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BIOPROTA
PREFACE
BIOPROTA is an international collaboration forum which seeks to address key uncertainties in the
assessment of environmental and human health impacts in the long term arising from release of
radionuclides and other contaminants 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 and related 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 during an international workshop held from 1st to
3rd April 2014. The workshop was hosted by IRSN in Aix-en-Provence, France. Technical inputs were
provided by a wide range of organisations via presentations and discussions, as described in the report.
Financial support was provided by Andra (France), LLWR (UK), IRSN (France), NUMO (Japan) and
Posiva (Finland).
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.
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Executive Summary
It has long been recognised that C-14 is one of the key radionuclides of interest in post-closure
assessments for solid radioactive waste disposal facilities. Activities within specific national level
projects, as well as international collaborative work within BIOPROTA, as reported in a 2013 workshop
on Modelling Approaches to C-14 in Soil-Plant Systems and in Aquatic Environments, have helped to
identify key processes associated with the environmental behaviour of C-14 for a range of important
types of C-14 release to the biosphere, and hence reduced uncertainties in long-term C-14 dose
assessments. At the same time, that workshop also suggested a range of work that could further
improve confidence in these long-term assessments, widen the justified application of the models to a
broader range of conditions, and support the testing and validation of those models.
To take forward these suggestions, a further workshop was arranged and hosted by IRSN in Aix-enProvence, 1 – 3 April 2014, with the following specific objectives:





Presentation of recent field monitoring and research methods and results, and results of
experimental and other research activities,
Presentation of recent developments in C-14 dose assessment models for people and other
biota in terrestrial and aquatic environments,
Discussion of how the above material can support improvements in C-14 dose assessments
for humans and other biota, and
Evaluation of the scope and nature of further collaborative work.

This report summarises the presentations and discussion provided by the 22 participants from 8
countries, representing a range of operators, regulators, researchers and technical support
organisations. A range of potential future collaboration activities were identified on the topics of:
 C-14 source terms
 Biosphere dose conversion factors
 Carbon pools and fluxes in aquatic systems
 Methane oxidation and emanation from soils and mires
 Application of short-term monitoring data to long-term assessment models
 Data sets for model-data comparisons
The range of activities described above could support continued improvements in long-term C-14 dose
assessments not only for releases from solid waste disposal facilities, but also for routine effluent
discharges. Readers are invited to comment and provide suggestions with a view to implementation of
the above suggestions to Karen Smith of the BIORPOTA Technical Secretariat at karen@radecol.co.uk.
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1. INTRODUCTION
It has long been recognised that C-14 is one of the key radionuclides of interest in post-closure
assessments for solid radioactive waste disposal facilities and yet uncertainties remain with regard to
the behaviour of C-14 in the environment and how these affect long-term dose assessments. Whilst the
focus of BIOPROTA is on longer term releases from solid waste disposal, it has long been recognised
that information obtained from assessments relating to alternative source terms such as operational
discharges from reactors and reprocessing plants, and discharges from pharmaceutical and agricultural
sources can provide important information both on the behaviour of C-14 once in the surface
environment and on approaches to assessment. Carbon biogeochemistry is a complex topic, but
substantial expertise already exists in the fields of plant physiology and aquatic ecology, from studying
carbon turnover, that can be drawn upon to identify the important issues associated with C-14 biosphere
modelling. Engagement with the wider C-14 assessment community is therefore considered beneficial,
allowing the exchange of information on important transfer mechanisms and modelling approaches and
identifying key issues that need to be addressed.
Carbon-14 can be released from solid waste disposal facilities either as C-14 bearing gases or as
aqueous species and modelling of the transfer of C-14 transfer through the environment has been a
key aspect of radiological assessments of radioactive waste disposal facilities for a number of years. A
particular focus of attention is the behaviour of C-14 in surface soils and the potential for uptake into
plants. Release to soils from a repository is considered, potentially, to be largely in the form of methane.
However, within soils, methane can be converted to carbon dioxide by microbial processes. Subsequent
release of carbon dioxide from soils allows C-14 uptake by plants through the process of
photosynthesis; the ability of plants to photosynthesise the C-14 is dependent upon a number of
complicating factors that govern the dynamics of gaseous transport in the plant canopy atmosphere.
Furthering understanding of the behaviour of C-14 following release to surface waters is also of
considerable interest for long-term post-closure safety assessments. A simple isotopic ratio approach
is often employed in C-14 dose assessment models; however, there are a number of different inorganic
and organic carbon pools with varying rates of exchange that gives rise to uncertainty in the application
of an isotopic ratio approach. Emanation rates from the surface of water bodies to atmosphere and
rates of water exchange can be important loss mechanisms; but the degree to which these are taken
into account in assessment models varies.
Within BIOPROTA, work on the assessment of C-14 in the biosphere began in 2005 with a model review
and comparison [Sheppard & Thorne, 2005], considering both terrestrial and aquatic assessment
models. Subsequently, a series of reports describing BIOPROTA activities in this area has focussed on
the release of C-14 from soils and uptake into plants, with a publication describing the work programme
being presented at the 2012 International Radiocarbon Conference and a paper being published in
Radiocarbon Journal [Mobbs et al, 2012]. A subsequent workshop was held in Stockholm in February
2013 that extended the consideration of the behaviour of C-14 into aquatic environments. The workshop
report “Modelling approaches to C-14 in soil-plant systems and in aquatic environments”, included an
addendum on recent research work undertaken by, or on behalf of, individual waste management
organisations [BIOPROTA, 2014]. The report describes different models and their application to
different ecological contexts, the driver being to consider the application of models on the basis of
ecosystem understanding complementing the previous focus on detailed process models. It is important
to note that the objective of any model-model comparison work is not to achieve the same numerical
result (which may not in any case be correct), but rather to be able to explore and understand potentially
relevant processes so as to be able to justify what should be included in a specific assessment model
BIOPROTA C-14 Workshop Report, version 3, Final, 21 November 2014
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for a particular given site. Potential data sets that could be applied to validate or improve confidence in
assessment results based on site characterisation and prognostic modelling, both for terrestrial and
aquatic ecosystems, were also discussed.
A number of recommendations were made as a result of the 2013 workshop for further work that could
be undertaken to further improve assessment models and their supporting data bases. In particular, the
application of specific activity models to aquatic systems was discussed. Whilst such models are simple
to apply, averaging of C-14 over the wrong carbon pools (i.e. taking into account carbon sources that
are not seen by different trophic endpoints) can lead to overly conservative results. Understanding of
the different carbon pools and correct spatial and temporal averaging is therefore a key aspect of C-14
modelling in aquatic systems.
The workshop reported here follows on from the previous work programme and aims to further enhance
C-14 modelling capabilities, taking into account progress in specific projects undertaken by sponsoring
organisations relating to model developments and data on the behaviour of C-14 in terrestrial and
aquatic systems.
1.1

OBJECTIVES AND SCOPE OF THE WORKSHOP

A key feature of the continued C-14 programme within BIOPROTA is to reduce uncertainties and
remove unnecessary pessimism in assessments such that the output is both more reliable and
accurate, thus supporting the optimum allocation of resources available for radioactive waste
management. As a means to achieving this, the workshop aimed to provide an opportunity to present
new modelling work, research and resulting data, with discussion focussing on how the information
could be used to improve dose assessments for people and biota and to evaluate the scope for further
work that might be undertaken.
1.2

PARTICIPATION

The workshop, hosted by IRSN in Aix-en-Provence, was attended by 21 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 of this report summarises the presentations made by participants on their respective C-14
models and research programmes. Section 3 then summarises key discussion points and identifies the
potential areas that could be taken forward as specific work programmes within BIOPROTA.
Conclusions are provided in Section 4.
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2. PARTICIPANT PRESENTATIONS
Summaries of each of the presentations made during the course of the workshop are presented below,
including key discussion points.
2.1

IAEA C-14 DOSE MODELLING

Presented by Tamara Yankovich.
Within the IAEA, the key foci of activities are to facilitate information exchange; to coordinate work
programmes that enhance and develop assessment capabilities and tools for radiation dose
assessments; and to develop safety standards for the protection of people and the environment from
radiation.
In terms of model validation and harmonisation activities, the objective is to improve capabilities in the
field of environmental dose assessment by means of acquisition of improved data for:


Model testing and comparison



Reaching consensus on modelling philosophies, approaches and parameter values



Development of improved methods



Information exchange

A number of activities have been coordinated to facilitate model testing, development and
harmonisation. The programmes started with the BIOMOVS I and II (biospheric model validation
studies) programmes that were completed in 1996a and these programmes were followed by the IAEA’s
BIOMASS (biosphere modelling and assessment), BIOCLIM (modelling sequential biosphere systems
under climate change for radioactive waste disposal) and the EMRAS I and II (environmental modelling
for radiation safety) programmes. Such programmes typically result in the development of guidance
documents, such as that currently under development in relation to the ERICA assessment tool for biota
dose assessments within the current IAEA MODARIA programme.
In terms of activities relating to C-14 modelling, specific work programmes have taken place. Within
EMRAS I a working group specific to the modelling of C-14 and tritium was established that considered
two scenarios that were focussed on C-14. One scenario involved a 10 year continuous release of C14 from a reprocessing plant in Japan and uptake into rice during the growing season. A range of
assessment models were applied with results indicating that simple specific activity models and more
complex dynamic models were both appropriate to evaluating uptake to plants. More process-based
models were nonetheless considered more appropriate for application to dynamic release scenarios as
considered in the second scenario that was based on an experimental release of C-14 under controlled
conditions and uptake into potatoes. Carbon-14 was subsequently included within the transfer working
group of EMRAS II, with a chapter being dedicated to specific activity models for C-14, tritium and Cl-

a

BIOMOVS Phase I was organised and sponsored by the Swedish Radiation Protection Institute from 1985 –
1990 [BIOMOVS, 1990], and BIOMOVS Phase II was jointly organised and sponsored by organisations from
Sweden, Spain and Canada [Davis et al 1999]. Both programmes had wide international participation.
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36 within the resultant publications TRS-472 and TECDOC 1616 on radionuclide transfers in temperate,
tropical and sub-tropical environments.
The biota modelling group of EMRAS II also included a C-14 scenario that has been submitted for
publication in a peer reviewed journal. The scenario was based on the AECL Duke Swamp wetland site
and included both C-14 and Cs-137 with a range of soil types and organisms being considered. Results
indicated that the factors leading to uncertainties and differences between assessment models were
soil moisture considerations and biota occupancy factors. Uncertainties were greater for those species
feeding in areas affected by groundwater discharge and spatial areas for feeding behaviour were
therefore considered to be important considerations. Once C-14 reaches the surface environment,
volatilisation and dispersion occur, with dispersion being a key process determining the 3-dimensional
distribution of C-14. Specific activity models could be applied to the scenario, but factors such as soil
saturation and the carbon pools that are accessed as a result of habitat occupancy and feeding
preferences need to be taken into account.
The model validation process is used by the IAEA to promote information exchange with conferences,
workshops, meetings and other dialogue also being employed. The Agency is open to additional ways
of fostering mutually beneficial working relationships; it has a mandate to foster information exchange
on nuclear safety that can facilitate the early identification of issues.
The IAEA is also responsible for the development of safety standards and is currently working to update
SRS-19 on the exposure of the public and environmental impacts. The update will see the standard
being expanded into three volumes. Volumes 1 and 2 will focus on human protection with volume 1
covering screening assessments of public exposure and volume 2 providing details on the generic
models that underpin those assessments, including details of assumptions employed and parameter
values. Volume 3 will then focus on plant and animal scenarios for planned exposure situations. The
objective with volume 3 is to facilitate the application of screening models to biota, ensuring that there
is some level of confidence in the assessed implied risk. The screening approach will be based around
the ICRP Reference Animal and Plant approach, taking into account the latest information on
environmental transfers; a report on wildlife transfers was produced within the EMRAS II programme
and is currently in the publication process.
The scope of the SRS-19 update includes screening assessment of doses to a representative person
under a graded approach and will include tabulated screening coefficients and environmental dilution
factors for a range of different radionuclides appropriate to a variety of different source terms (a greater
range of radionuclides will be included in electronic appendices). The information may not, however, be
applicable for emergency planning/response or for long-term assessments for radioactive waste
disposal. Three categories of facility are considered (small facilities, large facilities and nuclear power
plants) with a 4-tier assessment approach being employed:


C1 – a one-step conservative assessment with no dilution of the discharge (to air or river) and
no requirement for site-specific information. A fail at C1 would trigger a C2 assessment. [It was
noted in discussion that there is a need to provide clarity on the definitions of small and large
facilities and the point at which ‘no dilution’ is considered; a hospital discharge to sink could be
high activity, but would be subject to high dilution prior to discharge from the hospital premises].



C2 – a two-step assessment that includes environmental dispersion. It is intended to be less
conservative than C1, taking into account some site data.



C3 – a more detailed assessment that not only includes dispersion, but also allows for individual
exposure pathways to be incorporated. Discharge to air or any surface waters can be
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evaluated. The assessment is intended to be again less conservative than previous tiers whilst
ensuring it is unlikely that doses to people would be underestimated.


C4 – a detailed assessment, taking full account of environmental dispersion.

Screening coefficients for annual effective dose to a representative person, normalised by average
concentrations in environmental media will be included and presented both for aggregated and specific
exposure pathways within volume 1. It was noted that there may be merit in comparing screening
coefficients from SRS-19 to those developed as part of waste management assessment programmes.
Differences would be observed as assessment objectives vary, but a degree of consistency should be
evident.
For C-14 in aquatic ecosystems, plant activity concentrations are estimated using a bioconcentration
factor with the specific activity approach being applied to aquatic animals, assuming equilibrium with
dissolved inorganic carbon in water. Carbon pools and form of discharge were however noted as being
areas of uncertainty; specific activity models consider inorganic carbon pools, but organic carbon may
be released and may be potentially more bioavailable than inorganic forms. Dissolved organic matter
input from non-contaminated sources to water bodies will also affect the C-14 specific activity and
should be considered. The SRS-19 approach is intended to be applied to planned exposures under
chronic, steady state conditions. How to address more dynamic situations requires further
consideration.
The IAEA has also recognised the need to develop understanding of issues around radionuclides in
wetlands resulting from groundwater contamination sources and a water resources programme has
been initiated. The mandate is to consider groundwater risks, to map non-renewable groundwater
resources, develop understanding of how groundwaters interact with surface waters, and develop
understanding of how climate change could impact upon water resources and their management.
Further information on the programme is available from http://www-naweb.iaea.org/napc/ih/
IHS_resources_publication_tecdoc1.html. [It was noted that a further area that may require
consideration in relation to groundwater is the application of the European Directive on groundwater
protection to radioactive waste disposala.
2.2

POSIVA’S C-14 DOSE ASSESSMENT IN BIOSPHERE ASSESSMENT-2012

Lauri Parviainen presented.
The model applied by Posiva for their Biosphere Assessment-2012 (BSA-2012) for a (nuclear)
construction license application for a spent nuclear fuel repository at Olkiluoto, Finland, was based on
a specific activity approach for C-14; multi-compartmental models were applied for other radionuclides.
The decision to use a specific activity approach for C-14 was driven by UNSCEAR and IAEA
recommendations and the C-14 model was based on Avila and Pröhl [2008]. The main assumptions
employed by the model are that the long-term behaviour of C-14 is modulated by environmental cycles
of stable carbon (C-12) and that the isotopic ratio between C-12 and C-14 remains stable between
compartments.
Results of the BSA-2012 assessment indicate that C-14 is the key radionuclide contributing to human
dose within the 10,000 year assessment time window. The maximum annual effective dose to people
in the reference case was calculated to be 2E-7 mSv in the year 5020 with C-14 being responsible for

a

http://ec.europa.eu/environment/water/water-framework/groundwater/framework.htm
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92% of the dose at this time; I-129 is the second most important contributor to dose. In terms of
exposure pathways, the most important contribution arises from water ingestion with 66% of the
calculated dose resulting from this pathway and five of the most exposed group of 20 persons receiving
their exposure from the consumption of well water from a heath forest biosphere object (see object EjjF
in Figure 2-1), with dose from water consumption being 5.4E-7 mSv. The remaining 15 persons from
this group are calculated to receive their dose (3.1E-11 mSv) from the consumption of lake water. The
importance of water consumption to dose may arise as a result of conservatisms in the approach to
modelling C-14; no loss flux from water to air is considered in the aquatic C-14 model.

Figure 2-1. Source of dose to the most exposed persons in BSA-2012 (biosphere object EjjF), from Safety Case
for the Disposal of Spent Nuclear Fuel at Olkiluoto - Biosphere Assessment 2012 [Posiva 2013]. Red circle
indicates discharge point to the biosphere.

With the highest doses being observed in the location of the initial discharge point to the biosphere
(illustrated by a red circle in Figure 2-1), the number of biosphere objects may be reduced in future
assessments with objects further from the discharge point being removed in order to simplify the model.
In the variant calculation cases VS-SOUTH 1 and VS-SOUTH 2, where the discharge point to the
biosphere is located to the south of the Olkiluoto site, larger doses were calculated than for the reference
case. In both variant cases, food consumption was the key exposure pathway with C-14 again
dominating annual dose with a contribution of 96% of the total calculated doses. Food irrigation was the
penalising case although the rate of irrigation assumed was higher than is currently observed in
practise. Whilst doses were greater in these variant cases than in the reference case, doses remained
well below the regulatory limit.
For dose to non-human species, C-14 was again the dominant radionuclide contributing to exposure in
both freshwater and brackish water environments, which again may arise from conservatisms in the
aquatic C-14 model. In the terrestrial environment however, Cl-36 was largely dominant although C-14
was a key contributor for some soil-dwelling organisms. Dose rates to biota were, as for humans, greater
in the variant calculation cases VS-SOUTH 1 and VS-SOUTH 2 than in the reference case.
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Further details on the assessment are available from the BSA-2012 safety case report (Posiva 201210) that is available from www.posiva.fi. Data on the model approach for C-14 is also available within
the radionuclide transport model report (Posiva 2012-31) and details of the biota assessment in a
specific report (Posiva 2012-32) that are again available from the Posiva website.
In discussion it was suggested that the dose factors calculated in the BSA-2012 reports could be
compared with the IAEA SRS dose factors. However, it was also noted that there is a potential
inconsistency in the dose conversion factors for carbon in that they are based on organic carbon
whereas the form in well water would be inorganic carbon that is then used for irrigation and/or drinking
water. It was suggested that there could be a factor of 10 reduction in drinking water doses for C-14 if
a more appropriate dose coefficient was employed. For example, carbonate and carbon dioxide have
the same dose coefficient, but one is known to be retained in the body for a longer period of time.
2.3

MODELS OF THE BEHAVIOUR OF
ASSESSMENTS

14

CH4 IN AGRICULTURAL SOILS FOR USE IN SAFETY

Mike Thorne presented.
Work has been undertaken on C-14 modelling for the Low Level Waste Repository (LLWR) and for the
Nuclear Decommissioning Authority, Radioactive Waste Management Directorate (NDA-RWMD, now
Radioactive Waste Management Limited, RWM) with a focus on C-14 behaviour in agricultural soils.
2.3.1

The LLWR C-14 model

A detailed C-14 assessment model has been developed for LLWR. The work stems from concern
around the release of C-14 in gaseous form from near-surface disposal trenches. The pH in the
repository will not be homogenous and bacterial activity will therefore be variable according to the
presence of favourable conditions.
The release of C-14 labelled methane is the primary concern for LLWR; whilst C-14 labelled methane
and carbon dioxide are produced in comparable quantities, cementitious conditions will largely prevent
the release of carbon dioxide. There is nonetheless potential for release in the form of carbon dioxide
if fractures are present within the cement matrix. Methane will be available for release from the
repository with gaseous hydrogen acting as a carrier. The model therefore considers the release of both
methane and carbon dioxide into soil and subsequent release to the plant canopy atmosphere and the
above canopy atmosphere. Root uptake from C-14 in soil solution is also included in the model with
root uptake being found to be of comparable importance to foliar uptake.
In the original model developed for LLWR, a 2-dimensional treatment of C-14 transport was considered
to allow for both vertical and lateral movement. However, when residence times were calculated for C14 in the plant canopy, the residence time was only a few seconds and lateral transport only a few
metres. The revised model therefore considers C-14 transport in a 1-dimensional approach with the
focus being on the vertical migration of C-14 in soil and through the plant canopy atmosphere. The
initial model also considered a diffusive transport of C-14 in the lower part of plant canopy atmosphere
with a turbulent regime in the upper part and above the plant canopy. It was however considered that a
zero airflow rate will not occur at any height within the canopy and the revised model therefore considers
turbulent mixing throughout the plant canopy.
Unlike traditional specific activity models that take the instantaneous concentration in the source term
and attribute this to the plants that are seeing the C-14, the LLWR model considers the timedependence of uptake. A growing canopy is assumed with the specific activity of photosynthate
calculated. The photosynthate can then be transported to plant tissues with accumulation occurring
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over time such that the C-14 history of incorporation in plant biomass is evaluated throughout the
growing season. Results have indicated however that there is little difference between the results of the
time-integrated approach and the simpler traditional specific activity approach for long-term releases. A
simple approach may therefore be appropriate, but use of the time-integrated approach may be more
appropriate for application to a more variable source term.
The recycling of C-14 in plants back to soils was considered during model development. An upper
bound estimate on the fraction of C-14 flux captured by plants that is then recycled back to soil was
4.6%. It was therefore concluded that recycling did not need to be explicitly considered for the LLWR
case.
For the fraction of C-14 taken up into plants by roots, work by Keiko Tagami on rice in Japan was
consulted. There is a greater C-13 signature in soils as compared with atmosphere due to greater
organic carbon content. The C-13 signature in plants can therefore be used to identify the source from
which plant carbon has been derived, allowing bounds to be set on the amount of root uptake that can
be assumed. Root uptake of carbon may be by active or passive processes. Once within the plant,
carbon can be transported to sites of photosynthesis with further transport to storage tissues. Most of
the experimental work on root uptake is consistent with a 1 to 2 % contribution to plant carbon
suggesting that an active transport route for C-14 in roots does not need to be invoked.
The LLWR model is based on the Shuttleworth and Wallace resistance analogue model, adapted for
the LLWR assessment. In the reference case, root uptake has been excluded and resultant crop
concentrations are all similar. This may be explained by low changes in resistance between high and
low canopy plants.
Initial sensitivity studies have been undertaken with results indicating that the above canopy C-14
concentration and wind velocity have some influence on plant C-14 concentrations, but the greatest
difference arises from the ability of the plant to derive carbon from the root zone. If root uptake is
included a linear response to the degree of such uptake is observed. If 10% root uptake is assumed
then the plant concentrations are around 8 to 9 times those of the reference case.
2.3.2

Methane oxidation is soils

RWM is also interested in C-14 labelled gaseous release, including bulk gas release, from a deep
disposal facility for solid radioactive waste; there are large quantities of graphite in the UK that require
disposal. There are uncertainties around the rate of release of C-14 from such wastes as compared to
the half-life of C-14 although it is known that around 5% of the C-14 in graphite is released quickly.
Following release of methane from a facility and transport to soils, oxidation to carbon dioxide can occur
with subsequent release from soils to the plant canopy atmosphere. The rate of methane oxidation in
soils is however uncertain and represents a key uncertainty for C-14 dose assessment. A literature
review has therefore been undertaken (and will be published by RWM in due course).
Oxidation rates are expressed in the literature on either an area basis (mass per unit area per unit time)
or as Michaelis-Menten parameters from which first-order rate coefficients can be obtained. For areabased rates, data are available for a variety of ecosystems, including forests, grasslands and
agricultural / arable systems under natural conditions. The greatest rates of methane metabolism are
observed for forest soils, with agricultural tillage thought to be responsible for the lower rates of
metabolism in agricultural soils.
Hydrogen fluxes from a repository are considered to be in the range of 2.5E-2 to 2.5E4 mg/m2/day with
methane fluxes being smaller, but similarly variable. These fluxes are larger than those in common
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agricultural soils under natural conditions. It is known that methane oxidation occurs in soils at normal
atmospheric methane concentrations, but whether or not there is a threshold for oxidation kinetics is
uncertain; if there is only a very low input of methane to a soil then specialist bacteria responsible for
methane oxidation may not be stimulated into activity, although it is possible that multiple populations
of bacteria with different sensitivities and thresholds for activation may be present. Overall it is
considered that there is no strong evidence to suggest concentration dependence at low methane soil
concentrations with all studies seeming to demonstrate oxidation at ambient concentrations.
An analytic model has been developed that allows the fractional oxidation of methane to be computed
as a function of methane flux. At low fluxes the fractional oxidation remains constant. However, at
rather higher fluxes (below the threshold for additional microbial populations to respond by MichaelisMenten kinetics), the fractional oxidation rate decreases with increasing flux. However, above the
Michaelis-Menten threshold, the fractional oxidation increases and approaches 1.0 before again
declining at the highest fluxes when the Michaelis-Menten controlled oxidation rate saturates.
2.3.3

C-14 assessment model for RWM

The RWM C-14 assessment model has been developed in light of the results of field studies performed
by the University of Nottingham on the migration of methane in soils and oxidation to carbon dioxide
(see section 2.10). The model takes into account the concentrations and fluxes of C-14 labelled
methane and carbon dioxide, but does not simulate the transport of stable carbon dioxide through the
system. A diffusion-reaction equation is used to represent gaseous transport through the soil and this
is coupled to the oxidation of methane resulting in concentrations of methane and carbon dioxide in the
plant canopy atmosphere that is represented as a single layer. Plant growth is not represented. A
specific activity approach is employed to calculate C-14 uptake into plants by photosynthesis with root
uptake being represented according to the concentration of C-14 in soil water and the ratio of total water
uptake to dry mass production, corrected for losses due to respiration.
An effective diffusion coefficient for C-14 has been determined on the basis of the results of the field
studies (as described in section 2.10). Methane concentrations vary in soils with depth above the
injection site due to the time lag involved in the diffusion of methane through the soil. The rate of
migration in experimental soils can be evaluated from the experimental studies undertaken and the
diffusion coefficient and rate of methane oxidation in soil can be calculated. The water table in an
agricultural soil will be around a metre deep and so there will be plenty of scope for methane oxidation
in the zone above the water table.
Effective dose factors from the LLWR and RWM models have been compared and found to be broadly
similar. For the LLWR model, 2% root uptake was assumed, giving rise to an effective dose rate
estimated to be 0.01η Sv y-1 for a flux of 1 Bq m-2 s-1, where η is the fraction of methane converted to
carbon dioxide in the soil zone. For the RWM model, effective dose rates of 0.0107η Sv y-1 and 0.0344η
Sv y-1 were estimated, again for a flux of 1 Bq m-2, for the photosynthesis-only pathway and the
photosynthesis in combination with transpiration uptake, respectively. From these studies it was
concluded that a robust estimate for the effective dose factor is in the range 0.01η
Sv y-1 to 0.05η Sv y-1, taking the potential for root uptake into account and that it would be difficult to
justify a value for η of less than 0.1 and a plausible argument could be made for a value close to 1.0.
2.4

C-14 RADIOACTIVE WASTE SAFETY ASSESSMENT IN SPAIN

Danyl Perez-Sanchez presented.
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Spain currently has 9 operational nuclear power plants and has historically undertaken uranium mining
for which remediation activities are ongoing at these legacy areas. Wastes arising from these areas are
routed either to the El Cabril disposal site or are subject to interim storage as discussed below.
A low and intermediate level waste (L/ILW) facility is located at El Cabril that has been operational since
1992 and a co-located capacity for disposal of very low level waste (VLLW) is to be constructed. The
area has a low population and is not readily accessible, which may have influenced its selection as a
disposal site location. The site is also subject to historical contamination.
No facility is available for high level waste, but currently the aspiration is to construct a temporary
storage facility that would allow wastes to be stored for a period of 70 years prior to disposal. No final
decision has been made at this time however; greater knowledge with regard to disposal is required to
inform a final decision.
In terms of C-14 in L/ILW, a source term has been calculated as 20 TBq at the time of closure of El
Cabril. Such wastes will be subject to a 300 year post-closure monitoring phase. C-14 emission rates
to the biosphere have been calculated for the facility over time with the maximum emission rate
occurring around 3,700 years post-closure. For VLLW, the source term has been calculated as 0.2 TBq.
VLLW will be subject to a 60 year post-closure monitoring programme.
In terms of dose assessment, the same model is applied to all radionuclides released from the facility
such that differences in behaviour are not explicitly taken into account at this time. Improvements in the
way that specific radionuclides (e.g. Se-79 and U-238) are modelled are ongoing. The C-14 model
approach is based on the RESRAD C-14 model. Irrigation with contaminated groundwater is the input
source to the biosphere with all activity being deposited to soil; interception is currently ignored. A
proportion of C-14 is then assumed to be released from soil in the gaseous form with the remainder
being leached to deeper soil or eroded. The carbon dioxide released from soil can then be taken up by
plants via the photosynthesis pathway (methane is not considered). Root uptake is also considered.
The processes considered by the model include irrigation rate, gaseous evasion, leaching, erosion and
radioactive decay, and the depth and porosity of soil are taken into account when evaluating these
processes. A reference crop is assumed, with evapotranspiration being based on the water needs of
the crop. To evaluate air concentrations, the evasion rate from soil, height of canopy, wind speed and
area of crop are all considered; if the area of the discharge is small, the dispersive effect of the wind is
greater than for a larger discharge area, with larger discharge areas retaining a greater fraction of C-14
within the contaminated area. A specific activity approach is then employed to calculate the
concentration of C-14 in crops arising from incorporation by photosynthesis.
It is intended that a more detailed model for C-14 will be employed and currently all available data are
being collected from El Cabril and will be analysed as input to model development (and it may be
possible to make these data available to BIOPROTA). The forward programme will also include the
modelling of different climate states.
2.5

SKB PROGRESS IN C-14 DOSE ASSESSMENT

Peter Saetre presented.
SKB is currently finalising the safety assessment for the SFR facility for low and intermediate level
waste. The facility is currently operational, but a license to extend it is being sought.
The approach to assessment has been to identify biosphere objects and future landforms on the basis
of topography with exposure pathways then being considered in relation to both natural and agricultural
systems and human land use assumptions (e.g. hunter-gatherer, self-sufficient agriculture and garden
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plots). Releases from SFR will initially be to the Baltic Sea, but due to land uplift, releases after 2500
years will be to land. For the hunter-gatherer lifestyle, the spatial scale of animal ranges requires
consideration in terms of the fractional occupancy of the contaminated area. For the garden plot
lifestyle, both irrigation and fertilisation routes of contamination are considered.
Natural ecosystems are considered in relation to both terrestrial and aquatic regions and the build-up
of environmental media layers (soil, sediment) and the potential for radionuclide transfer between the
different compartments as the landscape evolves. Due to the perceived importance of C-14 in the
assessment, the model has been developed to allow both organic and inorganic compartments to be
represented; previously organic compartments were not explicitly represented. An ecosystem approach
has been employed such that there can be cycling between different environmental media such as the
transport of terrestrial productivity to the aquatic system.
The agricultural system model is simple in comparison to the natural ecosystem model. The natural
system is modelled throughout the assessment time window and then, for the agricultural system, a
snapshot in time is taken whereby a mire is drained and resultant land used for agriculture for a 50 year
period. This time period was selected to be conservative; leaching and degassing will reduce
concentrations over time. The time period is also consistent with the assumed lifetime for a person. Soil
is represented in the model by two compartments, one for the organic and one the inorganic part of the
agricultural soil. The initial inventory from the mire of the natural ecosystem model is used as the input
to the agricultural model. Additional input from contaminated irrigation water and/or fertiliser can occur.
Stable carbon and C-14 have been modelled separately. The model was initially run for stable carbon
which allowed the carbon concentrations in the different compartments to be checked for
reasonableness. This approach also allowed specific activity to be checked to ensure that ratios did not
change beyond what could be considered reasonable.
All release from SFR occurs to a single object that is initially marine. The Kd for carbon is set at zero
such that it readily transports throughout the system. Initial transport is through marine sediments with
dispersal through sea basins occurring as a result of lateral transport in water and cycling back to
sediments. Initially a unit release rate is assumed to allow dynamics of the system over time to be
reviewed. Subsequently the model is coupled to the radionuclide transport model such that actual
release over time is used as input to the assessment, based on best estimate input parameters. Within
the landscape model, only glacial clay and till are fixed; over time, as land uplift occurs, accumulated
sediments are eroded leading to altered regolith layers within biosphere compartments, and build-up of
peat occurs leading to the infilling of lakes. Losses from the system result from degassing and/or lateral
transport downstream.
Land uplift over time results in the isolation of sea basins and input to the receiving biosphere object
therefore varies as terrestrialisation occurs. Shallow pools are included that can be used for drinking
water for animals. With the pools being shallow, greater activity concentrations can occur as compared
with larger lakes.
For activity concentrations of C-14 in air, the Avila and Pröhl [2008] model is employed. The model
allows for turbulent mixing in different air layers and uptake and fixation into plants. The same stable
carbon concentration is assumed in each atmospheric compartment. Root uptake is assumed to occur
with 2% of carbon uptake into plants being allocated to this pathway.
The highest annual dose conversion factors are associated with a drained mire with larger-scale
agriculture having the second highest factors. As mires expand into lake areas, C-14 concentrations
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reduce as a greater release to atmosphere occurs. The diffusivity coefficient for soil is the key
uncertainty parameter for mires, being dependent upon soil saturation.
2.6

PLANT AND FOOD CHAIN DOSE ASSESSMENT PATHWAYS FOR C-14 VIA IRRIGATION,
UPWARD FLUX AND ATMOSPHERIC TRANSFER: A COMPARISON BASED ON RECENT
RESULTS

Achim Albrecht presented.

Figure 2-2. Illustration of the upward movement and atmospheric contamination pathways in
comparison with aquatic pathways in the context of agricultural landscape (redrawn after Klos and
Albrecht, 2005).
A bathtub scenario has also been considered whereby a near-surface facility fills with water that gives
rise to subsequent surface flows to the nearest river. Illustrative doses have been assessed on the basis
of unit activity concentrations of activity in released water and on unit activity deposition per unit area
from atmospheric releases. Contamination in the river water is assumed to be diluted by a factor of ten
compared to that delivered to the surface in well water, used for irrigation.
Calculated doses are greatest for river exposure pathways (Figure 2-3), where the principal exposure
pathway is the consumption of fish sourced from the contaminated river by a self-sufficient farmer. An
alternative scenario has been considered whereby river dilution is by a factor of 100 and only 5% of fish
consumed are sourced from the contaminated river, resultant doses are considerably lower (Figure 23). It was suggested in discussion that, rather than using an assumed dilution factor, the average
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sustainable river flows for the region could be reviewed and the lowest volumetric flow used as the basis
for evaluating dilution. The source of exposure is more variable for non-river release scenarios where
the consumption of grain, other crops and animal products are of importance. However, when all
discharge scenarios are combined, the fish consumption pathway was again dominant.

Figure 2-3. Dose to self-sufficient farmer from different exposure pathways for nominal illustrative
releases.
To calculate C-14 uptake into fish, stable carbon concentrations in both water and fish are required and
consideration needs to be given as to what fish consume and whether it is contaminated or not. The
effect of dynamics of uptake into fish and supply from upstream of uncontaminated carbon are relevant
factors.
For atmospheric discharges, it was assumed that the C-14 concentration in the plant canopy
atmosphere is the same as that in the discharge plume. For a terrestrial release from a disposal facility
in the gaseous form, different parameters have been applied to look at the sensitivity of the model to
changing assumptions. This allowed uncertainties around future field use to be evaluated; current field
use is variable, e.g. crop type, and this affects the concentration of carbon and C-14 within the plant
canopy atmosphere, in turn affecting uptake by the plant by photosynthesis. Uptake by interception and
translocation as well as root uptake are also included but are only minor pathways, representing less
than 1% of carbon uptake. It is assumed that carbon is in an inorganic form, but that organic forms may
form in soils leading to accumulation. A Kd approach is therefore employed as a simple approach to
represent the variety of processes leading to soil accumulation of carbon. A triangular distribution has
been used to represent the conversion of methane to carbon dioxide in soils and is varied according to
the type of soil assumed. Unploughed soils may have greater oxidation rates, and since they are
undisturbed they appear to retain greater numbers of methanotrophic organisms that can lead to higher
oxidation rates than may be observed in ploughed soils.
The model presents results as a histogram of dose rates that allows the maximum dose rate to be
evaluated, but also the probability of being exposed to that dose rate. An illustrative example is
presented in Figure 2-4 for the river release case. This illustrates that combinations of parameters can
give rise to relatively high doses, but also shows that it is appropriate to consider how likely it is that
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such a combination could occur. It was noted in discussion that it may also be appropriate to consider
parameter correlation, so as to avoid unrealistic combinations of parameter values.
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Figure 2-4. Histogram of dose rate (Sv/y) for a nominal illustrative release to a river

2.7

CHALLENGES OF MODELLING C-14 (AND OTHER DEGASSING RADIONUCLIDES
HAVING A FOLIAR UPTAKE PATHWAY) IN FORESTS AND MIRES

Ari Ikonen presented.
Carbon-14 modelling has been identified as a key issue for the soil-plant pathway and, in northern
latitudes, forests and mires are common biotopes that may require consideration in assessment models.
Forests can vary considerably from sparse tree stands to dense forests and from dry to moist areas.
Those growing in moist areas are more likely to receive a groundwater release. Alternatively, previous
agricultural use could have led to soil contamination with forests then developing once agriculture is no
longer practised. Drier forest types tend to be rocky and are less likely to be used for agriculture, but
could still become contaminated if the area is subject to land uplift with previous sea contamination or
if the area has dried up from a lake by natural or anthropogenic processes or events. Patches of
contamination may occur and these may be relevant for biota exposure (e.g. bird nesting areas etc.).
Some literature data are available for degassing and foliar uptake for a number of radionuclides in
forests, including C-14, but these data are not comprehensive; particle deposition and subsequent
contaminant incorporation are more commonly addressed.
In terms of modelling atmospheric mixing of C-14 in forests, a logarithmic wind profile model could be
applied for the upper atmospheric levels, but the dynamics become more complex within the canopy
due to turbulent mixing and with the understorey further complicating wind movement; the local sources
and sinks of carbon should be explicitly taken into account. The understorey is largely the habitat and
a major food source of biota and the source of berries and mushrooms, and is therefore an important
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component in forests. With understorey and higher tree canopy layers, a variety of productivity zones
exist within a forest ecosystem. Dead trees may also be present; whilst their effect on the carbon system
is slow, they do have the potential to affect the wind profile.
As with forests, mires are highly variable, ranging from those with some ground level vegetation with
trees to open mires and raised peat bogs that may or may not contain open pools. There is not only
variation in the type of mires, but also small scale variability within any given mire. Open mires and peat
bogs are more likely to be relevant to groundwater discharge, but wetter areas tend to be less productive
than dryer areas. Furthermore, the central areas of a raised peat bog are ombrotrophic (vegetation has
no access to groundwater, but rather rely on rain and surface water pools), but this might change for
example after drainage for cultivation when the deeper deposits in contact with the deep groundwater
releases may become accessible again. Representing the variability of a mire surface within a model
presents a challenge, particularly with regard to small-scale changes in canopy cover affecting how
wind velocity and turbulence behave in such a mixed system.
The carbon balance in the peat layer of a mire is regulated by the production of organic material at the
surface and its decay in deeper layers. The lateral extent of a mire is explained by the hydrological
balance and hydrological conductivity. Plant communities in a peat-forming soil depend upon water
availability. As peat forms, the groundwater table is raised and new growth forms above leading to the
formation of hummocks. Thicker peat deposits slow down the formation of permafrost. Such areas are
therefore not only of interest to biosphere assessments, but can also influence geosphere
considerations.
There are a number of challenges therefore in linking biosphere models to reality, but some data are
available to support this. For example, in terms of carbon balances, carbon dioxide assimilation is linked
to photosynthesis, which is determined by primary productivity that is itself linked to biomass in different
layers and compartments. Spatial variability could be addressed by mapping of the biosphere through
tools such as remote sensing. Processes such as soil respiration and degassing are measurable,
having been undertaken for climate studies and, as such, a greater database is becoming available.
There are also data available on C-14 depth profiles for peat bogs that have been developed in order
to reconstruct their development in land uplift and paleo-environmental studies performed especially
both in Sweden and Finland. There is a further level of complexity to modelling C-14 behaviour in forests
and mires in that there are cycles of microbial activity associated with seasonal changes; variation in
temperature and soil moisture will affect microbial activity and hence emanation of carbon dioxide from
soils. Daily variations will also be evident with greater emanation occurring during the day when
temperatures are warmer, this coinciding with the period of plant photosynthesis.
A range of references have been identified that may be of interest in addressing some of the issues
associated with C-14 behaviour in forests and mires.
2.8

IRSN TERRESTRIAL DATA SET FROM LA HAGUE AND THE TOCATTA MODELMEASUREMENT INTERCOMPARISON

Séverine le Dizès-Maurel presented.
IRSN has been working on the VATO (Validation of TOCATTA) programme that includes two parallel
studies. One is the modelling of C-14 and tritium in a terrestrial ecosystem and the other is an
experimental campaign. The overall objective is to estimate fluxes of C-14 and tritium in a grassland
ecosystem, in relation to air, rain, soil water and plants, taking into account factors such as land use
and weather conditions. It is intended that the programme will lead to a better understanding of the
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underlying processes and which aspects of the system need to be improved in terms of modelling
capabilities and to obtain data to support model validation.
Measurements have been taken from a grassland field site between 2006 and 2009 and the TOCATTA
model has been compared with these data. The comparison led to adjustments to the model to improve
its ability to predict relative to the field data. The raw data set has also been provided to SSM to allow
their SSAM14C model to be compared against the data, also allowing model-model inter-comparisons.
TOCATTA is a daily time step model that was developed on the basis of a conceptual model (interaction
matrix). The TOCATTA- model is still being developed and this version works on an hourly time step.
Plant matter is divided into several compartments in the conceptual model and the main aspects have
been incorporated within TOCATTA-, which is being implemented within the SYMBIOSE modelling
platform. The original TOCATTA model represents plants with a single biomass compartment with net
primary production and root exudation being the main plant processes implemented. Biological growth,
photosynthesis, senescence and maintenance respiration are also incorporated within the TOCATTA model. Various sub-components are also considered for soils, including labile and organic carbon
pools and cycling between soils and plants. Both models apply isotopic equilibrium assumptions, but
for the TOCATTA- model, the isotopic ratio is computed for several distinct components, as indicated
in Table 2-1. Input parameters also differ, with the original TOCATTA model having less input
requirements than those of TOCATTA-.
Table 2-1. Comparison of TOCATTA and TOCATTA- models.
TOCATTA
Compartments in plant

Plant biomass

Sub-models
Implemented
processes in (S1)

Plant (S1), Soil (S2)
Net Primary Production (P0)
Root exudation (P5)

Isotopic equilibrium

Between Air and P0

Time-step running
Input data

1 day
Daily C-14 in air
Seasonal Growth Rates

Influence of initial
conditions
References

Months

TOCATTA-
Substrate (sap) pool (i)
Shoot structural dry matter pool (ii)
Root structural dry matter pool (iii)
Plant (S1), Soil (S2)
Biological growth (P1)
Photosynthesis (P2)
Growth and maintenance respiration (P3)
Senescence (P4)
Between air and P2(i)
Between (i) and P1(i)
Between (i) and P3(i)
1 hour
Hourly C-14 air
Hourly Temperature
Hourly Net Solar Radiation
Daily Sun Zenithal Angle
20/40 days

Le Dizès et al. [2012]

Aulagnier et al. [2013]

The experimental site was located in northern France, close to Cape de la Hague reprocessing plant.
The splitting of fuel rods leads to the atmospheric release of tritium and C-14 to the environment. The
monitoring area was selected to be in the most frequent wind direction for the site. Grass was harvested
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from the same plot to the same height of cropping each month of the monitoring period. A weather
station is also present at the site and meteorological data were continuously recorded. The fluxes of
carbon dioxide and water were measured and there was continuous monitoring of Kr-85. C-14 was also
measured monthly through a bubbling system with the Kr-85 data being used to calculate hourly data
from the monthly C-14 measurements, i.e. assuming that C-14 and Kr-85 releases were perfectly
correlated on an hourly timescale.
Soil C-14 concentrations measured at the site were fairly stable throughout the monitoring timeframe
whereas air and plant concentrations were more variable (Figure 2-5). The fluctuations in air were due
to variations in wind direction throughout the monitoring period. The low variation in soils is thought to
arise from the presence of a slowly reactive organic matter pool. The specific activity of C-14 in plants
was greater than in air, which could be due to differences in plant uptake and incorporation between
day and night. There will be a time lag between air concentrations seen by the plant and those measured
within plants.
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Figure 2-5. Variation in air, soil and grass C-14 concentrations over time.
The comparison between predicted and measured soil C-14 activity concentrations indicated
reasonable results from the TOCATTA- model. Those for the original TOCATTA model were lower by
up to 40% relative to the measured concentrations; use of a model that takes account of plant
physiological processes and hourly meteorological data led to an improved correlation with observed
data. However, the model has been developed and tested against a very specific scenario and
additional data sets, independent of model development, are required for further model validation over
a wider range of potentially relevant conditions.
Results of the monitoring programme indicate that the management of grasslands is an important factor
affecting C-14 transfer to plants. No C-14 emanation rates from soil were measured during the annual
shut down of the plant in August. Such data were noted to be potentially very useful for the validation
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of assumptions on soil volatilisation, but measurements are not planned at this time. The next phase of
the monitoring programme will be focussed on tritium.
2.9

CURRENT C-14 MODELLING ACTIVITIES AT SSM (INCLUDING APPLICATION TO DATA)

Laura Limer presented.
SSM is interested in both terrestrial and aquatic modelling of C-14. A model review and development
programme began in 2011 that focussed on the terrestrial system, the results of which were presented
at Radiocarbon 2012. Subsequent to this, the soil sub-model for the terrestrial system has been
simplified and output compared against the field data provided by IRSN (see section 2.8). The aquatic
programme began in 2013.
The focus of interest is not only waste disposal, but also operational discharges. Therefore the model
review encompassed a range of different models and explored the similarities and differences between
different functions of models. A C-14 model, SSPAM14C has been developed on behalf of SSM that
considers C-14 sources such as C-14 gas release from the geosphere, C-14 contaminated groundwater
extraction and/or upwelling and also gaseous plumes from reprocessing facilities. The structure of the
model is indicated in Figure 2-6.

Figure 2-6. Structure of the SSPAM14C model.
The model has been compared against experimental monitoring data to help validate the SSPAM14C
model and evaluate whether there are redundant or missing processes. Overall the objective was to
investigate whether a complex model is justified, as there are issues around data availability to support
highly complex models. One suggestion for model development is to simplify the soil model into a single
compartment, but with two decay rates employed, one for fast decay or organic matter and a second
for slower decay of the more labile compartment.
Initially the model was compared against Imperial College data until the IRSN data were made available
in 2013. The Imperial College data were based on a well-constrained experiment on cabbage, broad
bean and potato, with dynamics measured under controlled conditions. Results of the comparison
indicated that the estimated data were close to observed data for the above-ground plant, but
predictions were not so good for below-ground plant material. If root uptake assumptions were
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increased in the model from 1% to 10% then the predicted data were closer to the measured data, but
were still not a close match. [The point was made that it is not just root uptake that governs the activity
concentrations in the below-ground plant, but rather, transfers from the above-ground plant to belowground tissues, with the specific activity in roots being largely controlled by the transfer of C-14 fixed in
leaves].
The IRSN data from the La Hague site are field data and are therefore not so constrained as those from
the Imperial College experiments. Data for hourly specific activity in air were provided, but for longerterm assessments such time steps are not supportable and therefore the geometric mean of the hourly
data were computed to obtain daily rates. It was suggested in discussion that it may be more appropriate
to use time-weighted average C-14 atmospheric concentrations relative to daylight hours rather than
the geometric mean over 24 hours. The model has decoupled atmospheric compartments with the
upper compartment having derived activity concentrations and the lower having interaction with plants.
Respired carbon from plants is assumed to be lost rather than returned to the system. Linear growth of
grass between harvests is assumed.
Initial results of the IRSN data comparison indicate that the lower atmospheric compartment was too
enriched in C-14 leading to enhanced plant concentrations, above those of observed data. Belowground plant C-14 concentrations were also evaluated, even though there were no monitoring data
against which to compare the results. Root uptake at 1% of total plant uptake was allowed for, but
otherwise carbon in roots was assumed to be derived from the translocation of photosynthetically fixed
carbon in leaves.
For a reference case scenario, loss of carbon occurred as a result of plant respiration with subsequent
diffusive losses from the lower atmosphere. As the lower atmosphere turnover was increased in the
model, the fit against observed data was improved.
The SSPAM14C output was also compared against that of the TOCATTA- model following application
to the same scenario. Unlike the SSPAM14C model, the TOCATTA- model takes into account the
physiology of the plant and the mean residence time of carbon. Results of the intercomparison indicated
that it is not possible to compare complex versus simple models as a means of investigating whether
model simplifications are justifiable with the currently available data; a balance of processes is required
for operational and longer term model requirements. For operational assessments, much more process
based models such as TOCATTA- can be employed, but a more simplified representation of processes
is required for longer term modelling.
In terms of aquatic ecosystems, a review of models and data was undertaken that was initially informed
by work performed within BIOPROTA. Two models were applied to data available from Canadian Shield
lake experiments that also formed the basis of a model intercomparison study performed within the
BIOMOVS II programme. The key difference in the models applied was that the AECL model did not
consider cycling of carbon between water and sediments. Hence there was a rapid loss of carbon from
the system as compared to retention that was assumed to occur in the alternative SR-Site model
applied. Overall model results were higher than observed data due to time averaged concentrations
being applied as input rather than point source input at a given time. In moving to a differential equation,
model predictions were much improved for the initial lake concentrations, but over time the modelled
concentrations were lower than observed data. The SR-Site model was also considered with a focus
on the upper sediment layer of the model. Resuspension of sediments was allowed such that sediment
dynamics were represented and degassing was permitted. This led to a much better long-term fit to
observed data than for the AECL model. The findings of this comparison were therefore in accordance
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with that of the BIOMOVS II study in that sediment dynamics need to be included to ensure long-term
concentrations are not underestimated.
It is planned that further testing and development of the terrestrial model will take place and that
conceptual models of the uptake of C-14 into the food chain of aquatic systems will be developed. For
the application of models to the Canadian Shield lake data, additional calculations would be required to
allow for a meaningful comparison of models to experimental data. [It was also discussed that there will
be additional sources of organic matter to the lakes, including river/stream input but also animals and
birds. This input of non-contaminated organic matter will affect the specific activity in the lakes].
2.10 SUMMARY OF FIELD AND LABORATORY STUDIES TO EVALUATE THE BEHAVIOUR AND
IMPACT OF 14CH4 IN AGRICULTURAL SOIL
George Shaw presented.
A three year work programme has been undertaken on behalf of the NDA RWMD (now RWM) at a field
site near to Nottingham in the UK. Experiments have been undertaken that were designed to simulate
processes relating to the behaviour of carbon in soils and uptake into plants both in field and laboratory
soil columns. Soil moisture increases with depth leading to variations in redox potential and
methanogenic processes occurring in the anoxic zone. Above the anoxic zone there is plentiful oxygen
and methane can be consumed by methanotrophic bacteria resulting in the liberation of carbon dioxide.
Methane can also enter soils from the atmosphere, but concentrations are very low. Nonetheless,
depending upon the balance between methane production and consumption in soils there can be either
ingress or egress of methane from the soil surface; oxic soils tend to be net consumers of atmospheric
methane. Variation in methane consumption and production over small spatial scales can be driven by
differences in soil moisture content. A strong negative correlation between methane and carbon dioxide
is also observed with the two being strongly coupled. Release of carbon dioxide from soils can then
lead to uptake and incorporation into plants by photosynthesis.
The field and laboratory studies involved the injection of C-13 labelled methane into soil columns, just
below the rooting zone of plants and diffusion up the soil column and conversion to carbon dioxide were
measured. The root uptake of organic and inorganic carbon was not studied, but carbon dioxide
production from root respiration was an important consideration.
Four laboratory column experiments were performed. These looked at both disturbed and undisturbed
soil columns. In all experiments, samplers were inserted into the columns at 10 cm intervals with the
bottom sampler being used as the means of injecting C-13 methane. The samplers allowed the diffusion
of methane up the soil column to be measured. Outgassing rate was measurable due to the use of a
headspace chamber placed above the soil columns. Some columns were used to measure the
behaviour of methane in the absence of plants whereas others were vegetated (ryegrass).
For field experiments, column sleeves were initially inserted directly into soils to maintain soil structure
and samplers were then inserted down the sides of the columns. Insertion of column sleeves was
difficult however and samplers were subsequently inserted directly into soils in the absence of a sleeve
such that lateral movement was possible. This change was only possible because of the development
of new, much more efficient, gas samplers. A volume of 15 ml methane gas was injected direct to the
soil at a depth of 50 cm and the diffusion of gas again measured at 10 cm intervals to determine isotopic
mix, the oxidation of methane into carbon dioxide and subsequent release into head chambers.
Volumetric water content of soil was also measured; water contents were lower in vegetated plots than
un-vegetated plots. Porosity was also measured and was found to be higher in the presence of
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vegetation. Both parameters were used to calculate tortuosity that was then applied to estimate the in
situ diffusion coefficient for the soil.
Results illustrate a rising peak of methane in soil gas through the soil column; following injection there
was a rapid rise then decline in the peak at each monitoring point above the injection site. The rate of
transport was consistent with the diffusion of gas. An increase in the volume of gas added to the soils
under field conditions resulted in an instantaneous rise of gas consistent with the gas being pushed
through the soil rather than diffusional movement.
Under laboratory conditions, bulk carbon dioxide concentrations did not change, but the efflux of carbon
dioxide from soil columns, measured by periodic placement of headspace chambers over the columns,
recorded a decline in carbon dioxide concentrations in each measurement phase resulting from the
disturbance caused by chamber placement. Nonetheless, a clear increase in carbon dioxide, with a
peak occurring around 10 hours post-injection was observed although the peak was of lower magnitude
than had been expected. A time lag in peak concentrations of methane and carbon dioxide of around
10 hours indicates that carbon dioxide production may not be immediately coupled to the initial oxidation
of methane as it moves through the soil column.
Diffusion coefficients and methane oxidation rate constants have been calculated both for laboratory
and field soil column experiments. Characteristic length scales have also been calculated; if the point
of release were to be deeper than these scales then it would be expected that oxidation would be
complete by the time methane diffused through the soil matrix.
A diffusive transport model has been applied to the data. Use of first-order oxidation of methane resulted
in an anomaly. The model had a good fit for bulk methane concentrations so there is confidence in the
calculated coefficients. However, for methane soil gas samples the model predicts that, after an initial
rise in concentrations there should be a flat feature in the predicted values as the pulse of labelled gas
moves through the column, followed by a decline. No flat feature was observed in the experimental data
however; rather, measurements show a rapid decline without the formation of a flat feature. One
possible explanation for this is that C-13 methane may be consumed more rapidly than the lighter
isotopic C-12 form, but this is contrary to the belief that the C-12 form would be used first (but only to a
limited degree). An alternative theory is that methane goes through various conversions with some
assimilation occurring. The delay between the peak methane and carbon dioxide signatures could be a
result of this series of conversions. If it is assumed that the conversion of C-13 methane occurs at twice
the rate of C-12 methane, and that not all C-13 methane is oxidised to carbon dioxide due to
assimilation, the model is a good fit when first-order rate coefficients are applied.
In the field, the methane efflux peaked at around an eighth of a day after injection and then declined.
This efflux data has been modelled and mass balances derived. Of the 1 mg injected only around a
quarter was released to the top of the soil column and it was estimated that 80% was oxidised over the
50 cm depth of soil when that soil is oxic.
A further laboratory study was performed using C-14 methane. It was not possible to measure methane
and carbon dioxide separately so total C-14 diffusion behaviour was observed. The concentration of
stable methane was normalised to a peak value of 1 and compared against normalised C-14 values.
The timings of peaks were identical, but a slight difference was observed toward the end of the
measurement phase that might have resulted from the presence of C-14 labelled carbon dioxide.
As a result of the experiments it was concluded that diffusion is the dominant mechanism by which
methane moves through soil. Whilst a curious time lag was observed that had not been expected, the
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data resulting from the experiments are considered robust and may be useful to the modelling
community. Reports from the project are currently under review and will be published later in 2014.
2.11 C-14 VADOSE ZONE TRANSFER TO PLANTS FROM A GROUNDWATER SOURCE WITHIN
DUKE SWAMP
Jon Napier presented.
Following the BIOPROTA C-14 workshop held in Stockholm in 2013, a PhD project has been initiated
at Oregon State University. The project is focussed on the AECL Duke Swamp site and focusses on
the transfer of C-14 in groundwater to plants and the models that can be used to represent transfer
such as RESRAD and TOCATTA-χ. Statistical analysis of transfer factors will be performed to look at
whether there is scope to improve the means by which C-14 transfer to plants is evaluated.
The Duke Swamp site is located in the grounds of the Chalk River AECL site in Ottawa, Canada. The
source of contamination is a low level waste storage facility comprising trenches that were filled with
industrial and medical waste. These containers are now leaking resulting in the transport of C-14, tritium
and Co-60 to groundwater. Sr-90 is also present at the site in groundwater plumes. The radioactivity
from these areas is transported into groundwater as a result of the seepage of precipitation
(approximately 340 mm per year) through the sandy soil. In 1983, the waste area was covered and this
has resulted in reduced activity inputs to the local groundwater system that flows, at around 150 m per
year, into Duke Swamp. It has taken many years for the Sr-90 plume to be transported and a wall and
curtain device has now been installed. This filters the groundwater at a rate of approximately 8 gallons
per minute, removing Sr-90 to concentrations below Canadian drinking water standards.
The C-14 in groundwater has been characterised from well measurements and these wells have been
used as sampling points for the research programme. At each sampling point, water table depth,
temperature, dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) in the upper
groundwater layer, soil gas carbon dioxide and plant wet and dry mass have been measured. C-14
activities in plants, water and soil gas have been measured. The upper layer of groundwater was
sampled in order to evaluate whether there is a correlation between C-14 in groundwater and that in
plants.
Soil gas carbon dioxide was measured by drilling holes next to each well and inserting a soil vapour
sampling tip to around half the depth of the water table. Carbon dioxide was then measured using a
soil carbon dioxide meter. A bracken fern has been the main focus for plant collection due to its
presence at all sampling locations, comparable data are available for other species including sphagnum
moss.
Preliminary results have so far been obtained for DIC and DOC and indicate that concentrations of DOC
in groundwater increase away from the storage area toward Duke Swamp. Further analysis of
groundwater is required.
For soil gas, activity concentrations were lowest in samples collected next to the swamp. Highest
activities were obtained from locations next to a road. No correlation was observed between soil gas
C-14 activity concentrations and plant C-14 concentrations although it was recognised that an improved
soil gas collection method is required. A strong negative correlation has been observed however
between distance from the water table to the plant and plant activity concentrations.
A further sampling campaign is planned that will include sampling of control points outwith the
contamination zone. Currently, only carbon dioxide has been considered in terms of soil gas since
carbon has been described as being in the bicarbonate form; methane has not therefore been
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evaluated. A comparison of RESRAD biota and TOCATTA-χ for the groundwater source terms at the
site will also be performed. It was noted that there may be potential for a wider model inter-comparison
to be performed through the application of BIOPROTA member models to data obtained from the Duke
Swamp site.

2.12 C-14 ANALYSIS OF LOW CONCENTRATION OF METHANE IN GROUNDWATER
Pauline Gulliver presented.
Methane is a potent greenhouse gas and is therefore of research interest in relation to climate change
with studies being performed on the release of methane from agriculture, wetlands and oceans. Oceans
are a large source of methane, but methane can also be thermogenically produced deep underground
in organic rocks. There is also increasing commercial interest in relation to methane extraction and in
relation to presence in groundwater as a result of shale gas extraction.
The interest in methane has led to the development of analytical techniques to allow measurements to
be made. The target for analysis is 1 mg C, but smaller carbon quantities are possible with greater
analysis effort. In terms of methane in different types of water, concentrations can vary considerably
and, as such, the quantity of water required for analysis is highly variable.
When collecting methane from larger water samples, carbon dioxide is also displaced that must be
removed with soda lime. Methane is then converted to carbon dioxide that is further purified and either
converted to graphite for analysis or used for C-13 determination. For smaller samples, a similar
procedure is applied but greater resources are required to ensure that enough standard material is
processed to allow background corrections to be made.
A particular research area has been dissolved methane in wetlands and peat land streams due to the
potential for global warming to lead to an increase in the release of methane from such systems.
Different sources of methane can be back tracked to determine how they were formed, but this can be
complicated by thermogenic gas overlapping with carbon dioxide reduction and fermentation sources.
Oxidation can further complicate analysis.
The techniques available could be applied to a range of different sites to look at methane emanation,
such as at Duke Swamp or the Canadian Shield lakes at which C-14 studies have historically been
performed.

3. DISCUSSION AND IDENTIFICATION OF POSSIBLE FUTURE
PROJECT AREAS
A number of discussion areas were identified as a result of the presentations made during the course
of the workshop that may be appropriate for further consideration with regard to C-14 dose
assessments. These are discussed below.
3.1

C-14 SOURCE TERMS

C-14 source terms are the focus of an EC funded project CAST (CArbon-14 Source Term) that began
in 2013 and will run until 2018. The project aims to develop understanding of the generation and release
of C-14 from radioactive waste materials under conditions relevant to waste packaging and disposal to
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underground geological disposal facilities. The presence of cellulose and other organic materials in
waste could result in the release of C-14 due to microbial activity; various polymers can be present in
waste and could potentially be broken down to forms that could migrate under near field conditions.
These potential C-14 sources may require consideration in addition to methane and the output of this
programme could therefore have implications for biosphere source terms in long term assessments.
Maintaining a watching brief on this programme was therefore considered to be potentially beneficial.
Furthermore, it was noted that landfills for conventional waste have requirements in place for the
amount of methane that can be released to air and work in this field may provide information relating to
rates of oxidation from wastes that could be used in relation to C-14 dose assessments for radioactive
waste repositories.
3.2

DOSE COEFFICIENTS AND BIOSPHERE DOSE CONVERSION FACTORS

The IAEA SRS-19 update programme may provide an opportunity to share knowledge on assessment
approaches through the comparison of dose coefficients for C-14, even though the scope of SRS-19
does not include long-term waste assessments. Biosphere dose conversion factors are being provided
by participants of the MODARIA climate change working group that may allow comparison to be made
between models, supporting the understanding of the importance and relevance of different processes.
It was noted that the ICRP dose coefficient for ingestion of C-14 assumes 100% absorption. This may
not be appropriate, i.e. overly pessimistic, for intake of C-14 dissolved in drinking water.
3.2.1

Carbon pools and fluxes in aquatic systems

Assessment models for C-14 are primarily based on a specific activity approach, but the carbon pools
and fluxes considered by the models differ; the form that carbon is in will be an important consideration
when applying isotopic equilibrium assumptions.
The different carbon pools present in the environment lead to uncertainties in C-14 assessments and
there is a recognised need to understand carbon cycling in terms of an entire ecosystem. There is an
interplay between the hydrology of a system and C-14 dilution and cycling within a catchment area.
Whether carbon is derived from terrestrial or aquatic sources will affect isotopic assumptions for aquatic
assessments and whether carbon sources are contaminated or not will have implications for dose
assessments both for people and biota. It may also be inappropriate to consider isotopic equilibrium in
fish in relation to DIC since this is not the source of carbon consumed. Work undertaken by EdF on a
comparison between model output and fish C-14 analysis data sampled over a 10 year period indicates
that there are some differences between modelled and measured specific activity, supporting the
suggestion that all carbon sources for fish may not be being taken into account. The results of the
comparison have led to a new research programme that aims to follow C-14 release to a river and
measure speciation in terms of DIC, DOC and POC and how the different forms are transferred to
organisms.
The EdF data from fish C-14 analysis may be available in the future and could form the basis of a
model-data comparison study, although information on the source term may not be accurate since it is
based on a calculation of C-14 release relative to energy production, as required by the national
regulators. It was noted that data may also potentially be available from the River Thames in the UK
that receives numerous C-14 discharges, but the dataset is unlikely to be as useful as that from the EdF
monitoring programme. There are also a number of macronutrient projects ongoing at sites in the UK
that are typical recharge areas. Information gained from these studies may be relevant in informing
improved understanding of the behaviour of carbon in terms of pools and fluxes.
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An alternative approach suggested to further understand carbon pools and fluxes between terrestrial
and aquatic systems would be to undertake a mass balance assessment for an ecosystem that has
been well characterised in terms of carbon fluxes and biomass. Hydrological flows would need to be
evaluated as a starting point with carbon partitioning subsequently considered. Zones of productivity
would require consideration; for example, biomass tends to be greater at the edges of water bodies
than in central areas. The use of a mass balance approach may allow carbon sources consumed by
aquatic animals to be considered in more detail. A comparison could be made of detailed ecology
models and C-14 specific activity models to evaluate similarities and differences in terms of model
output when applied to a well characterised system.
3.3

METHANE OXIDATION AND EMANATION FROM SOILS AND MIRES

Whether or not methane input to soils is considered to be a constant will have implications for dose
assessments as seasonality in long-term emanation rates will affect incorporation into plants which will
in turn affect uptake into animals. The work undertaken by the University of Nottingham on emanation
of C-14 from soils following methane injection may help improve understanding of C-14 fluxes from
soils. Reports from the experimental programme will be available in the summer of 2014. Review of
these reports is encouraged and alternative interpretations of the results presented are invited by the
authors.
Oxidation rates for mineral agricultural soils are fairly well constrained within one order of magnitude.
There is reasonable confidence in these data therefore. However, data for other soil types are limited.
A key factor in evaluating appropriate oxidation rates is obtaining an understanding of the hydrological
regime of the soil. A further factor that can affect emanation rates from soils is macro-porosity, which
has the potential to increase gas transport rates from soils.
Mires have been identified as biotopes of particular interest for C-14. There are mires that have had
walkways installed that could provide appropriate sites to measure C-14 emanation rates. Automated
mechanisms are available that would allow continuous monitoring of gaseous emanation rates from
such systems.
There is extensive literature on carbon cycling in Swedish and Finnish mires, including publications on
carbon cycling resulting from field work and there may be merit in undertaking a review of these
publications to identify whether information is available to help address some of the issues identified.
3.4

APPLICATION OF SHORT-TERM MONITORING DATA TO LONG-TERM ASSESSMENT
MODELS

Whilst the focus of BIOPROTA is on long-term assessments, there is a need to consider short term
processes in such assessment models for C-14 to ensure that its behaviour is appropriately
represented. Conversely, monitoring data upon which long term assessment models must be based
are often from short timescale measurements (often over hourly or daily scales) and consideration
needs to be given as to how detailed data should be interpreted in the long-term; it is not feasible to run
models over scales of thousands of years with hourly or daily time steps. Whether or not data derived
from short timescale measurements are applicable to a site at future times must be considered,
particularly when taking into account site and climate evolution and their effects on site parameters.
Climate change in particular will lead to potentially significant changes in carbon cycling in sediments
and soils. Whilst such effects are recognised it is not possible to evaluate all aspects of a changing site
and it is often therefore assumed that site conditions are maintained as at present over time. The
uncertainty introduced by such assumptions may require further consideration with regard to C-14 and
other radionuclides that may be affected by changing climate and landscape conditions.
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3.5

DATA SETS FOR MODEL-DATA COMPARISONS

A number of suggestions were made for data sets that could be made use of in model-data
intercomparisons. For aquatic assessments this includes the EdF data set discussed in section 3.2 and
identification of a data set for a well characterised site for which a mass balance approach to
C-14 could be applied. The site characterisation studies performed by SKB in Sweden may provide
such data. Additionally it was suggested that data from the Canadian Shield Lake experiments that
provided the basis for the BIOMOVS II C-14 model intercomparison could be further employed in a
revised comparison using more recently developed assessment models. Whether or not models could
be run from the point source discharge to the current time with then further measurements being
performed at the site to evaluate whether activity concentrations in different model compartments are
as expected was also questioned. A further suggestion was to consider whether a spike of C-13 could
be introduced into groundwater at a well-characterised site such as the lake systems around the
Swedish Forsmark site. Subsequent monitoring of the behaviour of C-13 following entry to a lake could
then be analysed, providing potentially useful information on the fate of carbon from a groundwater
release to a lake ecosystem.
Duke Swamp also presents interesting possibilities for a model-data comparison for a wetland site,
based on historic monitoring and as data from the current PhD work become available (see section
2.11). It was suggested that, at the point of undertaking the model-data comparison that is a planned
aspect of the PhD research programme, additional participants could be invited to apply their models
to the data set, giving a larger intercomparison study. Additional data may also be available for Duke
Swamp from previous studies performed at the site and communication is continuing with AECL to
assess the possibility of gaining access to data. There is also a wealth of data available on the cycling
of carbon in mires and peat, as noted above and discussed in section 2.7. Evaluation of these data
through literature review could lead to the identification of a data set that could be useful in addressing
C-14 behaviour in these potential groundwater discharge areas.
For the terrestrial system, data from the field studies performed by University of Nottingham may provide
a useful point of comparison. Alternatively, additional models could be applied to the IRSN data set
from around the La Hague reprocessing plant to extend the intercomparison performed to data by IRSN
and SSM. The possibility of additional monitoring being undertaken at the site was questioned. Ideally,
C-14 emanation from soil and soil characterisation by sequential extraction to determine the forms of
carbon present would be beneficial in supporting a greater understanding of the behaviour of C-14 in
terrestrial systems. C-14 emanation from soil would need to be measured during the annual shut down
of the La Hague plant. It was noted that there may be other sites subject to current discharges that
could potentially provide additional data for model comparison studies.

4. CONCLUSIONS
Substantial information on data, its interpretation and related assessment has been presented and
summarised in this report. Those interested are encouraged to obtain further details from the individual
presenters. It is hoped that this report can be used in the development of next step cooperation activities
concerned with model testing and confidence building, based on use of field and experimental data.
The range of activities described above could support continued improvements in long-term C-14 dose
assessment not only for releases from solid waste disposal facilities, but also for routine effluent
discharges. Readers are invited to comment and provide suggestions with a view to implementation of
the above suggestions to Karen Smith of the BIOPROTA Technical Secretariat at karen@radecol.co.uk.

BIOPROTA C-14 Workshop Report, version 3, Final, 21 November 2014

26

BIOPROTA
5. REFERENCES
Aulagnier, C., Le Dizès, S., Maro, D., Hébert, D., Lardy, R., & Martin, R. (2013). The TOCATTA-χ model
for assessing 14C transfers to grass: an evaluation for atmospheric operational releases from nuclear
facilities. Journal of environmental radioactivity, 120, 81–93.
Avila R and Pröhl G, 2007. Models Used in the SFR1 SAR-08 and KBS-3H Safety Assessments for
Calculation of C-14 Doses. Posiva Working Report WR-2007-107.
BIOMOVS (1990). On the Validity of Environmental Transfer Models, Proc. Int. Symp. Stockholm.
Swedish Radiation Protection Institute (1990).
BIOPROTA (2014). Modelling approaches to C-14 in soil-plant systems and in aquatic environments.
Report of an International workshop, version 4, 10 January 2014. Published on behalf of the participants
by the Swedish Radiation Safety Authority as report SSM report 2014:30. Available from
www.BIOPROTA.org.
Davis P A, Avadhanula M R, Cancio D, Carboneras P, Coughtrey P, Johansson G, Little R H, Smith G
M and Watkins B M (1999). BIOMOVS II: An International Test of the Performance of Environmental
Transfer Models. Journal of Environmental Radioactivity, Vol. 42 No. 2-3,
Le Dizès S, Maro D, Hébert D, Gonze M-A and Aulagnier C. (2012). TOCATTA: A dynamic transfer
model of 14C from the atmosphere to soil-plant systems. Journal of Environmental Radioactivity 105:
48-59.
Mobbs S., Shaw G., Norris S., Marang L., Sumerling T., Albrecht A., Xu S., Thorne M., Limer L., Smith
K. and Smith G. (2013). Intercomparison of Models of 14C in the Biosphere for Solid Radioactive Waste
Disposal. Proceedings of the 21st International Radiocarbon Conference. Radiocarbon 55 (2-3): 814825.
Posiva (2013). Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto - Biosphere Assessment
2012. Posiva Report 2012-10. Available from www.posiva.fi.
Sheppard S, & Thorne M C, 2005. Model Review and Comparison for C-14 Dose Assessment.
BIOPROTA Theme 2: Task 3. Available from www.BIOPROTA.org.

BIOPROTA C-14 Workshop Report, version 3, Final, 21 November 2014

27

BIOPROTA
APPENDIX A. LIST OF PARTICIPANTS
Participant
Achim Albrecht
Lydia Morche
Danyl Perez Sanchez
Beatriz Lourino-Cabana
Laura Marang
Ari Ikonen
Graham Smith
Tamara Yankovich
Séverine le Dizès-Maurel
Frederique Eyrolle-Boyer
Mike Thorne
Pauline Gulliver
Jon Napier
Lauri Parviainen
Kirsi Riekki
Laura Limer
Karen Smith
Peter Saetre
Ulrik Kautsky
Shulan Xu
Maria Norden
George Shaw

Affiliation
ANDRA
BfS
CIEMAT
EDF
EDF
EnviroCase Ltd
GMS Abingdon Ltd
IAEA
IRSN
IRSN
Mike Thorne & Associates
NERC Radiocarbon Laboratory
Oregon State University
POSIVA
POSIVA
Quintessa Ltd
RadEcol Consulting Ltd
SKB
SKB
SSM
SSM
University of Nottingham

BIOPROTA C-14 Workshop Report, version 3, Final, 21 November 2014

28

