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Preface

The present document reports the results and conclusions of the SEMINAT Project.

SEMINAT (Long-Term Dynamics of Radionuclides in Semi-Natural Environments: Derivation
of Parameters and Modelling) is a project funded by the European Commission (Research
Contract n°FI4P-CT95-0022) in the frame of the Nuclear Fission Safety Research and
Technological Development Programme (1994-1998).

The main aim of SEMINAT activities with respect to semi-natural systems (meadows and
forests) is to deliver working computer models of radionuclide behaviour and fate in semi-
natural ecosystems typical of the majority of the European Union countries.

The following institutions are involved in the SEMINAT project:

• ANPA
• ARCS
• BfS
• GSF
• ICSTM
• PSI
• RPII
• UCL

Agenzia Nazionale per la Protezione deH'Ambiente
Austrian Research Centre Seibersdorf
Bundesamt fur Strahlenschutz
Forschungszentrum fiir Umwelt und Gesundheit
Imperial College of Science Technology & Medicine
Paul Scherrer Institute of Switzerland
Radiological Protection Institute of Ireland
Universite Catholique de Louvain-la-Neuve

Italy (Co-ordinator)
Austria
Germany
Germany
United Kingdom
Switzerland
Ireland
Belgium
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SUMMARY

Contract N°: FI4P-CT95-0022

Title: Long-Term Dynamics of Radionuclides in Semi-Natural Environments:
Derivation of Parameters and Modelling (SEMINAT)

Introduction

During the Chernobyl accident large areas of semi-natural ecosystems were affected by
radionuclide deposition. Meadows and forests are typical semi-natural ecosystems. Meadows
are used extensively in many countries as pastures for cattle, sheep and goats, while forests
are important to man since they provide wood, paper, wild berries, mushrooms, game and
recreational areas. Post-Chernobyl investigations have shown that dose to man from semi-
natural ecosystems is relatively greater than from agricultural systems and that this dose risk
persists for the long-term.
Predictive models are essential to take long-term decisions on the management of
contaminated environment and to identify key processes controlling the dynamics of
radionuclides inside the ecosystems. During the period following the atmospheric fallout due
to the nuclear weapons testing, few models for some specific semi-natural environments were
developed. The applicability of these models to a wide range of semi-natural ecosystem is
questionable, because in these complex systems it is more difficult to identify general key
processes and to apply to other sites models developed for one site.
Studies carried out since the Chernobyl accident have increased the understanding of
radionuclide behaviour in semi-natural ecosystems, especially for boreal forests and middle
European meadow systems which have been extensively investigated. Data sets have been
obtained which describe the distribution and the cycling of radionuclides (especially l37Cs and
""Sr) within these systems. However, predictive modelling has largely been restricted to
aggregated transfer factors which provide good contamination estimates, but only for the sites
from which data have been obtained directly. There was a need to develop models that can be
applied to a broad variety of ecosystems. They are needed for dose estimation,
countermeasure implementation and environmental management. They should give reliable
estimates of the behaviour of radionuclides in semi-natural systems and of external and
internal radiation exposure to man. In order to develop such models it is necessary to
understand the basic mechanisms of transfer and migration of radionuclides in meadows and
forests.

Objectives

The main aims of the SEMINAT project were to increase the understanding of semi-natural
ecosystems and at the same time to develop models to predict acute and long-term behaviour



AN PA
Agenzia Nazionale per la Protezione dell'Ambiente

of radionuclides in semi-natural ecosystems typical of the EU countries. To achieve these
objectives calibration data have been obtained from sites located in the countries participating
at the project.
The SEMINAT project has involved field and laboratory activities that have been carried out in
parallel with model development. Different experimental areas in forest and meadow
ecosystems, covering different soil types and climatic conditions were selected in the countries
participating to the SEMINAT project. The specific aims of the project were:
• conceptual models development for forest and meadow ecosystems;
• collection of calibration and validation data in 14 forest sites and in 4 meadows sites selected

in Austria, Germany, Ireland, Italy, Switzerland and UK;
• development of Radionuclides in Forest Ecosystems (RIFE) suite models;
• development and refinement of models for meadows (PEATLANDS and Radionuclides

Behaviour in Soil - RABES);
• assessment of the contribution of the different soil type and soil horizons to the caesium

content in plants in semi-natural ecosystems;
• development of rapid procedures to quantify the potential transfer from soil to plant;
• calibration and validation of models.

Results

SEMINAT project was designed as an integrated programme of experimental data collection
and modelling. The network of forest and meadow experimental sites across Europe was
designed to provide information to be employed directly in model calibration.
Model development and experimental activity were associated with laboratory experiments
focused to the understanding of the key processes in soil of the semi-natural environments. The
soils of the SEMINAT network were investigated to identify the Cs fixation ability of the
different soil type and the relation between fixation in soil and root uptake. SEMINAT
laboratory experiment results suggested that rhizospheric processes play a key role in the high
radiocaesium transfer seen in semi-natural ecosystems. The dominant soils in semi-natural
environments in Northern hemisphere are acid, rich in organic matter and/or podzolised, i.e. low
radiocaesium interception potential (RIP) soils, in which the competition for radiocaesium
between roots and frayed edge sites (FES) promotes root uptake and hence high uptake of
radiocaesium by plants.

Forest ecosystems
To calibrate and validate the models developed in the frame of SEMINAT 13 forest sites were
chosen in the project. In 6 of these sites - Lady wood (UK), Roundwood (IR), Tarvisio (I),
Weinsberger (A), Kobernausser (A) and Novaggio (CH) - studies on the fluxes of caesium
within and between various ecosystem components have been carried out. In the other forests-
Clogheen Wood (IR), Ballyporeen 65 and Ballyporeen 76 (IR), Shanrahan Wood (IR),
Hochstadt (D), Siegenburg (D), Garching/Alz (D)- mushrooms and vegetation have been
collected in order to derive transfer parameters for model calibration and validation. All
experimental data collected in the frame of the SEMINAT project were included in a database
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that was one of the deliverable of the project.
Experimental data indicate that in the long term the majority of radiocaesium lies within the soil
compartment. The amount of total Cs deposition contained within the tree biomass ranges from
2 to 18% across the SEMINAT network of sites with a geometric mean of 5%. Cs activity
concentrations in all tree components, with the exception of tree bole bark, are positively
correlated to total deposition to soil with significance at the 5% level. Tree components, with
the exception of bole bark and bole cambium, are positively correlated with each other with
significance at the 1% level. This last correlation suggests that easily accessible components, as
needles, can be used in monitoring activities as an indicator of the activity concentration of the
whole tree.
Activity concentrations varied considerably among species of understorey vegetation and in the
same species between different years. The between species variability in l37Cs and l34Cs uptake
in mushrooms is high at all sites. Between sampling dates individual species from the same site
vary, in terms of l37Cs activity concentration by up to 7 times. All data collected show that while
the variability is high, certain species tend to take up more Cs than other species. On average
symbiotic fungi exhibit transfer parameter which exceed those of saprophytic species by about
one order of magnitude. Variability within site and over time within site highlights the difficulty
of predicting 137Cs levels in mushrooms and in understorey vegetation on the basis of total soil
contamination levels. Investigations carried out in Germany show that the time dependent
activity levels in fungal fruit bodies and in understorey plants reflect the activity levels of those
soil layers in which the fungal mycelia/fine roots are located. The final structure of RIFE2
model reflects the level of detail required to make such predictions. However, in spite of high
values of activity concentration in understorey plants and mushrooms, these forest
compartments account for less than 1% of total 137Cs deposition to the sites.
Model development followed the findings of the experimental activity. As a first step a
screening model (RIFEQ) was developed. This model allowed the use of preliminary data of
each partner's forest sites in a probabilistic uncertainty analysis of radiocaesium distribution in
the forest compartments. RIFEQ is an equilibrium ecosystem - level model that takes into
account the mass balance of the radionuclides introduced in the system. The input data are the
transfer factors and biomass data of each compartment. RIFEQ screening model is useful in
assisting with calibration of dynamic forest models, but it does not itself provide a tool for
interpreting and forecasting radionuclide behaviour in forest on a temporal basis. For this reason
the SEMINAT group has developed a dynamic model capability using, for calibration, data from
forest sites within five EU countries. The following dynamic models have been developed and
calibrated to allow time-dependent computations of radionuclides in forests following pulse or
chronic inputs from the atmosphere;

• RIFE1 (5 compartments dynamic model), originally conceived and partially developed in the
frame of ECP5 project was further developed within the SEMINAT group;

• RIFE2 (10 compartments dynamic model), this model consider 6 different soil layers, instead
3 soil layers to take in to account that berries and mushrooms take up radionuclides only from
the layers in which mycelia/fine roots are located.
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Meadow ecosystems
Semi-natural meadows include a wide range of ecosystems. In SEMINAT project the
following meadows have been considered:
• peatland meadows in Ireland;
• alpine pastures in Germany and Italy;
• highland meadows in Austria.
The highest uptake of l37Cs was recorded in Calluna vulgaris from Cavan (IR). This is the
dominant vegetation species at this site. All species from Cavan (IR) have a relatively high
i37Cs activity concentration with respect to the total deposition to soil, when compared to the
values at Spitzweise (A) and in Italy. This difference reflects the difference in soil type at
Cavan (IR) compared to the other two sites. Acid, organic peatland soil, such as found in
Cavan (IR), is characterised by a high soil to plant transfer. Taking biomass values into
account increases the dominance of Calluna vulgaris and the importance of dead vegetation
as vegetation sinks of '"Cs. At the Cavan (IR) site approximately 10% of total 137Cs
deposition is contained within the live and dead vegetation whereas in Spitzweise (A) this
value is of the order of 0.1%.
Considering the high variability of radiocaesium concentrations in soils and plants of semi-
natural meadows, it was of special interest to investigate the relationship between soil and
plant content of radiocaesium in alpine pastures. The presence of such a statistically
significant relationship is an essential prerequisite of the soil/plant transfer factor concept
assumed in many environmental assessment models to predict the concentration of a
radionuclide for a given plant species at an anticipated contamination level of the soil.
In the alpine pastures investigated (Italy and Germany), increased "7Cs plant concentrations
were not significantly associated with increased l37Cs soil contents, even though the 137Cs
contents in the soil there varied by one order of magnitude and 100 data pairs were assessed
in Germany. Obviously, variation in plant communities contributed more to variations in the
l37Cs concentration in vegetation than did the l37Cs concentration in the soil. A model based
on the soil/plant transfer concept does, therefore, not necessarily provide reliable estimation
of the plant radionuclide concentration. If, nevertheless, one decides to utilise the
aggregated transfer-factors (Tagg) for a site where an association between soil and plant 137Cs
contents had not been established, one should at least realise that their use in mathematical
ecosystem models may introduce an uncertainty which is very difficult to quantify. This will
be especially the case if, from such a pasture, only a few soil and plant samples are taken to
determine the transfer factor or concentration ratio.

RABES model has been calibrated in the past with time-series data collected in different
meadow ecosystems. In the frame of SEMINAT project the model has been improved and
validated with the data collected in Austria and Italy. Peatland meadows are distinct from
the alpine and highland meadows, in that the soil is almost pure organic matter and both the
pH and the cation exchange capacity are very low. These characteristics dictate that
radiocaesium should have a very high mobility and be quickly lost from the system. In the
presence of very low content of clay minerals, in this soil type, radiocaesium may only have
a biological sink in this ecosystem. A model was therefore required, independent from
RABES, to predict the long-term dynamics of radiocaesium in this ecosystem. The model,
PEATLANDS, calibrated with the data collected in Cavan, is able to predict the behaviour
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of radiocaesium content in sheep meat.

Implications

After the Chernobyl accident, it was difficult to define the contribution to the dose to persons
from semi-natural environments and to adopt well justified countermeasures, because there
was very little information relating to the impact to man of radioactive fallout on forests and
semi-natural meadows.
The SEMINAT project considerably improved the knowledge on the key processes that play
a significant role in the transfer parameters in semi-natural ecosystems. Dynamic models
have been developed that allow time-dependent computations of radionuclide behaviour in
forests following pulse or chronic inputs from the atmosphere. These models have been
calibrated and validated with data collected in five European countries.
The models developed in the frame of the SEMINAT project are designed to be friendly user
and are coded to function under the Window95 or WindowsNT operating systems.
Through the achivements of the SEMINAT project, in the event of any future accident, the
authorities will be able to more rapidly understand and predict the consequences arising from
the contamination of semi-natural ecosystems and can consequently make earlier and more
realistic decisions on countermeasures and the environmental management of contaminated
sites.

COORDINATOR: Dr. M. Belli (ANPA- Agenzia Nazionale per la Protezione deH'Anibiente, I)

PARTNERS: Dr. M. Gerzabeck (ARCS-Austrian Research Centre Seiberdorf, A);
Dr. E. Wirth (BfS-Bundesamt fur Strahlenschutz, D);
Dr. K. Bunzl (Forshungzentrum fiir Umwelt and Gesundheit, D);
Dr. G. Shaw (Imperial College of Science Technology and Medicine, UK);
Dr. B. Rafferty (Radiological Protection Institute of Ireland, IR);
Prof. B. Delvaux (Universite Catholique de Louvain-la-Neuve, B)
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1. INTRODUCTION AND OBJECTIVES

Meadows and forests are typical semi-natural ecosystems. Meadows are used extensively in
many countries as pastures for cattle, sheep and goats while forests are important to man since
they provide wood, paper, wild berries, mushrooms, game and recreational areas. Foodstuffs
and other products from both of these types of ecosystem have exhibited persistently high
contamination levels following the Chernobyl accident. It was important a) to understand the
reasons for this persistence and b) to estimate radiation doses incurred by human usage of
these areas.
During recent years our understanding of radionuclide behaviour in semi-natural ecosystems
has been improved significantly, especially for boreal forests and middle European meadow
systems which have been extensively investigated. Data sets have been obtained which
describe the distribution and the cycling of radionuclides (especially 137Cs and '"Sr) within
these systems. However, predictive modelling has largely been restricted to aggregated
transfer factors which provide good contamination estimates but only for the sites from which
data have been obtained directly. For radiation protection purposes advanced models are
essential which are applicable to a broad variety of ecosystems. They are needed for dose
estimation, countermeasure implementation and environmental management. They should
give reliable estimates of the behaviour of radionuclides in semi-natural systems and of
external and internal radiation exposure to man. In order to develop such models it is
necessary to understand the basic mechanisms of transfer and migration of radionuclides in
meadows and forests.
The SEMINAT project has been focused to identify critical transfer parameters and to quantify
their influence on the persistence and migration of strontium and caesium in semi-natural
systems. Predictive models have been developed on a modular basis which provide a
predictive capability for both forest and meadow ecosystems.
The ultimate aim of SEMINAT activities is to deliver working computer models of
radionuclide behaviour and fate in semi-natural ecosystems, where the environmental
parameters vary temporally and spatially and the observed variability is often larger than the
variability associated with the used analytical methods. In order to achieve this objective
realistic calibration data have been obtained from suitable sites, typical of the majority of the
EU countries.
The main objectives of the project are:
• collection of experimental data (soil parameters, biomasses and radionuclides content in

the different component of the ecosystems, radionuclide fluxes into and out the
compartments) in a variety of semi-natural sites (13 forests and 5 meadows) located in the
countries of the project's partners. For the main parameters the spatial variability at small
scale has been also assessed, in order to typify over longer periods of time, different semi-
natural systems;

• creation of databases to be used for model calibration and validation;
• identification and quantification with laboratory experiments of the key parameters

governing the radionuclide behaviour in soil of semi-natural environments;
• development of dynamic models appropriate to forest and meadows ecosystems;
• calibration and validation of the models.

13
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2. PROGRESS AND RESULTS

2.1. Description of the study areas

After deposition on terrestrial ecosystems, radionuclides are cycled through the soils, plants and
animals following stable element pathways (Figure 1). In semi-natural ecosystems, moving
water and the transfer from canopy to litter via leaf, twig and fruit fall are some of the main
redistribution mechanisms for elements.
Dynamic models of radionuclide persistence in these ecosystems have been developed on the
basis of the fluxes reported in Figure 1 and they have been calibrated and validated against the
results achieved in the experimental sites reported in Tables 1 and 2.

Meadow

Vegetation

Litter Pall Leaching

Organic
Material

Mobilisation
Decomposition

Retention

Forest

Canopy
Understorey Vegetation A Fungi

Stemflow

Through Fall

r
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Solution
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01, Of, Oh Horizons ~

Leaching

Organic
S Mineral
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Physical Transport
r
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Solution
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i

Roots/
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Figure 1.
Radionuclide pathways in semi-natural ecosystems

Thirteen forest sites (Table 1) were chosen in the project. In 6 of these sites (Lady wood,
Roundwood wood, Tarvisio, Weinsberger, Kobernausser and Novaggio forests) studies on
the fluxes of caesium within and between various ecosystem components have been carried
out. Lady wood site is situated approximately 500 m north east of the boundary fence
adjacent to the Calder Hall reactors within the Sellafield site. It has been exposed to chronic
atmospheric discharges of radionuclides arising from the Sellafield site since approximately
1950. In the Roundwood, Tarvisio, Weinsberger, Kobernausser and Novaggio forests, fluxes
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of radiocaesium between forest compartments have been investigated. The origin of
contamination in these sites is attributable to the nuclear weapons test and to the Chernobyl
accident. The l37Cs deposition in these areas ranges from 1 to 100 kBq rrr2. In the three forest
sites in Germany (Hochstadt, Siegenburg and Garching/Alz), in which the 137Cs deposition
due to the Chernobyl accident range from 7 to 14 kBq m \ the rooting depth of understorey
vegetation and mushrooms was assessed comparing the 137Cs/134Cs ratio in the different
vegetation/mushroom species and in the different soil horizons. The influence of spatial
variability of soil parameters on caesium migration and uptake by trees and understorey
vegetation was investigated in the Clogheen, Shanrahan, Weinsberger, Kobernausser,
Tarvisio forests.

Site

Lady Wood (UK)

Ciogheen Wood (IR)

Shanrahan Wood (IR)

Ballyporeen 65 (IR)

Ballyporeen 76 (IR)

Roundwood (IR)

Tarvisio Forest (I)

Novaggio (CH)

Weinsberger Forest (A)

Kobernausser Forest (A)

Hochstadt (D)

Siegenburg (D)

Garching/Alz (D)

Dominant
Species

Picea sitchensis

Pinus sylvestris

Pinus sylvestris

Pinus contorta

Pinus contorta

Picea sitchensis

Picea abies

Quercus sp.

Picea abies

Picea abies

Picea abies

Pinus sylvestris

Picea abies,

Pinus sylvestris

Soil Type

Modified juvenile iron
pan podzol

Average Annual
Rainfall (mm)

Peaty podzol on sandstone

Peaty podzol on sandstone

Peaty podzol on sandstone

Peaty podzol on sandstone

Peaty podzol on schist

brown earth

on calcareous moraine

crypto podzol

dystric cambisol

dystric cambisol

cambisol on

calcareous moraine

podzolic sandy soil on

quaternary sand (inland dune)

pararendzina on quaternary

calcareous gravel

930

1500

1500

1500

1500

1100-1400

1440

2000

910

1200-1500

710

700

980

Age
(y)

40

60

50

33

22

40

60-100

60-70

60-70

100

120

120

Table 1.
SEMI NAT forest sites network

Five study sites (see Table 2) have been selected in semi-natural meadow ecosystems, to identify
critical transfer parameters and quantify their influence on the persistence of radiocaesium in
these ecosystems.
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Site

Cavan (IR)

Koenigbachalm (D)

Priesbergalm (D)

Tarvisio (I)

Dominant Species
or Meadow type

Sphagnum, Eriophorum,
Call una

Nardetum alpigenum
Rumocetum alpigenum

Alchemilla cynosuretum

Graminaceae, Leguminosae-
Trifolium pratense, Leontodon sp.,

Ptantago sp.

Soil Type

peat

Average Annual
Rainfall (mm)

brown earth; pseudogley-
brown earth

gleyic brown earth

brown earth

1600-2100

1600

1600

1440

910
Alchemilla vulgaris,

Weinsberger (A) Taraxacum officinale, Rumex ssp,
Ranunculus acris

Table 2.
SEMINAT meadows network

The sites received a l37Cs deposition ranging from 4 to 100 kBq m2 attributable mainly to the
Chernobyl accident. In the Cavan site radionuclides fluxes between different soil layers has
been investigated. In the other sites the factors influencing the radionuclides fluxes from soil to
vegetation (plant species, seasonality and soil erosion processes) have been studied. Residence
half-times of radiocaesium in meadow soil have been assessed. The influence of small scale
variability of soil characteristics on migration velocity and on soil-plant transfer to meadow
vegetation has been assessed to improve model parameters. All experimental methods used in
the project have been compared and standardised within the group.

2.2. Results of laboratory experiments

2.2.1. Behaviour of radionuclides in forest and meadow soils

The uptake of radiocaesium by fungi as well as by plant roots and associated microflora is the
first step in the contamination of food chains and/or several products of semi-natural
environments. As far as plant roots are concerned, the chemical uptake of trace as well as major
elements is regulated by active and passive mechanisms occurring at the soil-solution-root
interface. These processes take place in physico-chemical conditions, which largely depend on
ion exchange reactions between soil components, soil solution and plant root. Most meadow
soils usually contain a rather thick humus-rich horizon (Ah) with a dense root mat. Many forest
soils usually exhibit a strong vertical heterogeneity in the constitution of their surface horizons,
associated with marked distinctive features in morphological, physical, chemical and
mineralogical properties. Partly because of high organic matter contents in the topsoil, higher
137Cs biological half-life has long been measured in semi-natural environments versus

17
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agricultural areas, demonstrating a longer persistence of radiocaesium in the former areas.
However, in such environments, the mobility of radiocaesium largely differs between soil types
as well as between the various horizons in a given soil. Here, our contribution reports on the
basic mechanisms governing the retention of radiocaesium in forest and meadow soils as well
as the mobilisation of that radio-pollutant in the close environment of plant roots. It further
reports on the development of a standardised test quantifying the rhizospheric mobilisation of
radiocaesium in soils.
In contaminated forests, the radioactive fallout resulted in the rapid accumulation of
radiocaesium in the surface horizons of soils, which can act as a sink for that radiopollutant in
forest ecosystems. Several reports have shown that radiocaesium is fixed strongly in the surface
organic-rich horizons, suggesting that the soil organic matter is crucial to the fixation of
radiocaesium in forest soils. In fact, radioecologists have long debated on the respective roles
of clay minerals and organic compounds on the retention of radiocaesium, because several
observations have suggested contrasting statements, particularly in forest soils. In particular, the
marked differences in 137Cs+ retention and radiocaesium soil-to-plant transfer factor coefficients
(TF) between soil horizons in the same soil profile generally point to both the strong Cs
retention and low TF in organic-rich horizons such as OAh and Ah. In soils, trace amounts of
Cs are retained specifically on a small number of highly selective sites associated with
micaceous wedge zones. These sites are recognised in the literature as being frayed edge sites
(FES). As micaceous minerals weather in soils, the fate of these minerals in real soil conditions
can strongly influence the number of FESs, and hence the behaviour of radiocaesium. In this
respect, we established a weathering model involving parent mica and its weathering products.
We characterised the Cs retention at each weathering stage and observed marked differences in
the trace Cs net retention by various micaceous clay minerals. We further validated this
weathering model in a reference soil weathering sequence brown earth -> podzol, and
thereafter in a soil collection made of soil materials, which were sampled in the experimental
sites considered in our SEMINAT network (Austria, Belgium Germany, Italy, Ireland,
Switzerland). Finally, we quantified both the radiocaesium interception potential (RIP) and the
number of Cs-specific frayed edge sites (FES) in our SEMINAT soils.

The weathering model

We produced a laboratory weathering model biotite -> trioctahedral vermiculite -> oxidised
vermiculite -> hydroxy interlayered vermiculite (HIV). The transformation process starting
from the biotite was achieved through K depletion by Na-tetraphenylboron, oxidation with
Br2 and Al-intercalation using NaOH and A1C13. The HIV minerals (involving both
trioctahedral and oxidised silicate layers) were submitted to chelating organic agents. The
chelating treatment using hot sodium citrate resulted in both the extraction of Al-interlayer of
HIV and the restoration of the initial vermiculilic character of the mineral. For each mineral,
we quantified the '"Cs* soiption in a fixed K+-Ca~* background whereas we characterised the
desorption using a sequential procedure involving a cationic resin, desorbing first in the fixed
K*-Ca2t background and thereafter in acid conditions. "Cs fixation" and/or "Cs net retention"
both refer to the proportion of radiocaesium, which has not been extracted at the end of the
experiment, relative to the initial 137Cs contamination.
Both the laboratory weathering model and the '"Cs+ retention properties are illustrated in
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Figure 2. Though the mCs+ sorption yields of these distinct minerals are similar, the '"Cs*
desorption yields discriminate between the various layer silicates. In a constant K+-Ca2t

Sorption
yield

137Cs+ net retention
(resin-K*, Ca++)

137,Cs+ net
retention (resin-IT")

I 100

mica vermiculite ' ^" HIV ^" vermiculite
+ At polymers Al depletion

• K+

| A [polymers

O hydrated cation

Figure 2.
Sorption yields and "7Cs* net retention values (in % of initial 1i7Cs contamination) measured in a laboratory weathering

sequence biotite (B) & trioctahedral vermiculite (Vt) a oxidised vermiculite (Vo) a hydroxy-interlayered vermi-culites
(HIV, & MV0) a citrate-treafed hydroxy-interlayered vermiculites (HlVt.d & HIV0.ci). The "7Cs+ net retention was
measured after a first desorption in a fixed K*-Ca!* scenario and a consecutive desorption using a protonated resin
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background, vermiculite fix 92-95 % of the initial l37Cs+ contamination while biotite and HIV
fix only 18-33%. In acid conditions, the interlayer occupancy by either potassium (biotite) or
hydroxy-Al groups (HIV) strongly limits Cs fixation to 1-4% of the initial 137Cs+

contamination (Figure 2). Oppositely, much stronger Cs fixation is measured in vermiculite.
Therefore, Cs fixation occurs on vermiculitic sites associated with micaceous wedge zones.
Though both oxidised and trioctahedral vermiculites fix similar Cs+ amounts in a constant K+-
Ca2+ background (92-95%), the oxidised vermiculite retain much more radiocaesium in acid
conditions (78-84% versus 54-59%), because of its dioctahedral character. These results
clearly suggest that strong fixation of trace Cs can occur in soil horizons in which the
weathering of mica is active, because this process gives rise to vermiculitic minerals. In acid
conditions, such minerals can transform in hydroxy- interlayered vermiculite (HIV), because
of Al-interlayering. These Al-interlayered minerals weakly retain radiocaesium. However, in
some acid soils, chelating organic acids can complex Al cations. In this case, Al-complexation
induces Al-depletion in the soil solution, hence impedes Al-interlayering and maintains the
interlayer sites accessible for Cs retention. The soil organic matter can therefore influence the
retention of trace Cs through Al-complexation. In this respect, the effect of soil organic matter
on trace Cs retention is obviously indirect.

Validation of the weathering model
The laboratory model has been validated in a
soil weathering sequence brown earth ->
podzol, derived from sandy sediments, an acid
brown soil (Cambisol) developed from siliceous
schist mixed with thin loess and the SEMINAT
soil collection.

The soil weathering sequence brown earth ->

The soil weathering sequence acid brown soil
-> ochreous brown soil -> brown podzolic soil
-> ferric podzol developed from sandy
sediments and is located in the Jurassic region of
southern Belgium. The sequence is characterised
by a strong mineralogical heterogeneity arising
from the transformation of mica into vermiculite,
the Al-interlayering of vermiculite giving rise to
HIV and the transformation of vermiculite into
smectite. The features of the 2:1 minerals of the
four soils, resulting from an aluminisation
process in depth and a de-aluminisation process
towards the surface, has a strong influence on
Cs+ fixation. Indeed, Figure 3 shows that the
maximum net l37Cs+ retention value occurs at
increasing depth with increasing weathering

Acid brown soil

Ochreous brown soil

57 A

57 AB

S7Bwl

Ochreous podzolic soil

29BnO

29BwI

Ferric podzol

Cs net retention (% of initial loading)

[ Figure 3.
[ 137Cs* net retention values (in % of initial
• 137Cs contamination) measured in the
i various soil horizons in the soil weathering
I sequence acid brown earth tpodzol
i (derived from sandy sediments)

20



SEMINAT - Radionuclides in Semi-Natural Environments
Final Report 1996-1999 - EC Research Contract n°FI4P-CT95-0022

stage and is therefore observed in different horizons from the acid brown soil to the podzol.
Beneath the de-aluminisation front, which deepens from the acid brown earth to the podzol,
HIV is dominant and the l37Cs* fixation is the weakest. At the de-aluminisation front depth,
vermiculite is responsible for the strongest B7Cs+ fixation. In the upper layers, smectite
appears in the podzolised soils and the l37Cs+ fixation decreases. The magnitude in CV
fixation is positively and strongly related to the soil vermiculite content (r = 0.95). Fixation
of Cs* decreases in soil horizons with clay fractions dominated by HIV or smectite. These
results confirm those obtained with the weathering model considered here above. In
particular, they show that (i) the fate of micaceous clay minerals in soil strongly influences
the mobility of trace Cs and (ii) radiocaesium is fixed on vermiculitic sites most probably
associated with micaceous interlayers. In particular, it seems rather evident that the
weathering of mica is the basic process generating the Cs+ specific frayed edge sites in soils.

The acid brown soil
The soil contains mica throughout the profile. Vermiculite was identified in the OAh and Ah
horizons, and HIV in the Bw horizon. Here, we quantified the Cs retention properties in the
clay fractions (<2/<m) extracted from the soil materials. The OAh and Ah clay fraction retain
much more Cs+ than the Bw horizon does (Figure 4). The extraction of Al interlayers by Na-
citrate results in a marked increase in Cs+ fixation in the Bw clays. This result supports the
suggestion that the soil organic matter has a strong but indirect effect on Cs+ fixation. In the
Bw horizon, acid weathering •
of layer silicates releases free j OAh'
Al and produces HIV minerals
in which Al polymers block
the access of radiocaesium
onto Cs* specific sites. In OAh
and Ah horizons, free Al is
complexed by organic acids,
and hence the interlayer
specific sites remain
accessible for Cs+ fixation. In
this acid brown soil,
radiocaesium retention is
consequently greater in the
surface organic-rich horizons.
Organic matter therefore
appears crucial in fixing Cs+

by the soil clays: organic
components interact with the
weathering of 2:1 layer
silicates as they influence the
fate of aluminium in acid
conditions, and thereby the
Cs+ retention properties of the
clay minerals.

Bwl

Bw2

Bwl-citrate

Bw2-citrate

20 40 60 80 100

Cs net retention
(% of initial contamination)

Figure 4.
137Cs* net retention values (in % of initial 137Cs contamination)

measured in the various horizons of an acid brown soil
(derived from the weathering products of Ordovician schist

mixed with loessic sediments) (top) as well as in the Bw
horizons after a Na-citrate treatment (bottom)
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The SEMINAT soil collection
The SEMINAT collection involves the soil materials sampled in the experimental sites
(Austria, Germany, Italy, Ireland, Switzerland) as well as the soil weathering sequence brown
earth -> podzol mentioned here above (Belgium). Some selected properties of the 47 soil
samples involved in the SEMINAT collection are illustrated in Table 3. Noteworthy is the
large variability in parameters such as organic matter content (C content and ignition loss at
450 °C), CEC and clay content, which can be marginal in some samples (0.7 %). The
variability observed in Table 3 is obviously related to the large variety of soil types and
ecological conditions. The soils considered in our SEMINAT collection are indeed as diverse
as Histosols, Leptosols, Regosols, Luvisols, Podzols, calcaric, eutric and dystric
Cambisols. They derive from various types of parent material (peat, sandstone, sandy
sediments, loess, limestone, schist, granite). The soil materials used here include organic
horizons (O), organo-mineral horizons (OAh, Ah) as well as mineral horizons (Bw, BC).
The frayed edge sites (FES) borne by weathered micas selectively sorb trace radiocaesium and
contribute to ~ 2% of the overall cation-exchange capacity. Their abundance can be measured
by determining the radiocaesium interception potential (RIP), a common Cs+ binding
characteristic in soil combining trace Cs+ specific site capacity and selectivity:

RIP = Kc
FES("7CsVK+)[FES] = KD

CsmK (mol kg1) [1]

where K/^O^CsVK*), mK and KD
Cs refer, respectively, to the trace 137Cs+ to K+ selectivity

coefficient (mean K/lis(l37CsVK+) ~ 10\ the potassium molar concentration in the equilibrium
solution and the 137Cs+ solid-liquid distribution coefficient measured in carrier-free conditions
and in an electrolyte background confining both Cs+ and K* ions onto the FESs. We adapted
a previous procedure to measure the RIP by determining KD

Cs after 168 h equilibration time
using a l37Cs labelled CaCl2-KCl mixed solution (Ca = 100 mM, K = 0.5 mM).

CLAY ORGANIC C IGNITION3

LOSS (%)
pH

MEAN

SD

MIN

MAX

CEO
(cmol kg-1)

39.00
34.7
1.2

111.8

14.6 10.6 40.9 4.6

16.3 14.8 29.2 0.9

0.7 0.1 4.8 3.5

66.7 69.0 96.0 7.8
a) 20-450 °C; b) cation exchange capacity

Table 3.
Selected properties of the 47 soil materials (SEMINAT soil collection): mean value, standard

deviation (SD), minimum (min) and maximum (max) values

In the SEMINAT soil collection, the RIP (13-4861 ;<mol g1) largely differed between soil
types as well as between soil horizons in the same soil. Using Kc

FES(137Cs*/K+) = 992 and
equation [1] lead to computed numbers of FESs ranging between 0.013-4.9^mol g1, i.e. 0.001
to 6% of the CEC. This result confirms the existence of genuine FESs in peats and organic
horizons (0.013-0.143 ftmol g1)- The number of FESs could not be related to any usual soil
physical and/or chemical property. However, that number is fairly well related with the
amount of vermiculitic sites in the SEMINAT soil collection, as illustrated in Figure 5. This
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result confirms the key role of these sites as illustrated above in both the laboratory weathering
model and the soil weathering sequence brown earth -$ podzol. As already stated by other
authors, this result strongly supports that common mechanisms govern the specific retention
of trace Cs in a wide variety of soils. These findings suggest that many soils can act as
efficient sinks for radiocaesium as micaceous phyllosilicates are rather common minerals in
several soils derived from sediments and weathered rocks.

2.2.2. Rhizospheric mobilisation of radiocaesium in soils

Our results and previous findings both support that vermiculitic soil clay minerals can act as
efficient sinks for radiocaesium. However, plant roots are dynamic weathering agents because
they strongly modify their soil environment, i.e. the rhizosphere, while taking up their
nutrients. In particular, K+ uptake induces K+ depletion in the soil solution and hence a rapid
weathering of mica through the release of interlayer potassium. Such chemical processes are
expected to influence the fate of radiocaesium traces in the rhizosphere because the uptake of
L"Cs+ by plant roots depends to a large extent on the concentrations of l37Cs+ and K+ in soil
solution. Indeed, decreasing K+ concentration in the solution around plant roots largely
increases trace Cs uptake. The K+ root induced sink effect can provoke the transformation of
micaceous clay minerals in soil and can therefore affect the concentration of radiocaesium in
soil solution. Because such chemical processes are expected to influence the fate of trace Cs
in the environment, we quantified the rhizospheric mobilisation (RM) of radiocaesium in the
SEMINAT soil collection and attempted to relate it to intrinsic soil properties. We simulated
the "7Cs+ root-induced sink effect due to K+ depletion by extracting ™Cs+ with Na-
tetraphenylboron (NaTPB).

10 -,

"ro

"3

0,1

r=0,75

D

•

0,1 1 10

Number of vermiculitic sites (nmol g~1)

weathering sequence acid brown so i l - podzol

collection of soils

Figure 5.
Log-log plot of the number of FESs against the number of vermiculitic sites

in the SEMINAT soil collection
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Rhizospheric mobilisation of radiocaesium
We adapted a two compartment cropping device to measure the soil-to-plant transfer of
radiocaesium (l37Cs+ TF). Each Ca2t-saturated soil (1 g) was contaminated with carrier free
"7Cs+ (~5000Bq g~') and mixed with a 10 g I"1 agar gel prepared in a K-free solution (mM: 3.5
Ca (NO3)2.4H2O, 1 NaH2PO4, 1 MgSO4.7H2O, 0.1 FeEDTA, 0.02 MnCl2, 0.01 H3BO3; urn:
0.2 ZnSO4.7H2O, 0.2 CuSO4.5H2O, 0.2 Na2MoO4.2H2O). After emergence on a water
saturated net (4 d), the ryegrass {Lolium multiflorum) seedlings were supplied during 7 d with
the K-free nutrient solution. The magnified root mat was then placed in contact with the 137Cs*
contaminated soil/agar mixture for 4 d and the nutrient solution (5 replicates). Both shoots
and roots were y-counted and weighed. The rhizosperic mobilisation of radiocaesium (137Cs+

RM) is the proportion (%) of the l37Cs* activity in plant (shoot and root) relative to the
total l37Cs+contamination. The 137Cs+ TF is computed from TF = [137Cs+ RM / plant dry matter]:
[(1 - 137Cs+RM)/soil]gg'.
The 137Cs RM (1.25-68.87%) and dry matter yield of ryegrass (0.6228 ± 0.0265 g) were used
to compute 137Cs transfer factor (TF), i.e. the ratio of l37Cs concentration in the plant to that in
soil. The l37Cs TF differed 185-fold between the 46 soil materials (0.02-3.69 g g1). The highest
TFs were measured in peats, organic and mineral horizons of Podzols as well as in some
organic horizons of dystric Cambisols. The lowest TFs were found in the A horizons of
Cambisols, whatever their clay and organic matter content. Just as for the number of FESs, TF
and l37Cs RM could not be related to any usual soil physical and/or chemical property.
However, 137Cs RM is strongly negatively correlated to RIP as illustrated in Figure 6a
(r=-0.88).

s
+

u

su

70

60

50

40

30

20

10

n

•
•

•
• •

• •
• •

b

• • • si

•
• • •

4 •

10 20 40 60

NaTPB-extractable 1 3 7Cs+ (%)

100 1000 0

RIP (mmol kg"1)

Figure 6.
Plot of the "7Cs rhizospheric mobilisation against the radiocaesium interception

potential -RIP- (a) and NaTPB-extractable radiocaesium (b), in the SEMINAT collection

This is a rather important result in that it quantitatively relates the rhizospheric mobilization
of radiocaesium to a common Cs-binding characteristic in soils of widely different properties.
This quantitative analysis involves, for both '"Cs TF and RIP, three to four orders of
magnitude. It further shows that various soils can be ranked in terms of 137Cs potential
phytoavailability by simply measuring their RIP:

log TF =-0.83 log RIP+1.65 [2]
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As in situ predictions of KD can be made with knowledge of field values of mK (equation [1]) as
well as in other ionic scenarios, potential l37Cs soil-to-plant transfer patterns can be estimated.

Mutual competition between roots and FESs
From equations [1] and [2], it can be inferred that the number of FESs largely controls the
mobility of B7Cs traces in the rhizosphere. In this respect, both the selective FESs and plant
roots act as competitive sinks for 137Cs. The l37Cs root sink effect is most likely driven by an
acute plant demand in potassium because the experimental macroscopic rhizosphere
exacerbated the depletion of potassium in the soil solution. We selectively extracted i37Cs
with a solution of Na-tetraphenylboron19 (NaTPB) to simulate the root-induced sink effect
due to K depletion enhanced by precipitation of KTPB (Ksp = 2.25 10s) and CsTPB (Ksp

=8.4 10l0). Figure 6b illustrates the strong correlation between the 137Cs RM and the NaTPB-
extractable 137Cs (r = 0.94). The linear regression (l37Cs RM = 0.83[NaTPB-extractable 137Cs]
- 0.18) provides a strong indication that K depletion in the rhizosphere is a major driving
force in the l37Cs uptake by plant roots. It also shows that NaTPB-extractable 137Cs gives a
very good picture of the potential phytoavailability of Cs+ in soils. These results further
suggest that non extracted 137Cs is retained in collapsed interlayers, on highly selective sites
borne by oxidised vermiculitic layers.

Respective contributions of soil horizons to the global Cs soil-to-plant transfer
As the surface horizons of forest soils can largely differ in their properties, we characterised
the l37Cs RM in the acid brown soil using the experimental device as described above but
involving distinct and separated horizons in the same "rhizoplan". The respective horizon
contributions to the total l37Cs+ soil-to-plant transfer were 96.7% in Of, 0.13% in OAh, 1.34%
in Ah and 1.84% in Bw. Such respective contributions were quite similar to those measured
in the same soil materials, but using a pot experiment approach involving a 5 months contact
between roots and soil. That similarity suggests that short experimental measurement of the
137Cs+ RM can attractively compete with time-consuming pot experiments involving longer
experimental period as well as heavier infrastructure. The results of both experiments
indicate that organic horizons exhibit a major contribution to the global Cs soil-to-plant
transfer. In the OAh, Ah and Bw, the respective contribution of each horizon is directly and
negatively related to the soil vermiculite content, further supporting the results presented here
above.

Caesium uptake by fungi

Influence of monovalent cations on caesium accumulation by fungi
Fungi are well known to take up caesium in high quantities. The degree of caesium
accumulation in fungi is primarily, while also related to the local soil properties, highly
species-specific (Grueter, 1971). Knowledge of the regulation of radionuclide uptake by
fungi could help to estimate their contribution to the radiation exposure of people.
Fungi specifically accumulate radiocaesium although caesium, which is chemically very
similar to potassium, is not a biologically essential element. Therefore, it is supposed that
caesium uptake by micro-organisms may be mediated by a potassium transport system of low
selectivity, which cannot distinguish between these cations.
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In order to check this assumption, the effect of K*, NH4+ and pH on fungal caesium absorption
was examined with two selected fungal species: Phialocephala fortinii as a saprophytic fungus
and Hebeloma crustuliniforme as a symbiotic mycorrhizal basidiomycete.
Caesium uptake by P. fortinii and H. crustuliniforme was measured in 50 ml liquid batch
cultures of buffered MMN (Modified Melin-Norkrans) medium. After incubation at room
temperature for one week, caesium chloride traced with 134Cs was added to result in a
concentration of 50nM. Mycelia were harvested during a period of two weeks by taking three
replicates for each species. The pH of the medium was recorded and dry weights of the
mycelia were determined by drying them to constant weight at 60 °C. Caesium in solution was
measured by liquid-scintillation-counting and in the fungal mycelium on a GeLi detector after
microwave digestion. The influence of pH was studied by measurements at pH 4, pH 5 and
pH 6. In all experiments the specific caesium content increased steadily during the studied
period reaching a constant value after 7 to 9 days of incubation. Thereby the net uptake by P.
fortinii exceeded that of H. crustuliniforme by about one order of magnitude.
Caesium uptake by both fungi increased with increasing pH of the growth medium and Table
4 summarises the measured data. Figure 7 shows the influence of pH on caesium uptake on
the example of H. crustuliniforme.

pH

4

5

6

P. fortinii

net uptake

26%

36%

5 5 %

initial uptake rate
[nmol g-'d1]

0.09

0.51

0.59

H. crustuliniforme

net uptake initial uptake rate
[nmol g'd1]

0 %

2 %

5 %

0

0.13

0.22

Table 4.
Net caesium uptake and initial uptake rates by P. fortinii and H. crustuiiniforme in batch

cultures of MMN medium at various pH values

Accumulation of substances in cells requires an
active, energy dependent transport. In yeast cells
uptake of the caesium analogue potassium is
enhanced by glucose and energised by the proton
motive force (Borst & Pauwels, 1981). Low pH
values in the medium disturb the H* distribution
between the inside and the outside of the cell. This
might lead to a net H+ influx causing depolarisation
of the cell membrane and a decrease of caesium
uptake. Additionally, the negative surface potential
of the cell membrane may be lowered as protons
shield or bind to negative head groups. This may
decrease the affinity of the transport system for
caesium. Finally, excess of protons in the medium
could directly influence the transport system for

-r, 10 T

6 • •

4 --

2

Cesium uptake by Hebeloma
oushilNfomiB

• pH5
-PH4

0 3 6 9
time[d|

Figure 7.
Plot of caesium content versus time for
H. crustuliniforme at various pH values
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monovalent cations. Interactions with the modifier
site of the protein could inhibit caesium transport.
The effect of potassium was determined by studies of
fungal caesium uptake at high (3.75 mM) and low
(0.25 mM) potassium concentrations in the medium.
In the first days after caesium addition net uptake
and uptake rate were in the same range at both
potassium concentrations. However, after three days
an abrupt rise in the specific caesium content of P.
fortinii occurred at low potassium levels, in which
the fungus absorbed more than 80% of the available
caesium in the medium. H. crustuliniforme showed
a similar behaviour after five days and took up
actually 93% of total caesium in solution. While the
caesium content remained high in H. crustuliniforme
during the period of the experiment, it decreased in P.
fortinii within one week to the same level as found

Cesium uptake by Hebeloma
crustulinffoinie

time[d]

Figure 8.
Plot of caesium content versus time

for H. crustuliniforme at high (3.75
mM) and low (0.25 mM) K* levels

for high potassium concentrations. Figure 8 represents the results of H. crustuliniforme.
The influence of potassium on the ability of fungi to accumulate cations analogues caesium
points to a participation of the potassium transport system in the uptake mechanism. Cs+ may
act as an analogue for K+ and enter cells via metabolism-dependent transport processes.
Potassium is an inhibitor of caesium accumulation. However, the mode of inhibition of
caesium uptake may be complex, since for yeast multiple-site kinetics of monovalent cation
translocation across the membrane have been characterised.
The impact of ammonium was determined by studying fungal caesium uptake at high and low
ammonium concentrations, as well. But different ammonium concentration of the medium was
found to have only a small effect on caesium uptake of the studied species.
A slight increase of the initial uptake rate at low ammonium concentrations may be a
consequence of a larger negative surface potential.
High cation concentrations shield the charges of the
negative head groups on the cell membrane, which
may have an influence upon the kinetics of caesium
transport.

Influence of clay mineral on caesium
accumulation by fungi
Adsorption and the reversibility of this adsorption
are among the most important phenomena which
determine the bioavailability of caesium in soils
(Tamura, 1964; Kirk & Staunton, 1989). Many
studies have shown that adsorption of caesium on
soil minerals is very specific. Particularly illites are
very effective sorbents fixing caesium in the wedge
zone of the clay minerals. For that reason, the effect

Cesium uptake by H. austulinforme

| 1 0 T

C

2 -

->- without illite
-»- with illite
-*- with illite, without K+

0 5 10 15
time[d]

Figure 9.
Plot of caesium content versus time

of H. crustuliniforme in the absence
and presence of illite
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of illite on caesium accumulation by fungi was studied to evaluate which process may prevail
in ecosystems.
Experimental fungal cultures were prepared as above described. Furthermore, dialysis bags
containing 3 ml of a suspension of 8.3 mg/ml illite were added to each culture. Again, Figure
9 shows the results of H. crustuliniforme.
In the presence of illite the caesium uptake by the two fungal species decreased significantly
reaching only 5% and 29% of the content in the illite-free system for P. fortinii and H.
crustuliniforme, respectively.
Conversely, the uptake at least by H. crustuliniforme increased in the presence of illite as the
K* concentration in the solution was reduced.
The addition of illite to the system results in an effective sorption of high proportions of
caesium by the clay mineral, which are not available for fungal uptake any more. Potassium
amplifies this effect helping to entrap caesium in the mineral as it causes interlayer collapse
of the mineral lattice (Thiry et al., 1994). Therefore, at low potassium concentrations in the
solution less caesium is sorbed by the illite and thus accessible to the fungus. Additionally, the
inhibition of fungal caesium uptake is smaller at lower potassium concentrations.

2.3. Results of field experiments

2.3.1. Radiocaesium distribution along soil profiles and residence half times

Forest sites

The profile (sequence O-A-B horizons) of acid forest soils is commonly characterized by a
strong morphological heterogeneity. The O-horizons are produced by fresh organic matter
(litter) and its decomposition products with a small content (maximum 30%) of mineral
components. Distinct O-horizons are usually recognized: 01 contains unfragmented, freshly
fallen litter, in the Of-horizon plant material is mechanically disintegrated by soil mesofauna
and inhabited by soil microbiota. The Oh-horizon contains humified, i.e; chemically
transformed, organic matter in which the original biological structure is no longer
recognizable. The OAh and Ah horizons are organic-rich mineral horizons characterized by
contents of mineral matter above 30% in intimate mixture with soil humus. The mineral
horizons (B, C) appear beneath the organic-rich horizons: their colour is influenced by the
mineral components, particularly the iron oxides and very little by organic matter because the
content in organic substances is too low. The distinction between O, OA, A and B horizons
lies therefore on marked differences in contents in organic matter and mineral components,
but also in the type of organic matter (raw, fennented, humified) and the nature of the soil
minerals, particularly the clay minerals.

In the following the A and B horizons are defined as mineral layers. Figure 10 shows selected
profile data, collected in 1996 and 1997, describing the 137Cs distribution between soil horizons.
The data are expressed as % of the total soil inventory (Bq m2). Although some of the profiles
were sampled to greater depths and in numerous layers, for reasons of comparability in this
compilation the soil inventories are considered down to approximately 30 cm depth only and
layers were combined, where appropriate. Because normal distribution of data cannot be
assumed, geometric means and coefficients of variance were used for data processing.
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Figure 10.
Comparison of relative I37Cs vertical distribution (% percentage values) in

average soil profiles (geometric means ± coefficients of variance) of SEMINAT forest
sites. Near the name of sample site it is reported the total deposition of 137Cs
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The total activity along the profiles ranges from about 7 kBq m2 in Roundwood -(Ireland), to
about 50 kBq m2 in Kobernausser forest (Austria).
The radiocaesium in all these sites except Lady wood (UK), which recieves continuous
radiocaesium input due to the emissions from Sellafield NPP, is attributable to the Chernobyl
accident (1986) and to the weapons tests of the 1960's. Due to the short half-life of 134Cs (2.06
years) it was not always possible to discriminate the contribution of the Chernobyl deposition
from the weapon tests fallout in samples taken 10 years or more after the latest deposition
event. The ratio between "old" and Chernobyl 137Cs is rather wide for the Austrian sites, where
the contribution of weapon tests fallout is only 10% of Chernobyl deposition. On the other
hand, in Ireland the weapons component represents approximately 50% of the total 137Cs
deposition.
Due to the different contamination history (continuous release from Sellafield reprocessing
plant) data from Ladywood -UK- were not included into the calculation of total geometric
means mentioned below.
The contribution of fresh litter (Ol-horizon) to the total profile inventory only in continuously
contaminated Ladywood -(UK) reaches 4%. In all other sites 01-values remain below 2%, the
underlying Of-horizon contains between 1.1% (Roundwood, IR) and 31% (Hochstadt, Germany
-D-) of 137Cs inventory, the geometric mean amounts to 9% of soil inventory.
Oh-horizons contain between 5 and 49% (average: 25%) of 137Cs soil inventory. In four of the
twelve sites the peak of inventory is found within the Oh-layer. On average 36% of
radiocaesium are contained within the organic O-horizons. Omitting the extreme value of
Roundwood (IR) forest (data from a single profile), this average amount increases to 43%. The
thickness of the organic layers varies considerably between thirteen (Novaggio, Swiss) and
three cm (see Figure 10 Tarvisio, (10 and Garching, (D)). The thick Of-layer of the Swiss oak

forest can be attributed to the
decomposition-resistant tannin
containing oak leaves.
In the first mineral horizon Ah,
between 13 and 65% of
radiocaesium are localized
(geometric mean: 33%), whereas
the horizon thickness varies
between 1 cm (Clogheen, (IR))
and 30 cm (Novaggio, (CH)). Soils
under pine tend to have thinner
Ah-horizons (average thickness 2
cm) than spruce forest soils (mean
thickness 5 cm), which is reflected

in the average stored relative amount of 137Cs (see Figure 11).
The mineral B-horizons (down to a depth of app. 30 cm) of the SEMINAT forest soils contain
between 8% (Weinsberger, (A)) and 48% (Ballyporeen, (IR)).
Generally, in all forests a great spatial variability of the total radiocaesium inventory and in the
vertical distribution within soil horizons of the investigated sites was observed. This could be
due to the heterogeneity of deposition in forests and to the spatial variability of forest soil

Oh Spruce Oh Pine Ah Spruce Ah Pine

Figure 11.
Differences (geometric mean ± coefficients of variance)

between n7Cs inventories of O and A forest soil
horizons under spruce {Picea sp.) and pine (Pinus sp.)
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characteristics. Coefficients of variation (see Figure 10) for depth distributions are typically in
the range of 70%, but in many cases exceed 100%.

Radiocaesium residence half-time in forest soils
For comparative analysis of radionuclide mobility in different forest soils it is very useful to
assess the decrease of radionuclide levels in the different soil horizons over time. The
SEMINAT project has provided the opportunity to collect comparable data on the residence
half-times of radiocaesium in forest soils of different European regions. Data are reported as y
nr1 to take into account the variability of the thickness of the different horizons within and
between the investigated forests (see Table 5).
In general residence half-times (or ecological half-times) take into account the ecological
factors (excluding the radioactive decay), that govern the radionuclide migration in the soils.
To evaluate the residence half-times in the different horizons, a simple compartment model of
vertical radionuclide migration was applied. The variability of the residence half times between
different forests and within different soil horizons in the same forest has to be taken into
account in the prediction of the radiocaesium amount in the root zone of the vegetation in the
forest ecosystems. This information forms the basis for modelling the radiocaesium dynamics
in the living biomass of forest ecosystems.

ClfA
31 It

Novaggio

Tarvisio

Weinsberger

Kobernausser

Roundwood

Clogheen

Shanrahan

Litter
(Ol) (y m1)

36.9

92.4

123.6

77.0

18.5

52.5

66.7

Organic soil
(Of + Oh) (y nr1)

198.0

211.4

123.8

173.9

220.1

84.5

152.0

Mineral soil
(A-horizon) (y m')

3398

555

7702

5545

3466

4332

4054

Table 5.
Ecological residence half-times in years per metre in litter, organic soil (Of, Oh) and

mineral soil (A-horizon) from SEMINAT forest sites for calibration of Rife I model

Table 5 gives the residence half times derived by the calibration of the RIFE1 model, using the

radiocaesium distribution along the

Soil layer Ol
(y m-1)

Of

(y

Oh
(y m-1)

Ah

Hochstadt 400+70 250±50 220±60

Table 6.

soil profile data collected from 1996
(y nr1) to 1998 in 7 sampling sites. A

numerical method (see chapter 2.4)
770±490 allows assessment of the residence

half-times from an observed profile
of activity inventories within defined

Residence half-times (in years per metre) in different layers soil horizons at a specific time after
of a German forest calculated on basis of time series data deposition. Additionally in Table 6,
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results from the German forest sites, calculated with an alternative approach using time series
data for the estimation of residence half times of 137Cs in organic soil layers are presented. While
for Of, Oh and Ah horizon both approaches are in good agreement, the residence half-times of
litter layer derived from time series data are higher than those derived from soil depth
distribution as observed ten to twelve years after the fallout event.
The results reported in the chapter 2.2. show the high variability in the soil characteristics
between the different SEMINAT experimental sites and the relation between radiocaesium
retention in the different soil layers and FESs number. The FESs number in each soil layer is
mainly related to the amount of vermiculitic sites in the soil and not directly related to any usual
physico-chemical soil characteristics. This fact explains the lack of correlation found between
radiocaesium distribution along the soil profile and soil characteristics.

Meadow sites
Meadows selected in the SEMINAT project are located in Ireland on deep blanket peat and in
montane landscapes (Alps: Germany and Italy; granite highland: Austria). Generally, in all these
meadows most of the radiocaesium activity is located in the superficial layers of soil profiles.
The soil profile collected on peaty soil, where the root mat is well developed, shows the highest
radiocaesium content in this layer (Figure 12), and a comparatively large portion of the activity
(68%) has penetrated to more than 10 cm soil depth due to the high proportion of weapon test
fallout 137Cs in the Irish soils. In all other sites between 72% and 96% of activity can be found
within the first 10 cm of soil profiles, which represents the rooting zone of meadow vegetation.
Profiles from the Bavarian Alps in Figure 12 represent an average calculated from profiles of

D, Priellbergalm 96: 56.5 kBq ra'!

0 20 40 60 80 100

I, Tarvisio-Ortigara 97: 9.8 kBq m 2

0 20 40 60 80 100

D, Kijnigstalalm 96: 31.8 kBq m

0 20 40 60 80 100

IR,Cavan96:4.6kBqnT2

[itjer

root mat

a
a
a
P4

0 20 40 60 80 100

A, Spitzwiese 96: 503 kBq m

0.05 I

| 0.10 M

t 0.15 •

I 0.20 )<
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& •

0 20 40 60 80 100

Figure 12.
Relative depth distribution (geometric mean ± coefficient of variance) of radiocaesium soil inventory

in SEMINAT meadow sites. Near the name of sample site it is reported the total deposition of Cs
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different slope positions (for details see Albers et al. 1998), where the relative depth distribution
of 137Cs shows considerable variability due to different small scale movements and migration
histories. Nevertheless, peat and cambisol sites show a high degree of similarity with respect to
their l37Cs-depth distribution.

Radiocaesium residence half-time in meadow soils
The observed depth profiles of radiocaesium in the meadow soils were used to evaluate the
residence half-times (Table 7) of Chernobyl-derived 137Cs (total I37Cs in the Austrian profiles).
The range of variability of residence half-times from profiles of different slope position within
a single site covers more than two orders of magnitude. In the Irish peat soil radiocaesium
turned out to be more mobile than in the mineral soils from Germany and Austria. This
variability has to be considered when these values are used to predict future radiocaesium
concentrations in the root zone of this soil.

Konigstalalm

Priesbergalm

Cavan
Spitzwiese
Tarvisio

Sampling position

Top
Middle
Bottom

Top
Middle
Bottom

—

Root mat

800
2100
350

230
110
540

60
300
260

First layer

600

90

240
120

220

Second layer

160

120

40
720
190

Third layer

70
90

Table 7.
Residence half-times (y m1) in different layers of meadow soils in Germany, Ireland and Austria.

Top, Middle, and Bottom denote sampling positions along the slope of the pasture

External gamma dose rates due to "7Cs in the soil
The vertical distribution of 137Cs and of the wet bulk density of the soil at the alpine pastures
was used to calculate the resulting gamma dose-rate in lm height above ground according to
Saito and Jacob et al. 1995. For comparison, all dose rates were normalised to a total
deposition of 1 kBq 137Cs per square meter at each site. In addition, the dose rates were
calculated separately for 137Cs from the global fallout and for the Chernobyl fallout. At each
pasture 3 depth profiles of 137Cs and of the wet bulk density were evaluated. The resulting
mean dose rates and corresponding errors (one standard deviation) are shown in Figure 13 for
the two alpine pastures in Germany. For 137Cs from the global fallout, the mean dose rate is
about 0.8 nGy h1 per kBq l37Cs deposited. For Chernobyl-derived 137Cs the dose rates are on
average somewhat higher (1.1 nGy' per kBq 137Cs) because radiocaesium from this source is
located closer to the soil surface and its gamma rays are thus somewhat less attenuated by the
soil. To obtain the total gamma dose rate from radiocaesium in the soil, one has to multiply the
normalised dose rates shown in Figure 13 by the total deposition at these sites. In this way one
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obtains for the two pastures for the dose rate from the global fallout 137Cs a value of about
5.4+1.4 nGy h1 and 3.4±0.8 nGy h1 (Priesbergalm and Koenigstalalm, respectively) and for
the dose rate from the Chernobyl fallout 43±8 nGy h1 and 34+11 nGy h' (Priesbergalm and
Koenigstalalm, respectively).

a
a.

Oe

2.0

1.5

1.0

0.5

0.0

Cs from global fallout
Cs from Chernobyl fallout

Alpine pasture I Alpine pasture II Control pastures

S I T E S

Figure 13.
Normalised external gamma dose rates in 1 m height above ground

for "7Cs from the global fallout and of "'Cs from the Chernobyl
fallout. The two alpine pastures are located in the Alps of South

Germany (pasture I: Priesbergalm, pasture II: Koenigstalalm). The
control pastures are typical non-alpine pastures in South Germany

radiocaesium in the soil of the alpine pastures which
accumulated presently still rather close to the soil surface.

For comparison we show in
Figure 13 also the
normalised dose rates
observed recently by us
(Schimmack et al., 1998)
for several typical non-
alpine pastures in Bavaria
Germany (control
pastures). As evident from
these values, the
normalised dose rates are
lower than those observed
for the alpine pastures by a
factor of about 1.3 for
Chernobyl-derived l37Cs,
and by a factor of 1.6 for
l37Cs from the global
fallout. This difference is
essentially due to the
comparatively slow
migration rates of

causes this radionuclide to be

2.3.2. Radiocaesium distribution in vegetation and fungi

Forest vegetation
The Table 8 describes the sampling and stand details at each of the forests where trees were
sampled. Also given are the overground weights (per tree) and 137Cs activity concentrations in
the sampled components. Where replicate trees were sampled the geometric mean and %
coefficient of variation are presented. The total tree mass varies considerably between sites but
stand age accounts for only 27% of the variation and inter-species differences could not be
identified with the given data. Species, planting density, soil type, management and climate are
all important factors in this variability. Variability between replicates is also high - up to 100%
in the leaves and needles samples in Switzerland and the U.K. - although this is to be expected
in a sample size of only 2-3. The Figure 14 presents the mass distribution within the each of
the sampled trees (or geometric mean where more than one tree was sampled at a given site).
There is considerable variability between sites which, in part, is due to the difficulty of
maintaining a standard sampling approach to trees of very different morphology. The trunk
wood dominates this figure representing 60-80% of the coniferous tree weight and 55% of the
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deciduous tree weight (in Lady wood not all components were sampled so those contribution
to total biomass of those presented is somewhat exaggerated. Also, the data for trunk bark does
not include the cambium component). Needles and twigs represent 3-13% and trunk bark 4-
13% of the total overground tree weight. Branch wood varies from 3-23% with the highest
value from the deciduous site at Novaggio where the bark was included in the branch wood
samples.

Relative distribution of mass (kg rrr2) in tree components

g| Needles

B Twigs

• Branch bark
incl. cambium

D Branch wood

• Bole bark
incl. cambium

• Total bole
wood

Figure 14.
Relative distribution of mass in tree components sampled from 10 forest sites

The activity concentrations of Cs in the tree components show a different distribution to that
of mass (Table 8). Variability is high between replicates; the most notable is the 600% variation
between the two bark samples taken at the U.K. site. The continuous external deposition from
the nearby Sellafield Nuclear Power Plant may contribute to this extreme variation. This may
also be a factor in the 278% variation in the branch wood samples which included branch bark.
Across all of the trees sampled there is no consistent ranking of activity concentrations in the
individual tree components with the exception that the lowest activity concentrations are, in all
cases, found in the wood components. The largest biomass component - the trunk wood - has
an activity concentration ranging from 7-120 Bq/kg. This is a 17 fold variation in activity
concentration across sites compared with an 8 fold variation in the total I37Cs deposition to the
study sites. The actively metabolising tree parts the needles/leaves, trunk bark and branch bark
(the latter two including cambium) show higher activity.
Table 9 presents correlation coefficients for the l37Cs activity concentrations in each of the tree
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components and the total 137Cs deposition measured in the soil. With the exception of the bole
bark the l37Cs concentration in all components was positively correlated to total deposition to
soil with significance at the 5% level. Regression analysis showed that the total deposition to
soil accounts for only 53% and 64% of the variation in the mean 137Cs activity concentration
of the needles/leaves and the trunk wood highlighting the importance of other factors in the
uptake of radiocaesium by tree biomass.
With the exception of the bole bark and the bole cambium all other components are positively
correlated with each other with significance at the 1% level. This suggests the potential for
sampling easily accessible components, such as needles, as an indicator of the status of the
whole tree. The bole bark activity concentration is not significantly correlated with any other
component value reflecting its role in the tree as a dead, external tissue with no physiological
link with the actively metabolising parts or nutrient transport mechanisms of the tree biomass.
The bole cambium is not significantly correlated with either branch bark or twigs but is
significantly correlated with needles and wood. Both bole bark and bole cambium were
separately measured in only 5 out of the 10 sites presented.
The proportion of total 137Cs deposition contained within the tree biomass ranges from 1.8%
to 17.6% across the 10 sites studied, with a geometric mean of 5.3%. The calculation of this
value encompasses variation in the total mass of the trees and the planting density, both of
which vary considerably from site to site. As Fi gure 15 shows only 31 % of the variation in the

6000 -

5000

4000

3000

2000

1000

0

Bq m2 in tree vs E3q m2 in soil

y= 0,0451 x+ 309,24

R2 =0,3107

10000 20000 30000 40000 50000 60000

Figure 15.

Regression of 137Cs activity (Bq m"2) in tree biomass versus n7Cs activity (Bq m"2) in soil

Bq m2 value for the tree biomass is explained by the variation in total deposition to soil. In
Figure 16 the data for Figure 15 are standardised to represent, from each site, a tree of equal
mass (100kg) and with equal planting density (500/ha). Standardising the data to control for
variations in tree size and planting density improves this relationship whereby deposition to
soil accounts for 58% of the variability. Figures 15 and 16 shows two distinct groups within
the data set divided by the spread of the values for total deposition at the sites.
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Bq m2 in "standard" tree vs Bq nr2 in soil
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Figure 16.
; Regression of '"Cs activity (Bq m"2) in "standard" tree biomass
: (100kg tree at a planting density of 500 trees/ha) versus 137Cs activity (Bq m"2) in soil

Understorey vegetation
Understorey vegetation was sampled at 5 sites in Austria and Germany during 1996 and
1997. Depending on availability and plant morphology leaves, stems, berries and whole
plant material were taken as separate samples from a range of species.
In the Austrian sites mainly green plant parts were sampled. The biomass as low (0.5-
18g.nr2) with between sample variability of more that 100%. Activity concentrations
varied considerably both between species and within each sample set. Where the same
sample type was taken repeatedly there was little difference between samples. The largest
biomass was measured for the fern Dryopteris dilatata and this was also the species with the
highest 137Cs activity concentration. These high values combine to produce a Bq-nr2 value of
approximately 200.
At the German sites biomass was not determined but samples of different plant parts were taken
for 137Cs analysis. There was considerable between year variation in the activity concentrations
in the same sample type (in the same site the difference between species is higher than a factor
of 100). Overall higher levels of 137Cs were detected in the leaves and berries/fruit compared to
the stem material. Across all sites Vaccinium myrtillus had consistently the highest
137Cs concentration (mean value in fruit 1600 Bq kg'1). In the Austrian sites this
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stand age (y)
kg/tree
total dep (Bq m1)
tree/ha
Bq/m in tree

Tarvisio-Rutte
ITALY

Picea abies

80
390

37000
564
1180

Weinsberger
Austria

Picea abies

65
449

46101
344.0
1546.0

Kobernausser
Austria

Picea abies

65
773

55946
276.0
5250.0

BP76
Ireland

P. contorta

22
92

7881
2500.0
394.6

BP65
Ireland

P. contorta

33
164

7250
800.0
309.8

Clogheen
Ireland

P. contorta

60
423

10131
728.0
1787.5

Shanrahan
Ireland

P. contorta

60
404

9223
800.0
961.4

Roundwood
Ireland

Picea sitchensis

40
676
8319
992.0
1126.7

Novaggio
Switzerland

Quercus cerris

91
39436
657

720.9

Ladywood
U.K.

P. sitchensis

40
324

30000
1370
528

GM« (3) CV" GM« (3) CV"

kgrtv2

• GM = Geometric Mean (number of samples)
" CV = Coefficient of Variation

Table 8.
Forest stand details, mass (kg nr2) and "7Cs activity concentrations (Bq kg ')in sampled tree components

GM'(2) CV"

Bole wood 1986+
Bole wood-1986
Total bole wood
Bole bark
Bole cambium
Bole bark incl. cambium
Branch wood
Branch bark incl. cambium
Twigs
Needles
total tree

Bqkf
Bole wood 1986+
Bole wood-1986
Total bole wood
Bole bark
Bole cambium
Bole bark incl. cambium
Branch wood
Branch bark incl. cambium
Twigs
Needles

17

1.5
1.0
0.3
0.6
0.9
22

28

176
26
241
241
151

16

30
48
46
4i
53
13

0.21

0.28
0.63
0.18
0.18
0.06

12

1.4
0.4

0.4

0.9
15

66

264
87

665
278
187

15
3
17

2.5
0.4

0.4
0.9
21

121

753
142
800
1105
844

5
3
18
0.8
0.3
1.1
2.1
0.8

1.0
23

8
21
10
64
105
74
22
46
32
39

8
0.7
0.1
0.8
2.8
1.1

0.3
13

20
9

16
51
59
52
15
79
43
36

24
0.7
0.9
1.6
2.0
0.8
0.7
2.2
31

44
37
201
134
41
128

177

11
34
22
0.7
0.5
1.2
2.2
2.3
0.6
3.6
32

17
19
130
63
20
69

84

50
1.7
1.4
3.1
8.6
1.7
1.1
7.0
67

9
4
7

112
115
114
24
103
38
36

3

0.8
1.4

0.3
0.2
6

86

179
78

121
264

80

83
29

86

105
66

0.22

0.54
0.60

0.10
0.02

38
1.3

4.0

0.7
44

9
33

29

54

54
31

51

87
54

0.16
6.32

2.78

0.52
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Total bole wood
Bole bark
Bole cambium
Bole bark incl. cambium
Branch wood
Branch bark incl. cambium
Twigs
Needles
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Table 9.
Correlation coefficients for mean 137Cs activity concentrations in sampled tree components and

total 137Cs deposition to soil at each of the forest sites

species is also more contaminated than the other species, with the exception of Dryopteris
dilatata (mean value in leaves 10000 Bq kg1). The data from both countries demonstrate that
while variability is high it is clear that certain species tend to take up more 137Cs than other
species.
Compared with the tree needles sampled at the Austrian sites the 137Cs activity concentrations
in the understorey vegetation (except Dryopteris) are higher by from 1.6 to 9 times at
Kobernausser and by 4-12 times at Weinsberger. The values for Dryopteris are 9 and 58
times higher than the tree needles at Kobernausser and Weinsberger respectively. However,
in spite of these high values the Dryopteris biomass accounts for only 1.3 and 0.4%
(Kobernausser and Weinsberger respectively) of total 137Cs deposition to the sites but this is
significant when compared with the proportion of total deposition contained within the total
tree biomass (9.4 and 3.4% respectively).
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Bq kg1

Agaricus silvaticus

Amanita citrina

Albatrellus ovinus

Amanita muscaria

Amanita porphyria

Amanita rubescens

Armillaria aggr.

Boletus edulis

Boletus erythropus

Boletus felleus

Cantharellus tubaeformis

Chroogomphus rutilus

Clitocybe clavipes

Clitocybe flaccida

Clitocybe gibba

Clitocybe nebularis

Clitocybe pheolphthalma

Collybia butyracea

Collybia peronata

Hydnum repandum

Hypholoma capnoides

Laccaria amethystina

Lactarius deliciosus

Lactarius deterrimus

Lactarius mitissimus

Lactarius picinus

Lactarius rufus

Lactarius scrobiculatus

Leucopaxillus giganteus

7/9/95

"7Cs 1MCs

715

93811554

18075

5104 2621

Hochstadt

4/10/95 25/10/95

OTCs 1MCs 1I7Cs 1MCs

1004 138 55.2

1998 1328

28/8/96

m Cs "*Cs

81.7

8/10/96
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2641

2238

1160

"Cs

938

1586 841

Siegenburg

1995

"Cs 1MCs "7Cs

671 1834

1996

1J<Cs

Garching Alz

1996

roCs
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1MCs

83.6
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24433 13684 14210

825
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2519
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216

1331

191

339 174
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4021 2026

14608 7536

4703

4981

8299

1941

2175

2572

4440

1085

11424

111

1084

42271

4599

9065

23611

10410

3128

5799

137

580

20546

2308

5358

13008

6039

16266

22842

876

850

5530

8381

12580 15591

439

405

10166

13570

305

2731

7990

5309

6858

2935

28

1360 2787 1500 1623

Table 10.
"Cs and 1MCs activity concentrations in fungal species sampled in German forests, (continued)
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2007

57925

1999

1982
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28596
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Hochstadt

Bq kg"1

Macrolepiota procera
Macrolepiota rhacodes
Mycena pura
Paxillus atrotomentosus
Pholiota janii
Rhizopogon spec.
Rozites caperata
Russula coerulea
Russula cyanoxantha
Russula densifolia
Russula emetica
Russula fellea
Russula integra
Russula nigricans
Russula ochroleuca
Russula paludosa
Russula sardonia
Russula turd
Russula vesca
Russula xerampelina
Sarcodon imbricatus
Tricholomopsis rutilans
Xerocomus badius

7/9/9S

"Cs ™Cs

4/10/95

"Cs 1MCs

75

493
3796

25/10/95

•"Cs ™Cs

211 123

249
1810

6913
19598 9785

6318

15986

2694

9454

28/8/96

"'Cs 1MCs

244
87.7

2893
52647 23563 36687 19035

3768 1850
19957 10534

15856 8346

12779 6801 15932 8561 18868

8/10/96

"'Cs 1MCs

224
124

Siegenburg

1995 1996
137Cs 1MCs "'Cs 1MCs

Garching Alz

1996

'"Cs 1MCs

231

20542
10889

24160

10129

11577

1097

15630

2153

6093

17470

700

7611

1067

2712

9138

11474
17468

18558

5747
9232

9844

32268 16562 28888 13708

8769

10785 5397

2054 1260

16466
1488

10220
6023
4390
3509

1374

789
5201
3371
2337
1784

789
7620
2832

4015
1443

14125 7602 6538 3300

Table 10.
137Cs and "4Cs activity concentrations in fungal species sampled in German forests (continuation)
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Fungi

Fungi were sampled only at the German forest sites. Table 10 presents all of the 137Cs and 134Cs
activity concentrations measured in fungi from the three forest sites in Germany. Figure 17
shows that the uptake of these two isotopes of caesium are very closely related. The between
species variability in 137Cs and 134Cs uptake is high at all sites (Table 11). Between sampling dates
individual species from the same site vary, in terms of 137Cs activity concentration, by up to 7
times. This variability within site and over time within site highlights the extreme difficulty of
predicting 137Cs levels in fungi on the basis of total soil contamination levels.

V)
t )

13
7,

V)
U

13
4

Bq/kg

CM
CV%

GM
CV%

Hochstadt

3506
561

2340
371

Siegenburg

5616
174

3046
178

Garching Alz

1646
309

1165
290

All sit(

3594

437

2315

313

Table 11.
Geometric Mean (CM) u'Cs and 1HCs activity concentrations in all fungal species sampled in German forests

r 30000

•£ 25000 -
S- 20000
J> 15000
?c 10000
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0

134Cs vs 137Cs activity concentration in fungi

y = 0,4813x-21,576

R2 =0,929

10000 20000 30000 40000 50000 60000

Mean "7Cs (Bq kg1)

Figure 17.
Regression of 1MCs versus 137Cs activity concentrations in fungal samples

In Hochstadt and Garching Alz the highest l37Cs activity concentrations on four out of six
sampling occasions were recorded in the species Hydnum repandum. On the other occasions the
maximum was observed in Xerocomus badius and Rhizopogon sp. In Siegenburg the highest
137Cs activity concentration was observed in Rozites caperata. Both Xerocomus badius and
Rozites caperata have previously been recorded a species typified by a high uptake of l37Cs .
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Meadow vegetation

The following strategies have been used: in Spitzweise (Austria) three species were sampled
individually and also bulk grasses were sampled, both from throughout the site, to give
an overall estimate of l37Cs uptake. Samples of hay (in Spitzweise -A-) and mixed grasses
(Tarvisio - I) were taken along three transects. Hay samples were taken from lm2 areas - ten
areas along each of three transects. In Italy individual species were sampled along transects and
biomass and l37Cs concentration determined. Cavan (Ireland) samples were taken from 0.5 m2

areas on a grid and sorted into 10 species and live/dead classes.
In Cavan (IR) a total of 63 areas were sampled but there was not sufficient material from each
area to analyse each species individually. With the exception of the dominant species C.
vulgaris the biomass values for the individual species were low with high variability. This
reflects the low abundance of the species and indicates that even 63 quadrats provide a
statistically inadequate approximation of the biomass at this site. The wood and standing dead
represent a significant part of the biomass and so should not be ignored in an ecosystem based
study such as this.
Fifteen vegetation classes were sampled at Tarvisio (I) with very low individual biomass values.
No individual species or group dominates the biomass and, with the exception of the species in
which "7Cs was undetectable, no individual group stands out as having a higher or lower 137Cs
uptake value than the vegetation group as a whole. No statistically significant difference could
be detected between the transects in terms of their biomass values or the mean 137Cs activity
concentration of the individual vegetation groups. In Tarvisio (I) the higher deposition values
are reflected in the higher arithmetic mean and range of 137Cs activity concentrations detected in
the bulk grass samples taken at this site.
At Spitzweise (A) the activity concentrations observed for the T. pratense and A. vulgaris were
within the coefficient of variation of the values for the bulked samples. Ranunculus actis
demonstrates a lower uptake of l37Cs than the other two species. Variability between geometric
mean l37Cs in the sample replicates was between 23-47% except in the bulk grass (green leaves)
sample. Due to this latter case the difference between the bulk grass bases and the bulk grass
leaves is not statistically significant whereas other researchers have found grass bases to have a
higher activity concentration than the leaves (Bertilsson et al., 1988).
The between replicate variability in 137Cs activity concentrations at the Cavan (Ir) site was
similar to the Spitzweise (A) situation. The only exceptions are samples with a low number of
replicates. Within each vegetation group sampled at Tarvisio (I) at a given transect the
variability is high but it should be noted that the sample size is, in most cases, only two. The
highest transfer factor of '37Cs was recorded in C. vulgaris from Cavan (Ir). This is the
dominant vegetation species at this site. All species from Cavan (Ir) have a relatively high '"Cs
activity concentration with respect to the total deposition to soil, when compared to the values
at Spitzweise (A) and in Italy. This difference reflects the difference in soil type at Cavan (Ir)
compared to the other two sites. Acid, organic peatland soil, such as found in Cavan (Ir), is
characterised by a high soil to plant transfer (Coughtrey and Thome, 1983). Taking biomass
values into account increases the dominance of C. vulgaris and the importance of dead
vegetation as vegetation sinks of 137Cs. At the Cavan (Ir) site approximately 10% of total l37Cs
deposition is contained within the live and dead vegetation whereas in Spitzweise this value is
of the order of 0.1%. The proportion of total deposition accounted for by the vegetation is

43



ANPA
Agenzia Nazionale per la Protezione dell'Ambiente

similar at both Italian sites - Tarvisio -I- (1996), 0.6% +0.3% and Tarvisio -1 - (1997), 0.4%
±0.4%.

2.3.3. Concept of soil to plant transfer parameters

Transfer factors and concentration ratios soil/plant are commonly used to quantify the uptake of
radionuclides from soil by vegetation. These parameters are expressed as the contamination of
plants divided by the contamination of soil. Within the concept of transfer factors and
concentration ratios, it is assumed that the radionuclide concentrations in vegetation and soil are
related by a linear function passing through the origin. Subsequently various definitions are
reported.
• Aggregated transfer factors (Tagg) are defined as the ratio of the activity concentration in

plants (Bq kg1 dry weight) divided by the total deposition on soil (Bq m2). As will be
discussed later, radionuclide redistribution in soil after a deposition generally leads to time-
dependent aggregated transfer factors, which limits their usefulness for dynamic
radioecological models. Nevertheless, aggregated transfer factors are a reasonable choice for
simple screening models.

• Transfer factors (concentration ratios) referring to standardized soil depths are defined
as the ratio of the activity concentration in plants (Bq kg1 dry weight) divided by the activity
concentration in soil within the uppermost layer of a standardised thickness (Bq kg1 dry
weight). This definition was designed especially for agricultural ecosystems. It is based on
the assumption that radionuclides are distributed homogeneously within the rooting depth of
agricultural plants. In semi-natural ecosystems, however, where the vertical migration of
radionuclides in soil is important, transfer factors referring to standardised soil depths are
expected to change over time.

• Transfer factors (concentration ratios) referring to specific soil horizons are defined as
the ratio of the activity concentration in plants (Bq kg1 dry weight) divided by the activity
concentration of the specific soil layer exploited by fine roots fungal mycelia (Bq kg' dry
weight). This definition of transfer parameters turned out to be most suitable, especially for
fungi which often inhabit distinct layers of forest soil. As will be discussed later in detail, this
definition of transfer parameters offers the opportunity to implement a dynamic
radioecological model for the uptake of radiocaesium from soil with model parameters being
constant over time.

Transfer parameters soil/plant for forest ecosystems, which were derived for 137Cs within the
SEMINAT project, are brought together in Tables 12 (trees), 13 (understorey vegetation) and 14
(fungi). Tagg denotes the aggregated transfer factor referring to the total inventory, TForg and
CRorg are the area-related transfer factor and the concentration ratio referring to the organic soil
horizons (01+0f+0h). All parameters are given on a dry weight basis.
Neglecting the extreme values for the site Lady wood, aggregated transfer factors for needles or
leaves differ only by a factor of about 4, for all investigated tree species and sites (see Table 12).
Aggregated transfer factors for needles or leaves are always higher than the corresponding
values for bole wood. Pinus contorta at the site Shanrahan shows the biggest differences. The
aggregated transfer factor for needles is about a factor of 30 higher than the value for bole wood.
As can be seen from Table 13, transfer parameters for different species of berry plants vary by
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more than one order of magnitude, even for the same part of a plant at the same site. This finding
is independent of the definition of transfer parameter and supports the use of species-specific
values for berry plants. Table 13 also indicates the tendency that 137Cs in forest soil is more
available for plant uptake at Hochstadt than at Garching/Alz.

Site

Wei nsberger forest

(dystric cambisol)

Kobernausser forest

(dystrispodic cambisoi)

Ballyporeen 1965

(podzol)

Ballyporeen 1976

(podzol)

Shanrahan

(podzol)

Clogheen

(podzol)

Roundwood

(podzol)

Tarvisio-Rutte

(dystric cambisol)

Lady wood

(podzol)

Novaggio

(leptosol)

Species

Fagus sylvatica (bole wood)

Fagus sylvatica (leaves)

Picea abies (bole wood)

Picea abies (needles)

Picea abies (seedlings)

Fagus sylvatica (bole wood)

Fagus sylvatica (leaves)

Picea abies (bole wood)

Picea abies (needles)

Pinus contorta (bole wood)

Pinus contorta (needles)

Pinus contorta (bole wood)

Pinus contorta (needles)

Pinus contorta (bole wood)

Pinus contorta (needles)

Pinus contorta (bole wood)

Pinus contorta (needles)

Picea sitchensis (bole wood)

Picea sitchensis (needles)

Picea abies (bole wood)

Picea abies (needles)

Picea sitchensis (bole wood)

Picea sitchensis (needles)

Quercus cents (bole wood)

Quercus cerris (leaves)

Table 12.
Transfer parameters soil/tree ('37Cs) for

Tagg

(m2 kg-')
0.0013

0.0023

0.0013

0.0057

0.032

0.0016

0.0027

0.0021

0.017

0.0023

0.0052

0.0014

0.0051

3.2 10-"

0.010

0.0014

0.021

9.3 104

0.00498

0.0017

0.0091

2.8 10'4

5.7 10'4

0.0038

0.012

various forest

Trorg

(m2 kg-')

-

-

0.011

0.025

0.0049

0.018

6.8 104

0.022

0.0030

0.045

0.015

0.081

;

;

-

sites

CRo rg

-

-

0.031

0.070

0.020

0.073

0.0057

0.18

0.045

0.67

0.071

0.38

0.016

0.084

-

-

To investigate the influence of different types of forest soil on the availability of radiocaesium,
a ranking list of transfer parameters for different forest sites has been established. Bilberry
(Vaccinium myrtillus) was chosen as an indicator plant, since this species could be found at 5
forest sites investigated during the SEMINAT project. Transfer parameters for leaves or berries
of the indicator plant lead to the following ranking list:

^-^Hochstadt ^^Siegenburg -^ ^^Garching/Alz

45



ANPA
Agenzia Nazionale per la Protezione dell'Ambiente

This list is independent of the definition of transfer parameters, i.e. it is valid for CRorg, Tagg,

and TForg. Taking additionally the Austrian sites Weinsberger forest and Kobernausser forest

into account, the ranking list can be extended as follows:

TaggHochstadt ~ Taggsiegenburg ~ TaggWeinsberger forest > TaggKobernausser forest > Taggcarching/Alz

It is interesting to note that the aggregated transfer factors for Dryopteris dilatata support the

finding that l37Cs in organic soil horizons is more available at Weinsberger forest compared to

Kobernausser forest.

Site

Weinsberger forest

(dystric cambisol)

Kobernausser forest

(dystrispodic cambisol)

Hochstadt

(dystric cambisol)

Species

Vaccinium myrtillus (leaves+stems)
Dryopteris dilatata

Polytrichum formosum

Vaccinium myrtillus (leaves+stems)

Dryopteris dilatata

Polytrichum formosum

Vaccinium myrtillus (fruit)
Vaccinium myrtillus (leaves)

Fragaria vesca (fruit)
Fragaria vesca (leaves)
Rubus fruticosus (fruit)

Rubus fruticosus (leaves)
Rubus idaeus (fruit)

Rubus idaeus (leaves)

Vaccinium myrtillus (fruit)

Vaccinium myrtillus (leaves)

Fragaria vesca (fruit)

Fragaria vesca (leaves)

Rubus fruticosus (fruit)

Rubus fruticosus (leaves)

Rubus idaeus (fruit)

Rubus idaeus (leaves)

Vaccinium myrtillus (fruit)
Vaccinium myrtillus (leaves)
Vaccinium vitis-idaea (fruit)

Vaccinium vitis-idaea (leaves)
Fragaria vesca (fruit)

Fragaria vesca (leaves)
Rubus fruticosus (fruit)

Rubus fruticosus (leaves)
Rubus idaeus (fruit)

Rubus idaeus (leaves)

Table 13.
Transfer parameters soil/understorey vegetation (137Cs) for selected species at various forest sites

(sampling years 1996 and 1997). The table focuses on plants with edible fruits, since only
these species significantly contribute to the potential dose to man via ingestion

Garching/Alz

(pararendzina)

Siegenburg
(podzol)

•agg
(m2 kg-')

0.043
0.23
0.041

0.026
0.13

0.028

0.12
0.099
0.0043
0.0060
0.046
0.023
0.0022
0.0042

0.022
0.024
0.013

0.0093
0.0057
0.0033
0.0011
0.0014

0.070
0.11

0.069
0.064
0.0039
0.0020
0.014
0.013
0.0036
0.0050

"org
(m2 kg"')

-
-

-
-
-

0.22
0.18

0.0078
0.011
0.083
0.042
0.0040
0.0076

0.076
0.083
0.045
0.032
0.020
0.012

0.0039
0.0050

0.12
0.19
0.12
0.11

0.0070
0.0035
0.025
0.022
0.0063
0.0086

CKort
org

-

-

-

-

-

1.8
1.5

0.065
0.091
0.71

0.036
0.034
0.064

0.63
0.68
0.37
0.27
0.16

0.096
0.032
0.041

1.0
1.6
1.0

0.95
0.056
0.030
0.21
0.20
0.054
0.074
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Vaccinium myrtillus is assumed to take up 137Cs predominantly from the organic horizons. The
ranking list for transfer parameters can therefore be translated to a ranking list for the
availability of radiocaesium in the organic horizons of different soil types:

dystric cambisol ~ podzol > dystrispodic cambisol > pararendzina

Transfer parameters for different fungal species vary by nearly two orders of magnitude, even
at the same site (see Table 14). As for berry plants, this finding is independent of the definition
of transfer parameter and suggests the use of species-specific values for fungi. On average
symbiotic fungi exhibit transfer parameters which exceed those of saprophytic species by about
one order of magnitude.

Site Species

Weinsberger forest
(dystric cambisol)

Hochstadt
(dystric cambisol)

Garching/Alz
(pararendzina)

Siegenburg
(podzol)

•

Xerocomus badius
Russula ochroleuca"

Clitocybe nebularis
Collybia butyracea
Xerocomus badius
Russula ochroleuca
Lactarius deterrimus
Clitocybe clavipes

Hydnum repandum
Macrolepiota rhacodes
Russula cyanoxantha

Sarcodon imbricatus

Agaricus silvaticus
Lactarius deterrimus
Collybia butyracea

Sarcodon imbricatus
Russula coerulea

Hydnum repandum

Xerocomus badius
Rozites caperata

Lactarius deliciosus
Russula xerampelina
Russula ochroleuca
Clitocybe clavipes

(m2 kg1)

0.67
0.86

0.018
0.073
1.2
1.1

0.61
0.65
2.8

0.0094
...

0.41

0.0068
0.098
0.099
0.34
0.10
2.9

0.84
3.7
1.3

0.18
1.3
2.0

(m2 kg-1)
—
—

0.033
0.13
2.2
2.0
1.1
1.2
5.1

0.017
—

0.74

0.023
0.33
0.34
1.3

0.34
9.7

1.5
6.6
2.3

0.31
2.3
3.6

" ' 6

—

0.52) (Ol/Of)
1.3s (Ol/Of)

17»(0l/0f/0h)
192)(OI/Of/Oh)
4.321 (Ol/Of/Oh)

29!l (Oh)
4221 (Oh)
0.62' (Oh)
2.12l(Oh)
162l(Ah)
1.421 (Oh)
7.321 (Ah)

0.18
2.5
2.6
9.8
2.6
74

12
52
18
2.5
19
28

1) Sampling year. 1997.

2) Data derived from an extensive time series beginning in 1987.

Table 14.
Transfer parameters soil/fungi (137Cs) for selected edible species at various forest sites (sampling year 1996,

unless otherwise noted). TForg and CRorg are the area-related transfer factor and the concentration ratio
referring to the soil horizons exploited by the mycelium (Ol+Of+Oh, unless otherwise noted)
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For reliable long-term predictions of activity concentrations in vegetation and fungi, it is
essential to know, how transfer parameters (soil/plants) for radiocaesium change with time with
respect to transfer parameters (soil/fungi). Concentration ratios, explicitly referring to the soil
horizons exploited by fungal mycelia or fine roots of green plants, are a direct measure for the
availability of radionuclides in the corresponding soil layer.
Only recently, a new methodology has been developed to investigate the potential long-term
change of concentration ratios. The approach is based on the idea that the dynamic behaviour of
stable l33Cs in forest ecosystems is expected to have attained steady-state conditions, provided
that environmental conditions did not alter significantly in the near past. If concentration ratios
for stable 133Cs and Chernobyl caesium do not differ significantly, they will also agree in future.
Table 15 shows the concentration ratios soil/fungi and soil/plants for radioactive 134Cs and stable
133Cs at Hochstadt, explicitly referring to the soil horizons exploited by fungal mycelia or fine roots
of green plants. The values for radioactive l34Cs and stable 133Cs agree within a factor of two or less,
suggesting that the availability of radiocaesium in organic soil layers will stay constant in future
within a factor of two or less. It is therefore unlikely that Chernobyl caesium will progressively be
fixed within organic soil horizons in future. Preliminary results for two other German sites,
Siegenburg and Garching/Alz, also show that the availability in organic soil horizons is
approximately the same for radioactive 134Cs and stable !33Cs.

Species

Horizon
CR134

Clitocybe Xerocomus Hydnum Russula
nebularis badius repandum cyanoxantba

CR133

CR134/CR 133

Ol/Of
0.5+0.1

1.0±0.4

0.5

Ol/Of/Oh
22.4±2.3

13.1 ±2.8

1.7

Oh
44.1 ±7.5

24.2±1.8

1.8

Oh/Ah

Oh: 3.0±2.0

Ah:14.9±10.2

Oh: 6.1 ±3.8

Ah: 10.5+6.5

Oh: 0.5

Ah: 1.4

Vaccinium
myrtillus
(leaves)

Ol/Of
2.7±0.5

3.9+1.5

0.7

Table 15.
Concentration ratios for stable 133Cs and Chernobyl 1MCs at Hochstadt, both calculated with respect

to the soil horizons, from which radiocaesium is predominantly taken up (second line).
Concentration ratios are calculated from samples taken between 1993 and 1996

The finding that the availability of radiocaesium in organic horizons of forest soil is constant
over time from several years after deposition onwards has important consequences: The time-
dependent activity levels in fungal fruit bodies and green plants reflect the activity levels of
those soil horizons, from which radiocaesium is predominantly taken up. A detailed analysis of
a time series of field measurements revealed, as expected, that this effect is most pronounced
for fungal species, which inhabit distinct soil horizons. Vertical migration of radiocaesium in
forest soil is therefore a key process, which determines the long-term contamination of fungal
fruit bodies and green plants. Combining a simple compartment model for the vertical migration
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of radiocaesium in soil with transfer parameters, explicitly referring to the soil horizons, from
which radiocaesium is predominantly taken up, leads to a dynamic radioecological model with
an appealing feature: The time dependence is inherently included within the model itself. The
model parameters are constant over time, which facilitates extrapolation into future and allows
reliable long-term predictions.
Transfer parameters, which do not explicitly refer to the soil horizons exploited by fine roots or
fungal mycelia, but average over the whole soil profile or soil layers with a standardised
thickness, will be time-dependent. Aggregated transfer factors, for example, are expected to
peak when the maximum of the vertical radiocaesium profile reaches the rooting zone and the
soil layer with maximal mycelium density. The time dependence of aggregated transfer factors
is difficult to predict, which limits their usefulness for dynamic radioecological models.
Nevertheless, aggregated transfer parameters are a reasonable choice for simple screening
models.
To characterise quantitatively the transfer of a radionuclide from soil to vegetation of meadows,
transfer factors or concentration ratios usually refer either to a standardized soil depth of 10 cm
or to the soil layer, where the root mat is located. Transfer parameters soil/plant for meadows,
which were derived for 137Cs within the SEMINAT project, are brought together in Table 16. Tagg

denotes the aggregated transfer factor referring to the total inventory, TFio cm is the area-related
transfer factor referring to the top 10 cm of soil, and CR10 cm is the concentration ratio also
referring to the top 10 cm of soil. All parameters are given on a dry weight basis.

1000

'?
CO

«T
c
IS

a
c

5

800

600

400

200
• 1

20 40
137Csinsoil(kBqm"2)

60 80

Figure 18.
| Relationship of "7Cs activity in plants and soil for the Austrian meadow site Spitzwiese (n = 30, r = 0.47)

An essential prerequisite of the concept of transfer factors and concentration ratios is the
existence of a statistically significant relationship between the activity levels in plant and soil of
a given radionuclide.
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Site

Priesbergalm
(dystric cambisol)

Konigstalalm
(dystric cambisol)

Tarvisio-Ortigara
(dystric cambisol)

Spitzwiese
(dystric cambisol)

Cavan
(histosol)

Species

Br/za media
Ranunculus acris
Trifolium pratense

Deschampsia cespitosa
Euphorbia exigua
Prunella vulgaris
Mentha piperita
Phleum alpinum

Deschampsia (lexuosa
Rumex alpinus

Leucorchis albida
Nadus stricta
Briza media

Deschampsia flexuosa
Potentilla erecta
Calluna vulgaris
Rhynantus sp.

Luzula sp.
Arnica montana

Centiana pannonica
Deschampsia cespitosa
Adenostyles alliariae
Vaccinium myrtillus

Prunella vulgaris
Trifolium pratense

Chaerophyllum hirsutum
Senecio fuchsii

Veratrum sp.
Graminacea
Alchemilla

Umbelliferae
Leguminosae

Plantago
Hypericum
Rhynantus
Leontodon
Veronica

Compositae
Calium

Alchemilla vulgaris
Ranunculus acris
Trifolium pratense

Hay (dominant species

Alopecurus pratensis)
Calluna vulgaris

Eriophorum vaginatum
Erica tetralix

Eriophorum angustifolium
Vaccinium myrtillus
juncus squarosus

Vaccinium oxycoccos
luncus effusus

Tagg
(m2 kg1)

_._
—
...
.._
.__
..-
...

...

—
...
...
—
—

—
...
—
—
...
...
...
—
...

—
_..

...
—
...

0.0063"
0.0027"
0.0061"

0.18
0.097
0.040
0.069
0.025
0.095
0.025
0.12

TFiOcm
(m2 kg"1)

0.0014
6.6 10"
0.0013
0.0018
2.2 10"
0.0014
7.6 10"
8.6 10"
4.6 10"
.5.6 10"
0.0042
3.2 10"
5.4 10"
5.7 10"
3.1 10"
0.0018
5.1 10"
8.6 10"
8.8 10"
0.0060
2.0 10"
1.4 10"
0.0011
1.7 10"
4.9 10"
4.8 10"
7.1 10"
0.0030
0.010
0.0034
0.0042
0.0063
0.0092
0.0076
0.014
0.010
0.0027
0.012
0.0085

. „

. . .

n nnA4
U.ULKVt

0.4821

0.262!

0.1V1

0.19s

0.06921

0.2621

0.06921

0.332'

C R 1 0 cm

—
...
...
_ .
—

...
—
...
...
...
...
_
...
—
—
...
...
—
...
...
—
—
—
...

0.0068
0.021
0.028
0.0042
0.057
0.047
0.067
0.063
0.021
0.080
0.076

...

...

n KA
U.O*T

2.1 2 1

1 . 1 "
0.4721

0 . 8 1 2 I

O.3O21

1 . 1 s

O.3O21

1.42'

1) Related to a so/7 depth of 25 cm. 2) Related to litter layer (4 cm thick) and root mat (7 cm thick).

Table 16.

Transfer parameters soil/plant (137Cs) for meadows at various sites
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This relationship was tested for three different meadows with highly diverse plant
communities. For the Austrian site Spitzwiese, activity levels of 137Cs in 30 paired samples
of plants and the top 10 cm of soil showed a significant linear correlation (r = 0.47, p <
0.05). Data are displayed in Figure 18. Area-related transfer factors varied by a factor of
about 4, from 0.0039 m2kg' to 0.016 m2 kg"1. For two Alpine pastures in Germany and Italy,
however, no significant correlation between activity levels in plants and soil could be found
(see Figure 19).
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Figure 19. I
Relationship of 137Cs activity in plants and soil for the German site

Priesbergalm and the Italian site Tarvisio-Ortigara !

Linear correlation coefficients of r = - 0.085 (n = 100) and r = 0.29 (n = 24) were calculated
for the German site Priesbergalm and the Italian site Tarvisio-Ortigara, respectively, which
do not suggest the presence of a relation between the activity levels of l37Cs in vegetation
and soil (for details see Bunzl et al., 1999). The variability of transfer factors can be
explained by the high diversity of Alpine plant communities. Different plant communities
exhibit some-what different rooting depths. Therefore, relating transfer factors to
standardized soil depths will introduce an additional error which could obscure a corre-
lation between activity levels in soil and plants.

2.3.4. Radiocaesium fluxes from vegetation to soil

Three pathways returning radiocaesium from the tree to the forest floor were investigated at
three sites between 1996 and 1998. They were litterfall, stemflow and net throughfall.
Compared to the soil inventory of 137Cs these fluxes were found to be very low. At most sites
the highest return was by litterfall, followed by throughfall and stemflow.
The return of 137Cs to the ground by biomass as a carrier was determined by collecting and
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measuring litterfall. Littertraps were installed in three spruce and one oak forest. The
sampling interval was usually one year.
The annual return of 137Cs to the ground by litterfall was low with values lower than 0.5% of the
total soil inventory 10-12 years after the Chernobyl NPP accident (Table 17). However, litterfall
was found to be more important in returning 137Cs compared to the water fluxes except in
Roundwood where the results were opposite. Based on the obtained results no differentiation
between needle forest and deciduous forest is possible.

Tarvisio-Rutte(l) Weinsberger (A) Novaggio (CH) Roundwood (IR)

ricea abies Picea abies Quercus cerris Picea sitchensis
Fagus sylvatica

Litterfall total [Bq/m2y] 91
Soil activity [Bq/m2] 18104
% of soil activity 0.50

226
45852
0.49

148a

29567
0.50

3
7147
0.04

'oak leaves only
Table T 7.

Annual "7Cs return to the ground by litterfall in 4 European forests

Water fluxes

The return of 137Cs to the ground by water as a carrier was determined by measuring the 137Cs-
activity in precipitation collected in the forest and outside the forest and in stemflow at three sites.
Net throughfall (precipitation under the tree canopy) was calculated by subtracting the activity
measured in the open field from the activity measured inside the forest.

Tarvisio-Rutte (I) Novaggio (CH) Roundwood (IR)

Trees/ha (main species)
Throughfall [Bq/m2y]
Precipitation open field [Bq/m2y]
Net throughfall [Bq/m2y]
Stemfiow [Bq/m2y]
Soil activity [Bq/m2]
% of soil activity

Fagus sylvatica

564
13.5
9.7
3.8

1.4/0.2
15971
0.22

Quercus cerris

650
6.4
0.0
6.4
7.6

29567
0.05

Picea sitchensis

992
71.0
0.0
71.0
19.4
7147
1.26

Table 18.
Annual "7Cs return to the ground by net throughfall and stemflow in 3 European forest stands

The total annual return of l37Cs to the ground with water as a carrier was very low in Tarvisio-
Rutte and Novaggio, while it was somewhat higher in Roundwood (Table 18). The same finding
holds trough for the stemflow. Water fluxes within the same site and between the three sites
differentiate more than litterfall did in relation to the total soil inventory of 137Cs. In needle trees,
stemflow seems to be lower than net throughfall while in oak trees the values are about the
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same. As atmospheric deposition was low and more than a decade has passed since the
Chernobyl NPP accident it is assumed that the majority of the l37Cs detected in the water is
leached from needles and leaves. A possible relationship between the soil activity at the three
sites and the activity returned to the soil by water was not found to exist.

2.4. Modelling

2.4.1. Forest ecosystems

As part of the SEMINAT project a suite of computer models has been developed and calibrated
using data collected from field sites in Austria, Germany, Ireland, Italy and the United Kingdom.
This suite of models is called RIFE and is intended to provide a computational framework
within which the behaviour of Radionuclides in Forest Ecosystems can be evaluated for the
purposes of nuclear accident consequence assessment and management. This section describes
each of the three component models which together make up RIFE, as well as the underlying
rationale and capabilities of each model. Table 19 reports the symbols used in this chapter.

Symbol Description Dimension

C Activity concentration of a radionuclide within a notional compartment Bq kg'1

I Input rate of a radionuclide into a notional compartment Bq rrr2 y1

k rate coefficient of transfer of a radionuclide between compartments y1*

I rate coefficient of radioactive decay of a radionuclide y1

M biomass (density) of a biological compartment kg m2

Q activity inventory of a radionuclide within a notional compartment Bq m2

T aggregated transfer coefficient m2 kg1

t Time y

(* In the case of soil compartments rate coefficients are normalised to the thickness of the soil layer(s)
concerned, giving dimensions ofy1m ')

Table 19.
General symbols used in this section. Parameters relating to individual compartments are
denoted by subscripts, eg. C2 refers to activity concentration in compartment 2 of a model

Background to the RIFE models

Until recently, few models of forest radioecology existed within the literature. Those that did
exist were not freely available for use by the radioecological community and were generally
not applicable to contemporary problems in forest radioecology. One of the major concerns
of radioecologists in Europe over the last few years has been the impact of the Chernobyl
pulse within forests across the continent. The radionuclide of main current concern is l37Cs,
but as research has begun to demonstrate the lengthy ecological half life of this radionuclide
it has also become clear that the potential for persistence of other radionuclides within forest
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ecosystems is a cause for concern. In developing our understanding of forest radioecology,
therefore, it is desirable to be able to predict both acute and longer-term behaviour of
radiocaesium and other radionuclides within forest ecosystems. There is certainly a relative
lack of data on radionuclides other than "7Cs in forests, but any predictive model should at
least have the capacity to facilitate the use of such data as and when they become available.
It is against this background that the RIFE suite of models has been developed. The key aim
of RIFE is to allow the incorporation and use of data derived from forest sites contaminated
with radionuclides to provide a structured means of organising and using that data. From
reviews of existing forest models (eg. Schell et al., 1996; Riesen et al., 1999) it is clear that
the approach of different authors to structuring models of radionuclide behaviour in forests
can be very diverse. The final model structure adopted will, to a large extent, be controlled
by the quantity and reliability of data available to the modeller. However, any model must
always be suitable for its intended purpose and this consideration should also be influential
in determining the final structure of a model. The list of possible end-uses of a forest
radioecology model is probably as diverse as the range of possible model structures and all
end-uses are unlikely to be realised by a single model. With this in mind, three individual
models have been created within the RIFE suite, as follows.

• RIFEQ - an equilibrium "screening" model allowing rapid calculations of radionuclide
distributions in major components of the forest ecosystem, using minimal data inputs.

• RIFE1 - a relatively simple (5 compartment) dynamic model of radionuclide flux
following either pulse or chronic inputs from the atmosphere.

• RIFE2 - a more complex (10 compartment) dynamic model, allowing time-dependent
computations of radionuclides in forests following pulse or chronic inputs from the
atmosphere.

Each of these models is now described in turn.

The RIFEQ model

A) Model description
Dynamic modelling of semi-natural ecosystems, such as forests and upland pastures, presents
a challenge because of the complexity of the ecosystems concerned, but also because of
uncertainty associated with transfer parameters within the ecosystems. The inherent
variability in transfer rates in these ecosystems makes it particularly difficult to estimate
reliable rate coefficients or fluxes with which to calibrate dynamic models. One answer to
this problem has been the adoption of "aggregated transfer factors" (Taaa values) for animals
and their products, as well as for fungi, herbaceous vegetation and trees. Tagi, values have
been criticised for their simplicity, their site-specificity and their apparent lack of rigour in
facilitating understanding of transfer processes within the ecosystem of concern.
One of the key requirements of any ecosystem-level model is that it should take into account
the mass balance of radionuclides introduced into it. In the normal usage of Tagg values such
considerations are usually forgotten, and this detracts from the usefulness of this parameter.
As part of the RIFE modelling exercise a simple methodology has been developed which
uses Tage values in a rigorous way from the point of view of accounting for the mass or,
strictly speaking, the activity balance of a radionuclide within a forest ecosystem. This
preliminary step in the development of dynamic models appropriate to forest ecosystems
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involved the construction of a screening model which allowed data from each of the research
groups' forest sites to be used in a probabilistic uncertainty analysis of radiocaesium
distributions in major structural components of each ecosystem. The screening model
developed is the RIFEQ model (Figure 20) which uses a combination of aggregated transfer
coefficients (Tagg values) and biomass estimates in a mass balance calculation, described
below.

1

A

Soil

2

A

T2

3

A

T3

n

A

Tn

Figure 20.
Structure of RIFEQ. Radionuclide activity concentrations within a series of n
biological compartments are assumed to be related individually to the soil
radionuclide inventory via n compartment-specific Tagg values (T, to Tn)

One of the key requirements of any ecosystem-level model is that it should take into account
the mass balance of radionuclides introduced into it. In the normal usage of Tagg values such
considerations are usually forgotten, and this detracts from the usefulness of this parameter.
As part of the RIFE modelling exercise a simple methodology has been developed which uses
Tagg values in a rigorous way from the point of view of accounting for the mass or, strictly
speaking, the activity balance of a radionuclide within a forest ecosystem. This preliminary
step in the development of dynamic models appropriate to forest ecosystems involved the
construction of a screening model which allowed data from each of the research groups' forest
sites to be used in a probabilistic uncertainty analysis of radiocaesium distributions in major
structural components of each ecosystem. The screening model developed is the RIFEQ
model (Figure 20) which uses a combination of aggregated transfer coefficients (Tagg values)
and biomass estimates in a mass balance calculation, described below.
In constructing the RIFEQ model it has been assumed that, for individual biological
components of the forest which can be sampled and measured, individual Tagg values can be

55



AN PA
Agenzia Nazionale per la Protezione dell'Ambiente

determined. These Tagg values relate activity concentrations of radionuclides within individual
biological compartments to the soil radionuclide inventory according to the following
definition:

_ Bq kg1 in product (eg. wood or mushroom)
agg " Bqm2 within the soil (unit m2 kg1) (1)

Similarly, the biomass of each individual compartment can be determined. In principle, Tagg

values and biomass estimates can be determined for any number of biological compartments
in the forest and, accordingly, any number of compartments can be accommodated in the
RIFEQ approach. The basic activity balance equation is simply the sum of activity inventories
(Q, Bq m2) in each compartment. Where this inventory is not known it can calculated by
multiplying the activity concentration within the compartment (C, Bq kg1) by the mass of the
compartment (M, kg m2). Hence:

QTOT = QSOIL + (C,M,) + (C2M2) + (C3M3) ... + (CnMn)

Since, for any compartment,

= TQ,SOIL

(2)

(3)

then

QTOT = QSOIL (T3QSOIL)M3 ... + (TnQSOiL)Mn (4)

Simplifying

QTOT = QSOILO+ T2M2 + T3M3 ... + TnMn) (5)

Rearranging equation 4 allows calculation of the fraction of total radionuclide deposit which
is contained within the soil CQsoii > Bq m '2) :

QSOIL -
(1+ "Î

QTOT

+ T2M2 + T3M3 ... + TnMn)
(6)

Activity concentrations in each individual compartment can then be determined using the
calculated value for Qsoii and the Tagg value appropriate to that compartment (equation 2). To
take into account losses due to radioactive decay following contamination of a forest the
following general equation can be used to determine the activity balance at any time after
contamination.
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Q T O T (O)

(7)
(1+ + T2M2 + T3M3 ... + TnMn)

Soil leaching losses are not considered when using Tagg values as the depth of soil assumed is
effectively infinite when the Bq nr2 soil inventory is based on the depth of maximum soil

B) Probabilistic uncertainty analysis of radiocaesium distributions within SEMINAT forests
using RIFEQ

The computational simplicity of the RIFEQ approach allows easy "snapshot" calculations of
radionuclide distributions and activity concentrations at individual forest sites to be made, based
on easily obtainable data. Furthermore, it also facilitates the application of Monte Carlo
methods to calculate the likely ranges and distributions of radionuclide inventories and activity
concentrations in notional compartments of the forest ecosystem, based on ranges and
distributions of measured Tagg values and compartment biomasses. The SEMINAT network of
forest sites has provided just such a range of estimates for major structural components of trees,
as shown in Tables 20 and 21.

Site Name

Novaggio

Tarvisio

Weinsberger

Kobernausser

Roundwood

Shanrahan

Clogheen

Lady Wood 1

Lady Wood 2

Maximum

Minimum

GM

Leaves

8.65 E-03

4.02 E-03

4.56 E-03

1.50 E-02

3.93 E-03

9.33 E-03

1.91 E-02

2.56 E-03

1.28 E-03

1.91 E-02

1.28 E-03

5.61 E-03

BIOLOGICAL <

Twigs

2.77 E-03

5.90 E-03

6.78 E-03

1.97 E-02

4.08 E-03

Nd

Nd

Nd

Nd

1.97 E-02

2.77 E-03

6.16 E-03

Branch

6.37

4.23

2.12

2.53

1.60

2.22

4.44

3.47

2.78

6.37

2.78

1.41

COMPARTMENT

Wood

E-03

E-04

E-03

E-03

E-03

E-03

E-03

E-04

E-04

E-03

E-04

E-03

Bark

2.85 E-03

3.65 E-03

6.44 E-03

1.34 E-03

1.06 E-03

2.11 E-03

4.00 E-03

4.24 E-03

2.78 E-03

1.34 E-02

2.11 E-03

4.62 E-03

Trunk Wood

4.11

7.70

1.61

2.15

3.06

1.89

4.76

3.49

2.78

4.76

2.78

1.45

E-03

E-04

E-03

E-03

E-03

E-03

E-03

E-04

E-04

E-03

E-04

E-03

Table 20.
Tagg values (m2 kg1) determined for major components of trees at each of the SEMINAT sites.

(GM = geometric mean, nd = not determined)
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Site Name

Novaggio

Tarvisio

Weinsberger

Kobernausser

Roundwood

Shanrahan

Clogheen

Lady Wood 1

Lady Wood 2

Maximum

Minimum

CM

Leaves

2.38

1.60

8.73

8.96

6.97

3.58

2.10

3.82

1.11

6.97

2.38

1.23

E-01

E+00

E-01

E-01

E+00

E+00

E+00

E-01

E+00

E+00

E-01

E+00

BIOLOGICAL COMPARTMENT

Twigs I

3.59

1.79

4.25

4.32

1.10

6.00

7.00

E-01

E+00

E-01

E-01

E+00

E-01

E-01

Nd

Nd

1.79

3.59

6.60

E+00

E-01

E-01

Branch

1.44

i Wood

E+00

Nd

4.24

4.23

7.82

2.23

1.89

2.82

5.54

7.82

4.23

1.84

E-01

E-01

E+00

E+00

E+00

E+00

E+00

E+00

E-01

E+00

Bark

8.91

1.98

1.44

2.48

1.58

7.20

6.30

1.03

1.59

2.48

6.30

1.25

E-01

E+00

E+00

E+00

E+00

E-01

E-01

E+00

E+00

E+00

E-01

E+00

Trunk Wood

3.92

1.86

1.20

1.71

4.55

2.24

2.26

2.68

5.51

5.51

3.92

2.00

E+00

E+01

E+01

E+01

E+01

E+01

E+01

E+01

E+01

E+01

E+00

E+01

Total

6.84

2.39

1.52

2.13

6.30

2.95

2.79

3.10

6.33

6.33

6.84

2.60

Tree

E+00

E+01

E+01

E+01

E+01

E+01

E+01

E+01

E+01

E+01

E+00

E+01

Table 21.
Biomass densities (kg m2) of major components of trees at each of the SEMI NAT sites.

(GM = geometric mean, nd = not determined)

The maximum, minimum and geometric mean (GM) values shown in Tables 20 and 21 were
used to define triangular probability distributions of Tagg and biomass for use in a probabilistic
calculation of the likely range of radiocaesium distributions in forest ecosystems of different
types. For the purposes of the analysis an initial total deposition of lkBq kg1 was assumed. Only
tree compartments are included in the calculations shown here because an earlier analysis (Shaw
and Belli, 1999) had indicated that, even in extreme circumstances, the percentage of the total
ecosystem radiocaesium inventory contained within fungi (mushrooms), understorey vegetation
and animals is not likely to exceed approximately 5%, due to their generally low biomass
densities. Even in the case of trees at the SEMINAT sites, for which the maximum biomass
density was very high at 63 kg m2, the results (shown in Figures 21 and 22, with geometric
means and standard deviations presented in Table 22) indicate that the majority of radiocaesium
is expected to reside within the soil compartment (approximately 97% in the most extreme case)
with a probable maximum percentage distribution of approximately 25% of radiocaesium in the
standing biomass of trees. Of this percentage, up to 15% may be contained within the bole
wood (the most economically useful component of the tree) despite the relatively low activity
concentrations of radiocaesium in wood.

The results of these calculations of radiocaesium activity concentrations and distributions with
forests give important insights into the relative radioecological significance of individual
compartments with respect to the development of dynamic models (site-specific calculations of
radiocaesium distributions using RIFEQ are intended to assist with the calibration of dynamic
models). These results also begin to provide answers to straightforward management questions
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such as the potential feasibility of suggested countermeasures within the forest (Guillitte et al.,
1994). For instance, the removal of any contaminated plant/tree tissues from a contaminated site
will result in some reduction in the total radionuclide inventory at the site - this is the principle
of phytoremediation. However, it is clear from the geometric means of predicted percentage
radiocaesium distributions in tree tissues (Figure 21 and Table 22) that, in the long term after
deposition, harvesting of all tree tissues from contaminated forests would, on average, remove
only approximately 7.5% of the total radiocaesium inventory from the site as a whole. It is
possible that at special, fast growing "forest" sites (eg. short rotation coppice) successive
harvests over a period of less than 30 years (the radioactive half life of 137Cs) could be an
effective remediation measure, but this is not likely to be the case for most forest sites
contaminated with l37Cs.

BotoWood

0 2 4 6 8 10 12 H 16

* Dtebrtfaution
In Son

Pwc*ntag« DtatfDMitiwt

1,0 1,5 1,0 1.1

Figure 21.
Percentage distributions of radiocaesium in major structural components of forests

calculated using the RIFEQ model in Monte Carlo mode
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Soil

Needle

Branch Wood

Bark

Bole Wood

Needle

Branch Wood

Bark

Bole Wood

GM
Percentages

9.09E+01

1.71 E+00

6.24E-01

7.92E-01

4.30E+00

(Bq kg ')

7.02E+00

2.10E+00

5.66E+00

1.77E+00

GSD

1.04E+00

2.13E+00

2.18E+00

1.58E+00

1.90E+00

1.61E+00

1.76E+00

1.45E+00

1.60E+00

Table 22.
Geometric means (GM) and geometric standard deviations (GSD) of distributions of

percentages and activity concentrations of "7Cs in forest compartments calculated using
RIFEQ in probabilistic mode (see Figures 21 and 22 for full distributions)
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Figure 22.
Distributions of radiocaesium activity concentrations in major structural components

of forest calculated using the RIFE model in Monte Carlo mode
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C) Sensitivity analysis of the RIFEQ model
Since predictions of radionuclide activity concentrations and inventories within each biological
compartment of the RIFEQ model depend on only two parameters (Tagg and biomass) a
sensitivity analysis of the model is unlikely to yield unexpected insights into the model's
behaviour. Nevertheless, understanding the relative sensitivities of Tagg and biomass values in
controlling the model predictions is important. Furthermore, predictions of the radionuclide
activity concentration and inventory within the soil compartment depend on the Tagg and
biomass values of all compartments and it is informative to determine which biological
compartments are likely to influence the soil compartment most.
The results of a sensitivity analysis of the RIFEQ model, performed using the same triangular

distributions of Tagg and biomass
values used previously, are shown in
Table 23. From this it can be seen that
the soil inventory (QSOJI) is most
strongly influenced by uptake of
radiocaesium from the soil into the
bole wood, the principal biological
reservoir for radiocaesium according
to Figure 21. The next most important
biological reservoir is the
needles/leaves of trees and the mass of
needles/leaves is, accordingly, the
third most sensitive parameter
influencing the soil inventory. In
general, radiocaesium inventories
within tree compartments are
influenced to a similar degree by both
the biomass and Tae2 value of the
compartment in question. Activity
concentrations of tree compartments,
however, are influenced exclusively
by the Tagg value, indicating the
importance of having good estimates
of Tagg when carrying out calculations
of this type.

Forecast

Endpoint

Qsoil

Cleaves

*-<branch

Qbark

Qwood

Qoii

Meaves

^-branch

Cbark

^-wood

Results

Identity of most sensitive parameters and

% contribution to forecast variance

' wood
41

M leaves
61

' branch

50

Tbark

69

' wood

54

' wood
99

'leaves

99

' Ibranch

99

Tlbark
98

' Iwood

99

""wood ^leaves ' leaves
34 13 8

'leaves
38
Mbranch
49

Mbark
30

'Vwood
46

Table 23.
of sensitivity analysis of RIFEQ model

The RIFE1 model

A) Model description
While the RIFEQ screening model can provide simple answers to forest management questions
and is useful in assisting with calibration of dynamic forest models, it does not itself provide a
tool for interpreting and forecasting radionuclide behaviour in forests on a time-dependent basis.
For this reason the RIFE1 model has been developed and was initially based on data obtained
from experimental studies in the Chernobyl 30 km zone and the Republic of Ireland (Belli et
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aL, 1996). The data requirements for RIFE1
are reasonably modest and it is this model
which can be considered the 'workhorse' of
the three RIFE models. The level of
complexity represented by RIFE1 is intended
to be sufficient to provide information which
may be required for making basic decisions
on the management of contaminated forests.
Uncertainties surrounding such decision-
making are of obvious importance and RIFE1
can thus be operated in either deterministic or
probabilistic modes.
RIFE1 consists of five compartments, each of
which represents a discrete radionuclide pool
within a major compartment of the forest
ecosystem (Figure 23). These radionuclide
pools are interconnected by fluxes which can
be related to actual, physical fluxes of a
radionuclide within a forest, as shown in
Figure 23. Each flux is treated as a first order
rate process which can be represented by a
rate coefficient, as described in Table 24.
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L _
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Tree
Internal
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Soil

Mineral
Soil

i
Figure 23.

Structure of the RIFE 1 model

Symbol Description Dimension

ki Foliar absorption rate coefficient y 1

k2 Foliar loss rate coefficient y 1

k3 Tree root absorption rate coefficient y '

k4 Tree canopy weathering rate coefficient y 1

k5 Rate coefficient of migration from soil litter layer y 1

k6 Rate coefficient of migration f rom organic soil horizons y 1

k7 Rate coefficient of migration from mineral soil horizons y 1

A, Rate coefficient of radioactive decay y 1

Tagg Soil-to-understorey or mushroom transfer coefficient m2 kg 1

Table 24.
Identification and description of first order rate coefficients used in RIFE1

While discrete horizons are often highly developed in forest soils, RIFE1 simplifies the
representation of the soil profile by aggregating organic and mineral layers into single
compartments. Similarly, trees are aggregated into external (surfaces) and internal components,
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with the latter representing the entire radionuclide pool within the tree taken up by either root
or foliar absorption. RIFEQ calculations have shown convincingly that the tree and soil
components of the forest ecosystem account for the majority (>95%) of the total radionuclide
inventory within the forest (other biological compartments are discussed below). Thus, the
system of five compartments within RIFE1 is intended to account for the effective total activity
balance within the forest ecosystem. A system of five differential equations, which implicitly
account for the activity balance within the five compartments, can be written as follows.
The RIFE1 model solves these equations simultaneously using a numerical integration method

dt
= I, - (Ic! + k4 + A,)QT (8)

dQ2

dt

dQ3

dt

dQ4

dt

dQ5

dt

l2

k5

K

Q , +

• , ,

Q 3 -

Q 5 -

k3

Q1

(k3

(k7

k3Q4 - (k2+ X)Q2

A.)Q4

(9)

(10)

(11)

(12)

(2nd order Runge-Kutta). This allows the time-dependent behaviour of radionuclides within the
five compartments to be calculated for either simple initial conditions, such as pulse inputs into
a single compartment, or for more complex initial conditions, such as time-varying inputs to one
or more compartments. Thus, the RIFE1 model is intended to allow predictions of radionuclide
behaviour in forests following contamination from a Chernobyl-type accident, or during a
complex history of deposition such as that which may be experienced as a result of continuous
releases from nuclear facilities or due to atmospheric weapons tests. These numerical solutions
are deterministic and take no account of possible uncertainties in the values of rate coefficients
or other input parameters. For this reason, steady-state analytical solutions to equations 8 to 12
have been obtained, as follows:

When
dQ

dt
= 0, assuming no radioactive decay (ie. 1= 0):

Qt =
k4

(13)
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Q2 =

Q3 =

Q4 =

Qs =

M i + >2)

l2

k4) k2k2k6

k5 k5(k, + k4) k5k6

l1 + l2

K

I1 + I2

(14)

(15)

(16)

(17)

Probabilistic uncertainty analysis of these five steady state equations is relatively
straightforward and is described below.

B) Calibration of RIFEl
The SEMINAT project was designed as an integrated programme of measurements and
modelling and the network of forest measurement sites across Europe was designed to provide
information which could be employed directly in model calibration. Accordingly, site-specific
calibrations of the RIFEl model have been obtained for the sites shown in Table 25.

Site

Novaggio

Tarvisio

Weinsberger

Kobernausser

Roundwood

Clogheen

Shanrahan

Kruki

Max

Min

CM

k2
(y1)

3.85E+00

2.27E+00

5.06E+00

5.06E+00

2.31 E+00

2.31 E+00

2.31 E+00

1.73E+00

5.06E+00

2.27E+00

3.10E+00

k3
(y1)

6.93E+01

1.98E+01

6.93E+01

1.39E+01

6.93E+00

5.78E+00

1.07E+01

1.39E+01

6.93E+01

5.78E+00

1.78E+01

k4
(y1)

4.50E-01

4.50E-01

4.50E-01

4.50E-01

4.50E-01

4.50E-01

4.50E-01

4.50E-01

6.40E-01

2.50E-02

4.50E-01

Table 25.

k5
(y1 m1)

3.69E+01

9.24E+01

1.24E+02

7.70E+01

1.85E+01

5.25E+01

6.66E+01

6.00E+01

1.24E+02

1.85E+01

5.76E+01

k6
(y1 m-1)

1.98E+02

2.11E+02

1.24E+02

1.73E+02

2.20E+02

8.45E+01

1.52E+02

1.54E+02

2.20E+02

8.45E+01

1.59E+02

k7
(y1 m-')

3.40E+03

5.55E+02

7.70E+03

5.55E+03

3.47E+03

4.33E+03

4.05E+03

6.93E+02

7.70E+03

5.54E+01

3.37E+03

Estimated values of RIFEl half times obtained, by calibration, from the sites indicated
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In total, 7 sites from the SEMINAT network have been used to calibrate RIFE1. Data from these
sites provided 'snapshots' of 137Cs distributions in forests for single years between 1996 and
1998, depending on the site concerned. Calibrations were made by, first, estimating soil
leaching rates (k5, k6 and k7). This involves numerical optimisation of a fit of the Batemann
equations of sequential exponential decay to an observed profile of activity inventories within
defined soil horizons at a specified time after deposition. Estimates of k2 were provided
directly by flux measurements at most sites. For the Clogheen and Shanrahan sites, for which
such estimates were not directly available, the k2 estimate from the nearest site (Roundwood)
was adopted. A best estimate and range of possible values of k4 was obtained from the literature
(Bunzl et aL, 1989). Finally, k3, which is almost impossible to measure experimentally in
mature trees, was estimated by adjusting this parameter until a best fit was achieved. Estimates
of kl are impossible to obtain from the SEMINAT field measurements or from the literature: the
rate was retained within the RIFE1 model for completeness though, by default, it is set to zero.
The potential importance of kl is explored below.

RIFEITreeExt

R1FE1 Litter

RIFEIMinSoil

KrukiOrgSoil

Tree Internal

RIFEHreelnt

RIFEIOrgSoil

• - • - - K r u k i Litter

-O- -Kruk i MinSoil

1.00E+03

1.00E-01

10 15 20 25

Figure 24.
Time courses of "7Cs contamination at the Kruki site in Belorus and RIFE1

predictions after calibration

One possible concern in calibrating a dynamic model to data obtained for single points in time
is that the rates so obtained might not be representative of all time periods. A further, more
general, concern of using first order rate kinetics to describe the behaviour of an ecosystem
such as a forest is that such systems are often intrinsically non-linear in their behaviour. A
model such as RIFE1 is intended to provide no more than a good approximation of the system
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behaviour, though, for the model to be suitable for its purpose, it must be demonstrated that
the it can reproduce the overall kinetics of radionuclide behaviour in a forest over a significant
time period. As part of a linked project, data were obtained from a heavily contaminated site
(Kruki) in one of the exclusion zones in Belorus by courtesy of the Belorussian Forestry
Institute, Gomel (Dvornik and Zhuchenko, pers. comm.). These data covered the seven year
period between 1992 and 1998, inclusive, and were obtained for a forest plantation of Pinus
sylvestris. The results of the model calibration, shown in Figure 24, give confidence that the
system of first order differential equations, assuming constant rates of transfer between
compartments, provides a firm basis on which to model radionuclide dynamics in forests. This
calibration also provided another group of estimates of rate coefficients on which to base an
uncertainty analysis of RIFE 1.
Finally, the maximum and minimum values and the geometric means (GM) of all the rate
coefficients obtained by calibration (8 sites) were determined and these are shown in the
bottom three lines of Table 25. These estimates were used to define triangular probability
distributions of values for each rate coefficient (with the GM as the most likely value) for use
in the probabilistic uncertainty analysis described below.

C) Probabilistic uncertainty analysis of soil-to-tree Taeg values using RIFE1
As described above, the determination of analytical steady state solutions to the RIFE1
differential equations greatly facilitates the application of Monte Carlo methods to determine,
probabilistically, the effects of uncertainties in input parameters on model predictions. Such
an analysis has been carried out using the triangular distributions of rate coefficients described
in the previous section. Since steady state is never actually likely to be achieved under natural
conditions, however, the steady state inventories and activity concentrations of individual
forest compartments are somewhat academic and are not presented here. However, it is
possible to predict ratios of these values, in other words transfer factors, which are of more
general applicability and which, when compared to the transfer factors measured at the
SEMINAT sites, can provide an assessment of the accuracy and precision of RIFE1
predictions using the available calibration data. Perhaps the most relevant transfer factor in the
context of the SEMINAT project is the soil-to-
tree Tagg value (equation 1). The range of tree 80 f —
Tagg values computed probabilistically by
RIFE1 can be compared to those measured at
SEMINAT forest sites as a measure of the
accuracy and precision of RIFE1 predictions.
Furthermore, the calculated distribution of Tagg

values can be used in simpler screening models
such as RIFEQ which gives further value to
RIFE1 as a tool which can be used both to
make dynamic forecasts of radionuclide
distributions in forests as well as to assist in
cross calibration between models. Figure 25
shows the frequency distribution of soil-to-tree
Taag values predicted probabilistically using
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Figure 25.
Distribution of soil-to-tree Tagg values for
radiocaesium calculated using the steady
state RIFEQ model in Monte Carlo mode
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the steady state solutions to RIFE1 equations. The distribution is approximately log-normal,
as expected from analysis of published soil-to-tree Tago values, with a GM of 6.03 x 10°
m2kg-'.
The accuracy of this prediction can be seen to be acceptable by comparison with values
reported from independent measurements in Sweden of 1.00 x 103 m2 kg1 (Avila, 1998) and

2.00 x 103 to3.00 x lO"3m2 kg1 (Ravila, 1998). For
an assessment of the precision of these Tagg

predictions, Table 26 provides a comparison of
measured and predicted Tagg value minima, maxima
and GMs. The close level of agreement between

| measured and predicted value ranges and GMs
T a b l e 26> | gives confidence that the RIFE1 calibrations, based

Tree TaBff values measured at SEMINAT sites ' , r „ _ , „ . . „ . .. . .
(all tissue considered) compared with Tagg j o n d a t a f r o m SEMINAT sites, are realistic in terms
values predicted using RIFE1 in probabilistic \ of both accuracy and precision.
mode at steady state (GM = geometric mean) I

Maximum
GM
Minimum

Predicted

5.61 E-02
6.03E-03
6.31 E-04

Measured

1.09E-02
3.18E-03
8.96E-04

D) Sensitivity analysis of the RIFE1 model
As well as triangular probability distributions of rate coefficients, similar probability

distributions of soil horizon
depths and bulk densities
were constructed from
SEMINAT forest site data to
allow a full sensitivity
analysis of the the RIFE1
model.

In total, 11 model endpoints
were assessed in the
analysis, consisting of five
activity inventories (Ql to
Q5), five activity
concentrations (Cl to C5)
and the soil-to-tree Tagg

value, as described in the
previous section.
The results of this analysis
are shown in Table 27, in
which the sensitivities of
parameters influencing each
endpoint were identified and
ranked on the basis of their
contribution to the variance
of the predicted value of the
endpoint.

Forecast
Endpoint

Qi

Q2

Q3

Q4

Q5

C-\

c2

c3

Q

c5

agg

Identity of most
% contribution
k4
74
k3
55
ks
89
k6
99
k7
100
M t r e e

74
k3
36
k5
46
ke
43
k7
90
k3
43

'"tree
25
ke
32
k3
8

k4
16
M t r e e

35
D|it

37
Dorg
33
'-^min
6
M t r e e

43

: sensitive pai

to forecast v;

k2
12
k6

3

Mree
10
k6
21

Hit
12
rorg
24
' min
3
k3
12

ame
ariai

k2

ks
1

ki

Table 27.
Results of sensitivity analysis of RIFE1 performed assuming steady state conditions
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In the case of compartment 1, the external surface of the tree, the rate coefficient of foliar
weathering (k4) is clearly an important parameter for the prediction of both the activity
inventory and the activity concentration. For the latter prediction, however, it is the biomass of
the tree compartment which is most sensitive, which underlines the importance of obtaining
good biomass estimates when attempting to calibrate to, or model predictively, a specific site.
In the case of the internal tree tissues, compartment 2, the rate coefficient of root uptake is the
most sensitive parameter, though for predictions of activity concentrations of internal tree
tissues the tree biomass is almost as important as the root uptake rate.
For the soil layers, compartments 3, 4 and 5, the rate coefficient of loss from each layer by
vertical migration is the most sensitive parameter controlling predictions of both activity
inventories and activity concentrations. For litter, organic and mineral soil layers, it is clear that
values of layer thickness and bulk density are also very important in controlling predictions of
activity concentrations. This underlines the necessity for accurate site specific data on basic soil
characteristics if successful forecasts of soil contamination are to be made.
Finally, predictions of the soil-to-tree Tagg value are most sensitive to the root uptake rate
coefficient (k3) and the biomass of the tree. Root and foliar absorption rates are the most
difficult parameters to evaluate for use in a model such as RIFE1, though this sensitivity
analysis clearly shows the importance of obtaining good estimates for at least k3. Since kl
(foliar absorption rate coefficient) was set to zero throughout this analysis its sensitivity is
impossible to evaluate here. However, its potential influence on predictions over the short to
medium term is assessed below.

E) The potential significance of foliar absorption assessed using RIFE1
Since no measurements of the rate of foliar absotpion of radionuclides were made during the
SEMINAT project (such measurements are also very rare in the literature due to the difficulty
of making experimental measurements of this process) a sensitivity analysis was performed to
determine the potential significance of foliar absorption on the contamination of the internal
tissues of trees.
Two scenarios were considered in this analysis. The first assumed that the degree of root uptake
was very low due to either fixation of the radionuclide in the soil or due to the radionuclide
being associated with an insoluble matrix such as a hot particle. This situation has been found
within the 10km zone surrounding the Chernobyl reactor. In a previous study, a rate coefficient
for tree root absorption (k3) of 0.006 y1 was determined for a site situated 5 km to the south of
the Chernobyl reactor in which many hot particles were present. This contrasts with a
rate coefficient of 0.12 y1 for the Clogheen site (Ireland) in the SEMINAT study.
RIFE1 calculations were made of the contamination of internal tree tissues assuming a range of
foliar absorption rate coefficients (from 0 to 0.1 y') when tree root uptake was either rapid (0.12
y') or slow (0.006 y1), and the results are shown in Figure 26. In the case of slow root uptake
(Figure 26 (a)) foliar absorption clearly has the potential to modify the uptake kinetics of the
whole tree considerably: the highest foliar rate absorption coefficient resulted in an almost
immediate peak in internal tree activity following external contamination, followed by a steady
decline over 2 to 20 years. This contrasts with the usual pattern of a steady rise to a peak in
internal tree activity approximately 5 to 10 years following contamination. This pattern was
seen consistently in all simulations of radionuclide uptake in trees with a rapid root uptake
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rate, even when the foliar absorption rate was increased to its highest assumed value, 0.1
y1 (Figure 26 (b)).
These striking effects of foliar absorption in trees with low root uptake of radionuclides were
indicated by the results of Tikhomirov et al. (1994) which indicated that, in sandy soils of the
Chernobyl 30 km zone in which hot particles are locally abundant, a rapid peak in the
radiocaesium activity of wood was followed by a steady decline over the period of 1987 to 1990
for which measurements were reported.
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Figure 26.
Results of a sensitivity analysis using RIFE1 to demonstrate the potential effects of foliar
absorption rate on internal tree contamination when root uptake is low (a) and high (b)

F) Validation of the RIFEl Model
Calibration and validation of radioecological models such as RIFEl are mutually exclusive
activities. In other words, site specific data which have been used to estimate model
parameters cannot then be used to "validate" the model: since the model has been
"conditioned" using data from the same site it is to be expected that a near perfect prediction
can be made of data obtained from the same site, even if those data are obtained after the
initial model calibration has been made. A true validation of any model should be made
"blind". In practical terms this means that, aside from being provided with site characteristics
(information, such as tree type and age, soil type and properties: ie. parameters which could
be measured easily in any site investigation prior to contamination) the model should not have
been conditioned with any data directly connected with the state variables (activity inventories
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and/or activity concentrations) to be predicted for that site. Validation of the RIFEl model,
described below, has been carried out using two different scenarios, in both of which the
model was not previously tuned to the sites concerned.

Validation Case I: Long-Term Atmospheric Deposition to Lady Wood, UK
First, distributions of radiocaesium in Sitka Spruce trees and soils at the Lady Wood site in the
UK, which has received a complex pattern of atmospheric deposition of 137Cs and other
radionuclides from Sellafield since the beginning of the 1950s, were determined in 1997. These
distributions were not used in the RIFEl calibrations described above, although they have been
used in the RIFEQ model (see Tables 19 and 20). Using a historical record of atmospheric
concentrations of D7Cs above Lady Wood (kindly provided by Westlakes Scientific Consulting
Ltd.) as an input file, the RIFEl model was run over a period from 1950 until 2000 and the
predicted and observed l37Cs distributions in 1997 compared. Figure 27(a) shows the historic
record of '"Cs deposition rates from the atmosphere over Lady Wood, calculated from the
historic air concentrations and a local estimate of deposition velocity. Three major pulses of
deposition can be seen: the first, in 1957, is due to the Windscale accident, the third, in 1986,
is due to Chernobyl while the third is due to an unspecified event in 1979. Figure 27(b) shows
the time courses of 137Cs inventories in trees and soil at Lady Wood predicted for the site by
RIFEl using the geometric means of rate coefficients from SEMINAT sites tabulated in Table
24. Finally, the comparison between predicted and observed distributions of l37Cs in 1997 is
shown in Figure 28 in which summary activity inventory data are also given. It can be seen that
the disparities between activity inventories measured in 1997 and those predicted by RIFEl are
generally of the order of a factor of 2. Considering that the RIFEl calibration was based on site
data taken over a short time period, the ability to reproduce, within a factor of 2, the
distributions of l37Cs in a forest ecosystem exposed to over 40 years' complex history of
atmospheric deposition is noteworthy. This long-term validation gives confidence that the first
order rate coefficients determined from short term studies can be used for longer term
predictions. Figure 28 also shows that the RIFEl model can be further "tuned" to give almost
exact predictions of the Lady Wood ll7Cs distributions.
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Figure 27.
Time courses of a) 137Cs deposition rates and b) partitioning within forest

compartments at the Lady Wood site, adjecent to Sellafield, predicted
by RIFEl during the period 1950 to 2000
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Predicted and measured partitioning of "7Cs within forest compartments at the
Lady Wood site, adjacent to Sellafield, 1997

Data
Model

6.83E+02
1.16E+03

1.42E+04
5.14E+03

1.30E+03
5.84E+02

1.37E+04
2.36E+04

Validation Case II: Results Submitted to the IAEA's BIO MASS Programme, 1999
The RIFE1 model was put forward, in 1999, to be tested in a blind validation exercise
conducted under the activities of the Forest Working Group of the IAEA's BIOMASS
exercise.
The scenario was based on a Pinus sylvestris forest situated in the Zhitomir region of
Ukraine. The site received a total dry deposition of 555 kBq 137Cs nr2 on 1st May, 1986 and
measurements of redistribution of this isotope were made from 1991 to 1998 by the
Laboratory of Forest Radioecology of Polesskaya Forest Scientific Research Station,
UkrSRIFA. The validation exercise required calculations to be made using information on
site characteristics only and results were presented at a meeting in Stockholm (April, 1999)
in which all participants were present.
Figures 29(a) and (b) show the results of the RIFE1 predictions plotted alongside the
previously unseen data. Predictions of time courses of B1Cs activity concentrations (on a dry
weight basis) in organic and mineral soils were generally good, especially so for the organic
horizons. RIFE1 did over-predict the time course of activity concentration of litter by
approximately one order of magnitude, however. Calculations of activity concentrations in
forest litter are very sensitive to estimates of litter layer thickness and bulk density (see the
results of the sensitivity analysis above) and it is possible that this discrepancy between
predicted and observed values for litter were due to this factor. RIFE1 predictions of 137Cs
activity concentrations in tree tissues were generally satisfactory, particularly in the case of
bark and wood. It should be noted that, to calculate activity concentrations in individual tree
tissues, a ratio of activities is assumed between needles, bark and wood, based on measured
activity concentrations of these tissues. The average activity concentration of compartment
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2 ("tree internal") can then be partitioned accordingly.

The RIFE2 Model
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Figure 29.
Results of a blind validation exercise using data from a Pinus sylvestris forest plantation
in Zhitomir, Ukraine. RIFE1 was put forward with several other models to be tested as

part of the IAEA's BIOMASS Forest Working Group activities
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The development of RIFE2 has been a natural progression from RIFE1 in which the perceived
level of reality of the model (particularly amongst experimental radioecologists) is limited by
its relatively small number of compartments. RIFE2 can be considered to be a research model,
useful for examining dynamic patterns of radionuclide distributions within forests on a more
complex basis than is required for making basic forest management decisions. This model has
been designed to be operated in deterministic mode only since establishment of parameter
distributions for RIFE2 is difficult.
The structure of RIFE2 is shown in Figure 30. The key objective in adopting this structure is
that it should reflect the level of detail at which individual research groups within SEMINAT
are making field measurements. Initially, the soil was subdivided into three compartments,
accounting for the litter layer (01), the organic horizons (Of and Oh) and the underlying mineral
horizons, as in RIFE1. However, the current structure of RIFE2 comprises six soil layers: the
user can define the individual thicknesses and bulk densities of these to suit the needs of any
particular assessment. The remaining four dynamic compartments are devoted to different
components within trees. Of these, bark and wood were not previously represented within the
RIFE1 model. The importance of being able to make calculations of contamination of wood, the
major product of the forest, is obvious. Bark is included as it has been found to be a significant
repository for radionuclide contamination within the tree.
The use of six out of a total of ten compartments to represent the soil is justified on the basis of
the RIFEQ calculations presented in Figure 21. Soil migration has been found to be one of the
key processes controlling contamination of mushrooms and understorey vegetation (Ruehm et
al., 1996). The mushroom and understorey compartments are not included as part of the
dynamic structure of the RIFE2 model and therefore are not taken into account as part of the
system mass balance. This is also justified on the basis of the RIFEQ calculations (Figure 21).
Contamination of mushrooms and understorey vegetation is calculated using transfer factors or
Tagg values, which are modified according to the distribution of the fungal mycelium or the
understorey root system within the six soil layers. These distributions can be specified by the
user, as can the distribution of tree roots. Thus, the modelling approach developed for
mushrooms within the transfer factor chapter of the SEMINAT project can be accommodated
directly within the RIFE2 model.
Fluxes of radionuclides through the ten dynamic compartments are represented mathematically
as a series of coupled first order differential equations, as in RIFE1. RIFE2 allows the user to
solve these equations for a variety of initial conditions (distributions of radionuclides within the
system can be specified before running the model) and for the case of a single pulse input or for
chronic deposition from the atmosphere over any number of years. For the latter, specific input
files must be used. Currently, time-dependent input files are available for Lady Wood near
Sellafield in the UK and Hoglwald in Bavaria, Germany. Solution of the model's differential
equations is carried out by numerical integration using a Runge-Kutta method and mass balance
of radionuclides introduced into the system is automatically accounted for.
The main shortcoming of the RIFE2 model is that it is more difficult to calibrate than the
previous two models because of the requirement for more detailed information on radionuclide
fluxes in the forest ecosystem. Ideally, detailed time course data should be used for such
calibrations, but these data are especially hard to acquire, particularly over the long term, as
described above. Of the 8 sites for which calibrations of RIFE 1 have been obtained (Table 24)
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only 3 have been addressed using RIFE2. These are Tarvisio (Italy), Weinsberger (Austria) and
Roundwood (Ireland). The calibrated half times obtained for individual model transfer
pathways at these sites are presented in Table 28.
The RIFE2 calibrations presented in Table 5.1.10 have carried out in a similar way as RIFE1
calibratins were obtained. First, a numerical fitting procedure was used to estimate soil leaching
rates (k8 - kl3) using the Batemann equations. Values for canopy leaching (k4), the weathering

I Deposition from Atmosphere

Bark
Leaf
External

'Leaf
Internal Wood

Mushrooms

Understorey

Figure 30.
Structure of the RIFE2 Model

of external tree surfaces (kl and k2), and tree root uptake (k5) were all taken directly from the
RIFE1 calibrations, as these shoud be identical between the models. The rate coefficients
controlling radionuclide incorporation into and export from wood were based on approximate
estimates and held constant for each of the sites. Finally, as in the case of RIFE, foliar
absorption was essentially ignored due to lack of data on this process, and the rate coefficient
was set to zero.
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Tarvisio Weinsberger Roundwood

k1
k2
k3
k4
k5
k6
V.7
k8
k9
k10
k11
k12
k13

0.45
0.45

2.27
1.98
2.00
5.00
1.21
1.71
2.73
5.18
1.77
3.50

0.45
0.45

5.06
69.30
2.00
5.00
4.72
4.92
4.72
2.90
1.87
3.50

0.45
0.45

2.31
6.93
2.00
5.00
1.22
1.03
2.03
11.49
8.84
3.50

Table 28.
Half times determined for RIFE2 transfer pathways at sites in Italy, Austria and Ireland

One critical element to RIFE2 is the facility to represent different root distributions within
different soil layers. Literature values are available on tthe vertical distributions of tree roots,
but at none of the SEMINAT sites were actual root distributions determined. An arbitrary root
distribution was therefore adopted and hald constant at each of the three sites addressed using
RIFE2. This distribution was as follows:

Litter
Fermentation horizon
Humified horizon
1st mineral horizon
2nd mineral horizon
3rd mineral horizon

(01)
(Of)
(Oh)

0%
20%
50%
20%
10%
0%

Since this distribution is arbitrary and is likely to vary between sites (and even within sites)
the calibration of tree uptake and re-distribution rates was not "fine-tuned" to the observed
radiocaesium distributions at each site. Nevertheless, the agreement between predicted and
observed radiocaesium distributions at the three sites was good (see Figure 31).
For future users of RIFE2 it is recommended that precise individual calibrations are sought
for individual sites of interest. These calibrations should include information on the vertical
distributions of tree roots, as well as the roots of understorey vegetation and fungal mycelia,
all of which are required by the model. Given our current state of knowledge of
radioecological process within forest systems it is considered that the level of complexity
represented by RIFE2 is at the limit of what can be achieved with respect to the available data.
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Figure 31.
Predicted and observed 137Cs distributions in the 10 forest

compartments represented by RIFE2. Predictions were made for
Tarvisio (Italy), Weinsberger (Austria) and Roundwood (Ireland)

2.4.2. Meadow ecosystems

The Rabes model

Model description
Rabes Model (Radionuclides Behaviour in Soil) (Velasco et al., 1993, Velasco et al., 1997) is a
mathematical model to study the vertical migration of radionuclides in an undisturbed soil
profile. The model has been calibrated using radiocaesium concentrations attributable to
Chernobyl accident in meadows located in the north-eastern part of Italy.
The model assumes that the vertical distribution of radionuclides in soil can be described by
the following equation:

C(x,t) = Q T O oc(t) exp(-a(t)x) exp(-X t) (D

where C(Bq kg1) is the radionuclides concentration at depth x(cra) and time t(days after the
initial deposition), QTO (Bq kg1 cm) (initial integrated concentration) is the definite spatial
integral of C(x,0), equivalent to the initial radionuclide deposition (Bq cm2) divided by the soil
density (kg cm3), X(d~')is the radioactive decay constant and a(cm') is called the alpha-factor
of the distribution.
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This factor is assumed to be an exponential function of the time as in the following:

j a(t) =ao exp(-ait) + (^(t) (2)

where oto, oq and ctq are the free parameters of the model. Their values are obtained in the
calibration process of the model. The physical interpretation of the parameters is the following:
oto + 0C2 (cm1) is the alpha factor value as t approaches zero,
0C2 (cm1) is the alpha factor in the equilibrium condition,
oq (d1) is the rate of change of the vertical profile.

Compartment Analysis of Rabes Model

In compartment analysis the movement of the radionuclides through the soil is represented by
a series of transfers among compartments of varying depths with uniform distribution in each
compartment. The transfer coefficients (k) represent the rate of change of the activity of these
compartments.
A compartment analysis can be developed according to the hypothesis of Rabes Model. N
compartments corresponding to n successive horizontal soil layer with increasing depth can be
considered. Figure 32 represents the ith compartment, corresponding to the soil layer situated
respectively between the Xj_] and x, depths. The radionuclide concentration in this compartment
(Ci(t)) is assumed to be the average of the radionuclide vertical distribution, eqn (1), in the
interval Xj_], x;.
According to compartment analysis , the general expression to the temporal variation of the
mean concentration in the compartment i (Ci) is:

dt

Xi-1

Figure 32.
Representation of the ith compartment corresponding to the soil layer

situated between the X M and XJ depths
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In this manner it is possible to obtain the general expression for the intercompartment
fractional transfer rates:

Xi

<x(t).

da

dt
i = xi - (3)

Equation (3) allows evaluation of the residence half-times of the radionuclide considered in
each horizon and the vertical migration velocity of radionuclides in soil.

Model calibration
The Rabes model was used to describe the vertical migration of radiocaesium in three different
areas in the Northeastern region of Italy. The main soil properties of the soils considered can be
founded in Velasco et al. (1997). The values obtained for the parameters Oo, OCi and CC2 during
the model calibration are summarised in Table 29.

Area
Area
Area

1
2
3

Oto

2.
6.
2.

(cm-1)

9E-01
1E-01
4E-01

a i (d1)

6.0E-04
2.5E-03
5.2E-04

0C2 (cm1 )

1.0E-01
2.0E-01
7.0E-02

Tarvisio - Ortigara

Table 29.
Coefficient values obtained from areas with different soil types

Validation of the Rabes model
RABES model has been validated using the data collected in Tarvisio (I) and Spitwiese (A).
Data of radiocaesium deposition during the Chernobyl accident, soil layers thickness and soil

bulk density were
the input data of the
model.
The a factors have
been chosen
comparing the soil
characteristics of the
calibration sites with
those of the sites
selected in the frame
of SEMINAT. The
good agreement
between model
prediction and
experimental data
collected in 1997
(Figures 33 and 34)
gives confidence in
the ability of the
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M Geometric mean
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Figure 33.
Tarvisio (It) - Experimental value and model prediction
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Figure 34. j
Spitwiese (A). Experimental value and model prediction \

2.4.3. Peatland ecosystems

Peatland meadows are distinct from the alpine and highland meadows already described in this
report, in that the soil is almost pure organic matter and both the pH and the cation exchange

capacity are very low. These
characteristics dictate that radiocaesium
should have a very high mobility and be
quickly lost from the system. In the
apparent absence of clay minerals, in this
soil type, radiocaesium may only have a
biological sink in this ecosystem. A model
was therefore required, independent from
RABES, to predict the long-term dynamics
of radiocaesium in this ecosystem.
The key objective of this model is to
predict the long-term behaviour of
radiocaesium in this ecosystem and provide
a basis for the development of a generic
model for peatland meadows. The model
consists of eight compartments as shown in
the conceptual structure in Figure 35. Three
of the eight compartments: Deposition, X
and Lost from site, deals with the initial
distribution of radiocaesium and its
radioactive decay. The remaining five
compartments represent the biological

•

•

•
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_
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Vegetation
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t
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So

Deep Soil
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X

X

X

X

X
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1
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te

X
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Figure 35.
Conceptual structure of Peatland model
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components of the ecosystem: an animal, vegetation and three soil compartments: Litter / Moss,
Rootmat and Deep soil. Fluxes between compartments were derived from field measurements of
B7Cs fluxes between model compartments and are represented by first order differential equations
(rate coefficients are considered constant with time). The model was calibrated with data collected
in Cavan, Ireland.

Model dynamics
The ecosystem received radiocaesium deposition from both weapons testing fallout in the 50's
and early 60's and Chernobyl fallout in 1986. Three assumptions are made about the subsequent
dynamics of both sources of deposition. Surface run-off rather than vertical migration is
assumed to be the dominant factor in losses from the soil in the months after deposition while,
in later years, the half-life of i!7Cs may be the controlling influence. Biological interception of
1?7Cs by the root mass is also assumed as a means of retention in the top of the soil profile. A
further assumption is that the biologically intercepted fraction of deposition is readily available
for root uptake and circulation in the above ground vegetation.

The first assumption was arrived at after comparing the inventories of both weapons and
Chernobyl derived '"Cs in the peatland soil and an adjacent mineral soil in 1989. Using the
correlation between integrated deposition of weapons "7Cs and rainfall for Ireland derived by
Sanchez-Cabeza (1989), it was found that levels of weapons deposition in the mineral soil
corresponded with levels predicted due to rainfall. The weapons inventory in the mineral site
greatly exceeded levels on the peatland site. Similarly, levels of Chernobyl derived 13?Cs on the
mineral site exceeded those on the peatland site. It was assumed that since there was a close
agreement between weapons deposition and that predicted by rainfall, no losses of either
weapons or Chernobyl l!7Cs from the mineral soil occurred except that due to radioactive decay.
By comparing inventories in the mineral soil with those in the peatland soil it was found that 71 %
of weapons li7Cs and 69% of Chernobyl derived "7Cs had been lost from the peatland. However,
weapons ''7Cs was lost over a thirty year period while Chernobyl l37Cs was lost over a three year
period. This suggests an initial fast process in the short term and a different, slower, process over
the longer term. Similar losses from peatlands have been identified elsewhere (Table 30).
The second assumption is based on the fact that the fraction of deposition entering the peat soil
had an initially high vertical migration rate, in the order of 7 cm per year (Mitchell et al. 1992).
However, by comparing the vertical distribution pattern of both weapons test and Chernobyl
derived "7Cs in 1996 (Figure 36), it may be observed that the rate of migration obviously slowed
dramatically after the initial infiltration. The bulk of deposition, both weapons and Chernobyl,
is retained within the rooting depth in the soil profile with small losses to the layers below. Thus,
biological interception by the roots of the vegetation is assumed to be the means by which 117Cs
is retained in the top of the soil profile.

The third assumption is derived from the fact that peatland ecosystems are low in available
nutrients and the only input of nutrients is from the atmosphere. Peatland vegetation therefore
depends on the economic recirculation of nutrients from decaying litter to maintain nutrient
capital budgets. Since radiocaesium behaves similarly to the nutrient potassium in these
ecosystems, the productivity of the vegetation and rates of leaching from the litterlayer dictate
the recirculation of L!7Cs. Approximately 75% of the B7Cs is in the biologically active
compartments of the ecosystem and the whole system is in an effective steady state.
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Comparative values for fluxes in similar ecosystems are given in Table 30.

Compartments

Weapons l37Cs loss from peat

Standing crop
Vegetation biomass

Fluxes

Productivity
Grazing
Litterfall
Decomposition

Leachate

C. vulgaris shoots
C. vulgaris S.D.
C. vulgaris wood
E. vaginatum

Our data Literature

7 1 %

kg/m2

1.024
0.326
0.377
0.321
0.045

0.164
0.0014
0.112
0.06
Bq/I
0.2

63%
57%
kg/m2

~1
0.228
0.204
0.438
0.060

kg/m2/yr kg/m2/yr

0.130

0.075
0.04
Bq/I
0.6*

a
b

c
c
c
c
c

c
d

a: Colgan et al. (1992), b: Mitchell et al (1992), c: Smith & Forrest (1978), d: Heal & Latter (1978),
e: Horrill et al., (1992), * Higher deposition found at this site

Table 30.
Comparative values for measured components of the Cavan peatland ecosystem
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Figure 36.
Chernobyl and weapons 137Cs deposition

at the Cavan site
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On the basis of the data collected and the assumptions made, the model uses two distinct
processes: 1) a fast initial physical loss and distribution to compartments and 2) a slow rate
of turnover of the biological fraction intercepted by each compartment. Deposition is
apportioned to each compartment as an interception fraction with the remainder, 69%, being
lost from the site. The interception fraction is set as the fraction of total deposition found in
each compartment in 1996 expressed on a metre square basis. Fluxes of "7Cs between
biological compartments are based on observed mass transfers between compartments and
the movement of water within the ecosystem. Thus the model has a strong mechanistic basis
with natural turnover rates as the underlying influences. The system of equations describing
the Peatland model is as follows:

dQi

dt

8Q2

dt
dQs
dt

dQ4

dt

dQs

dt

dQ6

dt
dQi
dt

dQs
dt

= a2iQ2 - + Fi -

F2 -

F3 -

F4 - A.Q4

= a45Q4 + F5 - XQ5

= - Fi - F2 - F3 - F4 - Fs - Fs

= + Fs - XQ&

Where:
Qi is Bq/m2 in the Sheep compartment
Q2 is Bq/m2 in the Vegetation compartment
Q3 is Bq/m2 in the Litter / Moss compartment
Q4 is Bq/m2 in the Rootmat compartment
Q5 is Bq/m2 in the Deep Soil compartment
Q6 is Bq/m2 of decayed radionuclides
Q7 is Bq/m2 Deposition to the ecosystem
Q8 is Bq/m2 lost from the ecosystem

Q1-Q8 have been derived from experimental activities in Cavan site.
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Fi is the fraction of deposition intercepted by each compartment.
X is the radioactive decay constant for radiocaesium
ay is the rate of transfer from the i"1 compartment to the j ' h compartment.

Rates of inter-compartment transfer were empirically derived:

a2i = Grazing (Bq/ rrrVyr) / Vegetation (Bq/m2)
ai3 = Faeces (Bq/m2/yr) / Sheep (Bq/m2)
a42 = Uptake (Bq/m7yr) / Rootmat (Bq/m2)
a23 = Litterfall (Bq/m7yr) / Vegetation (Bq/m2)
a34 = (Litter / Moss leaching + Decomposition) = 'Throughfall' (Bq/m7yr) / Litter-Moss layer

(Bq/m2)
a45 = 'Soil water' (Bq/m7yr) / Rootmat (Bq/m2)

Solution of the model's differential equations is carried out by numerical integration using
Euler's method. A 137Cs mass balance in the model is accounted for.

Output from the model
The model predictions of 137Cs /m2 in each of the compartments from Chernobyl deposition to
the site is given in Figure 37 a-d.
Comparison is made between the predicted concentrations and the observed concentrations in
each compartment as well as the physical decay of mCs in that compartment. There is very good
agreement between the model output and the observed data for each of the compartments.
However, physical decay could describe the decline in activity in each compartment with equal
validity over the short time-scale since the Chernobyl deposition event. Over a much longer
time-scale however, as is the case with weapons deposition, physical decay alone does not
describe the dynamics of 137Cs in this ecosystem (Figure 38 a-d). It may be seen that the model
predictions, based on weapons deposition to the site in the 1960's and current distributions and
fluxes, adequately describe the observed concentrations of weapons derived 137Cs in each
compartment after a thirty year time period.
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,">/ba

Figure 37.
Observed, Physical decay and Model predicted Chernobyl "7Cs (Bq/m2)

in the compartments of 1:he peatland ecosystem
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Figure 38.
Observed, Physical decay and Model predicted weapons "7Cs (Bq/m2)

in the compartments of the peatland ecosystem
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4. MAIN ACHIEVEMENTS

SEMINAT project is designed as an integrated programme of experimental data collection and
modelling. One purpose of the SEMINAT project is to identify critical transfer parameters and
quantify their influence on the persistence of radiocaesium in semi-natural ecosystems. To this
end laboratory and field experiments have been carried out.
Laboratory experiments increased the understanding of the basic processes governing the
mobility of radiocaesium in forest soil and in the rhizosphere. The main results can be
summarised as follows:
• the weathering of mica in soil generates frayed edge sites (FES), which strongly retain

radiocaesium in soil;
• the FES are, in fact, vermiculitic sites associated with micaceous wedge zones;
• weathered mica and/or mica-vermiculite intergrade appear to be the mineralogical structures

that best fix radiocaesium in soil;
• the strong heterogeneity of Cs mobility and bioavailability in the surface horizons (~ 0-20

cm) of forest acid soils are related to marked differences in both organic matter content and
mineralogical properties;

• organic matter has an indirect influence on the retention of radiocaesium by clay minerals
in that organic compounds can complex Al, and hence affect the Cs fixation capacity of
micaceous clay minerals in soil;

• the rhizospheric mobilisation of radiocaesium is essentially governed by the amount of
specific Cs+ sorbing sites and their selectivity, i.e. the radiocaesium interception potential
(RIP), a common Cs* binding characteristic in soil;

• the various soil surface horizons contribute differently to the global Cs soil-to-plant transfer
according to their mineral constitution and Cs retention properties: organic horizons (0)
exhibit a major contribution to that transfer whereas FESs control the Cs mobility in hemi-
organic ((OAh, Ah) and mineral horizons;

• K+ depletion in the rhizosphere is the main driving force in l37Cs+ uptake by plant roots.
Field experiments allowed the creation of a data set of transfer parameters from soil to forest
products (trees, mushrooms and berries) and from soil to meadow vegetation (alpine pastures,
highland and peatland meadows) for model calibration and validation. Considering the high
variability of radiocaesium concentrations in soils and plants observed in semi-natural
environments, it was of special interest to investigate the relationship between soil and plant
content of radiocaesium in an alpine pasture. The presence of such a statistically significant
relationship is an essential prerequisite of the soil/plant transfer factor concept assumed in many
environmental assessment models to predict the concentration of a radionuclide for a given
plant species at an anticipated contamination level of the soil. In the alpine pastures investigated
(Italy and Germany), increased l37Cs plant concentrations were not significantly associated with
increased 137Cs soil contents, even though the l37Cs contents in the soil there varied by one order
of magnitude and 100 data pairs were assessed in Germany. Obviously, changing plant
communities were more responsible for the 137Cs concentration in vegetation than the l37Cs
concentration in the soil.

Field data collected in forest ecosystems indicate that in the long term the majority of
radiocaesium is to be found within the soil compartment. The amount of total Cs deposition
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contained within the tree biomass ranges from 2 to 18% across the SEMINAT network of sites
with a geometric mean of 5%. Cs activity concentrations in all tree components, with the
exception of tree bole bark, are positively correlated to total deposition to soil with significance
at the 5% level. Tree components, with the exception of bole bark and bole cambium, are
positively correlated with each other with significance at the 1 % level. This last correlation
suggests that easily accessible components, such as needles, can be used in monitoring activities
as an indicator of the activity concentration of the whole tree.
Activity concentrations varied considerably among species of understorey vegetation and in the
same species between different years. The between species variability in l3'Cs and 134Cs uptake
in mushrooms is high at all sites. Between sampling dates individual species from the same site
vary, in terms of "7Cs activity concentration by up to 7 times. All data collected show that while
the variability is high, certain species tend to take up more Cs than other species. On average
symbiotic fungi exhibit transfer parameters which exceed those of saprophytic species by about
one order of magnitude. Variability within site and over time within site highlights the difficulty
of predicting '"Cs levels in mushrooms and in understorey vegetation on the basis of total soil
contamination levels. Investigations carried out in Germany show that the time dependent
activity levels in fungal fruit bodies and in understorey plants reflect the activity levels of those
soil layers in which the fungal mycelia/fine roots are located. The final structure of RIFE2
model reflect the level of detail required to achieve such predictions. However, in spite of high
values of activity concentration in understorey plants and mushrooms, these forest
compartments account for less than 1% of total "7Cs deposition to the sites.
The deliverables of the SEMINAT project are:
• A database has been created containing geo-referenced information on the experimental

sites and the results of the field and laboratory experiments. The database has been
developed as Excel file including 9 spreadsheets. The excel file includes environmental
characteristics (latitude; longitude; land use; altitude; slope; average annual rainfall; average
annual temperature; total deposition during the Chernobyl accident; vegetation
characteristics) and the experimental data collected during the SEMINAT project. Site
names permit the user to relate the information reported in the different spreadsheets of the
database.

• A suite of computer models has been developed and calibrated using data collected from
field sites in Austria, Germany, Ireland, Italy and the United Kingdom. This suite of models
is called RIFE and is intended to provide a computational framework within which the
behaviour of Radionuclides in Forest Ecosystems can be evaluated for the purposes of
nuclear accident consequence assessment and management. Users can interactively run the
RIFE models using default data set or introducing personal data sets. The models are coded
to function under the Windows95 or WindowsNT operating systems.

• Radionuclides Behaviour in Soil that was previously developed by ANPA has been
validated using data collected in Austrian and Italian semi-natural meadows. This model
evaluates the behaviour of radionuclides in soil to assess the long-term consequences of
nuclear accidents. RABES is coded to run under STELLA software in the form of a user-
friendly package.

• Peatland meadows are distinct from the alpine and highland meadows, in that the soil is
almost pure organic matter and both the pH and the cation exchange capacity are very low.

92



SEMINAT - Radionuclides in Semi-Natural Environments
Final Report 1996-1999 - EC Research Contract n°FI4P-CT95-0022

These characteristics dictate that radiocaesium should have a very high mobility and be
quickly lost from the system. In the presence of very low content of clay minerals, in this
soil type, radiocaesium may only have a biological sink in this ecosystem. A model was
therefore required, independent from RABES, to predict the long-term dynamics of
radiocaesium in this ecosystem. The model, Peatlands, calibrated with the data collected in
Ireland, is able to predict the behaviour of radiocaesium content in sheep meat.
PEATLANDS is coded to run under STELLA software
About 30 papers have been produced in the frame of the project.
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Software

1. RIFE Suite Models

A Suite of Forest
Radioecology Models

Developed by the
SEMI NAT Project

A suite of three models of Radionuclide Behaviour in Forest
Ecosystems. The three models which make up the RIFE suite are
as follows.
RIFEQ - a simple equilibrium activity balance model.
RIFE1 - a five compartment dynamic model.
RIFE2 - a ten compartment dynamic model.
Each of the models comes with its own calibration data sets derived
from the SEMINAT forest research sites, at which measurements of
radionuclide contamination from the Chernobyl accident have been
taken from 1996 to 1999. Use of each of the models is facilitated
by a series of pull-down help menus available when the software is
running.

2. RABES Model

Rabes Model (Radionuclides Behaviour in Soil) is a
mathematical model to study the vertical migration of
radionuclides in undisturbed soil profile. The model has been
calibrated using radiocesium concentrations attributable to the
Chernobyl accident in meadows located in the north-eastern
part of Italy.
RABES Model hase been validated in the frame of SEMINAT
Project using the data collected in Tarvisio (Italy) and
Spitwiese (Austria).
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3. Peatlands Model

PEATLANDS is a dynamic model of the radiocaesium
behaviour in the peatland meadow using the STELLA V5.1.1
software.
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