in the organic material of the forest litter horizons. In this
layers occur the most important processes in nutrients and pollutants recycling within the
forest. Here processes of decomposition remobilise elements which are contained within
dead forest products and make them available for reuse by the organisms of the forest. The
breakdown of litter by decomposition is a key process in the mobilisation of elements which
are incorporated into plant material.

To determine the rate of radiocaesium loss from decomposing litter, litter bags were
located in the Ol and Of layers of the two coniferous forests above reported (Kopachi,
Ukraine and Waterford, Ireland.

KOPACHI, UKRAINE

- 6 0
1 8 / 1 0 / 9 2 1 2 / 1 2 / 9 2 3 / 2 / 9 3 1 3 / 4 / 9 3 1 7 / 6 / 9 3 1 5 / 8 / 9 3 1 3 / 1 0 / 9 :

WATERFORD, IRELAND

5 0 -
4 0 . .
30 - .
2 0 . .
10 . .
0

-10..
-20-.
-30-.
-40. .
-50

12/8/92

-AoF WEIGHT
-AoFCs137
-AoL WEIGHT
-AoLCs137

7/10/92 7/12/92 23/2/93 21/4/93 21/6/93 24/8/93

Figures 2.a,b: Mean percentage change in weight and mean percentage change in 137Cs content of Ol and
Of litter bags, following incubation for periods from 2-12 months in Ol and Of horizons of pine forest soil
in Ireland and Ukraine. Error bars represent standard deviation of 5 replicates.
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Figure 2 reports the percentage of change of weight and radiocaesium content as to
the original content versus time. A negative % change indicates a loss of elements from the
litter bags, while a positive value indicates importation of elements to the bags. In both sites
weight loss was greater in the Ol layer, because 01 material is less resistent to the
decomposition than Of material. The pattern of weight loss is similar to that described by
Hunt [7], in which weight loss occurs in the early stages when easily broken down material
is degraded, and thereafter the rate declines as more recalcitrant material accumulates. At
both sites the 137Cs content of the Ol samples increased periodically indicating an
importation of 137Cs throughout the experimental period despite a simultaneous decrease of
the sample mass. There was almost no change in the Of samples, however, the
maintainance of an approximately constant 137Cs content in the Of litter bags in spite of up
to a 20-30% weight loss, shows that some compensatory importation of Cs took place.
Two pathways can explain this importation from other compartements of the forest to the
litter layer: transfer from the canopies to the forest floor via water fluxes and transport
from Oh and Of (with higher content of radiocaesium) to Ol layer through fungi mycelia.
The first source is water washing from the forest canopy. The annual input to forest floor
as throughfall, stemflow and litter fall amounts to approximately 100 Bq.m"2 (Ireland) and
13000 Bq m"2 in the Ukrainian site. The area occupied by five litter bags is equivalent to
0.11 of a square meter. Even if all of the 137Cs associated with these inputs was retained in
the litter bags the amount added would not account for the observed increment in 137Cs
concentration. The second possible source of radiocaesium is the underlying litter layers;
fungi in forest soils are generally more abundant in the Of and Oh horizons and migrate
from these horizons to attain nutrients from the more easily decomposed Ol litter. The Of
and Oh horizons contain 20-35 times more 137Cs compared to the Ol horizons. Therefore,
in the two deeper horizons there is great potential for accumulation of high levels of 137Cs
by fungal mycelia. Invasion of fresh Ol litter by fungi which have accumulated I37Cs from
the Of and Oh horizons, may significantly enhance the 137Cs content of the Ol material.
Fungal invasion of Of litter is less likely to significantly enhance the already relatively high
137Cs content of the Of.

2.5. Uptake of Radionuclides by Understorey Vegetation and Mushrooms

The samplings carried out in the 30-km zone show that radiocaesium transfer factors in
understorey vegetation vary by a factor 90 depending on species and site. Comparison of
TFas (defined as the ratio of the concentrations in plants as Bq/kg dry weight to the
concentrations in the organic horizons of soil as Bq/kg dry weight) calculated for
radiocaesium averaged in time from 1992 to 1993, reveals that at Dl and D3 the values for
TForg increased from 1992 to 1993, at K2, however, they decreased with tirre. This effect has
been observed for nearly all kinds of plants. Great sesonal variations on radiocaesium uptake by
plants were observed by several authors [8, 9]. To rule out this effect, all plant samples were
taken end of June and beginning of July, respectively. The averaged values for TF^g also appear
to be different at the three sampling sites. Fragaria vesca is growing at every plot. Its TFc^ is
similar at Dl (TF^ = 0.07) and K2 (TF,^ = 0.05) but significantly higher at D3 (TF^ = 0.27).
Rubus saxatilus takes up about 2 times more radiocaesium at D3 (TForg = 0.23) than at Dl
(TFo* = 0.10). In 1993, the fern Athyrium fllix femina took up 2.9 times more 137Cs at D3
compared with K2. This finding is in good agreement with the soil characteristics: Dl and K2
are a podzol and D3 is a peaty-gley soil type.

Uptake of radionuclides from soil is the main contamination pathway for mushrooms. Soil
properties, as well as mushroom species, appear to be the main factors influencing
contamination rate of mushrooms. An important species feature is, in this respect, mycelium
distribution in the soil profile.
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Generally, firuitbodies of some mushroom species are characterised by the highest l37Cs
transfer factors to above-ground phytomass in comparison with any other forest vegetation.
Data collected in 1992/1993 on peaty-gley soil (D3 forest) show that the transfer factors values
range from 80 to 130 for berries, while they range from 20 to 1700 (m2 kg"1 10"3) for
mushrooms. Thus, edible mushrooms can significantly contribute to the ingestion dose of the
local population. A fundamental factor is the incidence of the mycelium in the most
contaminated litter layers (Of Oh). Interspecies variation of 137Cs transfer to mushrooms can be
more than one order of magnitude. Some of this variation may be accounted for by some
mushrooms which accumulate potassium taking up more 137Cs, since potassium is chemically
analogous to caesium. Furthermore, mycelium distribution in the different soil layers varies
depending on mushroom species. The living habit of different fungal species influences 137Cs
uptake [10]; Saprophytic mushrooms show accumulation rates which are comparable with
those of green plants. The representatives of species group called Xilophytes (Xilogenous) are
more effective Cs accumulators while highest transfer factors are characteristic of mycorrhizal
species, however significant species-dependent variations in transfer factor were observed within
this group. These variations are possibly due to differences in mycelium distribution in the soil
profile.

Soil properties influence the magnitude of the radiocaesium transfer factor. The transfer
factors can differ up to 200 times in magnitude depending on the soil type. At site D3 a very
high two-year averaged Tf^ of 14 was determined for Paxillus involutus. This result agrees
very well with measurements in Bavaria, where this species has also one of the highest uptake
rates for radiocaesium [11]. Paxillus involutus belongs to the group of symbionts, which
accumulate significantly more caesium than saprophytes or parasites [10]. Therefore, the low
averaged TF,^ of 0.9 for Paxillus involutus at Dl is surprising. In general, mushrooms at
podzol sites exhibit lower transfer factors than those from peaty-gley site. Similar behaviour has
been found for green plants and trees.

Broad variability of the transfer factors was noticed for the same mushroom species over
the years since 1987. The data obtained revealed no apparent trend in radiocaesium transfer
factors with time, neither for fungi as a whole, nor for any single mushroom species.

2.6. Modelling

Three forest models have been developed by groups working in the ECP-5 Project. These
models are described in a paper [12] presented at this Conference. RIFE I model has been
specifically developed using the data collected in the ECP-5 project. The output of RIFE I is a
series of radiocaesium inventories and/or concentrations within the principal forest components.

Table 6.
Rate coefficients, half times and migration rates derived for the Kopachi field site

within the Chernobyl 30-km zone.
Transfer from

Tree
0-5 cm soil
5-10 cm soil
10-20 cm soil

Soil (total)

Transfer to

0-5 cm soil
5-10 cm soil

10-20 cm
deeper soil

Tree

Rate Coefficient (y"1)

0.143
0.019
0.009
0.015
0.002

Transfer Half
Time (y)

4.852
36.34
79.71
45.05
311.0

Migration Rate
(cm y'1)

-
0.138
0.063
0.222

-

This model takes into account the major flux pathways involved in the recycling of elements
between the principal components of the ecosystem. As before reported fluxes were
determined in field monitoring carried out by ECP-5 at forest sites in the Chernobyl 30-km
zone and in Ireland. In addition to the major compartments for which fluxes are calculated
dynamically, RIFE I has two compartments representing herbaceous understorey species
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and mushrooms. Radionuclide concentrations in these compartments are calculated using
ranges of soil-plant (or mushroom) transfer factors derived both by ECP-5 and from other
literature sources. The rate coefficients, transfer half times and (in the case of soil layers)
migration rates derived from field measurements for the Kopachi site are shown in Table 6.

Bearing in mind the discrepancies between radiocaesium distributions at the
Waterford and Kopachi sites it is interesting to make two principal observations from the
table. First, loss of radiocaesium from the top 10 cm of the soil profile at Kopachi is slow
with a half time greater than the physical decay half time of 137Cs. Secondly, the apparent
uptake rate of radiocaesium by trees at Kopachi is extremely low, accounting for the very
small fraction of the total radiocaesium inventory within the tree biomass as compared with
that at Waterford.

Rate coefficients derived from field data from Waterford and Kopachi have been
input into the RIFE I model as calibration or 'benchmark' parameter groups which can be
recalled as default values. Figure 3 shows comparisons between field data and RIFE
predictions for the Kopachi site for the year 1993. A time simulation (25years) of
radiocaesium distribution in the forest components show that the longevity of
contamination of organic soil layers is considerable in the near field, whereas in the far field
contamination of tree tissues and deeper soil horizons is likely to be a longer lived problem
[12].

Comparison of RJFE.I Predictions with
field observations at Kopachi, 30-km zone.

Tree OrganlcSoll

Figure 3 Measured and modelled B7Cs distributions

2.7. Countermeasures: Approach for Application in Semi-Natural Systems

Soil based countermeauseres are used in common agricultural practice and are therefore
relatively inexpensive, available in large quantities and easy to apply to large areas of land.
The application of these remediation actions to forest stands requires further investigations
on the effectiveness of these treatments on multi-layered soils and on the secondary
possible negative effects. Chemicals used in agriculture may disturb the ecological balance
of forest systems and literature reports many examples of the negative effects of fertilisers
on natural environments (watertable contamination and reduction in plant species diversity
[13]). In addition, the inacessability of many semi-natural ecosystems and the difficulty on
the application of these measures in forest stands, due to the problems of adequately
incorporating these additives with the forest soil, may prevent the general application of
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soil-based countermeasures in these environments. Nevertheless, these treatments may have
a number of potential advantages and may reduce the transfer of radiocaesium in several
ways: some fertilisers compete with radiocaesium for plant root uptake; other soil
treatments increase the radionuclide fixation in soils, reducing consequently its mobility and
transfer to plants [14]. In conclusion for semi-natural environments, the actual stage of
knowledge allow only to identify the potential effectiveness of some soil based
countermeasures on different types of soils. Further investigations are required to assess
their effectiveness and the possible negative effects of these amendments on semi-natural
systems.

On the basis of experimental and field data achieved in the frame of ECP-5 project
[4], a preliminary approach is suggested to identify the most suitable countermeasures for
different soil categories.

Soil characteristics in semi-natural environments located under latitudes 50-60°N, can
be classified in three categories:
• Category 1: soils rich in clay minerals having a high fixing potential for radiocaesium;

these soils have very thin organic layers (humus type is a mull) and are often called
brown earths (brown soils, acid brown soils) or black earths (chernozems, brunizems);

• Category 2: acid soils poor in clay minerals; these soils have thick organic horizons
(humus type is a moder or a mor) and belong to the group of podzolic soils as well as
some acid brown earths (acid brown soils , soddy podzolic soils, podzols);

• Category 3: peaty soils very poor in or devoid of clay minerals able to fix radiocaesium;
peats and peaty soils have very thick (>30 cm) organic horizons (in acid peaty soils,
radiocaesium is very mobile and it can be associated with organic compounds).

Generally these soil categories show an increase in radiocaesium uptake by
vegetation in the following order: Category l<Category 2 < Category 3 [4].

The most suitable countermeasures for each soil category are outlined below.
• Category I. on a long term basis (as long as the fixing minerals are stable), these soils fix

large quantities of radiocaesium. Application of K fertilisers could be an adequate soil
based countermeasure for soils of this category.

• Category 2. these soils have a lower fixing potential for radiocaesium. Improving the
fixation process may require one or more of the following measures: the application of
fixing clay materials, the mixing of O and Ah horizons by ploughing, K fertilisation,
liming.

• Category 3. these soils do not fix radiocaesium on a long term basis. Soil based
countermeasures must consider here, both the application of fixing clay materials and the
correction of soil physico-chemical conditions (liming, K fertilisation), particularly if the
peats are acid.

3. Conclusions

In the initial period immediately after the Chernobyl accident the main influence on the
behaviour of radionuclides is the physico-chemical properties of the fallout. After 1-2 years
weathering processes and leaf/needle fall transfer most of the contamination to the ground
and within 2-4 years the radionuclides entered in the bio-geochemical cycle. In this second
phase, in which the main pathway of contamination of vegetation is via root uptake from
soil, soil properties influence radionuclide uptake by vegetation and mushrooms.

The results achieved in ECP-5 project show that the availability of radiocaesium to
the transfer between forest compartments is different in the near and in far field scenarios.
In fact in forests located in the near-field (in the range of about 5 km from the Chernobyl
nuclear power plant), the derived migration rates demonstrate the tendency for Oh layer in
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particular to retard the vertical migration of caesium, at least until the degradation of the
'hot particles'. Furthermore the bioavailability of radiocaesium is lower in the near field
than in the far field. The low mobility of radiocaesium in the near field is mainly attributable
to the large amount of radiocaesium attached to fuel and condensed particles deposited in
the vicinity of the source of release.

The experiments on litter decomposition showed the importance of soil micro-
organisms in the binding of radiocaesium in the superficial layers of the forest soil (Ol, Of,
Oh). The partitioning of radiocaesium between soil micro-organisms and clay minerals,
where these are present, is still not well understood. Furthermore was clearly focused the
role of fungal mycelium on the upward migration of radiocaesium in the forest organic
horizons.

On the basis of experimental data collected in the frame of the ECP-5 project three
compartmental models were derived. These models describe with good accuracy the
radiocaesium distributions observed in the different sites investigated, but they are still site
specific. Then there is a need to expand the data base of parameter values for radionuclide
transport within forest. In addition, while processes such as soil migration have been
studied in great detail other processes as the behaviour of radionuclides in the organic
horizons of forest soils, tree uptake and distribution are yet to be understood at a level
which will allow confident predictions of wood contamination and associated doses over
the decades to came.
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