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FOOD CHAINS are important contributors to
the radiological dose of populations ex-

posed to radionuclides released from the nu-
clear fuel cycle. To assess reliably the radio-
logical exposure through the diet, to suggest
sound remedial actions to limit the contami-
nation levels in aliments and/or to rehabili-
tate contaminated areas, one must gain knowl-
edge of the radionuclides' behaviour in the en-
vironment and of their transfer mechanisms
through the ecosystem components.

Objectives

• to evaluate, by means of laboratory and field
experiments, the mechanisms and dynam-
ics (fluxes) of radionuclide transfers in the
biosphere, considering all circumstances af-
fecting the transfer parameters and their
variability (source term and ecosystem, sea-
sonality, ageing, countermeasures, etc.);

m to suggest the most appropriate counter-
measures to reduce the transfer of radio-
nuclides through the human and animal
food chain and to test experimentally their
feasibility and effectiveness;

• to provide the national and international
authorities with adequate information, en-
abling them to assess reliably the conse-
quences of routine and potential accidental
releases for populations, and to select the
most adequate mitigating actions;

• to educate professionals, students, and the
public on the different aspects of radio-
ecology through lectures, conferences, and
pamphlets.

Programme The Radioecology research
team is involved in several international collab-
orative programmes supported by EC contracts
(PEACE, REDUP, RECOVER). These programmes
deal with the transfer of radionuclides in agri-
cultural ecosystems and ultimately aim at de-
fining the most effective countermeasures.

In addition, the team also researches, under
contract from NIRAS/ONDRAF, the biospheric
pathways of 14C released from buried radio-
active waste, in order to identify the critical
pathways to plants and to determine the pa-
rameters for assessment models.

The Woodmode project, a bilateral scientific
collaboration between SCK>CEN and PSI, con-
cerns the study and the modelling of radio-
caesium and radiostrontium accumulation in
timber wood of pine forest trees. Indeed, the
forest ecosystem, like other perennial cultures
with a high biomass density, acts as a reser-
voir of radionuclides. Forests, including the
contaminated forests in the NIS, are generally
exploited for their wood. Reliably predicting
the production of contaminated biomass from
polluted forests is the main challenge for for-
est management strategies. The effect of tree
age and growth yields on the accumulation
of radionuclides in timber is capital, but few
models, even in the NIS, adopted a rigourous
approach to validate or illustrate their impor-
tance.

Finally, the group develops expertise on the
application and effectiveness of countermea-
sures through internal R&D programmes (PhD
theses and postdoctoral work) and makes it
available to students and professionals from
related fields (public and private) through lec-
tures at the universities of Brussels and liege
and through training courses.

PEACE The PEACE (Programme for Evalu-
ating the impact of Accidents Contaminating
the Environment) programme studies the soil-
plant interface processes governing the trans-
fer of radiocaesium and radiostrontium to food
crops after an accidental deposition of radio-
active aerosols. In case of soil radiocaesium
contamination, a considerable part of the vari-
ation in soil-to-plant Transfer Factors (TFs) can
be related to variations in the solid-liquid par-
tition coefficient Kdsim. This parameter inte-
grates different processes governing the radio-
caesium mobility in soil and depends on the
soil solution composition. Soil moisture con-
tent plays an important role since it affects the
concentration of both the radionuclides and
their competitive cations. SCK«CEN investigates
the quantification of the dynamics of the soil-
solution composition, in terms of both concen-
trations of major competitive cations and ra-
dionuclides' Kdsitu values. The experimental
work, partially carried out in the PEACE facilities
at CEA in Cadarache, France, consists in charac-
terizing the water-retention properties of se-
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lected European soils and determining KdSitu
from soil and soil-solution analyses of samples
from the lysimeter facilities. In these, different
plant species (bean, lettuce, spring barley) are
also cultivated. The relationship between soil
water content and radionuclide and cation con-
centration in soil solution and plant are used
to characterize better and to model the radio-
nuclide root uptake.

REDUP The REDUP (REDuction of 137Cs and
90Sr UPtake by grasses in natural meadows)
programme aims at proposing technically and
economically suitable countermeasures to be
applied at field scale in meadow ecosystems,
in order to decrease the mobility and transfer
of radionuclides, mainly 137Cs and 90Sr. It also
investigates the effect of the countermeasures
applied on the mineral (macro- and micro-
nutrients) status of the plants and, hence, their
nutritive value for cattle feeding.

Investigations carried out after the accident
at the Chernobyl nuclear power plant have
demonstrated that meadow ecosystems are
one of the most important contributors to
both external and internal irradiation of peo-
ple living on radioactively contaminated ter-
ritories. This result stresses the need for
the development of optimal restoration strate-
gies on meadows. These are considered from
two viewpoints: the application of agricultural
practices and countermeasures at soil level,
to change the soil-solution composition and
soil adsorption-fixation properties, by fertil-
izing, liming, and adding other soil amend-
ments (clays, zeolites, sapropel, etc.); and the
selection of forage plant species for investi-
gation, since transfer also depends on plant
species.

The selected grasses included six different
types of ryegrass cultivars, given their impor-
tance (Table 1). The soil (Orthic Podzol) is ho-
mogeneously contaminated with a 134CsCl so-
lution. The vegetation is cut at about three
weeks, and dry weight, contamination levels,
and mineral status are determined.

Our preliminary conclusions, to be confirmed
by future harvests and additional measure-
ments on harvested material, are the following.

Table 1 Grasses selected in the REDUP programme.

Species Type

Lolium perenne early

half-late

late

Phleum pratense

Festuca pratensis

Dactylus glomeratus

Poa pratensis

Bromus inermis

Trifolium pratense

diploid
tetraploid

diploid
tetraploid

diploid
tetraploid

Cultivar

Merbo

Merlinda

Merganda

Meradonna

Melvina

Tivoli

Erecta

Merifest

Lemba

Mervel

Violetta

• We found no differences in dry weight pro-
duction and TF between early, half-late, and
late cultivars of either diploid or tetraploid
ryegrass (Lolium perenne), so we pooled the
data from the three cultivars.

• We found no difference in dry weight pro-
duction and TF between diploid and tetra-
ploid ryegrass; because these species have
both the highest biomass production and a
rather low TF, they could represent an inter-
esting solution to improve the meadows.

a Poa and Phleum have the lowest TF, but also
the lowest yield.

• Bromus has a low yield and a rather high TF,
so it is not a good choice.

• Despite high biomass production, clover
(Trifolium) has a very high caesium incor-
poration and, hence, is not recommended.

• Both Dactylus and Festuca have high yields,
but also high contamination levels.

RECOVER The RECOVER (RElevancy of COpse
VEgetation for the Remediation of contami-
nated sites) project aims at a radioecological
and economical validation of Short-Rotation
Coppice (SRC) for energy production as a real-
istic alternative for the remediation (rehabilita-
tion) of radioactively contaminated farmland.

To fulfil its overall objective, RECOVER elabo-
rates in four domains:
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• radioecology: flux of radiocaesium and its
chemical analogue, potassium, in the cop-
pice ecosystem and during biomass com-
bustion;

m dosimetry: doses during the culture main-
tenance, harvest, and combustion;

• agrotechnology: comparison of SRC with
other crops for energy production at agro-
technical level, for both West- and East-
European conditions;

• economics: cost-benefit analysis for SRC
and other crops for energy production, in-
cluding sensitivity and optimization analy-
sis with emphasis on NIS conditions.

The above studies will identify different pa-
rameters affecting the application of the SRC
concept for site remediation. The ranking of
these parameters will, in turn, allow us to val-
idate this remediation option critically. Our
role in this project (co-ordinated by SCK« CEN)
is predominantly related to the radioecologi-
cal aspects and the economic evaluation (with
the Energy Technology Support Unit from AEA
Technology as subcontractor).

In May 1996, we set up lysimeters with wil-
low on two soil types (sandy and loamy), con-
taminated with lOMBq-m"2 of 134Cs. Regular
sampling of the different radiocaesium pools
during the first two growth seasons allowed
us to follow the radiocaesium and potassium
dynamics in the ecosystem. The soil compart-
ment is the major radiocaesium reservoir. Af-
ter two years, only 0.006% (loamy soil) and
0.034% (sandy soil) of the soil radiocaesium
was incorporated in plant material. The five
times lower total radiocaesium uptake on the
loamy soil was related with the higher reten-
tion capacity and lower concentration in the
soil solution of this soil. For both soils, the
major radiocaesium fraction was incorporated
in the plant parts below the surface (roots and
cuttings). An important fraction of the radio-
caesium (about 65%) recycled back to the soil
during litter fall in autumn and leached off
from leaves with rain. The lowest radiocaesium
concentration was in the wood: after two grow-
ing seasons, 19Bq-kg~x for the loamy soil and
615Bq-kg-1 for the sandy soil, thus below
the exemption limit for fuel wood in Belarus

(740Bq-kg l). This concentration is assumed
to decrease in the course of each rotation, since
the proportion of the nutrient-rich bark will
decrease (transfer factors to bark about five
times higher than to wood). Despite chemical
analogies, radiocaesium and potassium do not
behave likewise in a coppice ecosystem. Fur-
ther evolution of radiocaesium flux in the cop-
pice ecosystem can thus not be deduced or pre-
dicted from information on potassium cycling.

Sites with coppice stands of different matu-
rity, established on different soil types after
the Chernobyl accident, are selected in Swe-
den to allow predictions of the radiocaesium
behaviour in the long term (25 years). For the
sites analysed at present, the soil-to-wood TFs
ranged between 4 xlO"6 and 7xlO"4m2-kg"1

(comparable to TF values found on the lysime-
ters). These preliminary data showed that the
variability in TF was mainly due to differences
in soil type and culture maturity, culture vari-
ety playing only a minor role. More data will
be collected to allow firm conclusions on the
effect of stand maturity (and clone) and soil
characteristics on the TF.

In spring 1997, experimental trials were es-
tablished in Belarus on two soil types (sandy
and peaty, with about 1.5 and 5.7MBq-m~2

of 137Cs, respectively) with four willow clones.
The first-year results showed no effect of va-
riety on the TF, but the TF was significantly
higher on the peaty soil (2.5 x 10~3m2-kg~1)
than on the sandy soil (6.1 x 10"4m2-kg"1),
resulting in wood radiocaesium concentrations
of 14 500 and SSSBq-kg"1, respectively, levels
considerably above the exemption limit for fuel
wood in Belarus. It is still too early to discuss
scientifically the radiocaesium soil-to-plant TF
obtained for willow at the different sites.

The last aspect considered in the evaluation ex-
ercise is the study of the energy balance and
the economic cost-benefit analysis of SRC and
other crops for energy production for West-
European and Belarus conditions. For that rea-
son, data were and are still being collected as
input for two subprojects: RECAP, designed to
model the economics of SRC for production of
energy or heat, and CRISP, developed to model
the production of oilseed rape, sugar beet, and
wheat, and their conversion to liquid befouls.

Radioecology 19



Carbon 14 14C is present in a variety of ra-
dioactive waste streams, including spent fuel,
spent ion-exchange resins, and reactor retub-
ing and decommissioning wastes. It has been
identified as a major fuel-cycle radionuclide,
one that contributes significantly to human ex-
posure over long timescales. The management
and disposal of 14C has become an impor-
tant issue because of its potential inventory,
rapid volatility (CO2, CH4, etc.), long half-life
(5 730 years), and ease with which it is assimi-
lated into biological systems. Performance as-
sessment modelling for 14C from radioactive
waste burial is, however, impaired by some
poorly documented contamination pathways.
Much of the modelling has evolved from analy-
ses of atmospheric sources and is not appro-
priate for underground sources such as buried
radioactive waste. Large uncertainties are as-
sociated with the contamination of plants by
14 C from soil (soil-root pathway), the contami-
nation via the soil-atmosphere-plant pathway,
and the contribution of irrigation with 14C-con-
taminated water.

During the last two years, we investigated the
mechanism of 14C uptake by the plant roots
from the soil solution (see SCK-CEN's 1996
Scientific Report). We are now considering
the irrigation pathway using 14C-contaminated
groundwater, which appears, according to as-
sessments applying mean parameters, as a ma-
jor contributor to the total doses from 14C via
ingestion of irrigated food crops and animal
foodstuffs. We intend to quantify the con-
tamination of vegetation by irrigation with sur-
face or underground water contaminated by re-
leases of 14C from radioactive repositories and
to define the mechanisms by which 14C accu-
mulates in plants.

The study focuses on the following parame-
ters: direct loss of 14CC>2 from irrigation wa-
ter to the atmosphere prior to contact of water
with aerial plant parts or soil surfaces; uptake
of 14C by plants from the contaminated water
adhering on their aerial organs; behaviour of
the 14C deposited on the soil surface (pene-
tration into the soil and release to the atmo-
sphere); and validation of the previous obser-
vations in a mixed scenario including depo-
sition of 14C-contaminated water on both the
aerial plant organs and the soil surface.

To investigate the first parameter, we used
a sprinkler fed with NaH14CO3-contaminated
water and collected the irrigation water at in-
creasing distances from the sprinkler (up to
15 m). The activity in the deposited water was
compared with the 14C content sampled from a
loop located immediately before the sprinkler
head. The results show that the fraction of ra-
dioactivity lost is proportional to the concen-
tration of the H2CO3 and dissolved CO2 forms,
which, in turn, is ruled by the pH (Fig. 1). The
losses also increase with the outside tempera-
ture. Finally, the radiocarbon concentration in
the irrigation water tends to increase with the
distance from the sprinkler (Fig. 2).
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Figure 1 The mean loss of radiocarbon fraction in
water deposited onto the soil is ruled by the pH.

Figure 2 Effect of the distance from sprinkler on

the residual radiocarbon activity in irrigation water.
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We tested the direct uptake by leaf surfaces of
H14CO3 present in water by dipping the aerial
parts of maize and pea into contaminated wa-
ter. The 14C uptake is linear with time at rela-
tive rates of 0.47 and O.SOBq-min"1 per gram
of leaf dry matter for maize and pea, respec-
tively, for a concentration of 1 Bq-ml"1 in wa-
ter in contact with the leaves.

WOODMODE With the technical assistance
of IPEP, we collected tree samples in the Vetka
forest (Belarus) affected by the Chernobyl fall-
out. The sample collection allows us to eval-
uate the changes in radiocaesium distribution
in trees; in addition, we developed dendro-
chemistry methods to establish a preliminary
model of radiocaesium and radiostrontium ac-
cumulation in the trunk.

R&D programmes We studied the behaviour
of radiocaesium in soil and, especially, its re-
tention by pure clay minerals. Dynamic sorp-
tion and desorption experiments were carried
out under well-controlled conditions, provid-
ing information about the sorption and reten-
tion kinetics on the different sorption pools
considered onto a 2:1 clay mineral. The ex-
perimental results were used to develop and
improve a dynamic, mechanistic, simple multi-
site, multireaction, retention model for the 2:1
clay minerals (see "Waste Disposal," page 72).

The sorption and retention of traces of radio-
caesium were studied in 1996 on four different
clay materials characterized by different min-
eralogical structures and properties: a smec-
tite (bentonite), two micas (illite and biotite),
and a vermiculite containing mica-vermiculite
mixed layers. The experimental observations
led us to assume the existence of at least three
kinds of sorption sites: the nonspecific, spe-
cific, and highly specific sites. In 1997, to
complete this set of clay minerals, we inves-
tigated three beidellite ones: the first was arti-
ficial, the second extracted from real soil layer,
and the last extracted from a geological layer.
The results obtained by combining sorption-
desorption experiments and modelling were in
good agreement with the differences in min-
eralogical structures (interlayer distances and
layer charges) of the clays tested.

The effect of mixing different pure clay min-
erals was also investigated. Clay minerals
were mixed in different proportions; illite/ver-
miculite (50/50), illite/vermiculite (70/30), il-
lite/biotite (50/50), and illite/biotite (30/70).
The competition arising between the differ-
ent radiocaesium retention pools of the min-
erals was clear and, again, the results obtained
with the model were coherent with the physico-
chemical properties of the minerals.

To study the effect of an inert material on
the sorption and retention dynamics of radio-
caesium by clay, we mixed an illite clay with
pure quartz in different proportions (1, 2, 4,
8, 16, and 32%). Both sorption and desorption
were clearly retarded. The model we had de-
veloped failed to represent such a scenario and
needs updating to take this kind of process into
account.

Finally, we further investigated the effect of
pH on radiocaesium sorption-desorption pro-
cesses. For illitic clay minerals, the acidity
has a clear effect; we determined the compart-
ments most affected by the protons.
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