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Background

Radioactive contamination of the environment
results from the application of nuclear energy for
electricity production and military use, the applica-
tion of radionuclides in medicine, industry and
research and the extraction and processing of ores
that contain naturally occurring radionuclides.
Accidents and routine releases from these different
sources, including waste disposal, may result in
health problems. To reliably assess the radiological
exposure to the population, the fate of radionuclides
in the bio-geosphere is to be known. In a second step,
remediation options should be proposed and opti-
mised in order to keep the dose as low as reasonably
achievable.

Objectives
1 to evaluate, by means of laboratory and field

experiments, the mechanisms and dynamics
(fluxes) of radionuclide transfers in the biosphere,
considering all factors affecting the transfer
parameters and their variability;

u to develop and to optimise models to predict the
fate of radionuclides in the bio-geosphere;

m to suggest the most appropriate countermeasures
and remediation options to reduce the public
exposure to artificial and technologically-
enhanced natural radioactivity and evaluate their
feasibility, short- and long-term cost-effective-
ness and sustainability;

M to provide the national and international authori-
ties with adequate information, enabling them to
reliably assess the consequences of past, present
and potential, routine and accidental releases for
populations, and to select the most adequate mit-
igating actions.

Programme

The group gains more in-depth knowledge on the
fate of radionuclides in the terrestrial environment
and develops expertise in the application and effec-
tiveness of countermeasures and remediation options
through internal R&D programmes. In the past,
emphasis was mainly on radiocaesium. Research is
now also directed towards the natural radionuclides
radium and uranium. An important programme in
this respect is the multidisciplinary R&D^pro-
gramme on Environmental Remediation.

The radioecology research team is involved in sever-
al international collaboration projects supported by

EC contracts. These programmes deal with the fate
of radionuclides and/or evaluate the most effective
countermeasures or remediation options in agricul-
tural or forest ecosystems:

The PHYTOR Inco-Copernicus project (Evaluation
of willow plantations for the phytorehabilitation of
contaminated arable land and flood plain areas) stud-
ies the feasibility of different applications of willow
short rotation coppice for the re-valuation and reme-
diation of contaminated areas in the CIS;

WOODMODE is a bilateral project between
SCK'CEN and PSI in which the radiocaesium and
radiostrontium accumulation in timber wood of pine
forest trees are studied and modelled;.

Our expertise in conceptual modelling in fate of
radiocaesium in forest ecosystems is shared in the
IAEA-BIOMASS Forest Working Group project;

The objective of the newly established EC-Project
MYRRH (2000-2003) is to unravel the effect of the
mycorhizosphere on radionuclide availability and its
importance in the phytostabilisation/phytoremedia-
tion of contaminated areas.

The phytoextraction technology for decontamination
of low-level uranium contaminated soil was evaluat-
ed on request of FBFC International

Achievements

Factors affecting radionuclide
availability and transfer

In order to predict the contamination level in
exploitable plant parts, an understanding of the
important biological and physico-chemical processes
governing the flux of radionuclides in agricultural
and forestry ecosystems is important. This knowl-
edge will also enable us to propose countermeasures
directed to limit radionuclide availability and uptake.

Factors affecting Cs-availability

Soil solution composition ruling Cs-uptake

In the frame of own R&D on soil factors affecting
Cs-availability, we aimed at a better quantification of
the effect of soil moisture, soil physico-chemistry
and agricultural practices (K fertiliser addition) on
the transfer of radiocaesium to food crops. Results
point to the central role of the soil solution composi-
tion when attempting to assess radiocaesium fluxes
in soil-plant systems. High K concentrations in soil
solution induce high 137Cs activity concentrations in
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the soil solution due to the competition of both ions

for Cs-selective sites on weathering clay minerals.

On the other hand is 137Cs in competition with K for

uptake by the plant roots. Thus high K concentra-

tions reduce 137Cs-crop uptake. A model is developed

by which K and 137Cs uptake is simulated. One of the

main hypotheses in the simulation model is the

assumption that the 137Cs-activity in the biomass,

built up during a certain period of time, is determined

by the actual solution-to-plant 137Cs concentration

factor, affected by the K concentration at the root sur-

face during this period of time. To validate this

hypothesis, a solution culture experiment was carried

out with ryegrass grown in 137Cs-spiked nutrient

solutions in which the K concentration was allowed

to deplete. At each point in time, a simulation pro-

gram calculated the K concentration in the nutrient

solution, the corresponding concentration factor,

shoot biomass and the 137Cs concentration in the

shoot. The 137Cs concentrations in the shoots were

slightly overpredicted. At the lowest K concentration

(10 uM), the shoot activity concentration was a fac-

tor 2.3 overpredicted. At these extreme low K con-

centrations, very high concentration factor-values are

extrapolated, although it is not known how the con-

centration factor changes in function of the K con-

centration in that concentration range. In all other

cases, shoot activity concentrations are well predict-

ed within a factor 2.

These results allow us to conclude that the 137Cs-root

uptake at each moment in time is determined by the

K concentration in solution at that time and to use

this theory in the root uptake simulation model.

Role of rhizosphere in Cs-mobilisation

Experiments were set up to broaden our knowledge

on the mechanisms affecting radiocaesium uptake at

the rhizosphere level. In a previous column experi-

ment with mica acting as sole source of both K and
l37Cs, acute K depletion involved the preferential

mobilisation of radiocaesium from the rhizosphere

and the extraction of interlayer K from mica.

Complementary experiments were set up to refine

the effect of rhizosphere processes affecting caesium

uptake. We investigated the effect of these processes

on radiocaesium mobilisation by willow (Salix vim-

inalis L.) grown in columns filled with a quartz-sili-

cate mixture involving: (1) phlogopite particles pre-

viously equilibrated with increasing level of potassi-

um in the solution (0 to 2 mM), (2) muscovite, biotite

and phlogopite acting as sole source of potassium. In

each scenario, micas were similarly loaded with

identical contamination of 134CsCl.

K depletion hence induced mobilisation of both

radiocaesium and K in the rhizosphere. In the K-free

scenario, radiocaesium uptake was 25 times higher

than in the K-scenario (0.83 mM). X-ray diffrac-

tograms of "rhizospheric" phlogopite showed a char-

acteristic 1.0 nm reflection in both scenarios and an

additional 1.4 nm spacing only in the K-free sce-

nario. This was associated with the weathering of the

mica due to structural K release leading to a partial

opening of micaceous interlayers.

Cs and K mobilisation was tested for four micas. At

harvest, a clear 1.4 nm peak, appeared on the X-ray

diffractograms of the trioctahedral minerals (phlogo-

pite and biotite) isolated from the rhi2;ospheric soil.

Root mobilisation of radiocaesium and potassium

was considerable (up to 8 % of initial radiocaesium

and 2 % of initial K contents of the minerals). Since

vermiculites contain only small amounts of K, plant

growth was limited due to insufficient K supply.

However, percentage root mobilisation of radiocae-

sium and K was comparable to that from phlogopite

minerals. The dioctahedral muscovite was weather

resistant. Only small amounts of the interlayer radio-

caesium and K were available for plants. The exter-

nal potassium supply affects the interlayer radiocae-

sium and K release. Only at an external K-concen-

tration of 0.4 mM or lower, the 'fixed' interlayer

radiocaesium and potassium of the phlogopite is

mobilised.

Potential use of bentonites to limit
soil-to-plant transfer

Our R&D work on bentonites, potentially very effi-

cient Cs-binders was continued. It was earlier

demonstrated that the addition of K-bentonite and

subsequent wetting drying lead to a dose-dependent

raise in the soil radiocaesium interception potential

which is characteristic for the bentonite used but

which is independent of the type of soil treated. It

was further shown that on the basis of soil chemical

characterisation and soil-to-plant transfer data, the

application of 0.5-2 % dose of K-bentonite

(Wyoming) to a sandy soil leads to a tenfold decrease

in radiocaesium availability.

A potted soil experiment was set up with two

Sardinian bentonites (Padulazzu and Putifigari)

added to the surface soil layer (10 %) or mixed with

the soil (1 %) in presence or absence of extra K (2

meq g-> bentonite added). Initially, K-additions
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resulted in a more than 10 fold decrease in the radio-

caesium transfer factor to ryegrass and the presence

of bentonites in an additional three- to sixfold

decrease. However, from the 4lh harvest onwards, the

effect started to decrease and bentonite additions did

not result in a significant reduction of the transfer

factor at the 6th harvest. The K-effect was reduced to

a factor two. Although the modified Sardinian ben-

tonites (wetting drying in presence of K2CO3) had

shown more pronounced radiocaesium fixation prop-

erties than the modified Wyoming bentonite, the

Sardinian bentonites seem to release the fixed Cs fol-

lowing prolonged cropping whereas the Wyoming

bentonite did not. Reasons may become clear after

detailed soil analysis.

Additionally, two bentonites (Wyoming and

Padulazzu) subjected to 20 wetting drying cycles or

not, in the presence or absence of K2CO3 were placed

in contact with the rhizosphere of ryegrass after con-

tamination by radiocaesium the different systems. It

was clearly demonstrated that the Cs transfer factor

is significantly reduced by the presence of the ben-

tonites subjected to wetting drying in presence of K.

Moreover, there was a significant linear correlation

between the reduction in transfer factor and the

radiocaesium interception potential of the system.

Naturally occurring radionuclides (NOR)

Apart from contamination by artificial radionuclides,

enhanced levels of naturally occurring radionuclides

may be associated with abandoned waste dumps,

installations and surroundings from industries,

involved in the extraction and the processing of raw

materials (uranium mining and milling, phosphate

industry, oil and gas drilling, power production from

coal,...). In this framework, research is conducted on

the fate of NORs in the terrestrial environment.

226Ra soil-to-plant transfer

An experiment was set up to test (1) to what extent

the behaviour of 85Sr and 133Ba is comparable to that

of 226Ra (long half-life, decay into the noble gas
222Rn) so that they could be used as tracer and (2)

what are the major soil factors ruling Ra-availability.

It could be concluded that Ba is a better tracer for

radium than Sr. Moreover, a significant exponential

relationship was found between the Ra and Ba trans-

fer factor and the concentration of bivalent cations in

the soil solution.

Role of mycorhizosphere in U-uptake

The general objective of the MYRRH project is to

unravel the scientific foundations of the use of

mycorhizal fungi in the phytostabilisation/phytore-

mediation of radio-contaminated areas like former

U-mining and milling sites. For that purpose, we

need:

n to develop a collection of U contaminated materi-

als (mining waste),

i to assess the influence of material properties on

the 'mycorhizospheric' mobilisation of U.

The first U-bearing materials were collected from U-

mining relics. The physico-chemical characterization

with standard methodologies will allow a ranking of

the various materials in term of element content,

mobility and binding properties. Most representative

U-bearing phases will be identified and further syn-

thesised in the laboratory (phosphate, oxide,...) to

provide reference material for further investigations

involving myco-rhizospheric mobilisation tests.

Contaminated land management

Phytoextraction

We tested the potential to phytoextract uranium from

a low-level-contaminated sandy soil from a nuclear

fuel production facility (FBFC) in greenhouse. Two

soils were tested: a control soil (317 Bq/kg 238U) and

the same soil washed with bicarbonate (69 Bq/kg
238U). Ryegrass, Indian mustard and Redroot

Pigweed were used as test plants.

The annual removal of the soil activity with the bio-

mass was less than 0.1 %. The addition of citric acid

(a complexing agent increasing U availability: 25

mmol kg'1 soil) one week before the harvest

increased uranium uptake up to 500-fold. With a rye-

grass and mustard yield of 15 t/ha and 10 t/ha,

respectively, up to 3.5 % and 4.6 % of the soil activ-

ity could annually be removed with the biomass.

With a desired activity reduction level of 1.5 and 5

for the bicarbonate-washed and control soil, respec-

tively, it would take about 10 to 50 years to attain the

release limit.

The linear agreement between the uranium concen-

tration in the plant and the uranium concentration in

the soil solution of the control, bicarbonate washed

or citric acid treated soil, points to the importance of

the soil solution activity concentration in ruling ura-

nium uptake and hence to the importance of solubil-

ising agents to increase plant uptake. Citric acid
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addition did however result in a decreased dry weight
production and crop regrowth (only applicable to
ryegrass).

Management of large contaminated areas

When dealing with large-scale environmental con-
taminations by radionuclides, a sustainable remedia-
tion strategy should be advocated, which should con-
sist of a combination of measures adapted to the site-
specific situation. It goes without saying that differ-
ent approaches are required in case of contamination
of arable land, meadows or forest ecosystems.

Energy crops as alternative landuse

The project on the evaluation of short rotation cop-
pice for energy purposes as a bioalternative for the
re-valuation of contaminated farm land, on radiolog-
ical, technico-agricultural and economic grounds
was finalised mid 1999, but research on the fluxes of
radiocaesium in a coppice ecosystem was continued
in the frame of a doctoral research (October 2000).
An in-depth study was performed at the experimen-
tal plots of SCK»CEN for the first entire cutting cycle
of the willow. Radiocaesium export from the field
with the harvested wood is very low (< 0.02 %).
Wood activity concentrations increased strongly
when potassium concentrations in the soil solution
decreased. A large fraction of the radiocaesium max-
imal uptake in the aboveground plant parts was
translocated to the root system in autumn (23-64 %)
or returned by litter or throughfall (19-51 %).
Potassium was found to be more mobile in the plants
than radiocaesium is.

Phytostabilisation of contaminated land

The purpose of the PHYTOR-project is to evaluate
(i) the use of willow plantations for energy produc-
tion as an agricultural alternative crop and (ii) the
application of willow vegetation systems for vertical
migration and erosion control and pond (sediment)
reclamation in the Pripyat river flood plane.

The study of willow trials in Belarus was continued.
Given the high Cs and Sr transfer factors observed
and the high deposition levels, radionuclide levels in
the wood exceeded the exemption levels for fuel-
wood. New willow trials were established on 3 major
soil types in the contaminated area of Pales, Ukraine.
Due to limited precipitation following planting and
competition by weeds, the willow growth was limit-

ed to nihil. Establishing short rotation coppice in the
contaminated areas of Belarus and Ukraine should be
carefully evaluated before engaging in large-scale
plantations. Only a limited number of soils are suit-
able for these plantations and given trie limited Cs-
fixation properties of most soils and low fertilisation
level (low K), expected Cs transfer factors are high
and these plantations can only be established on soils
with limited contamination (< 350 kBq/m2).

The predicted maximal effect of the biomass produc-
tion on the depth of the ground water table (100-200
cm) was obtained in case of fertilisation and with 10-
year old willows. Preliminary estimates of the effect
of decreased groundwater depth (1 m) on radionu-
clide migration showed that over a period of 20
years, the migration depth was decreased with 10 cm.
The suitability of willow mats (SALIMAT) for the
stabilisation of wet sediments to limit erosion was
tested and showed to be a promising reclamation
technique. The performance of imported willows,
selected for high biomass production, was better than
for the local willow clones. Computer simulations
showed that even in case of extremely high flooding,
dense willow vegetation is very effective in reducing
the horizontal erosion. These preliminary results
show that phytostabilisation with willows may be an
effective remediation tool in contaminated flood
plane areas.

Forest management

In the field of contaminated forest management, an
original methodology to predict the evolution with
time of 137Cs distribution in tree and accumulation in
(commercial) wood is developed in the frame of doc-
toral research and collaboration in the W00DM0DE
project and IAEA-BIOMASS Forest Working Group.
A comprehensive study of different Sco :s pine (Pinus
sylvestris L.) edaphotopes (soil-tree associations)
located close to Chernobyl was initiated, in order to
(1) improve the estimation of l37Cs accumulation in
wood in the long term, (2) link this accumulation in
wood with the 137Cs availability from the different
forest soil layers, and finally (3) use the acquired
information to formulate real scale management
advises for contaminated forest resources of a typical
rural district in Ukraine.

Following the Chernobyl accident, several models
were developed to simulate the 137Cs cycling in con-
taminated forests. Nine of them were recently com-
pared with real measurements using reference con-
tamination scenarios (IAEA-BIOMASS). A statisti-
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cal analysis of the results obtained on 137Cs accumu-

lation in stem-wood revealed that simulations from

any of the models are in relatively good agreement

with the measurements during the 10 first years after

the 137Cs deposition, but also that the time trends dif-

fer between models in the long term. In these mod-

els, the behaviour of 137Cs is usually described using

site-specific soil-plant transfer factor. The use of

transfer factors does, however, not allow to isolate

the long term root uptake contribution to the total
137Cs content in wood from the 137Cs initially inter-

cepted by the canopy, nor to consider the real bio-

available pools of I37Cs in the different soil layers,

which are expected to largely depend on stand age.

In this context, the distribution of l37Cs and nutrients

between tree parts in a chronosequence of contami-

nated Scots pine stands (17-, 37- and 65-years old)

were determined and their cycling dynamic were

assessed. At the stand level, the contribution of

perennial organs (stem wood, branches) to the total
137Cs content in tree was high compared to K and

increased with tree age. At the tree level, the appar-

ent accumulation rate of 137Cs was ~3 times higher

compared to K between the 17- and 65-years old

stands. These observations indicate that the initial

interception and the subsequent incorporation of
I37Cs were more important in the older trees. The

comparative analysis of 137Cs and K cycling dynam-

ics suggested possible variations between stands

concerning the 137Cs bio-availability from the soil.

Therefore, a methodology to estimate the long term
137Cs accumulation in wood due to root uptake (wood

immobilisation potential), deduced from the trend of

radial 137Cs distribution, was introduced. This

approach allows highlight the lasting effect of the
I37Cs initial interception to the current total I37Cs con-

tent in the old stand. The wood immobilisation

potential values are in good correlation with the bio-

available 137Cs pool from the organic soil layers,

making clear that the current 137Cs accumulation is

essentially governed by root uptake.

Multidisciplinary approach to environmental

remediation

A 3-year multidisciplinary R&D programme on

environmental restoration was started in April 2000.

Different research groups of SCK'CEN

(Radioecology, Radiological Evaluations,

Performance Assessment and Geological Disposal)

collaborate in this project. During this first project

year, the handbook on site characterisation was pre-

pared, the existing chemical codes were updated for

oxidising conditions, with emphasis on the radionu-

clides of major interest (U, Ra, Pb), a start was given

to the coupling of the soil model and the geochemi-

cal model, existing vegetation models were screened

for their potential use given our own requirements,

and first experiments were set up (Ra (Ba, Sr>

uptake, U availability in soil (MYRRH project)) for

which the results will serve as data input for the envi-

ronmental restoration programme.

Perspectives

As already mentioned, our activities are focussed on

a better understanding of the fate of radionuclides in

the bio-geosphere, indispensable for assessing the

radiation exposure resulting from a contamination

and for the proposal of efficient remediation options.

Our efforts will continue in the domain of the identi-

fication and quantification of parameters that affect

the soil-to-plant transfer of radionuclides. In the fol-

lowing year we will put extra emphasis on the study

of rhizosphere processes affecting radionuclide

uptake and on the study and modelling of radionu-

clide cycling in perennial vegetation systems. Beside

radiocaesium and radiostrontium, on which major

emphasis was put after the Chernobyl accident,

future efforts will concentrate more on the natural

radionuclides uranium and radium.

We will be able to prove our capacities in a multidis-

ciplinary approach towards environmental remedia-

tion in a TACIS project on the Remediation of

Uranium Mining and Milling Tailings in the Mailuu

Suu District of Kyrgyzstan.

Alex Stuart Assayers, Ltd.:

(Bishkek, Kyrgyzstan)

Belgatom (Brussels, Belgium)

FRAMATOME (Paris, France)

GEOPRIBOR (Bishkek,
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Kara Balta Mining Combinate

(Kara Balta, Kyrgyzstan)

University of Utrecht (Utrecht,
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(Cadarache, France)
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