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INTRODUCTION 

The need to address radiological impacts from 14C released to the biosphere, both from short-term 
operational or accidental discharges and also long-term releases from radioactive waste disposal 
facilities, has been recognised for some time. However, because of its role in biological processes and 
its ecological cycling, the standard methods employed to model long-term radionuclide transport and 
accumulation in the biosphere cannot be used satisfactorily for 14C. The degree of complexity in any 
14C model used must be balanced against the availability of supporting data and the assessment 
context. The nuclear fuel reprocessing plant at AREVA-NC La Hague (North France) is one example 
of a 14C source.  From August 2006 to July 2008, 14C activity concentrations in samples from the 
terrestrial environment (grass and soil) were monitored monthly by the Institute for Radioprotection 
and Nuclear Safety (IRSN) on a grass field (Hameau Vaultier) located 2 km downwind of the 
reprocessing plant, together with meteorological parameters.  Sampling of atmospheric 14C activity 
concentrations occurred between October 2006 and December 2007.  This study compares and 
discusses the ability of two different models to reproduce the observed temporal variability in grass 
14C activity in the vicinity of AREVA-NC La Hague. These two models are the TOCATTA- model 
which is specifically designed for modelling transfer of 14C (and tritium) in the terrestrial environment, 
and SSPAM14C which is designed for application to both operational discharges of 14C and also 
releases associated with radioactive waste disposal (near surface or geological).  The main goal of this 
study is to discuss the strengths and weaknesses of the models studied, and to investigate if modelling 
could be improved through consideration a much higher level of detail of plant physiology and/or 
higher number of plant compartments.

MATERIALS AND METHODS 

Conceptual Models

Given the remit of both short- and long-term assessment applications, SSPAM14C (the Swedish Soil-
Plant-Atmosphere Model for 14C) has been developed so that in principle it might be applied to the 
assessment of all terrestrial release scenarios, accepting a variety of source terms (i.e. gaseous and 



liquid discharges from above and below ground), and also considering processes within the ecosystem 
on a range of timescales.  A specific activity approach has been adopted for the uptake of plant 14C. 
Although the atmosphere is separated into two compartments, it is assumed that the aboveground 
portion of the plant grows inside the diffuse part of the atmosphere only.  A static or dynamic biomass 
can be assumed.  Within a given model compartment, it is assumed that the 14C is homogeneously 
distributed.  Further details about the model can be found in Limer et al. (2013) and Limer and Klos 
(2014).  TOCATTA-, and the preceding TOCATTA, have been developed specifically for 
application to operational discharges (Aulagnier et al., 2013; Le Dizès et al., 2012).  The plant model 
in TOCATTA-χ comprises three compartments: (i) the substrate pool (equivalent to the sap), (ii) the 
shoot structural dry matter and (iii) the root structural dry matter.  Carbon substrate variations due to 
storage and remobilisation processes and from the recycling of senescing shoot and root were not 
considered; nor were the carbon fluxes associated with root N uptake and exudation processes 
(Aulagnier et al., 2013). Other simplifications were made in the conceptual model and are fully 
described by Aulagnier et al. (2013).  The models are further summarised here in Table 1.

Table 1. Summary of SSPAM14C and TOCATTA- model properties

SSPAM14C TOCATTA-
Compartments in 
plant

Aboveground plant
Belowground plant
Fruit

Substrate (sap) pool (i)
Shoot structural dry matter pool (ii)
Root structural dry matter pool (iii)

Sub-models Plant (S1), Soil (S2), Atmosphere (S3) Plant (S1), Soil (S2)
Implemented 
processes in (S1)

Biological growth (P1)
Photosynthesis (P2)
Growth and maintenance respiration (P3)
Senescence (P4)

Biological growth (P1)
Photosynthesis (P2)
Growth and maintenance respiration (P3)
Senescence (P4) 

Isotopic equilibrium Between lower atmosphere and 
aboveground plant

Between air and P2(i)
Between (i) and P1(i)
Between (i) and P3(i)

Time-step running 24 hours 1 Hour
Input data Daily 14C in air

Relative growth rates between harvests
Wind speed

Hourly 14C in air
Hourly temperature
Hourly net solar radiation
Daily sun zenith angle

Influence of initial 
conditions

Instant 20 days

References Limer et al. (2013) Aulagnier et al. (2013)

Key processes 

In SSPAM14C, the plant is assumed to take up 99% of its carbon via photosynthesis, with 1% coming 
from root uptake.  The latter is assumed to be inorganic carbon which upon entering the roots is 
immediately transpired up to the aboveground plant where it is then assimilated into the plant material 
via photosynthesis.  Loss of plant material, and 14C, to the soil, is assumed to occur naturally with 
plant senescence.  It is also assumed that when harvesting of biomass occurs the 14C is removed from 
the system. In TOCATTA- the plant is assumed to take up 100% of its carbon through 



photosynthesis, with the 14C activity in the atmosphere being a combination of what has been 
measured as being released from the nuclear facility considered in a given assessment and what is 
volatilised from the soil.  In the plant model, the substrate (sap) compartment is considered to respond 
instantly to changes in atmospheric concentrations of 14C, and as such is like the plant compartment of 
SSPAM14C.  However, the 14C concentration in grass is derived from the 15-20 day moving average of 
the simulated 14C activity concentration in the substrate pool of grass (Aulagnier et al., 2013). By 
averaging the substrate 14C activity concentration, it is basically hypothesized that the old, ageing 
structural dry matter is going to be gradually replaced by structural “fresh” matter and that this newly 
created structural matter has been fed by the net primary production of the previous days. The 
averaging period can thus be regarded as a mean turnover time and its relationship to the mode of 
management of the grass field (see discussion in Aulagnier et al., 2013).

La Hague field measurements

Since autumn 2006, 14C measurements have been made in the framework of an experimental field 
close to the AREVA NC nuclear reprocessing plant in La Hague. An in situ laboratory was set up on a 
ryegrass field plot located 2 km downwind of the plant from August 2006 to July 2008. The 14C 
activity in terrestrial environment samples (air, ryegrass, soil) was monitored during this period, 
together with the acquisition of meteorological data. Further details about the site and measurement 
methodologies can be found in Le Dizès et al. (2012).

Model parameterisations

At the field site, high resolution measurements (~1-minute sampling) of 85Kr, a gas which is release 
concomitantly by the plant with 14C, were taken between October 2006 and December 2007. During 
this time, the atmospheric 14C activity at 1.5-m above the plot was measured on a monthly basis. The 
high frequency 85Kr data were then used to downscale the long-term 14C data to shorter time steps, 
relying on a quantitative relationship between 85Kr and 14C release rates (see more details in Le Dizès 
et al., 2012). The atmospheric 14C field measurements, and those derived by IRSN, provide the source 
term.  Whilst TOCATTA- used the hourly data, SSPAM14C used a daylight weighted daily mean 
specific activity of the hourly data.  In TOCATTA-, the plant biomass, growth rate and carbon 
requirements were based on a simplified plant physiological model (Farquhar and von Caemmerer, 
1982; Riedo et al., 1998).  Further details about the plant model parameterisation can be found in 
Aulagnier et al. (2012, 2013), and the soil model in Le Dizès et al. (2012).  In SSPAM14C, the plant 
biomass was set to follow the measured biomass data, with an assumed linear growth between 
harvests.  A theoretical annual cycle of the ratio of plant respiration to gross photosynthesis in pasture 
was also used (Thornley and Cannell, 2000).  As it was the upper atmospheric specific activity that 
was forced, for this application the aboveground plant was assumed to interact with the upper 
atmosphere, and  in a one-direction manner, such that any 14C lost from the plant due to respiration 
was assumed to be lost from the system. Further details about the model parameterisation can be found 
in Limer and Klos (2014).



RESULTS AND CONCLUSIONS

TOCATTA- and SSPAM14C adopt different approaches in terms of processes and times for 
representing the transfer of 14C from the atmosphere to grass, due to a different set of objectives.  
Notwithstanding these differences, the calculated specific activity of 14C in the aboveground plant 
material (Bq kgC-1) by both SSPAM14C and TOCATTA- are in reasonable agreement with the 
measured plant activity.  By increasing the temporal resolution of the IRSN model, and including 
more plant physiology based processes, TOCATTA- can better simulate the impact of intermittent 
14C releases occurring either the day or night than the TOCATTA model, which operated on a daily 
time-step (Aulagnier et al., 2013; Le Dizès et al., 2012). Even at a daily time-step, the inclusion of 
empirically based photosynthesis and plant respiration rates and plant biomass greatly improves the 
ability of SSPAM14C to represent the field observations.  That the measured soil specific activity of 
14C was approximately constant (Le Dizès et al., 2012) meant that the data was not suitable for 
determining the utility of a simple or complex soil model.
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