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ABSTRACT. Radiocarbon is present in solid radioactive wastes arising from the nuclear power industry, in reactor operating
wastes, and in graphite and activated metals that will arise from reactor decommissioning. Its half-life of 5730 yr, among other
factors, means that “C may be released to the biosphere from radioactive waste repositories. These releases may occur as 4C-
bearing gases, especially methane, or as aqueous species, and enter the biosphere from below via natural processes or via
groundwater pumped from wells. Assessment of radiation doses to humans due to such releases must take account of the
major role of carbon in biological processes, requiring specific 4C assessment models to be developed. Therefore, an inter-
comparison of 5 '“C assessment models was organized by the international collaborative forum, BIOPROTA. The intercom-
parison identified significantly different results for the activity concentrations in the soil, atmosphere, and plant
compartments, based upon the different modeling approaches. The major source of uncertainty was related to the identifica-
tion of conditions under which mixing occurs and isotopic equilibrium is established. Furthermore, while the assumed release
area plays a role in determining the calculated atmospheric '*C concentrations, the openness of the plant canopy and the wind
profile in and above the canopy are the key drivers. The intercomparison has aided understanding of the processes involved
and helped to identify areas where further research is required to address some of the uncertainties.

INTRODUCTION

The global carbon cycle and the long-term implications of continued radiocarbon discharges from
the nuclear fuel cycle have been studied for several decades (Ekdahl et al. 1972; Killough 1980). 14C
is present in solid radioactive wastes arising from the nuclear power industry, in reactor operating
wastes, and in graphite and activated metals that will arise from reactor decommissioning (Hou 2005,
2007). Its half-life of 5730 yr, among other factors, means that 1“C may be released to the biosphere
from radioactive waste repositories. The need to address radiological impacts from disposal of radio-
active waste containing '“C has been recognized for some time (Bush et al. 1984). These releases
may occur as '“C-bearing gases, especially methane, or as aqueous species, and enter the biosphere
from below via natural processes or via groundwater pumped from wells. Assessment of radiation
doses to humans due to such releases must take account of the major role of carbon in biological pro-
cesses, requiring specific 1“C assessment models to be developed.

There is particular interest in improving the assessment of possible annual individual doses to mem-
bers of potential exposure groups arising from releases to the biosphere of “C from deep and shal-
low radioactive waste disposal facilities, e.g. the Swedish SFR facility (Thomson et al. 2008), and
for a variety of waste types, especially reactor operating wastes (Magnusson et al. 2008) and graph-
ite (Limer et al. 2010).
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BIOPROTA (www.bioprota.org) is an international collaboration forum that seeks to provide a
transparent and traceable basis for the choices of parameter values, as well as for the wider interpre-
tation of information used in assessments. Particular emphasis is placed on data required for the
assessment of long-lived radionuclide migration and accumulation in the biosphere, and the associ-
ated radiological impact, following discharge to the environment or release from solid waste dis-
posal facilities.

Models for “C behavior in the biosphere were reviewed by BIOPROTA in 2005. That review con-
sidered the modeling of releases of 1“C both to aquatic (freshwater and marine) and to terrestrial eco-
systems. In 2009, BIOPROTA completed a detailed !*C model comparison exercise focusing on ter-
restrial agricultural ecosystems. This identified significant differences in calculated '“C concentra-
tions in plants arising from different modeling approaches. A follow-up study has now been under-
taken and this paper describes the results of the program and the implications for future research.
Further details are available in Limer et al. (2012). The overall objective was to improve dose
assessments for long-term releases of '*C disposed in radioactive waste.

METHOD
FEP (Features, Events, and Processes) Analysis

The BIOMASS project (IAEA 2003) developed a list of FEPs relating to assessments of the impact
of radionuclides in the biosphere. This list was reviewed with respect to the behavior of C in the
biosphere and a suggested list of FEPs for !“C was developed. The FEP analysis is used to underpin
the development of an interaction matrix, which forms the overall conceptual model for the environ-
mental transfer of “C in the soil-plant system. The 5 models were then audited against this list of
FEPs to understand the conceptual differences in the various approaches adopted.

Scenario Development

Three scenarios were selected for the model intercomparison calculations. In all scenarios, it was
assumed that the plant obtains 2% of its carbon from the soil and 98% from the atmosphere, via pho-
tosynthesis or foliar uptake (Amiro et al. 1991); the crop height was 1 m; and the release area was
square with different sizes investigated (1, 10, 100, 1000 m). Climate, soil, and irrigation data were
specified.

Groundwater (Irrigation) Source

For the groundwater contamination scenario, it was assumed that '“C in groundwater reaches the
plant-soil system via abstraction and irrigation. It was assumed that the activity concentration of the
irrigation water is 1 Bq L~! and plant interception of the irrigation water occurs; the stable carbon
concentration of the irrigation water is also fixed. The amount of irrigation water and how and when
in the season irrigation occurs depend upon the climate, and also on how each individual model con-
siders irrigation (e.g. monthly irrigation events or an annual average). Climate data from an inland
site in France were used (Limer et al. 2008) and crop-specific irrigation rates were then determined
according to the methodology detailed in Limer et al. (2008). Defining the source water concentra-
tion and the irrigation rates means that the calculated soil 1*C concentrations are expected to be inde-
pendent of the assumed irrigated area (the source term has effective units of Bq m=2 yr1).
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Gaseous Source

For the gas scenario, it was assumed that '“C-bearing gas (CH,) enters the soil zone at a rate of
1 Bq m2 yr!. Reference calculations assumed that the entirety of this flux is oxidized to CO, in the
rooting zone, thus making it available for plant uptake after degassing. Variant calculations, consid-
ering that only part of the “C-bearing CH, reacted, were also performed using some of the models.

Fixed Concentration Assumptions

In addition to the above calculations, a series of calculations were made assuming a fixed concen-
tration of 1 Bq C kg™! C in all soil pools, and another series assuming a fixed concentration of
1 Bq kg! C in the plant canopy atmosphere.

MODEL DESCRIPTIONS

The 5 assessment models developed by the intercomparison members were: AquaC_14, developed
for L’ Agence Nationale pour la gestion des Déchets Radioactifs (ANDRA), France; SA_ Carbonl14,
developed for Electricité de France (EDF), France; the Avila-Prohl model, developed for Svensk
Kérnbrinslehantering AB (SKB), Sweden and Posiva Oy, Finland; SE RIMERS, developed for the
Nuclear Decommissioning Authority Radioactive Waste Management Directorate (NDA-RWMD),
UK; and the Thorne-Limer model, developed for Low Level Waste Repository Ltd (LLWR), UK.
These 5 models are briefly described, paying attention to the conceptual approach to modeling the
plant uptake of 4C from the canopy atmosphere. In the majority of the models, the *C concentra-
tion is not explicitly dependent on the stable carbon content since the dependence is implicit in the
parameter values selected.

AQUAC_14

This model was originally developed by Penfold and Watkins (1998) for ANDRA and minor modi-
fications were later made (van Hecke 2001; Albrecht 2010). The AquaC 14 model is characterized
by a large number of parameters that are specific to carbon, such as stable carbon concentrations in
the various compartments and components. The volume concentration in the canopy of plants
depends on the concentration of C in the soil, the soil density, and the rate of degassing. A geomet-
ric factor related to the wind direction, the wind speed, and a parameter relating the size and volume
of the canopy (“fetch”) are also taken into account. Contamination of plants is assumed to occur via
incorporation of 1“C as CO, during photosynthesis and via root uptake.

SA_CARBON14

This model was developed by EDF (Ciffroy et al. 2005; Sheppard et al. 2006). Input to soil is
assumed to be via irrigation with contaminated surface water. The conceptual model for uptake of
14C into crops was adapted during the BIOPROTA exercise and hence 2 approaches were consid-
ered: the Sheppard approach and the respiratory recycling approach shown in Figure 1. Partitioning
of 14C between labile and recalcitrant forms in the soil is considered. Only a fraction of the CO, in
the plant canopy is assumed to originate as CO, released from the soil. Both approaches are based
upon empirical data in which consideration has been given to the crop height, the wind speed, and
also the lateral extent of the contaminated area. Absorption of C as CO, during photosynthesis is
assumed to be the key route of uptake by the plant with other sources assumed to be negligible.
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Figure 1 EDF conceptual model for uptake of '“C into plants (respiratory
recycling approach).

Simplified Enhanced RIMERS

A simplified version of the enhanced RIMERS model developed by NDA (Thorne 2005, 2006) was
used in the intercomparison. This model treats the rapidly exchanging soil solution and soil atmo-
sphere as being in equilibrium and considers only atmospheric transfers, i.e. it neglects the effects
of plant uptake in depleting the soil atmosphere and below-canopy atmosphere. It contains 3 com-
partments: 1) a compartment representing the soil solution and 2) soil atmosphere, which exchanges
with 3) a compartment representing the below-canopy atmosphere. This latter compartment
exchanges with a compartment representing the above-canopy atmosphere.

The calculated plant canopy !“C concentration depends on air exchange rates between the soil atmo-
sphere, the plant canopy atmosphere, and the above-canopy atmosphere. These exchange rates are
calculated based on the wind velocity within the canopy. Clearance of the above-canopy atmosphere
is by downwind transport and the '“C concentrations within the canopy are essentially independent
of the linear dimensions of the release area.

Avila and Préhl Model

This model was jointly commissioned by SKB and Posiva in 2008 (Avila and Prohl 2008). The
model assumes that all '*C input into the system with irrigation water is immediately released to the
mixing layer where it can be assimilated by the plants via photosynthesis (see Figure 2). The calcu-
lated atmospheric '*C concentration depends upon the crop height and the height of the mixing
layer, the wind speed at the top of the mixing layer, and also on the vegetation height, the size of the
area of consideration, the stable carbon content of the air, and the net primary productivity of the
ecosystem.

Thorne-Limer Model

LLWR funded the development of this model (Limer et al. 2011). It considers 2 regions in the
aboveground atmosphere: the lower layer only experiences molecular diffusion processes in relation
to the movement of molecules of CO,, whereas the upper layer experiences some degree of turbu-
lent mixing as a result of winds that flow over the area of interest. The thickness of these layers, and
the degree of plant uptake of carbon from them, is dependent upon the canopy density, which affects
the light intensity and thus the rate of photosynthetic uptake of carbon in the canopy profile. The cal-
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Figure 2 Schematic of the Avila and Prohl model

culated atmospheric '“C concentration depends upon the crop height, the height of the displacement
plane (z,), and the wind speed. The calculated atmospheric “C concentrations are independent of
the release area, but supplementary calculations with a 2D model demonstrated this to be an accu-
rate approximation.

RESULTS
FEP Analysis and Model Audit

Twelve features were identified in the FEP analysis and used to develop the interaction matrices
(IMs) for a water source of '“C and for a gas source of '“C. In addition, an interaction matrix was
developed for the soil layer. These IMs were similar to other FEP analyses carried out by members
of the IUR Waste Working Group (IUR 2006) and CIEMAT (Aguéro et al. 2006); however, some
differences were apparent as a result of the different focus of the work. Our study focused on pro-
cesses up to and including transport into plants, rather than on dose to humans, and this enabled
more detailed breakdown of soil and plant relevant compartments. Specifically, the BIOPROTA
IMs divide the canopy atmosphere into 2 compartments, consider above- and belowground plant
material as different compartments, and include a “sink” compartment for loss processes. The mod-
els were audited against the 12 features to investigate whether they represented the features explic-
itly (EXP) or implicitly (imp). The results are shown in Table 1.

Table 1 Audit of the 5 models against the 12 features.

Enhanced Avilaand Thorne-

Feature AquaC 14 SA Carbonl4 RIMERS  Prohl Limer
Source EXP EXP EXP EXP EXP
Soil water imp EXP EXP

Soil solids — recalcitrant EXP EXP

Soil solids — labile EXP EXP

Soil gas imp imp EXP EXP
Soil microbes imp

Mycorrhizae

Plant canopy atmosphere below z; EXP imp EXP imp EXP
Plant canopy atmosphere above z, imp EXP imp EXP
Belowground plant material imp imp imp imp
Aboveground plant material EXP imp EXP imp imp
Sink EXP EXP imp EXP
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CALCULATION RESULTS

The results obtained from each model were compiled and a comparison was made between the cal-
culated '“C concentrations in the various environmental media for the 3 scenarios considered.

Irrigation Scenario

Four of the 5 models were applied to the irrigation scenario, of which 3 reported the calculated 4C
concentration in carbon in the soil (Table 2). As would be anticipated given the definition of the
source term, the calculated soil “C concentrations are independent of the irrigated area assumed.
Note that the soil 1*C concentrations reported from AquaC_14 and SA_Carbon14 relate to soil sol-
ids, whereas the soil '*C concentrations reported from the simplified enhanced RIMERS model
relate to the soil gas (which is assumed to be in equilibrium with the soil solution). Therefore, only
the AquaC 14 and SA_Carbon14 results can be compared, and they agree within a factor of 3.3.

Table 2 Summary of calculated '“C concentrations in soil carbon (Bq kg~! C) for the irrigation
scenario

Soil below crop type AquaC 14 SA_Carbonl4 Simplified enhanced RIMERS
Cereals 4.32E-01 Labile: 1.27E0 4.39E+2
Fixed: 1.51E-01
Green leafy vegetables Labile: 1.39E0 3.62E+2
Fixed: 1.51E-01
Fruit 2.54E+2
Root vegetables 5.44E+2

The calculated atmospheric !“C concentrations vary over 6 orders of magnitude for the smallest irri-
gated area: the Avila and Prohl model reporting the lowest values and the EDF model reporting the
highest (Table 3).

Table 3 Calculated 4C concentrations in the canopy atmosphere carbon (Bq kg~! C) for the irrigation scenario.

Field length (m) 1 10 100 1000
AquaC_14 4.44E-02 4.44E-01 4.44E+00  4.44E+01
Avila and Prohl (z; = 1/6) - cereal 3.46E-04 3.46E-03 3.46E-02 3.44E-01
Avila and Prohl (z; = 2/3) - cereal 2.02E-03 2.02E-02 2.02E-01 1.99E+00
Avila and Pr6hl (2 m/s wind speed) - cereal 7.57E-04 7.57E-03 7.57E-02 7.52E-01
SA_Carbon14 (Sheppard approach) — 2.26E+01 5.65E+01  8.48E+01
SA_Carbonl4 (Respiratory approach) — Cereal: 4.01E+01
Simplified enhanced RIMERS Canopy Above canopy
Cereal: 4.15E+1 1.63E0
Green leafy vegetables: 3.46E+1 1.36E0
Fruit: 2.42E+1 9.50E-1
Root vegetables: 5.18E+1 2.03E0

However, as the irrigated area considered increases, the difference in the calculated canopy atmo-
sphere '“C concentrations decreases, such that for a characteristic field length of 1000 m, the differ-
ence in calculated values is reduced to 2 orders of magnitude. These differences are reflected in the
variation in calculated plant '“C concentrations. As an example, the calculated '4C concentrations in
cereal for field sizes of length 10 and 1000 m are shown in Figure 3, where z, is the zero displace-
ment plane expressed as a fraction of plant height and v is the wind velocity at plant height.

819



Intercomparison of Models of 1*C in the Biosphere

1.E+02
__1.E+01 |
2 | Ev00 |
1.E-01 -

1.E-02 4

Calculated C-14 concentration
incereal (Bq kg C

1.E-03 +

10m 1000 m
Field length (m)

DAquaC_14 mAvila and Préhl (zd = 1/6)
DAvila and Préhl (zd = 2/3) mAvila and Préhl (v = 2m/s)
ESA_Carbon14 (Sheppard) O SA_Carbon14 (Respiratory)
= Simplified enhanced RIMERS

Figure 3 Calculated cereal '4C concentrations for the irrigation scenario; effect of field size

The models with the most cautious assumptions about the plant canopy, e.g. a dense canopy, gener-
ate the highest calculated canopy and plant '“C concentrations. However, some of these models
appear to be less sensitive to the contaminated area assumed than the models that have a less cau-
tious plant canopy atmosphere approach. This is to be expected. With a dense canopy, the above-
canopy wind is not seen within the canopy where movement is largely by vertical diffusion and tur-
bulent mixing.

Gaseous Release Scenario

The calculated soil 1“C concentrations, reported by the AquaC 14 and SA_Carbon14 models, are
very similar. When the #C-labeled gas entering the soil is assumed to be 100% CO,, the calculated
soil C concentration is of the order 3.9E-03 Bq kg! C in an available form; SA_Carbon14 also
reports 5.7E-04 Bq kg™! C in a more recalcitrant form. The calculated soil *C concentrations in the
Thorne-Limer model are much lower than for the other models; the calculated soil !“C concentration
associated with a plant of height 1 m is 2.80E-6 Bq kg~! C. These soil “C concentrations relate to
soil solids. The simplified enhanced RIMERS model reports soil gas '“C concentrations of
3.02 Bqgkg!C.

As with the irrigation scenario, differences between the calculated atmospheric #C concentrations
decrease as the release area increases (Table 4). Thus, for a release area of length 1 m the difference
between the models is 5 orders of magnitude, while for an area of length 1000 m the difference drops
to 2 orders of magnitude. The differences in the atmospheric concentrations are then reflected in the
calculated plant '“C concentrations, as shown in Figure 4 (characteristic lengths of the release area
of 10 m and 1000 m are used as examples).

Fixed Concentration Calculations

Fixing the soil '*C concentration in carbon in soil does not reduce the variability in the calculated
plant 14C concentrations for areas of a given size (Table 5).
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Field length (m) 1 10 100 1000

AquaC_14 (100% CO,) 3.88E-04 3.88E-03 3.88E-02 3.88E-01
AquaC_14 (11% CO,) 427E-05 4.27E-04 4.27E-03 4.27E-02
Avila and Préhl (z, = 1/6) 2.40E-06 2.40E-05 2.40E-04 2.39E-03
Avila and Préhl (z; = 2/3) 7.02E-06 7.02E-05 7.01E-04 6.91E-03
Avila and Prohl (2 m s~! wind speed) 2.63E-06 2.63E-05 2.63E-04 2.61E-03
SA_Carbonl4 (Sheppard approach), 100% CO,  — 7.64E-02 4.27E-01 6.40E-01
SA_Carbonl14 (Sheppard approach), 9% CO, — 6.88E-03 3.84E-02 5.74E-02

SA_Carbonl4 (Respiratory approach), 100% CO,

SA_Carbonl4 (Respiratory approach), 9% CO,

Simplified enhanced RIMERS

Thorne-Limer (z; = 1/6)

Thorne-Limer (z; = 2/3)

Cereal (30 m by 30 m field): 3.72E-01
Other crops (10 m by 10 m field): 4.41E-02
Cereal: 3.35E-02
Other crops 3.97E-03
Below z;: 2.88E-01
Above z;: 1.13E-02
Below z;: 9.45E-01
Above z;: 3.86E-03
Below z;: 3.77E+00
Above z;: 3.90E-03
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Figure 4 Calculated plant '“C concentrations for the gaseous scenario; release areas
with characteristic lengths of 10 and 1000 m.

Table 5 Calculated plant “C concentrations (Bq kg~! C) when the soil “C concentration is fixed to
1 Bq kg™!' C (10 m characteristic length).

Simplified
SA Carbonl4 - SA Carbonl4 — enhanced  Avila and
Crop type AquaC 14 resp. approach Sheppard approach RIMERS  Prohl
Cereals 2.20E-01 5.98E+01 — 1.15E-1 1.00E+00
Green leafy vegetables 2.38E-01 7.15E+00 1.24E+01 1.15E-1 1.00E+00
Fruit 2.31E-01 7.10E+00 1.23E+01 1.15E-1 1.00E+00
Root vegetables 2.26E-01 7.08E+00 1.23E+01 1.15E-1 1.00E+00
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When the “C concentration in carbon in the air is fixed, the variability in the calculated plant “C
concentrations drops significantly (Figure 5). This demonstrates that the key processes responsible
for model variability in calculated plant !“C concentrations are volatilization and the exchange of
gas in the atmosphere and the way they are represented.

1.4

Calculated plant C-14 concentration
(Bq kg™ C)

02 7 H
00 T T T T
AquaC_14 Avila and Préhl SA_Carbon14  Simplified  Thorne-Limer

enhanced
RIMERS

Model

Figure 5 Calculated plant '4C concentrations if the atmosphere is assumed to have a concen-
tration of 1 Bq kg! C.

DISCUSSION

The FEP analysis, discussion of the models, and examination of results highlight important differ-
ences in the conceptual models employed. Their significance in estimating '*C concentrations in dif-
ferent parts of the system is considered in relation to the major model components.

Soil

Within the soil, an important consideration is the form in which C is stored, e.g. in readily degrad-
able materials (such as cellulose) and in recalcitrant organic pools (such as humic and fulvic sub-
stances) that are not readily bioavailable. Such a distinction is supported by a substantial body of
empirical evidence.

Plant Canopy Atmosphere

Following entry to soil (subsurface or irrigation), the differences in the approach to determining the
canopy atmosphere concentration of '4C are the major cause of the differences in calculated plant
14C concentrations (Figures 3 and 4). When the atmospheric concentration is fixed, the difference in
calculated plant '“C concentration for a given field size dropped from more than 3 orders of magni-
tude to less than a factor of 5 (Figure 5).

Plant

All models use an isotope ratio approach. Uptake of '“C via root uptake or translocation of leaf-
deposited bicarbonates is identified as a minor pathway in all cases and is considered to contribute
less than 2% of plant 14C.
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Other Factors

The effects of the release area, height of crops, values of z,, depth of soil layer, etc., on calculated
14C concentrations in the soil, atmosphere, and plants have also been considered. In the AquaC_14,
Avila and Prohl, and SA_Carbonl4 models, there is a positive correlation between the size of the
release area and the calculated “C concentrations in each of the model compartments (calculated
14C concentrations in cereal are shown in Figure 6 as an example). These increasing atmospheric
and plant '“C concentrations for larger release areas result from the assumption that increasing the
release area will increase the time it takes for the contaminated air above the field to exchange with
uncontaminated air, and thus the dilution of 4C in the atmosphere is reduced.
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-E i * * ¥ Avilaand Préhl (zd = 1/6)
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Figure 6 Effect of release area on calculated cereal 4C concentration for the gas release scenario (Bq kg™ C)

Independent of any assumed dependence of the atmospheric “C concentration on the release area,
it is also clear that those models that assume a lesser degree of exchange of the contaminated air in
the immediate environment of the plant and the surrounding uncontaminated air will naturally cal-
culate higher plant '“C concentrations for a given “C flux entering the system.

CONCLUSIONS

The results show the importance of conceptualizing the dynamics of !“C (and stable C) within the
plant canopy atmosphere. Models in which the canopy air (main source of C for photosynthesis) is
assumed to be subject to a relatively small degree of mixing yield higher calculated plant “C con-
centrations than models assuming a greater degree of mixing with uncontaminated air. While the
assumed release area plays a role in determining the calculated atmospheric !“C concentrations, it is
the assumed degree of openness of the canopy and the wind profile both in and above the plant can-
opy that are the key drivers in determining the concentration of C in the atmosphere used by the
plant for photosynthesis. Furthermore, there is an interaction between these factors, with release
area being of greater importance for a well-ventilated, open plant canopy.

This study does not imply that any particular approach is “right” or “wrong.” Rather, the information
should be used to develop a consensus on processes that should/should not be considered in models
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for 14C transfer in the biosphere for radioactive waste disposal. Clearly, the type of agricultural prac-
tices (such as intense fertilization yielding larger crops and closed canopies) plays a major role, but
cannot be predicted for the long term. It is therefore reasonable to consider the potential for exposure
based on knowledge of present-day conditions at different sites and in different conditions.

Experimental work is underway, including a 3-yr NDA RWMD-funded program to further develop
understanding of '*C behavior in soil-plant systems in field conditions through the introduction of
13C-labeled methane (as a non-radioactive surrogate for '“C) into subsurface soil to determine
uptake to vegetation. Results will help to reduce those uncertainties having the most influence in the
behavior of '“C in agricultural ecosystems and will support future safety assessment calculations
relating to '“C. Future considerations for research may include forms of carbon other than methane
(i.e. dissolved organic substances) entering soil, and uptake via aquatic pathways.
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