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PREFACE
BIOPROTA is an international collaboration forum which seeks to address key uncertainties in the
assessment of radiation doses in the long term arising from release of radionuclides as a result of
radioactive waste management practices. It is understood that there are radio-ecological and other
data and information issues that are common to specific assessments required in many countries.
The mutual support within a commonly focused project is intended to make more efficient use of skills
and resources, and to provide a transparent and traceable basis for the choices of parameter values,
as well as for the wider interpretation of information used in assessments. A list of sponsors of
BIOPROTA and other information is available at www.bioprota.org
The general objectives of BIOPROTA are to make available the best sources of information to justify
modelling assumptions made within radiological assessments of radioactive waste management.
Particular emphasis is to be placed on key data required for the assessment of long-lived radionuclide
migration and accumulation in the biosphere, and the associated radiological impact, following
discharge to the environment or release from solid waste disposal facilities. The programme of
activities is driven by assessment needs identified from previous and on-going assessment projects.
Where common needs are identified within different assessment projects in different countries, a
common effort can be applied to finding solutions.
This report describes presentations and discussions held during an international workshop on the
functioning of the geosphere-biosphere interface zone (GBIZ) held on 6 - 8 September 2011 in
Louvain la Neuve, Belgium. The workshop was financially supported by the Agence Nationale pour la
Gestion des Déchets Radioactifs (Andra, France), the Radioactive Waste Management Directorate of
the Nuclear Decommissioning Authority (RWMD) and the Nuclear Waste Management Organization
of Japan (NUMO). Technical support was provided by a wide range of organisations via presentations
and discussions as described in the report.
The report is presented as working material for information. The content may not be taken to
represent the official position of the organisations involved. All material is made available entirely at
the user’s risk.
Version History
Version 1.0: Draft report prepared by the BIOPORTA Technical Secretariat (Karen Smith and Graham
Smith) for distribution on 8 November 2011 to participants and sponsors for comment and review.
Version 2.0: Final report prepared by the BIOPROTA Technical Secretariat in light of comments
received from workshop participants. Distributed 21 December 2011.
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EXECUTIVE SUMMARY
Performance Assessments (PA) for disposal of radioactive waste and management of mining and
other industrial legacies require an assessment of the likely transfer of radionuclides from
underground to the accessible biosphere. It is often the case that systems are not considered as a
whole; rather the near field, geosphere and biosphere are treated separately. This results in an
overlap or a gap in model domains known as the geosphere-biosphere interface zone (GBIZ). The
GBIZ is not a specific feature within a system, but is a region of space that can vary depending on the
models being used and the site under assessment.
Transfer across the GBIZ is typically represented in a simplistic manner. In reality, however, the
transfer of radionuclides across the GBIZ could be very complex involving numerous inter-linked
physical, chemical and biological processes that may occur in cyclical or episodic ways.
In order to consider issues relating to the behaviour of radionuclides and other contaminants within
the GBIZ, particularly those that may be affected by changes in redox conditions, a workshop was
held on 6-8 September 2011 at Louvain la Neuve, Belgium.
The workshop involved a number of presentations relating to hydrological processes and geochemical
characteristics of the GBIZ domain, problems faced in the consideration of the GBIZ within
performance assessments and factors affecting the cycling of radionuclides and other trace pollutants
within the GBIZ.
This report describes the presentations made and related discussions during the workshop and
provides recommendations for future collaborative research and for the continued sharing of
knowledge, developed on the basis of discussions during the workshop. The main conclusions and
recommendations are summarised below.


The range of participants and presentations shows that there is considerable interest in the
technical issues in the context of radioactive waste repositories, but also in relation to the
management of NORM disposal sites and other sites linked to hazardous waste management
and disposal, for which common long-term assessment problems arise, but where
assessment experience differs. A key limiting factor in long-term performance assessments is
the availability of data for the radionuclides of interest that are relevant at the time of expected
contaminant release to the biosphere. However, a number of radionuclides of concern have
stable isotopes or analogue elements for which data and knowledge of long-term
environmental behaviour exist that may be relevant as input to the development and
application of models. There may therefore be merit in bringing together experts from each
field to facilitate the exchange of relevant knowledge and experience.



Trees (and potentially other deep-rooting plants) have a large influence on element cycling
between the geosphere (groundwater) and the biosphere and soil conditions, particularly
redox, exert a large influence on soil-plant dynamics. Deep-rooting plants, as vectors of
element transfer, should therefore be appropriately conceptualised within GBIZ models. Since
trees are such an important vector for element cycling, it was suggested that an intercomparison exercise could be initiated to evaluate models in relation to their application to
hydrological/biomass data and/or to organise a workshop focused on the conceptual and
mathematical representation of key processes within models.
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The establishment of a working group, or organisation of a focused workshop, was also
suggested as a means of evaluating the appropriate coupling (on temporal and spatial scales)
or different types of models. This could include consideration of what different models do,
what their inputs and outputs are, and how these can be mapped to different scales to
address GBIZ modelling questions.



Parameterisation of many models require that the system is considered to be in equilibrium,
however, in moving from geosphere to biosphere models there is a change from largely static
to highly dynamic conditions for which equilibrium assumptions may not be appropriate. There
is also evidence that repeated changes in redox conditions in soils can be important in
relation to the sequestration of elements within the soil matrix such that mobility and
bioavailability may be affected over time. A substantial issue therefore relates to improving
understanding of geochemical processes in near-surface systems, which will be subject to
change, both natural and human mediated and the timeframe over which it is appropriate to
consider that equilibrium parameter values apply. In relation to this, it was noted that soil
parameters have a large influence on the partitioning of elements between solid and liquid
phases (Kd), yet the way in which Kd is measured varies, in part, due to uncertainty around
the point at which equilibrium is reached. As such, the result so analyses from multiple
laboratories are likely to differ depending upon the protocol applied.



Uncertainties in the application of Kd within long-term modelling studies may be reduced
through site characterisation programmes where there are appropriate soil characteristics
available that can assist assessors in the selection of appropriate parameter values. It was
suggested that there may be merit in establishing a network of sites for which key monitoring
data are available, or could be made available. The establishment of such a network should
aim to include a sufficient range of sites such that typical ecosystems or soil-plant
associations possibly affected by an underground contamination and different climates are
represented. Were a suitably-well characterised site be identified, the available data could be
used as the basis of a targeted inter-comparison exercise that would, ideally, consider both
complex and simple models to allow relative performance to be evaluated.

Financial support for the workshop provided by the Agence Nationale pour la Gestion des Déchets
Radioactifs (Andra, France), the Radioactive Waste Management Directorate of the Nuclear
Decommissioning Authority (RWMD) and the Nuclear Waste Management Organization of Japan
(NUMO), is gratefully acknowledged. The Laboratory of forest research and engineering (Earth and
Life Institute) of the Université Catholique de Louvain is also acknowledged for having provided the
logistics necessary for the meeting and for its interest in the Workshop theme.
The report is presented as working material for information. The content may not be taken to
represent the official position of the organisations involved. All material is made available entirely at
the users’ risk.
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1. INTRODUCTION
Performance Assessments (PA) for disposal of radioactive waste and management of mining and
other industrial legacies require an assessment of the likely transfer of radionuclides from
underground to the accessible biosphere. It is often the case that systems are not considered as a
whole; rather the near field, geosphere and biosphere are treated separately. This results in an
overlap or a gap in model domains known as the geosphere-biosphere interface zone (GBIZ). The
GBIZ is not a specific feature within a system, but is a region of space that can vary depending on the
models being used and the site under assessment.
Transfer across the GBIZ is typically represented in a simplistic manner. In reality, however, the
transfer of radionuclides across the GBIZ could be very complex, involving numerous inter-linked
physical, chemical and biological processes that may occur in cyclical or episodic ways. The
behaviour of radionuclides within the GBIZ cannot be described by combining independent biosphere
and geosphere models since there are processes (or combinations of processes) that operate within
this zone that can result in radionuclide mobilisation and immobilisation, as well as re-mobilisation, for
example, due to environmental change. It is therefore necessary to give specific consideration to the
mathematical representation of the GBIZ whilst coupling this to the related processes in the
geosphere and biosphere.
Radionuclide behaviour in the geosphere concerns processes that are mainly dominated by
groundwater flow and geochemistry. By contrast, the biosphere is a dynamic system involving
relatively short-term processes and possibly important element recycling associated with vegetation
growth and organic-matter turnover. Redox changes occur across interfaces that result in
geochemical gradients. Other important factors include water availability, rooting density, and
microbial activity. These gradients will impose changes in speciation and biogeochemical behaviour
for redox-sensitive radionuclides that it may not be possible to readily quantify using standard
parameters such as Kd.
In order to consider issues relating to the behaviour of radionuclides and other contaminants within
the GBIZ, a workshop was held on 6-8 September 2011 at Louvain la Neuve, Belgium. The workshop
provided an open forum for presentation and discussion of the behaviour of redox sensitive
radionuclides at the GBIZ and approaches to modelling within performance assessments. This report
provides an overview of these presentations and related discussions.
1.1

OBJECTIVES AND SCOPE OF THE WORKSHOP

The objectives of the workshop were:


to provide an open forum for presentation and discussion of environmental processes
governing the behaviour of radionuclides (e.g. U-238 series radionuclides; Se-79, and others
significant in long-term radioactive waste safety), chemotoxic contaminants (e.g. As, Cr) at
the interface between the geosphere and the biosphere with a view to improving confidence
in prospective long-term safety assessments;



to examine the advantages and disadvantages of models of different complexity as a function
of system knowledge and data availability; and



to develop recommendations for the direction of continuing research as input to long-term
radiological and environmental assessment.
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The scope of the workshop was the assessment of radiological and other impacts associated with
long-term releases of long-lived radionuclides and other contaminants.
1.2

PARTICIPATION

Participation was intended to include a wide range of expertise from different technical and scientific
backgrounds, but with common interest in the objectives and scope of the meeting.
In the event, the workshop was attended by 25 participants from 8 countries, representing a range of
operators, regulators, researchers and technical support organisations. Participants are listed in
Appendix A.
1.3

REPORT STRUCTURE

Section 2 provides an overview of each of the presentations made during the workshop and related
discussions. A summary of the key points arising in relation to the GBIZ, including identification of
possible areas for further collaboration, is provided in Section 3.
A list of relevant references, as identified in participant presentations and as referred to in the text
here, is provided in Appendix B.
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2. PRESENTATIONS
Provided below is an overview of each of the presentations given during the workshop. Points of
discussion arising as a result of each presentation are also provided.
2.1

ELEMENT FLUXES IN SOIL-PLANT SYSTEM AFTER A RADIOACTIVE GROUNDWATER
CONTAMINATION (ANNEMIEKE GÄRDENÄS)

In Sweden, geological disposal of spent fuel is planned at a depth of around 500 m.
During the last glacial period, around 3km depth of ice was present across Sweden, which caused
severe land depression, a process that may recur during future glaciations and resulting melt-water
could affect the repository, potentially leading to radionuclide contamination of groundwater. There is
an interest therefore in developing a greater understanding of, if groundwater contamination does
occur, at which location (or locations) in the biosphere contaminated groundwater may emerge (which
is related to land topography) and how radionuclides will behave once in the biosphere.
Forests are a significant ecosystem type in Sweden and, as such, a model is being developed to
represent long-term fluxes of radionuclides in terrestrial forest ecosystems and to investigate the
storage of radionuclides in forests, which could result from a future long-term groundwater
contamination event. There are five questions that the study aims to address:
•

What proportion of discharged radioactivity is stored?

•

Where and how is it stored?

•

What is the role of vegetation in the storage of radioactivity?

•

Which other ecosystem characteristics and radionuclide properties are important for
accumulation?

•

When and under what circumstances do losses occur?

A trace element model (Tracey) has been developed on the basis of low concentration radionuclide
tracer studies. The model focuses on fluxes of radionuclides (proportional to carbon or water) from
groundwater to soil and into plants, their subsequent distribution within plants and cycling back to
soils. Soils are represented by multiple layers that vary seasonally. Adsorption to soil is represented
as a simple linear process. Radionuclide uptake by trees occurs as either passive uptake (i.e. as a
function of water uptake) or active uptake whereby the rate of uptake is greater than can be
accounted for by water flux alone and is linked to plant growth. A detailed biophysical model
(CoupModel) is used to simulate the movement of carbon and water on a daily timescale as input to
the Tracey model and, by linking Tracey into the Eikos sensitivity-analysis tool, Monte-Carlo
simulations can be run for statistical and sensitivity analyses.
The suite of models has been applied to two forest sites in the Forsmark area of Sweden that are
representative of different soil contamination levels and tree root distributions: one is a managed pinespruce forest located on an incline and the other a natural low-lying alder forest located at the side of
a lake. Rooting depth of the pine-spruce forest is shallow compared with the groundwater table
whereas roots of the alder forest penetrate the groundwater table. In both cases, groundwater is the
postulated source of contamination; however, due to the location of the groundwater table in relation
to the rooting zone of the alder forest, all soil water was assumed to be contaminated in this case.
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Rooting depth of trees can vary with soil conditions. As such, different scenarios were derived for
each forest system. In the case of pine-spruce, there were four rooting depths, whereas for alder,
three rooting depths were considered. Passive uptake of radionuclides was limited to very deep and
very shallow roots. For both forest types, four growth per unit solar radiation cases were applied.
A 10,000 year simulation period has been applied. Annual average climate data over a period of 30
years was repeated throughout the simulation. Sensitivity analysis considered the adsorption
coefficient, degree of convective transport, soil bulk density and the allocation patterns for
radionuclides within trees.
For the pine-spruce forest, results indicated that, for all rooting depth and growth per unit solar
radiation scenarios, 70 to 80% of each radionuclide (modelled as a trace element) is leached and
around 25% is stored in soil. Only when deep roots and active uptake were considered were
radionuclides harvested from the soil. Storage within the trees was negligible for all scenarios.
In the case of the alder forest, results were more variable with rooting depth very much affecting
active uptake and storage. When active uptake is considered, storage of radionuclides in soil was
found to increase with rooting depth such that around 20% is stored in soils with shallow rooting trees,
60% is stored with medium rooting trees and almost 90% is stored in soils when there is active uptake
and deep roots. Results from passive uptake did not show the same trend, with results being similar
to those from the pine-spruce forest whereby the majority of radionuclides were leached.
The differences in results between the two forest types relates to the form in which radionuclides are
present in the soil. Alder forests are representative of high accumulating ecosystems and
radionuclides are stored as part of the humus layer whereas in pine forests the radionuclides absorb
to clay particles at depth (below the mean groundwater table) and are not, therefore, part of soil
organic matter. The key factors affecting absorption in humus were the degree of advective water flow
and the adsorption coefficient.
If a single forest rotation period of 100 years is considered (starting with tree cutting followed by
growth of new trees), radionuclide leaching is found to be greatest when vegetation is at a minimum
and is enhanced by low Kd’s, which also affects humus accumulation. The groundwater table is not
constant and fluctuations affect the downward preferential flow; for example, during snow melt there is
saturation of the upper soil layers such that the downward preferential flow is increased.
Results support the usefulness of the model in identifying high and low accumulating systems with the
former (i.e. alder forests) storing radionuclides in humus close to the soil surface and the latter (i.e.
pine-spruce forests) accumulating radionuclides at depth. For both forest systems, accumulation of
radionuclides in plants was minimal; however the uptake of radionuclides by plant roots is an
important process governing the accumulation behaviour of radionuclides in soils. Results also
support the use of multi-soil layer models that represent accumulation in relation to dynamic soil
hydrology; use of a single soil layer can result in over-estimation of radionuclide accumulation.
Continuing work is looking at the deposition of radionuclides in irrigation water during different phases
of the growth of food crops with the Tracey model being applied to look at accumulation in different
parts of the plant and to investigate key governing features. Modelling studies are also planned in
relation to identifying the key processes affecting the behaviour and distribution of NORM (naturally
occurring radioactive material) on a hill slope as a means of improving long-term predictions.
The full study is reported in SKB-report TR-09-24 [Gärdenäs, Eckersten et al, 2009]. Such SKB
reports are available from the SKB website www.skb.se.
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Discussion
Radionuclide and water fluxes are proportional and, as such, water flow is taken as the driving force
for radionuclide movement within Tracey and the contamination of soil is considered to be
proportional to the degree of saturation of a given soil layer. The coupling of fluxes is an iterative
process relating uptake to the concentration remaining in solution. The equilibrium between
adsorption and the amount of a radionuclide that remains in solution is an area that could be
improved upon. Mineralisation of organic matter in soils is taken into account within CoupModel,
which calculates the degradation of soil organic matter associated with different soil layers.
The dynamic interaction between root penetration and water table depth was discussed. Roots will
not take up radioactivity if they penetrate the water table (where it is largely assumed that roots will
die), but as the water table drops, radioactivity may remain within the soil column and be available for
uptake by plants. There is therefore interest in understanding the rate at which roots can grow in order
to further penetrate soil layers once a water table has receded. However, in the case of the pinespruce forest at Forsmark, the saturation period coincides with winter when dark conditions mean that
trees are dormant and roots are able to survive within the saturated soil conditions. Production of new
roots in spring, as the water table reduces, is therefore of lower concern in Sweden.
The physical erosion of rock has the potential to be a significant source of radioactivity to soils where
the transport of radionuclides in groundwater could result in sorption to the near-surface geosphere.
This is particularly the case in countries, such as Sweden, that are subject to land uplift and now soil
formation. This is the subject of a PhD that is being undertaken by Frederic Lindman at Umeå
University, Sweden.
2.2

CHLORINE CYCLING AND IMPLICATIONS FOR THE UNDERGROUND CONTAMINATION
(CATHERINE VAN DEN HOOF)

The work presented is the result of a collaborative project between Andra and SCK·CEN.
Radioactive waste buried at depth may give rise to eventual migration from a repository, via
groundwater, to an aquifer and, ultimately, to the biosphere. Limited studies have been conducted in
relation to Cl-36, yet it is an important radionuclide in nuclear waste and is very mobile. It therefore
has the potential to be readily transported in groundwater to the biosphere.
Chlorine is an essential element for plants and the cycling of Cl-36 in the soil-plant system is an
important consideration in long-term human dose assessments. As such, a model has been
developed to represent the dynamic cycling of chlorine in a pine forest ecosystem as a result of field
research carried out at Mol, Belgium.
The model consists of seven compartments representing leaf surface, roots, tree (wood and leaves),
forest floor and soil with the latter two being represented by both organic and inorganic
compartments. Sources of chlorine input to the system can be through atmospheric deposition or
contaminated groundwater. Losses can occur from drainage (i.e. groundwater recharge) or
volatilisation.
The values assigned to represent fluxes are largely based on field measurements (supplemented with
literature data); however some assumptions have been necessary, for example in relation to the use
of stable element measurements to determine rate constants, which gives rise to an element of
uncertainty. Nonetheless, the model has been evaluated on the basis of an atmospheric input, and
predicted concentrations were in good agreement with observed data (assuming observations
represent equilibrium conditions). Results of the simulation in comparison with observed data in the
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figure below, where observed data are represented by points 1 to 6. Results also indicate that
equilibrium is achieved within 2,000 years, which is consistent with the time required for the soil
carbon pool to reach equilibrium.

Analysis of the sensitivity of the model to different fluxes indicates that the rates of transformation of
chlorine in forest soil are particularly sensitive variables. An increase in the rate of chlorination in the
forest floor and uptake of organic chlorine by roots leads to a significant increase in chlorine content
and residence time in the system whereas increased mineralisation of organic chlorine in mineral soil,
combined with increased leaching from inorganic pools within mineral soils and forest floor,
significantly decreases chlorine content and residence time in the system.
The model has been applied to different contamination scenarios representing constant atmospheric
or groundwater input to the system at a rate of 10 Bq per hectare per year. At equilibrium the
percentage of total chlorine input remaining in the system was 2.6% for the atmospheric input case
(residence time 51 years) and 1.5% in the groundwater input case (residence time 30 years). In the
atmospheric input scenario, 6.7% of total losses occur from volatilisation and 8.4% of drainage losses
occur from the organic soil compartment compared with 2.7% and 3.4%, respectively for the
groundwater input scenario.
At equilibrium, the majority of chlorine is present in the organic soil compartment for both input cases.
The second largest pool of chlorine is within the inorganic soil compartment. In the atmospheric case
there is direct deposition to the forest floor where chlorine can be directly transformed into less mobile
organic forms; thus reducing the potential for leaching. The transformation of chlorine to less mobile
organic forms is lower in the groundwater scenario. The organic pool is the last to reach equilibrium in
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both cases, becoming the dominant pool after 100 years of simulation in the atmospheric case
compared with 400 years for the groundwater case.
It was concluded that the model is able to simulate chlorine concentrations obtained through field
measurements and sensitivity studies help underpin the relevancy of the model by showing its
sensitivity to important and relevant fluxes, particularly the degradation of organic chlorine to inorganic
chlorine. Results indicate that, for an underground contamination source, accumulation is a factor of 2
lower as compared with an atmospheric source, with greater losses occurring through drainage as
compared with volatilisation.
Finally, given the large uncertainty associated with the rate of degradation of organic chlorine in
mineral soil and the fact that the model is particularly sensitive to this parameter, further studies to
measure this flux would be beneficial in improving model parameterisation. It would also be of benefit
to evaluate leaching rates of inorganic chlorine from both the forest floor and mineral soils.
Discussion
The model has been developed on the basis of measured concentrations of stable chlorine in the
forest ecosystem under what is considered to be equilibrium conditions and further consideration will
be required to take account of how Cl-36 would behave in the system as an additional input. Factors
to take into account in this regard are the ratio of stable Cl to Cl-36, the effects of system saturation
and chemical form: chloride flux would differ from that of total chlorine in the system.
Chloride behaviour in soils and plants can be affected by changes in soil parameters such as pH and
temperature. These parameters are not included within the model but would be expected to affect soil
bio-productivity and the overall turnover of biomass. In particular it was noted that the chlorination of
organic matter is increased in low pH soils.
Since the model has been developed specifically in relation to the forest site at Mol, adjustment to
parameters would be required if it were to be applied to an alternative site.
2.3

USE OF REACTIVE TRANSPORT CALCULATIONS TO DETERMINE EFFECTIVE KDS IN
HETEROGENEOUS MEDIA: INCORPORATION OF DECAY CHAINS (PAOLO TRINCHERO)

The aim of the work programme has been to improve understanding and modelling capabilities
relating to the retention of U-238, Th-230 and Ra-226 in Quaternary deposits. The project has
involved coupling the U-238 decay chain with reactive transport processes, including sorption to clay
particles and organic matter and precipitation of mineral phases. It is assumed that releases of
U-238 and Th-230 are controlled by solubility limits and the initial fraction of each radionuclide within a
repository, the latter being inferred from the inventory of ATM-104 fuel.
Time variable boundary conditions were required. As such AMBER was used to explicitly account for
the ingrowth and decay of each radionuclide, which, when combined with solubility limits for uranium
and thorium allowed time-variable boundary conditions to be inferred for a reactive transport model.
Consideration was given as to whether the full decay chain should be implemented or whether it was
possible to truncate. This was investigated in one scenario, by assuming that Ra-226 is not released
such that in-growth from the upper part of the decay chain is the only source of Ra-226 and the
remaining members of the decay chain and comparing this against results from a scenario where the
full decay chain was considered. Results indicated that, for the considered timescale, there were no
significant differences between the full and truncated chains, hence the truncated chain U-238 → Th230 → Ra-226 → Rn-222 was used.
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In order to verify the implementation of decay chains, results from batch calculations performed in
PHREEQC were compared against AMBER simulations and a good correlation was achieved. The
next step was then to implement in the same batch model, the decay chain and key chemical
processes (e.g. sorption, cation exchange and precipitation). In the case of thorium, the majority of
sorption is to illite whereas Ra-226 generated from the decay of Th-230 is either sorbed to illite or is
present in solution.
The reactive transport model is 1-dimensional and was used to simulate a flux of water containing
repository-derived radionuclides through illite rich sediment with porewater of the same composition
as the boundary water from the repository, taking into account decay and ingrowth of the
radionuclides of interest and retention processes. The influence of changes in boundary conditions
was assessed in relation to Ra-226 with the following conclusions:
•

Ra-226 behaves (almost) conservatively and is retarded only slightly (a few tens of years in
this system) by retention processes.

•

If no decay of Ra-226 is accounted for, the system reaches equilibrium after 45 years of
simulation whereas, if decay is considered, Ra-226 concentrations decrease slightly over the
3,000 year simulation period.

•

If the Th-230 decay chain is simulated, but retention processes and Ra-226 decay are
excluded, the amount of Ra-226 in solution increases over time.

•

Unlike Ra-226, the majority of Th-230 is retained within the initial cells of the model domain
and, in a scenario whereby the sole source of Ra-226 is Th-230 and retention processes are
included, the concentration of Ra-226 increases greatly due to its continuous release from the
decay of the retained thorium.

For each of the simulations undertaken, Kd values for Ra-226 have been computed in relation to a
3,000 year simulation period. Within the exception of the first cell of the model domain, Kd effectively
remains constant irrespective of the simulation scenario. However, within the initial cell a linear
increase in Kd is observed over the 3,000 year simulation period and an order of magnitude
difference is observed between the first and remaining cells of the model domain, which relates to the
retention and decay of Th-230 resulting in the continuous release of Ra-226.
Results indicate that the amount of Ra-226 generated in the system was consistent whether the entire
U-238 decay chain or whether only Th-230 decay was considered and, in a scenario where Ra-226 is
present in boundary water at low concentration, its incorporation through the retention and decay of
Th-230 is of increased importance.
The work has been undertaken on behalf of SKB and a report will be published as part of the SKB
report series.
Discussion
Additional factors have been taken into account in other reactive transport calculations, such as the
role of organic matter, which is particularly relevant for thorium in soils. However, organic matter was
not a focus of the project presented. If transport into vegetation were to be considered, there would
need to be a move away from 1-dimensional modelling to allow mixing and dispersal processes to be
taken into account.
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The implications of implementing an effective Kd approach as compared with the conventional Kd in
relation to long-term radionuclide transport and behaviour could be an area for further consideration.
2.4

HIGH TRANSIENT DOSES AS A RESULT OF ACCUMULATION AND CHEMICAL
ZONATION OF LONG-LIVED RADIONUCLIDES ACROSS THE GEOSPHERE-BIOSPHERE
INTERFACE ZONE (SHULAN XU)

In 2011, SKB submitted a license application to construct a geological repository for the disposal of
spent nuclear fuel. Currently, SSM is in the process of reviewing the modelling approach employed as
input to the review of the biosphere assessment: the objective being to ensure that the assessment is
both transparent and credible, and incorporates all relevant features, events and processes whilst
acknowledging uncertainties associated with long-term predictions. The review strategy is to develop
a detailed understanding relevant to the system and to estimate credible bounds of risk estimates.
The transit of radionuclides across the GBIZ and implications for dose estimates has been identified
as an issue in a number of studies (e.g. Wörman et al [2004]; Kirchner [2009]), which in part arises
from the fact that the GBIZ can mean different things to different people. There is therefore a need to
consider how the GBIZ has been evaluated in relation to the size of the discharge area and how
hydrological conditions will affect radionuclide transport.
Previous work by Imperial College London [Wheater et al, 2007] has looked at chemical zonation by
investigating the behaviour of radionuclides in relation to the upward migration through soil columns,
which has led to the identification of a number of open questions. The research indicates that, in
shifting from oxidising to reducing conditions within a soil column, the behaviour and retention of
radionuclides can be affected to a large degree. In acknowledgement of this feature, a multi-layer soil
compartment model has been used to investigate chemical zonation within soils. The model
comprises 10 soil layers within a 1m soil column with each layer being divided into both solid and
liquid phases. Variable characteristics such as porosity, moisture content and bioturbation are
included. The model has been applied to three case scenarios:
•

a low Kd (representative of reducing conditions) is applied throughout the soil column;

•

a high Kd (representative of oxidising conditions) throughout the soil column; and

•

a step change Kd scenario whereby a low Kd is applied to the lower 40 cm and a high Kd is
applied to the upper 30 cm, in between is a variably saturated zone to which a step change
Kd is applied.

Results indicate that accumulation occurs within the high Kd case, which is not observed in the low
Kd case. When a step change in Kd is applied, results of the model simulation were similar to
experimental data presented in Wheater et al [2007]. Example results for each scenario are presented
below.
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SSM has also looked at the different potential discharge points (wetlands and rivers) to consider how
the different transport processes in these environments may affect radionuclide behaviour: wetlands
will be subject to lower mixing as a result of reduced flow compared with river systems. A model was
applied to evaluate the differences in radionuclide behaviour resulting from the different release
points. Discharges in both instances were through Quaternary deposits to the biosphere object (river
or wetland) with subsequent surface water flow to additional biosphere objects. As such the
geosphere and biosphere were integrated. In the case of a river discharge point, the biosphere
objects considered were river → wetland → lake → wetland. In the case of a wetland discharge, the
initial river object was omitted with discharge occurring to the first wetland object.
In the case of I-129, equilibrium was achieved after 360 years of simulation. In the wetland system, a
uniform distribution was observed. However, hydrological conditions within a wetland will be complex
and the influence of different assumptions such as varying redox conditions and advective/diffusive
processes was investigated. When advective processes were considered, a uniform distribution was
observed for I-129 whereas in the case of Ra-226, sorption was found to be the dominant process.
Only when diffusion was included did variation occur, which was as a result of the removal of
radionuclides from the system.
Overall the results indicate the importance of hydrological conditions in determining radionuclide
behaviour, particularly in the case of redox sensitive radionuclides such as I-129. The implications are
that, by employing the multi-layer soil hydrogeochemical zonation model, doses could be increased
over and above those resulting from generic biosphere models: it is intended that the model will be
extended to other redox sensitive radionuclides such as Se-79 and Tc-99.
As indicated by the results presented, by increasing Kd greater concentration at depth is observed.
This could have implications for dose assessments in scenarios whereby deep cultivation of soil
occurs or where upper soil layers are removed thus providing the opportunity for cultivation of deeper,
more contaminated soils.
Finally, it was noted that the standard approach to modelling in performance assessments is to
decouple the geosphere and biosphere such that a unit input to the biosphere is modelled and
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subsequently scaled in relation to flux from the geosphere. The multi-soil layer approach presented
provides an integrated approach and such approaches should be further developed to provide a more
accurate representation of redox processes occurring at the GBIZ.
Discussion
The model approach presented is 1-dimensional and its application to wetlands is appropriate where
upwelling occurs. However, lateral flow will also occur and this will require consideration. There is also
a question with regard to the treatment of water table depth over time. Imperial College concluded
that this will affect redox variation throughout the soil column. Radionuclides will not follow this
exactly, e.g. effects on sorption and plant uptake may lag changes in redox conditions, such that
some variation will be observed depending upon the pattern of water table changes that occurs or is
postulated to occur. As such, the degree to which equilibrium assumptions can be applied with regard
to water table height in the long-term may warrant further consideration.
2.5

WHAT DO WE NEED, WHAT DO WE HAVE AND WHAT HAVE WE DEVELOPED TO
SIMULATE TRANSPORT OF RADIONUCLIDES AND TOXIC CHEMICALS BETWEEN THE
GEOSPHERE-BIOSPHERE INTERFACE ZONE AND PLANTS? (ACHIM ALBRECHT)

In modelling the uptake of radionuclides by plants resulting from contaminated groundwater it is
possible to employ a single soil compartment model for irrigation scenarios or, potentially, shallow
disposal systems, and this has been the standard approach for some years. However, in situations
where radionuclide transport is mediated by groundwater upwelling from below, more complex
consideration of the processes governing radionuclide behaviour is required and the application of
more complex models may be necessary.
There is a large literature base concerning the movement of contaminants from surface to subsurface, but little is available on upward movement. Nonetheless, the upward movement of water and
contaminants is now well attested as a result of land remediation activities. For example, in New
Jersey, remediation of chromium contaminated land through the addition of clean top soil was
attempted [Burke et al., 1991] yet dissolution of chromium salts combined with capillary rise resulted
in upward migration of chromium to contaminate the new top soil: concentrations in the upper soil
were found to vary with meteorological conditions. Further publications demonstrating upward
movement of radionuclides include Sheppard et al [1985] and Wheater et al [1997].
ANDRA, together with Stéphan Miquel from Société de Calcul Mathématique, Paris, have developed
a multi-soil compartment model, SAMM, to represent of the movement of radionuclides in pore water
as a function of time and depth, in response to variations in processes such as advection and
diffusion, infiltration and capillary rise and radioactive decay and ingrowth. The model also includes
plant uptake, with differences in root distribution profile with soil depth and crop yield being
represented. The model is implemented in Matlab and provides a means by which the effects of
coupled and un-coupled consideration of the geosphere and biosphere can be investigated.
In terms of hydrology, Darcy’s law is applied for saturated conditions and Richards equation applied to
unsaturated conditions. However, the situation in soils is more complex and preferential flow
conditions can occur. This can be represented in a complex fashion, but the degree of complexity
required is uncertain. One approach can be to look at the relationship between infiltration and soil
characteristics and to consider the hydraulic balance. In situations where there is downward flow (e.g.
high precipitation and/or irrigation scenarios) this is relatively easy, but where there is upward
movement (e.g. high evapotranspiration driving capillary rise) the situation becomes more complex.
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Soil characteristics with a large influence on hydraulic conductivity include porosity (taken to be the
water accessible porosity in SAMM), pore size distribution and tortuosity (soil pore geometry).
Relationships between these parameters are required. There is a relatively simple relationship
between permeability and porosity described by the Carman equation; however, this may not be
applicable in all cases.
The SAMM model includes multiple soil layers (the number of which can be varied) above an aquifer.
An initial concentration (radionuclide or chemical) can be defined for each layer and kinetic factors
applied to represent flux between layers.
The model has been applied to evaluate the behaviour of U-238 under a changing climate scenario
that assumes an initial arid climate, followed by a humid phase before returning to arid conditions.
Each phase was considered to persist for 10,000 years. Under an arid climate, and considering a
sandy soil, capillary rise drives the upward migration of U-238, with concentrations greatly reducing
under a more humid climate. If a clay soil is considered, which has a much lower porosity compared
with a sand soil, capillary rise is greatly increased and infiltration reduced during arid climate
conditions and U-238 is washed out during humid conditions. The differences are demonstrated in the
figures below for sandy soil (left) and clay soil (right).

In both examples presented, the water table has been fixed, whereas in practise, the water table
would rise upward into the soil under more a more humid climate regime. In the case of redox
sensitive radionuclides such as Se-79, this will result in an increase in Kd commensurate with a
change from oxic to reducing conditions. Some accumulation may occur under such conditions. As
the water table then drops as dryer conditions occur, Kd would reduce and Se-79 would become
more mobile and may be leached from the soil column.
Roots are not active within the saturated zone and plant uptake therefore focuses on the upper soil
layers; those above the saturated zone, such that only a slight increase in plant uptake is observed as
climate moves from a dry to wet phase, as indicated by the circled peak in the plant concentration
figure below.
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soil concentration
dry

plant concentration
wet

dry

However, if seasonal change is considered, such that dry and wet periods occur on a short timescale,
roots penetrate to the bottom of the soil column during dry/warm periods and become inactive as soils
become more saturated in cold/wet periods, ultimately dying and decaying. Radionuclides are seen to
accumulate close to the maximum level of the water table and, as the cycle continues, roots are able
to ‘see’ more Se-79 such that plant concentrations continue to rise over time, as indicated below.
Soil concentration

Plant concentration

The continual rise in plant concentrations is not sustainable and work is required to investigate this
further.
Discussion
It was noted that a robust ordinary differential equation solver does not seem to have been used in
the model and instabilities in the solver may be responsible for the observed trend in results.
There are a number of other modellers moving into the same field and the issues faced are not so
much having the equations to represent processes, but more ensuring that the processes are
correctly represented and simplified in an appropriate way. A working group focussing on the move
from phenomenological understanding to mathematical representation may therefore be warranted,
particularly for redox sensitive radionuclides such as Se-79 and U-238.
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2.6

MODELLING CHLORINE-WATER INTERACTIONS IN THE GEOSPHERE BIOSPHERE
INTERFACE: UPDATE AND FUTURE DIRECTION OF A COLLABORATIVE PROJECT
(JORDI VIVES I BATTLE)

Vegetation is the key driving force behind the cycling of radionuclides from both the atmosphere and
contaminated aquifers, yet there is a gap in assessment models in respect of this process for seminatural vegetation limiting their applicability in long-term assessments. In consequence, work has
been progressing at SCK·CEN to develop a soil-vegetation-atmosphere model representative of the
cycling of energy and organic matter that will allow the coupling of biosphere processes with element
cycling and consideration of the influence of climate cycles.
In 2005, a research programme was initiated which focused on a Scots pine forest on sandy soil,
situated above a shallow water table. Hydrological monitoring (climate, through-fall, moisture, tree
transpiration and water table variations) was continuous throughout the year. Monitoring results
indicate that, in dry periods, the water table contribution to forest transpiration was over 60%.
A semi-empirical site-specific compartmental model for chlorine cycling has been developed for a
forest stand and the next step is to try to couple this with a 1-dimensional water table model. The
water table model will also be validated against the results of the field study. A second phase will be
to develop a comprehensive model for the Belgian forest ecosystem based on dynamic data from field
research, which can then be evaluated in relation to its application to perennial vegetation and food
crops (with appropriate re-calibration). The ultimate goal is to integrate the model with the biosphere
model for human impact assessment, thus developing a holistic assessment tool.
The water table model, which is constructed in ModelMaker, currently consists of an aquifer and a
single soil compartment which is penetrated by tree roots. The water table can be varied in relation to
the balance between precipitation, capillary rise, solar radiation, plant uptake and evapotranspiration.
The influence of local fluvial sources of water can also be evaluated such that, if the water table is
lower than the base of a river then it is assumed that the river will be a losing stream whereas, if the
water table is higher, the river will be a gaining stream. Water table height can also be varied to
account for run-off (flooding) events when soils are fully saturated.
Time dependent data on rainfall and leaf area index (LAI) are used as input to the model. Foliar
interception of precipitation is included with remaining precipitation going direct to soils. Both the field
capacity and soil porosity are considered. Ultimately it is intended to relate chlorine and water fluxes
over time, but the model is currently focused on water flux.
Where variable data are available, these are cycled on an annual basis and, although considered as a
relatively simple model, a wide variety of parameters are involved for which data are required.
A particular area of interest within the model is the capillary fringe above the water table. This is
above the saturated zone, but sufficient water is available for plant root uptake, and it represents a
transition zone that is subject to changes in redox conditions.
Evapotranspiration takes into account solar radiation on the basis of the Penman-Monteith equation.
Because solar radiation varies on a daily basis and, as such, identifying an appropriate data set is
problematic. Furthermore, transpiration is a function of LAI and equations are available that would
allow evapotranspiration to be considered as separate processes (evaporation and transpiration).
Initial indicative results suggest there is reasonable consistency between the model water balance
and field data (as published in Vincke and Thiry [2008]):
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•

mean soil water content is around 25%;

•

the majority of plant water is stored in roots followed by the rest of the plant then leaf
surfaces;

•

water table height below ground fluctuates between 2.1 and 2.6 m compared with a measured
water table height of 1.8 – 20 m; and

•

pine transpiration is less than 1.2 mm/d compared with a measured value of less than 2
mm/d.

However, field capacity is currently too high and this needs to be addressed. It is also intended that
plant dynamic biomass will be incorporated (which will allow for plant death in saturated conditions)
and bio-concentration and retardation process will be included. The use of ‘real’ irradiance is also
planned to improve peak predictions for evapotranspiration.
Discussion
Feedback on the model development and parameterisation is invited. It is intended that a PhD will be
developed around this subject and participants are requested to consider suitable applicants.
With regard to improving the conceptualisation of evapotranspiration within the model it was
suggested that vegetation height be incorporated and linked to solar radiation.
2.7

URANIUM UPTAKE BY ROOT VEGETABLES (ABDULLAH AL-ZAHRANI)

Uranium emits both alpha and weak gamma radiation and radiological risk is therefore greatest for
internal contamination. Concentration ratios are widely used to determine plant concentrations from
soil concentrations, but, for uranium, the range in concentration ratios in published literature is wide,
for example the range in values for grasses is from 0.025 to 0.110 and for rice the range is from
0.0019 to 0.44.
There is a lack of experimental data for uranium upon which concentration ratios can be derived.
Therefore, a laboratory study was undertaken to derive data at Ontario State University.
The study used commercial grade potting mixture to which uranyl-acetate was added (concentration
range 1 to 200 µg U/ml). Radishes were grown within the compost which was watered three times per
week with 100 ml of one of five experimental concentrations. Each concentration was run in triplicate.
A control group (also run in triplicate) was subject to the same experimental regime.
After 30 days of growth, radishes were harvested and roots separated, washed, dried, weighed,
frozen and ground prior to analysis by neutron activation. Standards were also analysed. Results are
provided below.
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Sample group
(µg U/ml)

Total U added
over 30 days (µg)

Average Ratio (Measured
in plant & soil)

Average ratio (Measured in
plant & calculated in soil)

Control (0)

0

0.150

0.152

Group 1 (1)

1200

0.039

0.045

Group 2 (5)

6000

0.027

0.039

Group 3 (10)

12000

0.032

0.030

Group 4 (50)

60000

0.073

0.038

Group 5 (200)

240000

0.091

0.030

Results from measured plant and soil concentrations indicate a linear trend in concentration ratio
(R2 = 0.9932).
The study focused on the uptake of uranium by radish, but further work is required to extend the
analysis to other radionuclides in the U-238 decay chain (which is of particular interest to the oil and
gas industry) and other food crops. The effect of different soils on plant uptake should also be
investigated.
Discussion
Conventional concentration ratios (e.g. as reported in TRS-472 [IAEA, 2010]) incorporate natural
background, with regions with enhanced radioactivity excluded.
Results of the experiments are interesting, particularly with regard to the continual linear increase in
concentration ratio at higher concentrations. No phosphate or other soil additives were used to
enhance the soil used in experiments, however it was noted that the pH of the solution was 8, which
may have enhanced the availability of uranium for root uptake; soil pH was not measured. Radishes
were washed prior to analysis with distilled water. Some differences may therefore be observed in
concentration ratio compared with standard washing practise prior to consumption.
Comparison of concentration ratios for measured soil versus calculated soil uranium concentrations in
groups 4 and 5 suggests some discrepancy and this may be a result of sub-sampling and the
presence of stones within the soil which may have affected detection capability.
Finally, the value of potential collaboration and co-ordination of research to improve to dose models
within the radioactive waste disposal and the oil and gas industry sectors, where common issues are
identified (such as in relation to U-238 series radionuclides) was highlighted.
2.8

GBIZ IN THE SKB ASSESSMENT SR-SITE (STEN BERGLUND AND PETER SAETRE)

In March 2011 SKB submitted its license application to construct a geological disposal facility for
spent nuclear fuel, which is supported by a safety assessment (SKB Report TR-11-01). The safety
assessment is supported by a number of other main and sub-references, including a biosphere
synthesis report (SKB report TR-10-09) and a biosphere dose modelling report (reference TR-10-06).
The modelling approach in the assessment has been to apply hydrological models to identify
discharge points in the biosphere and these points are linked to biosphere objects that are
represented as changing over time to account for landscape evolution. Together the biosphere
objects form the landscape model. A biosphere radionuclide model is then used to derive landscape
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dose factors (LDF) which, when combined with the output from the geosphere model (radionuclide
release to the bedrock surface) enables dose estimates to be derived.
The entire Forsmark site has been characterised such that there are no “gaps” between the
geosphere and the biosphere: the GBIZ corresponds with Quaternary deposits that may be present at
the current time or develop in line with landscape evolution. Models have been developed on the
basis of the site characterisation data. MIKE SHE is used to model surface and near-surface
hydrology and CONNECTFLOW is used to model groundwater flow in bedrock and regolith. Both
models overlap to allow comparison in model performance. The biosphere is modelled using
Pandora, which has a lower boundary at the geosphere, below the Quaternary deposits, such that the
biosphere model overlaps with the MIKE SHE surface hydrology model.
The approach taken to represent landscape evolution is to alter the size of landscape object ‘boxes’
such that, as land develops, the size of the water ‘box’ is reduced. Similarly, depth of water is
decreased as peat develops. Each of these changes is then divided into distinct phases such as sea,
lake wetland etc) and assumptions applied as appropriate to represent the drainage of wetlands to
create agricultural land. This approach is depicted in the figure below.

There are 48 radionuclides included in the SR-Site assessment and for each of these 140 parameters
are required to describe site-related characteristics, and probability distribution functions are required
for each of these parameters. Site-specific parameters have been derived from the site
characterisation programme and supplemented with data from non-site-specific databases where
necessary.
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Soils are represented by five compartments with hydrological flow, driven by surface hydrology,
between these. Diffusion is also taken into account. Within lakes both sedimentation and resuspension processes are included. The cycling of organic matter is included in both terrestrial and
surface water ecosystems. Biological uptake of radionuclides is based on the classical concentration
ratio approach, which assumes equilibrium conditions between an organism and the surrounding
environmental media.
Chemical interactions are not specifically taken into account; rather it is assumed that parameters for
each element are derived from environmentally relevant concentrations in appropriate soils such that
interactions are implicit within derived parameters and bioavailability is appropriately represented.
Input of radioisotopes of the elements from contaminated groundwater will be at trace levels (a
fraction of background); hence it is considered unlikely that the chemistry of the system will be
significantly altered.
The calculated LDF can be evaluated over time to identify the worst case for each radionuclide and
sensitivity analyses can be undertaken to identify the important parameters at different phases of
development of the landscape objects. As expected, Kd was identified as an important parameter for
many radionuclides. An example of sensitivity analysis results for Ra-226 is presented below, which
indicates that the LDF is particularly sensitive to changes in well capacity for this radionuclide.

2.9

ASSESSMENT OF URANIUM FROM MINE WASTE TAILINGS (THIERRY DOURSOUT)

There are a number of tailings repositories in France, the majority of which are located in the centre of
the country. The mines are no longer functional, having ceased operation in 2003. Monitoring data are
available from one such mine at Bellezane, which consists of two open pit mines that have recently
been remediated.
The data from the Bellezane site have been gathered and are being incorporated within a dynamic
map (ArcGIS) intended to assist in risk assessments and modelling studies, and are being used within
the EMRAS II programme as a modelling test case. Data have been collated in relation to FEPs and
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are available for features such groundwater (including several wells), surface water (streams and a
river), air (e.g. radon gas measurements), and various environmental media including fish, sediment,
milk, soil and vegetables. Minimal data is available for animals however. The majority of data were
collected between 1994 and 2006 and represent annual averages, but many values are below the
limit of detection.
The data were obtained by AREVA whose objective was not to provide data for model validation, but
rather to give public reassurance that remediation activities were relevant to protect public health.
However, since 2005 an expert group has looked in detail at the uranium mine sites and concluded
that the surveillance network must be reviewed to ensure that the focus moves on from public
reassurance to incorporate evaluation of the migration of contaminated water. This will ensure that the
monitoring programme is appropriately targeted to those areas where the worst of the contamination
is expected to occur. It is intended that the current site will be modelled in relation to system function
as a means of then evaluating what may occur in relation to the future evolution of the site. This will
be used to ensure that the area is safe for human habitation, inform any future remediation activities,
and identify target areas for the on-going monitoring programme.
The US risk assessment software RESRAD-off-site is to be applied to data from the site. The
RESRAD software was initially developed to evaluate how much radioactivity could remain on sites in
the USA without having to undertake remediation activities and so was very much focussed on
addressing US regulatory requirements. As new regulatory issues have arisen, additional modules
have been developed to address these.
The monitoring data set is being used as a test case within the EMRAS II programme, which is due to
complete in March 2012.
There are two broad challenges that have not yet been addressed that relate to disequilibrium
landscapes and their evolution to equilibrium conditions. Firstly, the site has been subject to
remediation such that it cannot be considered to be in equilibrium, but rather is subject to change.
There is therefore a requirement to develop understanding of the hydro-geomorphical processes of
the site to improve catchment models. Secondly, there are organic complexation issues associated
with the import of soils for remediation purposes, which are of a different nature to those naturally
present. Greater understanding of the implications of how this may affect conditions at the site is
required.
Discussion
The objective of the modelling programme is to evaluate whether the right kinds of remediation
activities have been undertaken (and identify further requirements) in order to ensure that legacies
are being appropriately managed. Focus therefore is not so much on specific regulatory questions,
but rather on identifying what further data requirements are necessary to validate modelling
assessments.
The sharing of knowledge from studies relating to such legacy sites and long-term assessments for
radioactive waste disposal may be very beneficial: the IAEA, in their latest requirements, place the
same criteria on mine waste management as spent fuel management such that the same constraints
will apply.
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2.10 REPRESENTATION OF REDOX BEHAVIOUR IN SOIL AND UPTAKE BY PLANTS (MIKE
THORNE)
The presentation was largely based on a paper that has been submitted to the Journal of Radiological
Protection on a mathematical model for the behaviour of Se-79 in soils and plants and work in this
area that has been conducted on behalf of Ciemat and NDA RWMD.
Selenium can be thought of as most resembling sulphur with regards to environmental behaviour. In
soils it exists in multiple oxidation states ranging from selenate (+6) to selenide (-2) with a number of
factors affecting speciation. These include pH, soil redox potential (Eh), mineralogical and chemical
composition of the soil, microbial interactions and the nature of adsorbing surfaces. Redox potential
exerts the greatest influence over behaviour in soils; as conditions become more reducing, the
solubility and, hence, mobility of selenium is reduced. Behaviour however is further complicated
through the formation of organic complexes.
Published data for Kd shows a high variability for different soils. Similarly the range in concentration
ratios is broad. Selenium is non-essential for higher plants but, due to analogous behaviour with
sulphur, can accumulate such that concentration ratios are often in excess of 1, indicating
bioaccumulation, with some plants showing hyper-accumulating behaviour.
Selenate and selenite are the main forms of selenium taken up by plant roots and the kinetics of
uptake and translocation is relatively rapid. Uptake can be affected by soil parameters such as pH,
but also the presence of competing ions such as sulphate and phosphate. Volatilisation can occur,
both from plants and soils, following the formation of methyl selenides.
A 1-dimensional model for selenium in soils has been developed which employs soil hydrology as a
surrogate for redox potential whereby Kd is varied in relation to the water content of multiple soil
layers. Above the capillary fringe it is assumed that oxic conditions are present and a Kd
representative of such conditions is applied. Below the water table, a Kd for anoxic conditions is
applied and a gradient in Kd is applied between these zones. Water content is also used to determine
volatilisation rate.
Although represented within a 1-dimensional model, soil hydrology is not so easily considered since
lateral movement will also occur; for example, not all precipitation will percolate into the soil column;
some run-off will be evident. Such losses are accounted for in the model by varying parameters such
as evapotranspiration and percolation to achieve a water balance. This balance then determines the
position of the water table within the soil column.
Root density is taken into account when considering uptake into plants and is a function of depth and
time. Two issues are associated with roots and location of the water table:
•

Firstly, as the water table rises and roots become immersed, active processes in the roots are
switched off. This can occur on variable timescales (daily to seasonally). In the long-term, the
plant phenotype may change which will affect root penetration (for example, cereals have
deeply penetrating root systems). Within the model there is a need to ensure that roots
remain within the zone where there is sufficient oxygen to allow biological processes to
continue whilst ensuring sufficient water availability, i.e. within the capillary fringe.

•

Secondly, data on plant uptake of selenium from soils has largely been derived from
laboratory pot experiments. Under such experimental conditions, root distribution is largely
uniform. It is therefore necessary to make the implicit assumption that empirically derived
values from such experiments are applicable to field conditions. Ideally, specific root
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absorption functions are required to relate root density with depth to uptake, but this will not
be an easy subject to address.
Within soils, volatilisation is microbially mediated with methyl selenides being generated. Such activity
will be at a maximum under anoxic conditions. However, below the water table methyl selenides are
likely to dissolve such that volatile losses will be prevented. The maximum volatilisation rate is
therefore associated with the zone above the water table, where soils are highly to moderately
saturated. Within the model, volatilisation is represented as a rate coefficient that is defined for each
month of the year. Cropping is similarly considered, but differences are associated with the type of
crop to take account of continuous cropping in relation to biomass production (i.e. pasture) versus
production of arable crops which may have one short harvest period per year. The return of plant
material to soil surface is included for such crops. The model currently focuses on the soil-plant
system such that animals are excluded. However, grazing may lead to the return of selenium to soils
in manure and may require consideration, particularly in the case of selenium uptake to bioaccumulating plants.
The annual cycle of water table movement is important in the model as this is used to determine
movement of radionuclides up and down the soil column. If this is represented on an annual average
basis then information on radionuclide migration is lost with implications for plant uptake; kinetics of
absorption and desorption are likely to be in terms of hours or days and will determine the deposition
of selenium in the soil column.
Results of a reference case indicate a substantial intra-annual variability in plant concentration, which
results from competition between plant uptake throughout the season and dilution of selenium in the
plant as a result of biomass production; dynamics of these processes are represented in the model by
considering plant growth.
On timescales of around 100 years the upper 20cm soil layer is rapidly depleted in selenium such that
uptake from lower soil layers becomes increasingly important. This depletion occurs due to the higher
mobility of selenium under oxic conditions. As conditions become more reducing selenium binds to
soil. Variability in Se-79 concentrations over time for each soil layer is illustrated below.
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A range of sensitivity studies have been undertaken. Since the model is non-linear it is difficult to
predict how it will respond in relation to changes in the multiple parameters that are incorporated.
Nonetheless, sensitivity analysis results are broadly in line with what would be logically concluded.
Although specifically developed to represent Se-79, many of the same processes are important for
the U-238 series radionuclides (with the exception of volatilisation). However, differences are evident
for particular radionuclides within the decay series which leads to added complexities. As such, the
model has been adapted for application to the entire U-238 decay series. The underlying structure of
the model has remained constant and monthly time steps are used to represent hydrological
processes; shorter time steps are used to represent other processes as necessary. The ability for
Rn-222 to diffuse out of soil has been incorporated.
Discussion
A SHETRAN 1-dimensional column model has previously been developed for use within a multidimensional catchment model to enable hydrology to be considered in multiple dimensions as an
input to contaminant transport modelling. Initially columns were coupled to allow 2-dimensional
modelling and subsequently further model units were bolted together to allow 3-dimensional
modelling. Prior to developing a 1-dimensional contaminant transport model, hydrology must be
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adequately understood in 2- or 3- dimensions or large errors may be encountered with regard to
necessary assumptions on drainage in a 1-dimensional model.
2.11 MODELLING THE SPECIATION AND DISTRIBUTION OF URANIUM IN SOILS (VOLKER
HORMANN)
The information presented forms part of a project on the modelling of radionuclides in biosphere
objects, which is being undertaken by the University of Bremen in cooperation with HelmholtzZentrum Munich and is funded by the German Federal Office of Radiation Protection (BfS). The
Bremen group is focused particularly on soils and how long-lived radionuclides are distributed (Kd
values) under different soil and climatic conditions.
There are a number of requirements to consider in relation to speciation within the project, not least of
which is that all input parameters should have been validated and all soil components and processes
that may be significant in driving radionuclide behaviour must be considered. The initial focus of the
project is on uranium, selenium, nickel and caesium radionuclides, but there is the potential for the
scope to be extended to other radionuclides. The modelling code used for speciation calculations is
PHREEQC 2 [Parkhurst and Appelo 1999].
Important soil components for sorption and transport are clay minerals, with illite being used as a
representative material since it is the most prominent clay component in luvisol and podzol soils.
Immobile humic substances, dissolved organic matter (DOM) and oxides such as hydrous ferric oxide
and aluminous oxide are also important.
Within the model, various binding sites are considered for the different soil components. In the case of
illite, five binding sites (planar, Type 2, FES (frayed edge sites) and two types of surface complexation
sites) are considered [Bradbury and Baeyens 2000; 2009a and b]; hydrous ferric oxides present both
strong and weak sites for surface complexation [Dzombak and Morel 1990]. Binding to humic matter
is complex and the Tipping [1998; 2002] model has been applied. In the case of DOM, fulvic acid is
included in the model, for immobile humic matter the stability constants of humic acid are used.
There are a number of key assumptions within the model in relation to cation exchange capacity
(CEC). It is assumed that 30% of immobile soil organic matter is relevant for sorption and 65% of
DOM is able to complex cations.
The model has been validated against an experimental study conducted under well-defined conditions
[Vandenhove et. al., 2007]. The study looked at sorption in a batch experiment under controlled
equilibrium conditions. Eighteen soils relevant to Belgium were examined and a large range of soil
parameters recorded including field capacity, CEC, clay content, organic matter content, pH and
presence of major ions. Some assumptions were nonetheless required to enable results to be applied
within the sorption model. For example, it was assumed that concentrations of major ions were
constant throughout the experimental period, that aluminium was in equilibrium with Gibbsite and that
iron was in equilibrium with amorphous ferrihydrite. DOM was not reported and it was therefore
assumed to be at a concentration of 54 mg/l for all soils [Scheffer/Schachtschabel 2010].
Modelling was undertaken in stages. First the concentrations of respective surface binding sites were
calculated. Uncontaminated soil solutions were then defined and equilibrated with
Gibbsite/ferrihydrite. This step was then repeated for contaminated soil solution. The uncontaminated
solution was then equilibrated with the surface ensemble. Finally, this was replaced by contaminated
solution and equilibrated.
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Results of the validation exercise indicate a good correlation between modelled and experimental
data as demonstrated in the figure below. A high variability in results was expected, yet deviation from
measured concentrations remained within a factor of 2. For the 18 soils, the range in Kd was from
1,000 L/kg to 18,000 L/kg. In most soils, DOM was observed to have a strong influence on speciation
of uranium in solution, but both organic and inorganic complexation was important for some soils.
Humic substances and ferrihydrite had an influence on Kd.
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The project is considering a number of reference regions that are assumed to be characterised by
representative (reference) soils. The German RefeSol project (http://www.refesol.de/english/
index.shtml) established a set of reference soils and model parameters for the project have been
derived from the characteristics of these soils. Some assumptions have been necessary to account
for gaps in data such as the composition of soil solution and geometric means from standard soil
solutions have been applied. How Kd varies in response to variations in soil solution parameters such
as calcium content and practices such as phosphate fertilisation has been examined.
Differences in Kd were greater between radionuclides than between soil types, as indicated below.
The highest uranium association was with DOM in solution and with immobile organic matter. Ferric
and aluminium oxides were also important for uranium, but less so for nickel.
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Distribution coefficients for various Refesols
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Results from the model have been compared against published (IAEA TECDOC 1616) data and show
good agreement as indicated below (light grey bars represent the IAEA best estimate and dark bars
are the calculated Kd values for a loam (left) and sand (right) soil).
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Results indicate that the model can be used to estimate the equilibrium distribution (Kd) for uranium
and other radionuclides, but a reliable set of input parameters is required. There is the potential to be
able to apply the model to derive Kd values for the GBIZ.
It is intended that further sensitivity analyses will be undertaken to investigate, for example, how Kd
values vary with pH and soil clay content. Redox zoning will also be considered in further stages.
2.12 CASE STUDIES AND RESULTS OBTAINED WITH CIEMAT REDOX MODEL: LOS
RATONES MINE (DANYL PEREZ-SANCHEZ)
The Ciemat model described in Section 2.10 has been applied within the BIOPROTA work
programme on ‘Improving Confidence in Long-term Dose Assessments for U-238 Series
Radionuclides’. The working programme includes application of models to a defined scenario as a
means of comparing model performance and identifying the significance of differences in
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mathematical representation of processes and parameterisation. The scenario is focused on the Los
Ratones mine site in Spain.
Los Ratones is a former uranium mining site, located close to the border with Portugal. Remediation
activities were completed in 1993. The site is located in a granitic area and an emphemeral river is
present in periods of high rainfall. Due to the granitic nature of the site, water drainage can be
impeded, such that the water table is relatively high.
There have been a number of monitoring studies performed on the area and a wide range of sitespecific data are available; local (within 9 km of the site) meteorological data are available for a 43
year period.
The model, described in Section 2.10, was adapted for U-238 series radionuclides.
To evaluate soil hydrology for the site, the model was applied to both a drainage and a groundwater
discharge scenario. To apply the model, a 2 m soil depth was assumed and the minimum and
maximum water table height was calculated for monthly time steps in relation to 10 soil layers.
Results of the drainage and groundwater cases indicate a wide range of soil hydrological regimes can
potentially exist at the site, which is a particular feature of the Spanish climate. From May through to
September, precipitation is low and evapotranspiration is high which results in a soil moisture deficit
and an upward groundwater flux. As a result, the water table height is maintained at around 1 m
throughout this period. Groundwater discharge zones exist in the vicinity of the river and, as such, an
upwelling groundwater regime with a reasonably high upwelling rate and high water table has been
assumed.
Initial calculations for the U-238 series radionuclides were based on an initial calculation of 1 mole
U-238 per year into soil layer 10 (the base of the soil column) with Kd values set to their default values
3
-1
3
-1
for oxic (0.18 m kg ) and anoxic (1.0 m kg ) conditions, with anoxic conditions occurring in soil
layers 6 through 10. Results of the simulation suggested that spatial migration over a 1,000 year
timeframe was less than 1 soil layer (equating to 0.07 m). Site-specific Kd values are low in
3
-1
comparison to these defaults and, if a more site-representative value of 0.05 m kg is applied to both
oxic and anoxic soil layers, the expected migration of U-238 increases to 1.39 m. However, even with
this reduced Kd value and a high groundwater upwelling rate, several hundred years would be
required for U-238 to migrate from a depth of 2 m to surface soils, suggesting that the contamination
of surface soil layers at Los Ratones may be due to surface runoff processes rather than sub-surface
transport.
For a surface contamination scenario U-238, Th-234, U-234, Th-230 and Ra-226 were assumed to be
6
-2 -1
in secular equilibrium and enter surface soil at a rate of 1 10 Bq m y (equating to an input to soil
-1
-12
-5
-6
-7
-1
layer 1 of 3.38 10 , 5.00 10 , 1.86 10 , 5.69 10 and 1.21 10 mol y , respectively) over a 20 year
period. Soil hydrology was assumed to be the same as for the groundwater upwelling case, but Kd
3
-1
values were set to 0.05 m kg for all radionuclides to reflect reported site-specific values. Soil to plant
concentration ratios were maintained at their default reference values.
Results indicate continuous accumulation of most radionuclides throughout the simulation period.
However, oscillations are evident for Rn-222 which emanates from soils during dry spells when soil
layers are unsaturated. This is demonstrated in the following figure.
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The higher members of the decay chain are close to secular equilibrium in soils, but the loss of
Rn-222 results in reduced concentrations of Pb-210 and Po-210.
After 20 years of simulation, the total U-238 concentration in soil layer 1 was 1.55 107 Bq out of a total
7
input to surface soil of 2 10 Bq of U-238. Thus, much of the added inventory remained in soil layer 1
even with the low Kd values assumed.
Uptake from soils to plants varies according to bioavailability and concentration ratios therefore varied
throughout the growing season and by radionuclide.
The site data were not from a continuous monitoring programme and, as such, can be difficult to
compare with the model output. Natural background was not considered in the modelling study, which
is important when considering natural radionuclides; hence future work may look at the importance of
this on modelled soil and plant concentrations.
Discussion
Horizontal movement of water is not included in the Ciemat model and, as such, the influence of this
on the movement of radionuclides has not been investigated.
The available site data had to be developed into a scenario and a number of questions are
outstanding, not least of which is whether measured soil concentrations result from river conditions,
general surface-water run-off or groundwater upwelling. Such information is required to fully
understand the source term. No sites have yet been identified for which adequate monitoring data are
available and which are simple enough to readily apply available models. There may therefore be a
need to couple monitoring programmes with research objectives for the development of models for
long-term assessments.
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2.13 IMPACT OF SCOTS PINE (P. SYLVESTRIS L.) PLANTING ON LONG-TERM CS-137 AND
SR-90 RECYCLING FROM A WASTE BURIAL SITE IN THE CHERNOBYL RED FOREST
(YVES THIRY)
Around 1,500 hectares of the Red Forest was considerably affected by radiation following the
Chernobyl incident, and remediation activities were required, included the felling of a number of trees
in order to minimise risks from secondary contamination. Felled trees and contaminated surface soil
were disposed of in a series of around 200 trenches, each of which was around 2 to 3 m in depth.
Around 450 hectares of the forest area has since been re-vegetated in order to stabilise the area
resulting in the establishment of a new forest with trees located both directly above and between
disposal trenches. The area has been the subject of an in situ monitoring campaign.
The functioning of the new forest has been characterised such that turnover, biomass and productivity
have been measured and interactions with the atmosphere and soil hydrology investigated. The forest
trees have a strong impact on soil fertility and water chemistry, are responsible for element cycling
and can act as a sink for some pollutants.
The objectives of the study, which was undertaken by IRSN, UIAR and SCK·CEN and reported in
Thiry et al [2009], were to evaluate the capacity of pine trees to extract radionuclides from trenches
and to investigate the effect of the forest on the temporal pattern of radionuclides involved in the
biological cycle.
The study looked at a forest area located directly over the trench no.22 and a further forest area
located at a distance from the trenches. Total inventory of initial radioactivity in trench no.22 in 2000
was about 600 GBq for Cs-137 and 290 GBq for Sr-90, with activity concentrations of the waste
material varying from tens to thousands kBq/kg for both Cs-137 and Sr-90. Away from the trenches,
soil contamination levels were 125 kBq/kg for Cs-137 and 56 kBq/kg for Sr-90. Groups of trees were
compared in terms of element budgets (e.g. associated with inner and outer bark, twigs, foliage etc.)
and a similar distribution of elements was observed for both groups. High contamination levels meant
that roots could not be analysed
Overall strontium concentrations were around ten times those of caesium and, of the strontium in the
tree, around 80% was located in woody organs: strontium is an analogue of calcium which is
important in cellulose so this result would be expected. For caesium, 46% was located in foliage.
The amount of activity immobilised within the standing biomass varied depending on location. Within
the trenches 2.3 GBq/ha Cs-137 and 115.8 GBq/ha Sr-90 was within the standing biomass compared
to 1.4 GBq/ha Cs-137 and 21.7 GBq/ha Sr-90 out-with the trench area. Results therefore indicate a
very efficient upper transfer of radioactivity from the trenches to trees, particularly in the case of
strontium for which facilitated transport is evident.
A mechanistic approach was applied to develop a conceptual model, which considered cycling within
the forest in terms of compartments and fluxes to represent the biological cycle. Three main fluxes
were identified: need (i.e. that required for the production of new biomass), uptake (to satisfy need)
and internal transfer.
In the case of caesium, ‘need’ was calculated (based on potassium considerations) to be 1.2 GBq/ha
whereas the actual uptake was much lower. The failure to meet ‘need’ was balanced through
translocation. Of the actual uptake by trees, 70% is returned to soil. For strontium, ‘need’ was
calculated as 22 GBq/ha compared with an actual uptake of 37.5 GBq/ha. The actual uptake
corresponded to around 0.8% of the total trench activity. By analogy to calcium, such behaviour is
termed luxury consumption. Unlike caesium, negative translocation is observed for strontium such
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that excess uptake is directed to senescing organs to be cycled back to soil with leaf-litter fall, which is
a plant detoxification mechanism. Strontium was taken up 4 times more effectively than caesium.
Trees growing on the trench were found to have accumulated 1.6 times more Cs-137 and 5.3 times
more Sr-90 than those growing out-with the trench.
A previous study by Deweire et al [2004] deduced that, by 2001, between 2 and 7% of the total Sr-90
inventory in the trenches had been leached such that the activity was present in the underlying
aquifer. This equates to an annual loss of between 0.1 and 0.5%, lower than the net uptake of 0.8%
per year for the overlying forest.
The differences in uptake observed between strontium and caesium is most likely due to the amount
of organic matter in the trenches and competitors against caesium uptake, including potassium and
ammonia. Alternatively, different weathering patterns may occur for both radionuclides with caesium
being sequestered within the soil such that bioavailability is reduced.
The study also considered what the cycling could mean in terms of availability over time. If radioactive
decay is excluded from the calculation than around 75% of the available Sr-90 pool could, in theory,
be extracted in a 100 year period: of this, around 30% would be present in trees and the remainder in
the forest floor. However, if radioactive decay is taken into account, the maximum uptake should
occur in around 45 years from present with 12% of trench Sr-90 being present in the forest floor and
7% in tree biomass.
The activities in trees are high enough that there is a radiological risk associated with potential forest
fires such that consideration is being given to whether trees should be removed from the area and
disposed of in controlled trenches.
The results of the study are important in providing data in relation to underground sources of
contamination. Such data are important for long-term modelling studies for radioactive waste disposal
facilities.
Discussion
Uptake can vary with age of the tree, depending upon the element of interest. In general, higher rates
of uptake are observed for younger trees that are undergoing active growth. In the case of potassium
(and caesium by analogy), rates stabilise quite rapidly whereas for caesium (and strontium by
analogy), rates of uptake remained quite stable.
Trends may be evident between strontium and radium uptake. However, if a lot of competitors are
present then, because the two elements are not equally analogous to calcium, relative rates of uptake
(as well as absolute rates) would be affected. For example, analysis of radium uptake by trees
growing on a uranium waste pile indicated a low rate of uptake, which was thought to be due to the
presence of calcium.
The possibility that trees at the study site could have taken up similar amounts of caesium to
strontium, but that the caesium was stored in roots was noted. However, it was not possible to
analyse root contents due to the high activity levels at the site. Root uptake and retention is important
for uranium with around 99% being associated with the outer surface of the root. The possibility for
caesium to associate with mycorrhizae was also noted.
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2.14 CAN WE USE RE AS ANALOGUE OF TC IN THE ENVIRONMENT? (KEIKO TAGAMI)
Technetium-99 is a redox sensitive radionuclide. Under oxic conditions it is highly mobile in soils,
becoming less mobile under anaerobic (i.e. water saturated) conditions. Soil to plant concentration
ratios are high compared to many radionuclides but a large range in published data is evident.
Measurement of Tc-99 is difficult and, as such, rhenium (Re) was investigated as a potential
analogue.
Initial experiments looking at uptake of both Re and Tc from nutrient solution over a 3 day period
indicated that both continued to be taken up by plants over time and results were very similar with
concentration in leaves evident in both cases. Since both Re and Tc were continuously taken up,
maximum concentrations occur at harvest. On the basis of these results it is evident that Re can be
used as a chemical analogue of Tc in solution-plant systems.
The concentration ratio for Tc-99 in IAEA TRS-472 [IAEA, 2010] is 1800 for leafy vegetables and 4.3
for legumes. However, experimentally derived values were much lower and the concentration ratio for
Re was not consistent (range 0.006-0.052 for legumes). However, if the concentration ratio for Re is
calculated on the basis of Re in water soluble form rather than total Re then the value becomes more
similar to that for Tc-99, with a range of 0.17 - 0.96 being observed. The differences observed in plant
uptake results from differences in chemical form in soils. Rhenium in soils is very mobile and therefore
tends to migrate in soils and, being soluble, will be subject to lateral leaching, ultimately entering
seawater.
Both Tc and Re are redox sensitive and their behaviour in a solution pot experiment was investigated.
The experiment involved andosol soil collected from a paddy field, which was placed in pots and
covered with either Tc and/or Re solution. Over a 3 month period, Re remained in solution whereas
Tc was removed. The presence of Re did not affect Tc immobilisation. It was postulated that the
immobilisation of Tc is caused by bacteria and the uptake of Re and Tc in soils is thus different such
that they cannot be considered true analogues in soils.
A further experiment looked at the behaviour of Tc-99 under waterlogged soil conditions that were
followed by a period of drying. Results suggest that the soil absorbed Tc-99 had low solubility under
anoxic waterlogged conditions, but the insoluble Tc in soil was partially remobilised as soil samples
were air-dried. The potential exists, therefore, for Tc-99 that has accumulated in soils under reducing
conditions over time to be released as a pulse should oxic conditions occur.
Overall it was concluded that Re and Tc were absorbed similarly by plants and, since no effect was
observed on the uptake of Tc by plants in the presence of Re, Re could be used as a chemical
analogue of Tc. However fates of Re and Tc in soils are different: Tc is insolubilised in soils whereas
Re concentrations remained stable in solution.
Discussion
Whether or not there is an essential element analogue for Tc-99 was questioned. There is some
evidence to suggest that technetium associates with metabolic analogues (e.g. iodine), but no specific
essential element analogue has been identified.
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2.15 USE OF SR ISOTOPES TO ESTIMATE THE MEAN DEPTH OF ROOT UPTAKE BY TREES:
APPLICATION IN SEVERAL FORESTED ECOSYSTEMS UNDER DIFFERENT CLIMATES
(ANNE POSZWA)
Soil fertility and the sustainability of forest ecosystems depend on nutrient fluxes which can be
diminished with soil acidification (both natural and anthropogenic) ultimately resulting in forest decline.
The focus of the study was therefore on forests growing on acid soils, where cations are not abundant
and CEC is low, to determine whether trees are able to access calcium (Ca) from deep soil horizons
and effectively act as a Ca-pump to counteract the effects of acidification. Strontium (Sr) isotopes, as
a biogeochemical analogue of Ca, were used as a means of estimating the depth of root uptake in
order to improve understanding in relation to Ca uptake dynamics.
Rubidium (Rb) is an analogue of potassium, which is present in old silicate rocks. Rubidium-87
present in such rocks decays to Sr-87 and the resultant ratio between Sr-87 and Sr-86 is important.
There are two primary sources of Sr: atmospheric deposition where there is an almost constant
isotopic ratio of 0.71, and weathering of rocks where the flux of Sr into the system is often unknown. If
old rocks are weathered then a much higher Sr-87:Sr-86 ratio is obtained. A depth gradient in the Sr
isotopic ratio can then be used to determine where within the soil column Sr, and by analogue Ca, is
obtained from.
Two different forest ecosystems were considered, one in French Guyana and the other in northern
Sweden.
The French Guyana forest is a humid tropical type characterised by high precipitation, warm
temperatures and a dry season lasting two months. Three common tree species were studied, each
with different root profiles: Eperua falcata has large deep taproots penetrating up to 3 m and
horizontal near surface roots; Dicorynia guianensis has a large canopy and a horizontal near surface
root system that can penetrate up to 1 m; and Astrocaryum sciophilum, which is a kind of palm tree
that has a 3 to 5 m wide funnel that collects water and other material falling through the tree canopy
and, as such, has only a shallow condensed rooting system. Differences in the rooting systems are
depicted in the following diagram.

Soils at the French Guyana site were very acidic (pH 4.4 to 5.5). Two sites were identified; one with
good vertical drainage and a second saprolite near-surface unit with lateral drainage.
The Swedish site is a boreal system with low precipitation and low temperatures and a growing
season from May to September. The climate conditions mean that Sr atmospheric deposition is low.
The geology is largely old Gneiss rocks that are rich in primary minerals that are readily weathered.
Two sites were again identified, one consisted of podzol soils on a hill and a second a peaty soil in a
low-lying area. The forest was largely pine mixed with Norway spruce.
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A previous study identified that pine trees obtain water from greater depth than spruce. An objective
of the current study was therefore to see whether Sr uptake showed the same trend. Three
pine/spruce couples were investigated at each site.
At each site, four pits per tree were dug in order to sample soils and fine roots at different horizons.
Leaves, leaf litter and wood were also collected and analysed by mass spectrometry. A simple model
was developed to simulate the isotopic ratio and fluxes adjusted where required such that the model
output matched measured data.
For the French Guyana site, in horizontally draining soils, Sr uptake was shown to be via fine roots
with no translocation (fine roots had an isotopic ratio similar to soils whereas leaves and leaf litter had
a lower isotopic ratio). It was concluded, on the basis of the results, that in tropical forests, Sr uptake
(and hence Ca uptake) is not via deep roots. In such systems, Sr deposited by rain is leached from
the litter layer into upper soil layers where it is retained and is, therefore, available for root uptake.
This supports the theory that Sr and Ca uptake and cycling are mostly superficial in tropical
rainforests.
Results for the Swedish forest indicate a higher isotopic ratio in plants compared to the tropical forest,
suggesting that atmospheric deposition is of lower importance for uptake. Pine trees were expected to
take up a greater quantity of Sr from deeper horizons compared to spruce due to previously reported
water uptake characteristics. However, results indicate a higher ratio in spruce than pine as indicated
below, although the increase in ratio is of lower significance when values associated with the
underlying soil are taken into account.

It is considered that higher cycling of nutrients by spruce through leaves and litter fall results in the
observed change to the soil ratio in near-surface horizons (the annual cycling of Sr was 12 times
greater under spruce than pine): the enhanced mineral weathering of the litter layer may be mediated
by mycorrhizal activity. Overall it was concluded for the Swedish site that the average depth of uptake
was similar for both trees, but irregularities in the isotopic ratio with depth were present due to the
influence of tree nutrient cycling on the soil isotopic ratio distribution through the soil column.
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Further work is intended to investigate whether there is preferential uptake of Sr over Ca.
2.16 THE CUMULATIVE EFFECTS OF REDOX OSCILLATION ON CONTAMINANT MOBILITY IN
CLAY RICH MEDIA (CHRIS PARSONS)
Fluvial soils account for around 5% of all European soils and are often used for the production of
crops; however such soils are also often associated with the accumulation of contaminants, including
arsenic, which is a redox sensitive element.
Arsenic concentrations up to 35 ppm have been recorded in top soil on the Sâone floodplain and up
to 60 ppb in a shallow aquifer. The World Health Organisation recommends a maximum concentration
of 10 ppb arsenic in drinking water. The fact that comparatively high concentrations can occur in porewater whilst soil concentrations remain comparatively low can be an issue in relation to arsenic (e.g.
contaminated aquifers and paddy fields in south east Asia). The research programme has therefore
looked at how arsenic is compartmentalised in soils.
Multiple soil samples were characterised and correlations between elements, particle size
distributions and various soil chemical fractions analysed. Arsenic was found to associate in particular
with clay and silt sized particles rich in iron and manganese. This suggested that arsenic was
primarily associated with fine iron and manganese oxide particles in the analysed soils. No
statistically significant relationship to total solid organic matter or soil carbonates was observed.
The flood plain studied is subject to annual flooding and has a shallow and seasonally variable
57
groundwater table. The soil mineralogy was investigated by XRD and Fe Mossbauer spectrometry
and was found to consist of quartz, calcite, illite, chlorite and poorly crystalline goethite (α-FeOOH).
Goethite acts as a key absorbent for many elements present in the system particularly those occurring
as oxyanions such as arsenic which are poorly adsorbed by clay minerals at high pH. During flood
periods, redox conditions are altered. The diffusion of oxygen into and carbon dioxide out of soils is
greatly reduced. Microbial aerobic respiration of soil organic matter rapidly depletes residual dissolved
oxygen and carbon dioxide builds up. A succession of alternative terminal electron acceptors
including nitrate, ferric iron and sulphate are subsequently used by obligate and facultative anaerobic
soil bacteria coupled to the oxidation of organic carbon. This combination of aerobic heterotrophic
metabolism, anaerobic heterotrophic metabolism and restriction of CO2 emission results in a drop in
both redox potential and soil pH.
There are various ways in which elements can be demobilised on surfaces which can be affected by
redox changes. Partition coefficients (Kd) for equilibrium reduced and oxic states for most
mineral/element combinations are fairly well known, but the implications of multiple oscillations in
redox conditions resulting from repeat flooding events have received little attention. Laboratory
studies were therefore undertaken to investigate the impacts.
Redox cycling was achieved to simulate multiple flooding and draining cycles through input of either
oxygen (stimulating the aerobic microbial community) or nitrogen (promoting anaerobic microbial
activity) gas to the reactor environment and a repeatable Eh curve was achieved. The changes in
slope of the Eh curve relate to Eh buffering by different redox couples. These were investigated
further to determine which redox couples were related to the release of arsenic from soils and what
the long-term implications of repeat flooding events were.
During the anaerobic phase, arsenic was released to solution, but was sequestered again under oxic
conditions. The amount of arsenic released to solution reduced with each cycle. Dissolved organic
carbon (DOC) was found to follow the same trend as arsenic. The increase in DOC is attributed to
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bacterial hydrolysis of particulate organic matter which is a continuous process. However, under oxic
conditions the DOC is rapidly consumed by aerobic respiration. No additional organic matter was
added to the experimental system resulting in the observed exponential decay in DOC production
over repeated cycles.
The microbial community of the soil was studied. Both 16S rRNA (DNA and RNA) were analysed with
the former identifying the type of organisms and their potential function and the latter indicating their
activity at different time points during the experiments. A lot of heterotrophic organisms were identified
under both oxidising and reducing conditions. The activity of iron-reducing organisms increased under
reducing conditions and the activity of iron-oxidising organisms increased under oxidising conditions
probably due to reductive dissolution and oxidative precipitation of goethite during reducing and
oxidising conditions respectively.
A kinetic and thermodynamic model was developed in PHREEQC coupling hydrolysis of solid organic
matter, heterotrophic microbial metabolism, mineral dissolution/precipitation, aqueous speciation
changes of key redox couples and sorption processes. The model was capable of accurately
reproducing all geochemical parameters measured during redox oscillating experiment with the
exception of pH. Arsenic solid speciation predictions from the model were verified by X-ray absorption
spectroscopy. The overall decrease in arsenic being released to solution over multiple flood cycles is
thought to result from a combination of demineralisation-remineralisation processes and limitation of
heterotrophic metabolism due to decreased concentrations of dissolved organic carbon. During
demineralisation, contaminants are decoupled and, when remineralisation occurs the contaminant
can become locked within the mineral complex rather than being sorbed to the surface, resulting in an
increased solid-phase concentration over time compared to that in water.
Current work is focused on long-lived low level waste storage in France. The radionuclides in the
waste are also associated with a lot of toxic metals and metalloids and the study is looking at the
hazard associated with such substances. The effect of oscillations in groundwater level on redox
conditions is being studied in a similar way, but using ground-up clay rock. The behaviour of multiple
elements has been studied, including chromium, uranium, mercury and arsenic.
Mercury added to the system was quickly removed from the aqueous phase, potentially due to
sorption or volatilisation and no oscillations were observed with redox cycles. Oscillations were
observed however for uranium, chromium and arsenic. For Uranium releases occurred during
reducing conditions and attenuation under oxic conditions. This is the opposite to what would be
expected for uranium and may result from a kinetics problem such that electron transfer between
anionic electron shuttles and large anionic uranyl-carbonate complexes is severely restricted.
Therefore although thermodynamic calculations predict reduction of U(VI) to U(IV) and subsequent
precipitation of the mineral uraninite, the uranyl-carbonate complexes remain stable throughout redox
cycling. It is thought that the inverse of the expected trend in uranium mobility observed is due to
concurrent pH changes affecting surface sorption rather than redox conditions. The implications of the
results for the long-term need to be further considered as the experiments demonstrate important
long-term cumulative changes to Kd values during redox cycling conditions due to mineralogical as
well as contaminant speciation changes.
Discussion
Results of the experiments suggest that pure thermodynamic predictions in dynamic environments do
not accurately reflect real conditions and that kinetic controls are extremely important. Cumulative
changes to the physical and chemical properties of the soil matrix which result from oscillations in
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redox conditions may have a significant influence on long-term contaminant mobility in addition to
short-term mobility changes due to redox induced contaminant speciation changes.
2.17 USING A COMBINATION OF EQUILIBRIUM AND KINETIC APPROACHES TO MODEL
SELENIUM SOIL/SOLUTION DISTRIBUTION: IMPACT ON SE TRANSFER TO PLANT
(FREDERIC COPPIN)
Selenium-79 is a long-lived fission product that will be present in a deep geological repository
Selenate and selenite are the mobile forms of selenium in soils, but the kinetics of redox
transformations are not well known. As such, selenium behaviour in soils is usually represented by a
simple equilibrium Kd which relates to total selenium. A large range in Kd values is given in IAEA
TRS-472 and evidence suggests that field derived values are often higher than those derived from
laboratory experiments, which may indicate different behaviour between fresh and old contamination
(further discussed in Section 2.18). Consideration was therefore given to a kinetically controlled
fraction within soils.
Uptake into plants is normally represented by a concentration ratio that is used in conjunction with Kd
such that plant uptake corresponds to the concentration in soil solution. Only one concentration ratio
is given in TRS-472 for Se-79 which is for rice. An alternative hypothesis is that plant uptake only
occurs in relation to the exchangeable fraction in soils and laboratory experiments were undertaken to
derive appropriate parameters to allow an alternative model approach to be developed.
Laboratory soil column experiments were run where the activity of Se-75 in different soil layers was
measured by gamma spectrometry following the addition of selenite at low concentrations to a siltclay-loam soil at pH 5.5. Measurements were made during a 4 day contamination period and a 50 day
lixiviation period. Both sorption and desorption steps were analysed and the resultant Kd was 180
l/kg. If sorption and desorption steps were considered separately the respective values obtained were
20 l/kg and 2800 l/kg. The value recommended in TRS-472 is 220 l/kg which corresponds to the value
derived for both sorption and desorption stages. More, the lower and higher values given in TRS-472
correspond to 12 end 2800 l/kg which correspond to the value derived from sorption and desorption
steps.
It was considered that two Kd’s could be applied to represent sorption and desorption steps, and this
approach was compared against the classical single Kd approach. As such, a model (E-K) was
developed which took account of kinetic parameters (k+ and k-) to adjust sorption and desorption
steps. Results of the model simulation closely matched the measured data as indicated by the black
line in the figure below.
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Uptake to plants was also analysed in laboratory experiments. A rhizoplan device was used which
allows a soil layer to be in contact with roots, which then develop in a planar form. Below the soil is a
nutrient solution with plants being fed by capillary action to the root map. The device allows for ready
separation of the different plant tissues. Ryegrass was used as a model plant and was exposed to
either selenite or selenate for a period of 7 days over a sandy soil. Plants were grown for 14 days
prior to the experiment to ensure a steady phase of plant growth. Volatilisation was also investigated.
Results indicated that around 70% of selenite remains associated with the soil compared to 10% for
selenate. Almost 90% of selenate was taken up by ryegrass. In both experiments almost 0.4% was
volatilised compared to controls in which no plants were grown.
For the selenite exposure, of that taken up into plants, most remained within roots: in the case of
selenate the majority was translocated to leaves. For Se(IV), a concentration ratio for application
within the E-K model was 12.8 compared to 0.99 calculated by using classical concentration ratio
approach.
Both model approaches were applied to a scenario which assumed the input of 1 Bq/l Se-79 in 130
mm/y irrigation water that was supplemented with 730 mm/y of uncontaminated rain. No
evapotranspiration was assumed. A 10,000 year simulation period was employed with contamination
occurring for the initial 6000 years.
In the classical approach, the time to reach equilibrium conditions ranged from 25 to 2,500 years
depending upon the Kd employed: equilibrium was reached with the Kd model after 1,600 years of
simulation. Uptake to plants was lower for the E-K model due to some selenium being considered
biologically unavailable in this model approach. If the same plant concentration as in the conventional
approach is to be achieved a much higher concentration ratio is required or around 220.
It is intended that future work will aim to validate the E-K model and this will require soil-solution and
soil-plant interactions to be analysed at the same time.
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Discussion
The experimental approach to deriving the ryegrass concentration ratios was questioned since the
soil layer was very thin in comparison to biomass production which may have forced solution from
below. This may have occurred in the case of selenate which demonstrated a rapid uptake. However
for selenite the exchangeable fraction was lower so this would not have been the case. It was
considered that the experimental output should be considered in terms of root uptake kinetics relative
to the available selenium pool rather than considering as a conventional concentration ratio: Kd and
concentration ratio are largely treated as independent factors whereas in reality they are inversely
linked with Kd determining the fraction available for plant uptake.
2.18 GEOGENIC VERSUS SPIKED SE DIFFERENTIAL REACTIVITY IN SOILS (JULIE TOLU)
The capacity for selenium to be transferred from soils to plants and water over the long term is of
interest in relation to the underground disposal of radioactive waste where Se-79 may return to the
biosphere via groundwater transport processes. Since the interest is in long-term environmental
behaviour, research is focused on the differences in behaviour between natural (geogenic) selenium
in soils versus spiked samples: many laboratory studies undertaken to derive parameter values such
as Kd are based on the latter form. The study has involved use of soil extractants to investigate the
different forms of selenium present: water soluble (i.e. the most mobile fraction); exchangeable (that
absorbed to minerals); and that associated with organic matter.
Soils representing a strong gradient of organic matter (0 to 30%) were selected. The soils, derived
from agricultural, grassland and forest environments, had variable iron, aluminium and manganese
content. Analysis of the soils revealed no correlation between geogenic selenium and organic carbon
content, which is contradictory to guidance in IAEA TRS-472 whereby a higher Kd is recommended
for soils rich in organic matter. Correlations were observed in relation to iron, manganese and
aluminium content of the soils. A relationship between selenium Kd and amorphous and crystalline
iron was observed. Overall, iron and manganese hydroxides were found to have an important
influence on selenium mobility such that the conclusion was drawn that it is the mineral fraction of the
soil that controls selenium mobility in the long-term.
Soil extraction with sodium hydroxide (NaOH) identified a positive correlation between NaOHextracted selenium and NaOH-extracted organic matter, representing humic and fulvic acids.
Correlations in the amount of NaOH-extracted organic matter and soil pH and the presence of clay
and fine silt particles were also observed.
The type of soil (agricultural, pasture or forest) did not have a significant effect on Kd, but differences
were observed in relation to NaOH extracted selenium with a higher extraction being observed in
forest soils, as indicated below. The difference observed relates to the stability of organic matter in
soils with a greater organo-mineral association being observed for selenium in agricultural and
pasture soils compared with forest soils.
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The form of selenium present in each soil was also investigated to determine selenium speciation.
Results are presented below. Soil concentrations of selenite (IV) were greater than selenate (VI) in
most soils, which results from the weaker sorption, and hence greater mobility, of selenate in soils.

In order to study differences between the behaviour of geogenic and newly added selenium, an
agricultural and a forest soil were spiked with selenium at a concentration equivalent to the natural
(geogenic) selenium concentration observed. Spiked soils were subject to nine wet-dry cycles. Wet
cycles had a duration of 3 days, which was followed by drying until a humidity of around 2% was
attained, which took between 4 to 7 days to achieve.
For water soluble selenium, a sharp decrease in concentration of spiked selenium was observed in
both soils. In the forest soil a rapid equilibrium between spiked selenium Kd and geogenic selenium
Kd was observed. A high concentration of spiked selenium was obtained by NaOH extraction
compared with geogenic selenium in both soils.
The experiment was performed as a closed system such that no leaching of selenium occurred. A
strong decrease in water soluble spiked selenium was observed in the short term and the mobility of
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spiked selenium was, within a short space of time, the same as that observed for geogenic selenium.
However, if the NaOH extractable selenium is considered, a greater mobility is observed for spiked
selenium compared with geogenic selenium. The decrease of water soluble selenium is not therefore
due to reduction of selenite, but is rather explained by a stronger sorption at the start of the
experiment.
Overall, results suggest that Kd may be a good indicator of selenium partitioning in the geosphere, but
in the biosphere behaviour is more complex with the soil mineral fraction exerting a large influence on
selenium behaviour. The organic pool of selenium in soils was observed to be important and further
work is required to understand how vegetation interacts and influences this pool.
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3. CONCLUSIONS AND IDEAS FOR FUTURE COLLABORATION
3.1

KEY ISSUES AND CONCLUSIONS

From the presentations and discussions, it is evident that trees (and potentially other deep-rooting
plants) have a large influence on radionuclide and other contaminant migration and cycling between
the geosphere (groundwater) and the biosphere, and that soil conditions, particularly redox, exert a
large influence on soil-plant uptake dynamics. Nonetheless, uncertainties remain in relation to, for
example, root growth and uptake dynamics under varying soil hydrological conditions and how climate
variations (e.g. day length and temperature variations) influence this. In order to ensure robust models
of GBIZ processes, it is considered necessary to ensure that deep-rooting plants, as vectors of
element transfer, are appropriately conceptualised. A key aspect to this will be to further develop
understanding of biomass and water cycling, the interaction between roots and elements in relation to
processes such as speciation and complexation (including interaction between different elements),
and to represent these in models in a simple yet robust way.
Questions also remain in relation to non-equilibrium conditions. In moving from geosphere to
biosphere models there is a change from largely static conditions to highly dynamic. Important
parameters for many models are based on an explicit assumption that the system in question is under
equilibrium conditions and monitoring data to derive these parameters are similarly based on such an
assumption. However, the addition of radionuclides or other contaminants in groundwater to a system
may lead to non-equilibrium conditions and isotopic influences may require consideration. There is
also the question as to what actually represents equilibrium. Changes in soils may occur on a daily
basis, but when considered over a longer timeframe more stable conditions may be demonstrable
such that short-term fluctuations become unimportant for impact assessment. The timeframe over
which it is appropriate to consider that equilibrium parameter values apply, particularly in relation to
varying hydrological conditions and redox changes, may warrant further consideration and discussion.
The application of the PHREEQC model to site-specific data and further use of reactive transport
modelling may help address issues relating to variations in redox properties and implications for longterm environmental behaviour of key radionuclides.
Soil parameters such as organic matter content and mineralogy have a large influence on the
partitioning of contaminants between solid and liquid phases (Kd). Uncertainties in the application of
this parameter within long-term modelling studies may be reduced through site characterisation
programmes aimed at characterising soil properties at a given site. However, there is a need to
ensure that research to derive such parameters also records the characteristics that will help in
parameter value selection and there may be merit in considering the establishment of a network of
sites for which key monitoring data are available or could be made available. Nonetheless,
uncertainties will remain in relation to the selection of appropriate parameter values in the long-term
as sites (and soils) evolve, but this may be alleviated by including within the network a sufficient range
of sites that are representative of different climates that could be used as analogues for future climate
conditions.
Further to this, research presented also indicates that differences are observed in the behaviour of
contaminants in soil both in relation to source (e.g. atmospheric versus rock weathering) and duration
of contamination, with the latter being of potential importance when considering the applicability of
laboratory derived equilibrium parameters to long-term modelling studies. Research has also
indicated that repeated changes in redox conditions in soils can be important in relation to the
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sequestration of contaminants within the soil matrix such that mobility and bioavailability may be
affected over time.
It may be appropriate to select parameter values conservatively to ensure risks to people and the
environment are not under-estimated, which may alleviate concerns over environmental behaviour of
key radionuclides. However, there is the potential that, by employing such an approach, the overlyconservative assessment endpoint may be far from helpful.
A key limiting factor in long-term performance assessments is the availability of data relevant at the
time of expected contaminant release to the biosphere. A number of radionuclides of concern for
long-term performance assessments have stable isotopes or analogue elements for which data and
knowledge of long-term environmental behaviour exist that may be relevant as input to the
development and application of models. Common long-term assessment problems arise in relation to
radioactive waste disposal, extractive industry and recovery from accidents and bad (historical)
industrial practise. However assessment experience differs and bringing together experts from each
field is invaluable in facilitating the exchange of relevant knowledge and experience. Furthermore,
where legacy sites are subject to on-going monitoring programmes, there may be merit in
collaborating such that there is integration between programmes aimed at supporting future
management decisions in relation to land remediation and the development of long-term assessment
models.
Recent developments in model approaches have aimed to address some of the complexities
associated with the influence of plants on soil hydrological conditions, which helps alleviate the
conceptual gap in geosphere and biosphere models (the GBIZ). However, most approaches to date,
consider groundwater and contaminant transport in a single dimension. Further development to
consider the influence of lateral water (and contaminant) transport may be warranted and the
suggestion was made that there may be merit in establishing a working group to look at the
mathematical representation of phenomenological understanding within aquifer-soil-plant models.
3.2

IDEAS FOR FUTURE COLLABORATIVE WORK ON ISSUES RELATING TO THE GBIZ

The range of participants and presentations shows that there is considerable interest in the technical
issues, in the context of performance assessment for radioactive waste repositories, but also in
relation to similar scientific questions related to management of NORM disposal sites and other sites
linked to hazardous waste management and disposal.
A substantial issue is the improvement of understanding of geochemical processes in near-surface
systems which will be subject to environmental change, both natural and human mediated.
Since trees are a key vector for element cycling in the biosphere and are also important with regards
to coupling between the geosphere and the biosphere, it was suggested that there may be merit in
undertaking an inter-comparison exercise focused on the application of models to water/biomass
data. There may also be benefit in organising, within this work programme, a workshop to consider
how processes could be represented conceptually and mathematically within models. Within the
workshop there may be merit in establishing small groups to brainstorm on key processes (for
example in relation to the root-soil interface or the coupling of biomass growth with climate) and to
develop broad guidelines on appropriate conceptual models and their mathematical representation.
One such group may be warranted on the question of how Kd should be measured. This question
was raised in acknowledgement of the difficulty in determining the point at which equilibrium is
reached. As such, the results of analysis of a standard soil sample by multiple laboratories are likely
to vary depending upon the protocol applied.
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A further suggestion for a future working group (and/or workshop) was made in relation to the
coupling of different types of models (particularly hydrogeological with geochemical models), on
appropriate temporal and spatial scales, to identify when coupling is appropriate and to what degree.
The workshop (or work programme) should include consideration of what current models do, what are
the inputs and outputs and how these can be mapped to different scales to address GBIZ modelling
questions.
As indicated above, there is also interest in establishing a network of monitored sites that could be
used to further develop and validate modelling capabilities and that could also be used as analogues
of future conditions. Each site would require both geology and chemistry to be well defined. It was
noted that a forest site in France has been monitored for a 10 year period in order to investigate the
evolution of organic matter, which may be interesting data for application in this regard. Data from
different scales would be worth exploring, such as small forest plots through to larger forest
monitoring areas. If a particular site could be identified for which detailed knowledge of site hydrology
is available (for example, shallow radioactive waste disposal or uranium mining sites), it may be
possible to improve confidence in models through a targeted inter-comparison exercise. Ideally both
complex models (that represents all relevant aspects of environmental behaviours) and simple models
should be applied to compare relative performance and identify where it is justifiably appropriate to
apply simplified approaches, but also to identify key processes for which detailed conceptual
understanding and representation is required.
In relation to the point above, it was noted that work at Imperial College London has established an 18
year data set relating to soil column and field lysimeter studies with all data generated (including
redox conditions and trace element concentrations) being subject to appropriate quality assurance.
These data have previously been used for model validation (e.g. PRISM) and could be further applied
in this context. In particular, a project could be established within which models are applied to the
available data, partly to determine model performance, but also as a means of identifying additional
data requirements that could be addressed through alternative experiments. The reference soil used
in the experiments is still available such that further experimental work and soil characterisation
studies may be possible.
Finally, where particular parameter data are missing within models, it may be possible to address this
through targeted laboratory research, and NIRS (via Keiko Tagami) may be able to undertake such
studies where particular radionuclides and processes are identified.
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APPENDIX A. LIST OF PARTICIPANTS
Participant

Affiliation

Presentation / Role

Abdullah Al-Zahrani

Aramco

Uranium uptake by root vegetables

Achim Albrecht

ANDRA

What do we need, what do we have and
what have we developed to simulate
transport of radionuclides and toxic
chemicals between the geospherebiosphere interface zone and plants?

Anne Poszwa

UHP Nancy

Use of Sr isotopes to estimate the mean
depth of root uptake by trees: application in
several forested ecosystems under different
climates

Annemieke Gärdenäs

Swedish University of
Agricultural Sciences

Element fluxes in soil-plant system after a
radioactive groundwater contamination

Caroline Vincke

Catholic University of Louvain

Water table is a relevant source for water
uptake by a Scotts Pine (Pinus sylvestris L.)
stand

Catherine van den Hoof

NCAS-Climate/University of
Reading

Chlorine cycling and implications for the
underground contamination

Chris Parsons

Observatory for Earth &
Planetary Sciences

The cumulative effects of redox oscillation
on contaminant mobility in clay rich media

Danyl Perez-Sanchez

Ciemat

Case studies and results obtained with
Ciemat redox model

Frederic Coppin

IRSN

Se-79 behaviour in soils and plants

Graham Smith

GMS Abingdon

BIOPROTA Technical Secretariat

Jordi Vives i Battle

SCK·CEN

Modelling chlorine-water interactions in the
geosphere biosphere interface: update and
future direction of a collaborative project

Julie Tolu

ANDRA/University of Pau

Geogenic versus spiked Se differential
reactivity in soils

Karen Smith

Eden Nuclear and
Environment

BIOPROTA Technical Secretariat

Keiko Tagami

NIRS

Can we use Re as analogue of Tc in the
environment?

Paolo Trinchero

Amphos21

Use of reactive transport calculations to
determine effective Kds in heterogeneous
media: incorporation of decay chains

Laura Limer

Limer Scientific Consulting

Participant

Marie-Odile Gallerand

IRSN

Participant

Mike Thorne

Mike Thorne & Associates

Representation of redox behaviour in soil
and uptake by plants

Functioning of the Geosphere-Biosphere Interface Zone (GBIZ), WORKSHOP REPORT.
FINAL 12 December 2011

43

BIOPROTA
Participant

Affiliation

Presentation / Role

Peter Saetre

SKB

GBIZ in the SKB assessment SR-Site

Shulan Xu

SSM

High transient doses as a result of
accumulation and chemical zonation of
long-lived radionuclides across the
geosphere-biosphere interface zone

Sten Berglund

SKB

GBIZ in the SKB assessment SR-Site

Thierry Doursout

IRSN

Assessment of uranium from mine waste
tailings

Volker Hormann

University of Bremen

PHREEQC model: uranium results

Yves Thiry

ANDRA

Impact of Scots pine (P. sylvestris L.)
planting on long-term Cs-137 and Sr-90
recycling from a waste burial site in the
Chernobyl Red Forest
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