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PREFACE   

BIOPROTA is an international collaboration forum which seeks to address key uncertainties in the 
assessment of radiation doses in the long term arising from release of radionuclides as a result of 
radioactive waste management practices. It is understood that there are radio-ecological and other 
data and information issues that are common to specific assessments required in many countries. 
The mutual support within a commonly focused project is intended to make more efficient use of skills 
and resources, and to provide a transparent and traceable basis for the choices of parameter values, 
as well as for the wider interpretation of information used in assessments. A list of sponsors of 
BIOPROTA and other information is available at www.bioprota.com.     
 
The general objectives of BIOPROTA are to make available the best sources of information to justify 
modelling assumptions made within radiological assessments of radioactive waste management. 
Particular emphasis is to be placed on key data required for the assessment of long-lived radionuclide 
migration and accumulation in the biosphere, and the associated radiological impact, following 
discharge to the environment or release from solid waste disposal facilities. The programme of 
activities is driven by assessment needs identified from previous and on-going assessment projects. 
Where common needs are identified within different assessment projects in different countries, a 
common effort can be applied to finding solutions. 
 
This report describes work undertaken to compare and contrast different assessment models for the 
accumulation of Cl-36 in soils and its uptake into crops and the food chain. It was started following a 
workshop on Cl-36 behaviour in the biosphere held within the BIOPROTA framework and hosted by 
ANDRA in September 2006. The study was carried out by staff from ANDRA, EDF, IRSN, JGC 
Corporation, NWMO, SCM, Quintessa and GMS Abingdon. The study was financially supported by 
ANDRA, JGC Corporation, the NDA and NUMO.  
 
The report is presented as working material for information. The content may not be taken to 
represent the official position of the organisations involved. All material is made available entirely at 
the users’ risk. 
 
Version History 
 
Version 1.0: Work-plan and scenario description prepared by Enviros following review by Working 
Group participants and distributed to 19 April 2007. 
Version 1.1: Included some model descriptions, incorporating some information from the May 2007 
BIOPROTA meeting in Prague and distributed to Working Group participants, 13 July 2007. 
Version 1.2: Updated by GMS Abingdon Ltd and distributed to Working Group participants, 4 January 
2008. 
Version 1.3: Updated by GMS Abingdon after a Working Group meeting at ANDRA 22 January 2007, 
and distributed to Working Group participants, 24 January 2008. 
Version 2.0: Updated by Quintessa to include most model descriptions, incorporating some of the 
results from illustrative calculations before 12 April 2008, and distributed to Working Group 
participants, 30 April 2008. 
Version 2.1: Updated by Quintessa following a workshop held by the Working Group participants as 
part of the May 2008 BIOPROTA meeting at Nagra, incorporating new analyses of the illustrative 
calculations and conclusions, and distributed to Working Group participants, 2 June 2008. 
Version 3.0: Updated by Quintessa and GMS Abingdon in the light of comments from participants. 2 
July 2008. 
Version 3.1: Updated by Quintessa in the light of comments from participants. 22 July 2008. 
Version 3.2: Updated by Quintessa in the light of comments from participants. 3 September 2008. 
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EXECUTIVE SUMMARY 

This report describes a study undertaken following a workshop on Cl-36 behaviour in the biosphere 
hosted by ANDRA in September 2006 within the BIOPROTA international cooperation framework. 
Some initial investigations and discussions were reported in the 2007 Annual BIOPROTA workshop 
report, after which a detailed project scope and plan was developed.  

The question the study sought to address was the typical Performance Assessment question, i.e. 
what is the annual individual dose to an average member of a potential exposure group (PEG). 
However, this study stopped at the assessment of Cl-36 concentrations in the edible parts of the 
harvested crops which could be consumed by the PEG or by animals forming part of the human food 
chain.  

The objectives of the study were: 
 

• to compare the scientific basis supporting alternative approaches used to assess the 
contamination of soil by Cl-36 and its uptake by crops,  

• to make relevant illustrative calculations using models based on possibly alternative 
assumptions, and  

• to make recommendations concerning dose assessment for long-term post-closure 
assessment of Cl-36 releases from waste repositories. 

 
There is a general need for the assessment process to be informed of how much uncertainty is 
acceptable, within the context of a particular assessment. This requirement applies to all the relevant 
radionuclides and work to develop an understanding of how to determine the level of acceptable 
uncertainty in a specific context would be useful across the board. 

The different assessment contexts include issues such as whether climate and environmental change 
should be used, or only the site’s present day condition. This will have a material impact on the 
relevance and need for site specific data, and/or data from other sites which could be analogues 
today for the future condition of the site under investigation. 

A significant range of model types and alternative data assumptions has been described and 
compared, demonstrating the degree of understanding of the likely behaviour of Cl-36 soil and plant 
systems. Results have been presented for Cl-36 concentrations in crops based on unit activity 
concentration in upwelling groundwater and irrigation water, both deterministic and probabilistic. A 
wide range of sensitivity calculations has also been presented 

Despite the variations in the models, the results for concentrations in crops are typically within about 
an order of magnitude of each other for the main scenario considered. Furthermore, the spread of 
results obtained in probabilistic calculations does not indicate much greater variation for a given set of 
site conditions. This implies that knowledge of stable chlorine levels is critical for the specific activity 
models, and for other models, that the soil and plant systems must be sufficiently well characterised to 
allow usefully confident choices of distribution coefficients and root uptake factors, or to provide the 
other more detailed data. This is a truism, but something not to be forgotten. The model input data 
requirements in turn help to define site investigation requirements. 

The range of results presented here, in combination with the model explanations, can support 
consideration of whether particular model assumptions can be considered as overly-cautious, 
cautious or more likely to represent the likely outcome in particular contexts. 
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There is a general need for the assessment process to be informed of how much uncertainty is 
acceptable, within the context of a particular assessment. This requirement applies to all the relevant 
radionuclides and work to develop an understanding of how to determine the level of acceptable 
uncertainty in a specific context could be useful across the board.  

The application of the models used here could be extended to the calculation of doses to potentially 
exposed groups. Different approaches are employed to define these groups and that comparison 
would be instructive, both for Cl-36 and generally. The purpose would not be to identify a best 
approach, since that will be context dependent, but to investigate how different assumptions affect the 
results and also to investigate whether the variation in dose results is dominated by variant 
assumptions in the calculation of concentrations in crops, or in those for human behaviour. 

In combination, these activities could then inform requirements for future investigations at the site 
specific level. 

 

 
 
The study was carried out by staff from ANDRA, EDF, IRSN, JGC Corporation, NWMO, SCM, 
Quintessa and GMS Abingdon. The study was financially supported by ANDRA, JGC Corporation, the 
NDA and NUMO. 
 
The report is presented as working material for information. The content may not be taken to 
represent the official position of the organisations involved. All material is made available entirely at 
the users’ risk. 
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1 INTRODUCTION 

1.1 BACKGROUND 

Cl-36 has been identified as one of the radionuclides dominating estimates of annual individual doses 
to potential exposure groups in post-closure performance assessments of both high and intermediate 
level radioactive waste repositories. In addition, there are notable uncertainties in some of the data 
employed in making those dose estimates, see for example discussion in BIORPOTA (2006). While in 
general, interception by growing crops of contaminated irrigation water is of interest (see report of 
interception models in BIOPROTA (2005a), for Cl-36, the largest uncertainties are associated with 
assumptions for how it would accumulate in soil given a long-term release from the geosphere, and 
how that Cl-36 might then be taken up by plants. These plants might then be consumed by humans or 
enter the human food chain via animal products consumed by humans. Transfer through animals, 
however, was not considered.  

Given these soil accumulation and plant uptake uncertainties, a cautious approach to dose estimation 
has generally been adopted in dose assessments, with the intention that any estimated doses are 
unlikely to have been significantly under-estimated. However, this may result in significant over-
estimation of radiological impact. Although these estimated doses may themselves not be significant 
compared to other sources of, say, natural radiation exposure, there is good sense in removing 
unnecessary pessimism within performance assessments since that may result in misallocation of 
research and other resources. At the same time, conventional models routinely applied to all 
radionuclides may in some circumstances lead to dose underestimation, due to omission of processes 
which are specifically relevant to special radionuclides such as Cl-36, which have unique 
characteristics.  More broadly, there is a general desire to develop as good an understanding of the 
system under assessment as possible within wider resource constraints, so as to generate broad 
confidence in the overall assessment conclusions (BIOPROTA, 2007). 

 

1.2 OBJECTIVES 

The specific objectives of this study were: 

• to compare the scientific basis supporting alternative approaches used to assess the uptake 
of Cl-36 from soils to crops,  

• to make relevant illustrative calculations using models based on the alternative assumptions, 
and  

• to make recommendations concerning dose estimation methods and/or requirements for 
improved data for long-term post-closure assessment of Cl-36 releases from waste 
repositories. 

 

1.3 SCOPE 

The scope is limited to the long-term release of repository derived Cl-36 in groundwater from the 
geosphere to the biosphere, the behaviour of that Cl-36 in agricultural soils, and the uptake of that Cl-
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36 into farm crops which may contribute to various ingestion pathways for potential exposure groups. 
The interception of Cl-36 by the aboveground plant has been disregarded; a decision justified using 
the known dominance of root to plant transfer. Two source terms were assumed by which the Cl-36 in 
groundwater reaches the rooting zone of agricultural soil: 

1. as a result of irrigation, and  

2. as a result of capillary action and any/all other transfers from below  

The models used in the inter-comparison approach can be distinguished on the basis of the soil and 
the soil to plant sub models. Four types of model Cl-36 behaviour in soil and root uptake were 
considered. 

a) Conventional (radionuclide generic) models which assume: (1) a radionuclide residence time 
and accumulation in root-zone soil with consideration of infiltration into deeper soil by water; 
(2) an instantaneous equilibrium soil-water distribution coefficient to determine the mobile 
fraction; and (3) a fixed plant to soil concentration ratio, through which the radionuclide 
concentration in the plant is determined as a result of root uptake. Other processes are 
included in some applications, such as erosional losses, mixing to deeper soil by biota and 
losses from the root-zone due to uptake and cropping. (See a review and summary of variant 
applications in BIOPROTA (2005).) The crops may also become contaminated on their 
surface due to soil splash. Although some of the model parameter values are specific to 
chlorine or Cl-36, this approach does not take explicit account of processes specific to 
chlorine behaviour in soils and is structurally the same as that applied to a wide range of 
radionuclides. 

b) Specific activity models in which it is assumed that Cl-36 reaches equilibrium in some 
components of the system in the same proportions as stable chlorine. Dynamic treatment of 
movement between other components is still needed; the decision on which components are 
at equilibrium is dependent upon many factors and still under discussion. 

c) Compartmental models which consider the behaviour of Cl-36 in soil in a similar way to the 
conventional generic models but use an isotope ratio (like that of the specific activity models) 
for the plant uptake of Cl-36 from the soil. 

d) More detailed models which include further consideration of the dynamics of water flows and 
stable chlorine fluxes as well as chemical forms and greater spatial and temporal 
discrimination. Transpiration is one of the modes for plant uptake of Cl-36 considered in such 
models. 

 

1.4 STRUCTURE OF REPORT 

After this introduction, Section 2 provides details of the different types of models which have been 
applied or recently developed to address the dose assessment issues under investigation in this study 
(see Section 1.3 above). Section 3 describes an assessment situation, or “scenario”, which may be 
considered a typical requirement in the evaluation process for long-term repository performance 
assessments. Section 4 sets out the specific data applied to the scenarios for the separate models 
described in Section 2. Section 5 contains results and discussion. Section 6 provides conclusions and 
recommendations. 
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2 CONCEPTUAL MODEL DESCRIPTIONS AND MATHEMATICAL 
REPRESENTATIONS 

There is a variety of broad classes of model that have been used for this inter-comparison, 
distinguished on the basis of the soil and the soil to plant sub models (Table 2-1). Table 2-2 offers a 
summary of the models involved in this comparison exercise, with the abbreviations used in the 
results. Details of these models are given in Sections 2.1 to 2.4, and a summary of the model 
similarities and differences is given in Section 2.5. 

Table 2-1: Soil and soil-to-plant sub models used for the model inter-comparison 

Section Soil sub model Soil-to-plant sub model General model 

2.1 
Complete budget for water and 
Cl including losses via 
percolation  

Transfer factor EPRI, BIOMASS, JGC, 
Aquabios, SAMM-TR 

2.2 Budgeting Cl-36 and stable Cl 
input 

Isotope ratio AquaCl36, NWMO 

2.3 Complete budget for water and 
Cl including losses via 
percolation 

Isotope ratio EDF, SAMM-IR 

2.4 Complete budget for water and 
Cl including losses via 
percolation 

Water uptake via 
transpiration × Cl-36 
activitya 

IRSN, NDA-RWMD 

 

 

                                                      
a
 In the NDA RWMD model the following processes are also considered: active uptake (using Michaelis-Menton 

kinetics), root exudation 
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Table 2-2: Summary of models used in this study 

Model type Participant Model name 
Code used for model 

implementation 

Conventional 
Radionuclide 
Generic 

EPRI EPRI AMBER 

BIOMASS 

BIOMASS 

(ERB2A is used for the well scenario; 
ERB2B is used for the groundwater 
scenario) 

AMBER 

JGC JGC AMBER 

ANDRA Aquabios MoM 

SCM SAMM-TR Matlab 

Specific Activity (SA) ANDRA AquaCl36 MoM 

Compartmental with 
isotope ratio for plant 
uptake 

SCM SAMM-IR Matlab 

EDF EDF ECOLEGO 

Complex 
IRSN 36Cl SP236Cl GoldSim / SYMBIOSE 

NDA RWMD MTA ModelMaker 4.0 

 

2.1 CONVENTIONAL MODELS 

Conventional models assume a complete budget for water and radionuclides in the soil, be it for one 
layer of soil or multiple layers of soil. In general, the rate of change in the amount of a given 
radionuclide in a model compartment is 

( ) 





+−





++= ∑∑

≠≠ ij

iNiijiiM

ij

jji

i NNtSMN
dt

dN λλλλ  (1) 

where: 
Ni  is the amount of the radionuclide in compartment i, mol 
Mi  is the amount of the precursor radionuclide in compartment i, mol (M decays to N) 
Si(t)  is the external source of N to compartment i, mol y-1 
λM, λN  are the decay constants for M and N respectively 
λji  are the transfers from compartments j (≠i) into compartment i, y-1 
λij  are the transfers from compartment i into compartments j (≠i), including external losses, y-1 

 
In this study, there is only a single transfer of Cl-36 into the soil compartment, Si, that of either 
irrigation or groundwater depending upon the scenario under consideration. All of the models 
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discussed below consider percolation as a means of transferring Cl-36 from the topsoil to deeper soil 
layers, or out of the system altogether. Within the soil compartments an instantaneous equilibrium 
soil-water distribution coefficient to determine the mobile fraction of Cl-36 in the soil. 

In conventional models, concentrations of radionuclides in the flora, fauna and atmosphere are 
assumed to be in equilibrium with the dynamically modelled concentrations in the donor environment, 
i.e. soil, from which they receive their radionuclides, so that these biosphere receptors do not need to 
be dynamically modelled as well. Thus, in order to determine the radionuclide concentration in the 
plant as a result of root uptake a fixed plant to soil concentration ratio is used.  

 

2.1.1 APPROACH BASED ON EPRI MODEL 

Introduction 

This model was developed to model the migration and accumulation of radionuclides in soil following 
introduction to the soil via irrigation water applied to agricultural and garden soil in a near desert 
climate at Amargosa Valley, Nevada, as part of a Total System Performance Assessment for HLW 
disposal at Yucca Mountain (EPRI, 2002). It is the same as the EPRI model considered in an earlier 
inter-comparison exercise (BIOPROTA, 2005b), but using Cl-36 specific parameter values. 

The model assumes a single soil compartment, with transfers of radionuclide in and out of the soil as 
illustrated below (Figure 2-1). At the site for which this model was developed, the water table is so far 
from the surface that up-welling is not considered in the model. 

Figure 2-1: Schematic of the EPRI model 

 

 

Inputs and losses of contaminants to the system 

The radioactive source term to the soil is a function of concentration in the irrigation water and the 
amount of water applied per unit area per year. Contaminated water is assumed only to reach the soil 
via spray irrigation. The amount of irrigation water applied per year is dependent upon climate, 
number of crops per year and type of crop. The credible range of irrigation is from 0.1 m/y by 
gardeners who might chose to irrigate at a low level up to 1.2 m/y by alfalfa growers who produce 
multiple crops in a year. Since the soil could be used for different purposes over the potentially 
extended period of contaminated irrigation, a single value for all crops is used and a long term 
average contamination level is then determined.  

Losses of contamination from the soil which are taken into account in the model include migration in 
infiltrating groundwater and losses in cropping. The equations used to describe these transfers are 
given in Table 2-3. 
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Uptake of contaminant by the crop 

The radionuclide concentration in the crop, Ccrop (Bq kg-1, fresh weight of crop), is given by 

( )
( )

( )










+

−
+

−
+

=
−

Y

FFF

Y

FeF
CVI

CSFCFF
C

transpabsp

TW

abs

wirrcrop

t

scroppcropp

crop

2312 1

1 ρθ
 (2) 

 
where: 
Cs is the radionuclide concentration in the soil compartment, Bq m-3 

Icrop is the fraction of radionuclide in spray irrigation water that is initially deposited on standing 
biomass, 

Scrop  is the soil contamination on the crop, kg (dry weight soil) kg-1 (fresh weight of crop),  
Ftrans is the fraction of absorbed activity that is translocated to the edible portion of the plant by time 

of harvest (translocation fraction), 
Fabs is the fraction of intercepted radionuclide initially deposited on the plant surface that is 

absorbed from external surfaces into plant tissues, 
Fp1 is the fraction of external soil contamination on the edible part of the crop retained after 

processing, 
Fp2 is the fraction of the internal contamination associated with the edible art of the plant at 

harvest that is retained after food processing has occurred, 
Fp3 is the fraction of external contamination from interception that is retained on the edible part of 

the crop after food processing, 
W is the removal rate of radionuclide deposited on the plant surface by irrigation by weathering 

processes (weathering rate) including mechanical weathering, wash-off and leaf fall, y-1, 
T is the interval between irrigation and harvest, y 
and other parameters are defined in Table 2.3. 
 

The first term of this equation represents crop contamination due to both internal uptake from the 
surface soil compartment via the roots and external contamination from the deposition of re-
suspended sediment from the surface soil compartment. The second term corresponds to plant 
uptake via irrigation. However, in this study, the focus is on accumulation in soil and root uptake, so 
that here the interception of irrigation water by standing biomass is disregarded, i.e. Icrop is set to zero. 
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2.1.2 APPROACH IN BIOMASS REFERENCE BIOSPHERES REPORT 

Introduction 

The IAEA Programme on BIOsphere Modelling and ASSessment (BIOMASS) was launched in Vienna 
in 1996 (IAEA 1996). The programme was concerned with developing and improving capabilities to 
predict the transfer of radionuclides in the environment. As part of this programme the concept of a 
reference biosphere for application to the assessment of the long-term safety of geological 
repositories for radioactive waste was developed. Compartmental flow models were devised, 
considering a range of ecosystems and geosphere-biosphere interfaces. Exposure pathways to the 
human community were considered in great depth, but are beyond the scope of this study. The 
following description of the BIOMASS model has been derived from BIOMASS (2003). 

The setup used for the two scenarios differ in that they consider either a single habitat or a series of 
interacting habitats for the ‘irrigation water source’ and ‘natural groundwater source’ scenarios 
respectively.  

The model used for the ‘irrigation source’ scenario is able to track contaminant movement from the 
irrigation water via soil, atmosphere, crops and animals to humans, with excreted material (from both 
animals and humans) being recycled. However, the processes of primary interest involve 
contamination of the soil and crop. Crops will become contaminated due to direct deposition of 
irrigation water. A fraction can be retained on the plant surface and another fraction transferred within 
the plant, particularly to edible parts. Weathering of plant surfaces results in transfer of intercepted 
radionuclides to the soil. Crops may then become contaminated by root uptake, and soil splash may 
result in further crop contamination. Although seasonal factors can substantially influence details of 
what could happen in any one year, the above processes can be modelled on the basis of equilibrium 
between the concentration in the irrigation water and the crops, or the soil and the crops (BIOMOVS 
II, 1996; see Figure 2-2). 

Figure 2-2: Simplified BIOMASS model for the BIOPROTA Cl-36 study – ‘irrigation water source’ scenario 

 
 
For the ‘natural groundwater source’ scenario, a range of habitats were considered (woodland, 
pasture, arable land, shrub land, marsh, river and lake), with additional assumptions as to the spatial 
connectivity of these habitats. Within each of these habitats transfers between the following 
compartments are considered - aquifer, soils, atmosphere, plants, animals and sinks – with the 
dynamics of contaminants within the soil being of key interest (Figure 2-3). As with the irrigation 
scenario model, only the dynamics of the soil compartment need be simulated when considering the 
contaminant uptake by the crop; the crop uptake is discussed below. The habitat of relevance for this 
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study is the arable land. It is considered that some of each habitat will be adjacent to a river and some 
adjacent to a lake.  
In addition to interactions within the habitats, interactions between the habitats (hydrological flows, 
atmospheric volatilisation and deposition, soil movement, exchange of animal/plant material) are also 
considered. However, these are beyond the scope of this study. 

Figure 2-3: Simplified BIOMASS model for the BIOPROTA Cl-36 study – ‘natural groundwater source’ 
scenario. Transfers highlighted in red are only considered for the root and green vegetables. 

 
 

Inputs and losses of contaminant to the system 

For the ‘irrigation water source’ scenario, the contaminant is assumed to enter the system as the 
irrigation water (Figure 2-2). For the ‘natural groundwater source’ scenario contaminated water can 
enter the system either directly from below or as a result of hydrological inflows from a neighbouring 
habitat (Figure 2-3). 

The ways in which contaminant can leave the system depend upon the scenario being considered. 
For the ‘irrigation water source’ scenario it is assumed that contaminant leaves the system via 
infiltration, erosion and cropping (Table 2-4). However, erosion losses can be disregarded (BIOMASS 
2003) since the amount lost is not significant compared to the other transfers. For the ‘natural 
groundwater source’ scenario it is assumed that contaminant leaves the system via either the 
movement of water to the sub- or surface soil of a neighbouring habitat, detritus movement to another 
habitat and loss to crops (Table 2-5).  

With respect to the crop, it is assumed that contamination can be lost via food preparation (Fp1, Fp2 

and Fp3). The time between irrigation and cropping can affect final concentrations in the crop, bearing 
in mind the time for uptake from soil and the rate of weathering loss from contamination on plant 
surfaces arising from interception of irrigation water. The latter is not considered in this study, and the 
former is assumed to occur in this model as if all processes are occurring through the year at the 
annual average rate. 
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Transfers of contaminant within the system and uptake by the plant 

The algebraic form used for each dynamic transfer process in the ‘irrigation water source’ scenario is 
shown in Table 2-4, and those for the ‘natural groundwater source’ scenario are shown in Table 2-5. 

The radionuclide concentration in the edible part of the crop, Bq kg-1 (fresh weight of crop) has the 
same form for both scenarios, and is given by the same equation as used in the EPRI model 
(Equation 2). However, there is a difference in where the soil Cl-36 concentration comes from.  
For the irrigation scenario (ERB2A) there is only one habitat, and thus only one topsoil compartment 
whose Cl-36 concentration to be considered for the calculation of plant contamination. However, in 
the groundwater scenario (ERB2B) it is assumed that there will be an area of relevant habitat (arable 
land) adjacent to a river and another area of this land adjacent to a lake. The soil Cl-36 concentration 
used in determining plant concentration of Cl-36 is the arithmetic mean of the soil Cl-36 concentration 
in these two arable habitats. 
 

Table 2-4: Transfers between compartments in the BIOMASS 'irrigation water source' scenario model 

Transfer Equation Parameter definitions 

Irrigation source 
term to soil, S 

wirrCV  Virr – irrigation water application rate, m3 y-1 

Cw – radionuclide concentration in well, Bq m-3 

Infiltration and 
recharge, λ1I dR

I

θ
 

 

where R is given by 

( )
d

t K
θ

ρθ−
+
1

1  

I - annual infiltration/recharge rate, m y-1 

R - retardation coefficient of cultivated soil 

θ - water filled porosity of cultivated soil 

d - depth of cultivated soil, m 

θt - total porosity of the cultivated soil compartment, 

ρ - grain density of the cultivated soil compartment, 
kg m-3, 

Kd - sorption coefficient of the cultivated soil 
compartment, m3 kg-1 

Erosion, λ1E 

d

E
 

E - erosion rate of the soil compartment, m3 y-1 

Cropping, λ1C 
[transfer from 
soil to plant] 

( )
( ) d

YSCF

t

crop

cropcropcrop

ρθ−

+∑
1

4

1

 

CFcrop - concentration factor from root uptake for 
crop, Bq kg-1 (Fresh weight of crop) / Bq kg-1 (dry 
weight soil) 

Scrop - soil contamination on the crop, kg (dry weight 
soil) kg-1 (fresh weight of crop) 

Ycrop - wet biomass of the crop, kg y-1, obtained at 
harvest from the unit area irrigated 
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2.1.3  APPROACH ADOPTED BY JGC 

Introduction 

This model was developed to consider a biosphere receptor as part of a performance assessment for 
the potential geological disposal of high level radioactive waste (HLW) in Japan (JNC, 1999; Lawson 
& Smith, 1985). The model was designed to be as generic as possible, considering different 
combinations of location (inland, coastal, island), topography (mountainous, hilly and plain) and 
geology (crystalline, sedimentary). A variety of potential receptors were considered: soil, surface 
freshwater, well and marine (Little 2002; Little et al., 2002 a, b, c and d). These receptors were 
chosen to be indicative of the potential receptors that could be associated with the various properties 
of any potential geological repository. 
 
The model assumes two soil compartments, with transfers in and out as illustrated below (Figure 2-4). 
The grey boxes represent processes and compartments included in the model which are not relevant 
for the scenarios under consideration. In addition, where compartments or transfers are considered 
only for one of the specific source terms they are highlighted appropriately. Specifically, red is used to 
highlight processes included in the irrigation scenario only and blue is used to highlight processes in 
the scenario of the source coming from depth. 

Figure 2-4: Schematic of the JGC model (modified from JNC 1999) 

 

 

 

Inputs and losses of contaminants to the system 

Two possible pathways of the contaminant entering the system are considered: a groundwater 
release entering a well or small river whose water is used for irrigation, and a groundwater release 
where the contaminant enters the surface soil environment through capillary rise and erosion. 

(Irrigation) 
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The contaminant is lost from the compartments of the system of interest to this study (black boxes in 
Figure 2-4) in two ways: via river flow and bed load. 

w

w

V

Q
=flowRiver  (3) 

( )( )
rsedgrsedrseddrsedrsedw

ldrsed

VK

BK

ρθθ −+
=

1
loadBed

 

(4) 

 
where: 
Qw is the discharge rate of water from the water compartment to the downstream water 

compartment, m3 y-1, 
Vw is the volume of the water compartment from which the water is discharged, m3, 
Kdrsed is the sorption coefficient of the river bed sediment compartment, m3 kg-1,   
Bl  is the bed load of the river, kg y-1,  
θrsedw  is the water filled porosity of the river bed sediment compartment, 
θrsed is the total porosity of the river bed sediment compartment, 
ρgrsed is the grain density of the river bed sediment compartment, kg m-3,    
Vrsed is the volume of the river bed sediment compartment, m3 
 
With respect to the crop, it is assumed that contamination can be lost via food preparation (Fcrop) and 

weathering ( cropTW
e

−
). However, the timeframe under consideration in this study is up to time of 

harvest without consideration of food preparation, meaning that Fcrop can be set to zero. 
 
 

Transfers of contaminant within the system and plant uptake 

The algebraic form used for each dynamic transfer process in the conceptual model is shown in Table 
2-6. 
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In addition to the transfers described in Table 2-6, of particular interest is the radionuclide 
concentration in the crop, Ccrop (Bq kg-1, fresh weight of crop), which is given by 
 

( )( )
( )

( )( )
crop

trans

TW

croptrans

rwicropcrop

gssss

sscropcropcrop

crop
Y

FeFF
Cd

CSFCF
C

crop +−−
+

−
−+

=
−

11

1

1
µ

ρθ
 (5) 

 
where: 
CFcrop is the concentration factor for the crop, Bq kg-1 (fresh weight of crop)/Bq kg-1 (dry weight of 

soil), 
Fcrop is the fraction of external contamination on the crop lost due to food processing,  
Scrop  is the soil contamination on the crop, kg (dry weight soil) kg-1 (fresh weight of crop),  
Css     is the radionuclide concentration in the surface soil compartment, Bq m-3, 
θss       is the total porosity of the surface soil compartment,  
ρgss is the grain density of the surface soil compartment, kg m-3, 
µcrop    is the interception fraction for irrigation water on the crop, 
dicrop is the depth of irrigation water applied to the crop, m y-1, 
Crw      is the radionuclide concentration in the river water compartment, Bq m-3, 
Ftrans  is the fraction of activity transferred from external to internal plant surfaces (translocation 

fraction), 
Ycrop is the yield of the crop, kg m-2, 
Wcrop is the removal rate of irrigation water from the crop by weathering processes (weathering 

rate), y-1, 
T is the interval between irrigation and harvest, y. 
 
The first term of this equation represents crop contamination due to both internal uptake from the 
surface soil compartment via the roots and external contamination from the deposition of re-
suspended sediment from the surface soil compartment. The second term corresponds to plant 
uptake via irrigation. However, in this study, we are not interested in assessing the concentration in 
crops due to irrigation, so µcrop is set to zero, i.e. the second term is disregarded. 

 

2.1.4 APPROACH ADOPTED BY ANDRA 

Introduction 

The transfer factor (TR) approach looks explicitly at the dynamic behaviour of water and Cl-36 in the 
soil column using the water budget to estimate losses and the solid/liquid distribution coefficient (Kd) 
for retention. Transfer to plants is modelled on the basis of empirical transfer factors. 

The transfer approach has classically been used for radionuclides of radioecological significance. It 
treats the soil as a dynamic system considering accumulation, losses and an equilibrium value based 
on the individual radionuclide behaviour. Transfers from the soil to all other compartments, including 
plants are modelled using empirical transfer coefficients. The extent of the dynamic part of 
radionuclide accumulation in soil depends on the system losses (the higher the losses the more 
quickly equilibrium is achieved). In case of a significant dynamic increase in the soil all associated 
compartments, up to the final dose received by man, will also show these dynamics. 
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The equations and associated databases are grouped in the model called Aquabios (Albrecht, 2007) 
which is managed by the Andra model management code MoM. 

 

Inputs and losses of contaminants to the system 

Irrigation by contaminated well water is the only modelled source of contamination (Figure 2-5). 
Irrigation depends on the water budget of the soils. Local information of monthly precipitation (Tpluie) 
and evapotranspiration (ETP) are used to assess the yearly need of irrigation (Teaucult). This procedure 
is illustrated based on meteorological data from the inland and coastal sites used in this study (Météo 
France, 2008). Precipitation is directly measured, evapotranspiration either measured or modelled; 
the relationship between both can be constructed on the basis of meteorological data (5 years in the 
case of this study). Once constructed for a specific site (Figure 2-6) this relationship can be used to 
quantify irrigation on the basis of any available data for precipitation (i.e. during a probabilistic model 
approach). 

Figure 2-5: Schematic of Aquabios model 

 

 

Figure 2-6: Correlation between yearly precipitation and irrigation for the coastal and inland sites based on 
monthly data for five years 
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R² = 0.805

Teaucult = -0.788 Tpluie + 1064
R² = 0.689

0

100

200

300

400

500

600

700

400 500 600 700 800 900

irr
ig

at
io

n 
(L

.m
2 .

yr
-1

)

precipitation (L.m2.yr-1)

inland site 

coastal site

 



 

BIOPROTA
 

24 

BIOPROTA September 2008. Investigation of Cl-36 Behaviour in Soils and Uptake into Crops 

 

Fluxes of Cl-36 (Q, Bq m-2 y-1) are modelled using yearly averaged irrigation (Teaucult, L m-2 y-1) and the 
concentration in the irrigation or well water (Ceaucult, Bq L-1): 

eaucult eaucultQ T C= ⋅  (6) 

 

Under humid conditions, particularly during the colder season, where precipitation exceeds 
evapotranspiration, yearly excess water in the system exits via percolation. This excess water is set 
equal to the hydraulic budget and calculated using the following equation: 

cult pluie eaucultBihy T T ETP= + −  (7) 

 

This percolating water has the ability to transport dissolved radionuclides into deeper sections of the 
soil, where they become unavailable for root uptake. Related losses (λlix, y

-1) can be estimated using 
the hydraulic budget, soil physical data (soil water content, tensolceau (-); soil porosity, poro_cult (-); 
depth of soil homogenisation and root growth, profcult, (m) and the retention factor (Rs, -)  

 
 = 

_  

cult
lix

cult s

Bihy

tensolceau poro cult Prof R⋅ ⋅ ⋅
λ  (8) 

 

The latter is defined by 

( _ )

_

part

s

Kdsol 1 poro cult Rho
R 1

tensolceau poro cult

⋅ − ⋅
= +

⋅
 (9) 

 

where Kdsol (kg/L) stands for the solid/solution distribution coefficient and Rhopart for the soil density 
(kg m-3). 

An additional loss term is related to the export of Cl-36 at harvest (λexp). It can be modelled based on 
the yield of a blend of cultivated plants (Rendcult, kgfresh m

-2 y-1), the soil to plant transfer coefficient for 
this mix of plants (FTsolplant, kgdry/kgfresh) and the soil physical parameters depth of homogenisation 
(Profcult) and soil density (Rho_cult, in kg/m3): 

exp
_ cult

Rendcult FTsolplant

Rho cult Prof

+λ =
⋅

 (10) 
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Transfers of contaminant within the system and uptake by plants 

The evolution of Cl-36 concentration in the soil can be modelled using a mass balance approach: 

exp( )
_

soil
lix R soil

cult

dC Q
C

dt Rho cult Prof
= − + +

⋅
λ λ λ  (11) 

 

This differential equation has an analytical solution, which is integrated into Aquabios: 

exp

exp

( )( )

exp

_
( )

_
( ) e lix R j i

cult
sol j

lix R

t tcult
sol i

lix R

Q

Rho cult Prof
C t

Q

Rho cult Prof
C t

− λ +λ +λ −

⋅= +
λ + λ + λ

  
  ⋅  −

λ + λ + λ  
    

 (12) 

 

For radionuclides, such as Cl-36 with a high mobility (low Kd, high λlix) and significant plant uptake 
(λexp), the exponential part of the equation vanishes and the soil concentration quickly reaches 
equilibrium. Losses related to radioactive decay (λR) are insignificant. 

To obtain the concentration of Cl-36 in fresh plant tissue, a simple transfer approach is applied, which 
is based on empirically determined transfer factors (FTsolplant). An example of the transfer of Cl-36 
from soil to cereals is given for illustration:  

_Ccer sol Csolcult FTsolcer= ⋅  (13) 

 

Interception of Cl-36 and transfer from leaves to the edible portion is considered in Aquabios, but has 
been turned off for this study. This has little impact on the results for cereals, as root uptake clearly 
dominates cereal activity. However, for root and leafy green vegetables, as much as a third of plant 
uptake of Cl-36 may be attributable to interception. 

 

2.1.5 APPROACH ADOPTED BY SCM 

Introduction 

The aim of the SCM – ANDRA Multicompartment Model (SAMM; Miquel, 2008) is to simulate the 
propagation of radionuclides in soils of the biosphere. This model, integrating the processes of 
advection, diffusion and radioactive decay, is a synthesis of the two models available at ANDRA 
(Albrecht, 2007 and Klos, 2007). Contamination can take place via irrigation from the surface of the 
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soil and advectively moving to the aquifer or to move upwards via diffusion from the contaminated 
aquifer to the surface.  

The soil is described by a vertical column consisting of a freely chosen number of compartments. The 
concentration of Cl-36 can be computed for each compartment including the rooted top compartment. 

To illustrate transfer processes and mathematical treatment, let’s take an example with three 
compartments. For radionuclides, such as Cl-36 with a high mobility and long half-life period, the 
influence of radioactive decay is insignificant. The diagram of the discretised vertical soil column, with 
advection and diffusion processes indicated, is shown in Figure 2-7. 

Figure 2-7: SAMM: Discretised vertical soil column with three compartments 

 

 

The SAMM software computes the concentration in Bq/kg of Cl-36, and the concentration of stable 
chlorine in g/kg, (for the compartment z at the time t) resolving numerically the Advection, Diffusion 
and radioactive Decay differential Equation (ADDE) which is given by the formula: 
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(14) 

where: 

− ( ),C z t  is the concentration in the soil for the position z  at the time t  

− ( ),v z t  is the speed of propagation of radionuclides in the soil for the position z  at the time t  

− ( ),aD z t  is the coefficient of apparent diffusion for the position z  at the time t  

− λ  is the constant of radioactive decay 

− ( ),pC z t  is the concentration in the soil of an eventual radionuclide parent 

− 
pλ  is the constant of radioactive decay  of an eventual radionuclide parent 

 

The three bracketed terms correspond to advection, diffusion and decay respectively. The speed of 
propagation of radionuclides in the soil ( v ) and the coefficient of apparent diffusion ( aD ) depend on 

various soil factors: 

( )( )1

v

e p sol

d
v

t Kd Sω ω ρ
=

+ −
 (15) 

( )( )
0

(1 )
1 1

a

e p sol s

D
D

t Kd
ωω ω ρ µ

ω

=
− + − +  

 
(16) 

where: 

−     et  is the water content in the soil (-) 
−     ω  is the soil porosity (-) 
−    

pρ  is the soil density (kg m-3) 

−     solKd  is the solid / solution distribution coefficient (m3 kg-1) 

−    Sµ  is the tortuosity parameter (-) 

−     S  is the section of the soil column (m2) 
−     vd  is the water volumetric debit in the soil column (m3 y-1) 

−     0D  is the coefficient of diffusion in water (m2 y-1) 
The step-width used for temporal discretisation used to represent time can be automatically or freely 
chosen, thus daily, monthly or yearly calculations are possible. 

SAMM computes the concentration of Cl-36 in a non-cultivated soil. The loss term related to the 
export of Cl-36 at harvest isn’t taken into account. Thus, if accumulation of the radionuclide in the soil 
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is possible, then the calculated concentration of the contaminant in the soil is higher in SAMM than in 
model which considers a cultivated soil (e.g. Aquabios). 

 

Contaminant uptake by the plant 

The transfer coefficient (TR) approach used for example by Andra in the Aquabios model uses the 
empirically determined transfer factors (

_sol cerFT ) and is also applied to SAMM. The model which 

uses this transfer factor approach is known as SAMM-TR. For example, the concentration in Bq/kgfresh 
of Cl-36 in cereals grown in the surface compartment (z = Z) can be calculated for any given time t 
using the following equation: 

( ) ( ) _, ,cer sol sol cerC Z t C Z t FT= ×  (17) 

 

2.2 SPECIFIC ACTIVITY MODELS 

Specific activity models assume that, for each compartment of the environment, the ratio between Cl-
36 and stable chlorine is the same as those of the other compartments. For example, for plants, the 
following relationship can be written: 

plant_env

plant_env
36

plant

plant
36

Cl_stable

Cl

Cl_stable

Cl
=  (18) 

 

where 36Clplant and stable_Clplant are the concentrations of Cl-36 and stable chlorine in the plant 
respectively (in Bq.kg-1 and mg.l-1); 36Clenv_plant and stable_Clenv_plant are the concentrations of 36Cl and 
stable chlorine in the environment of the plant respectively (in Bq.kg-1 and mg.l-1). Thus, in order to 
calculate the concentration of Cl-36 in the plant, the plant environment needs to be defined first. 
Typically this is the topsoil. 

 

2.2.1 APPROACH ADOPTED BY ANDRA 

Introduction 

Originally developed for carbon-14 in the Canadian waste disposal safety calculations (Davis et al., 
1993), the IR approach was adapted for chlorine-36 by Sheppard (2001) and applied for the ANDRA 
high level waste Dossier 2005 (Andra, 2005) and the ANDRA graphite (FAVL, low activity long lived) 
waste assessment (Leclerc-Cessac, 2004). The principal hypothesis of the IR approach is that stable 
and radioactive chlorine rapidly achieve equilibrium in all connected compartments and that the 
specific Cl-36 / stable Cl (Cl-s) ratio can be considered identical. As stable chlorine is readily 
measurable in all compartments, it is sufficient to know the ratio of Cl-36 over Cl-s in the upstream 
compartment to calculate the unknown Cl-36 activity in the downstream compartment. 

The equations and associated databases are grouped in the model called AquaCl36 which is 
managed by the ANDRA model management code MoM. 
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Inputs and losses of contaminants to the system 

As with ANDRA’s conventional model, Aquabios, irrigation by contaminated well water is the main 
modelled source of contamination. The inputs of water to the soil are determined identically in 
Aquabios and AquaCl36. 

Different types of soils can be considered by Andra’s models; the one relevant for this current study is 
the cultivated soil (solcult). The activity of Cl-36 (in Bq/kgdry) and the concentration of stable chlorine 
(mg/kgdry) can be estimated based on fluxes into the soil and the concentrations of stable and 
radioactive chlorine. This allows computation of the isotopic ratio (RI in Bq/mg): 

__ _ _

eaucult eaucult
solcult

eaucult eaucult pluie pluie engrais cult

T C
RI

T C S T C S T Engrais s

⋅
=

⋅ + ⋅ + ⋅
 (19) 

 

The fluxes of water are given in L m-2 y-1 (T) with eaucult indicating irrigation and pluie precipitation 
(Figure 2-8); activities of Cl-36 (Ceaucult) are in Bq/L and concentrations of stable chlorine (Ceaucult_S, 

Cpluie_S) in mg/L. Fertiliser addition is given in kg m-2 y-1 (Tengrais_cult), with stable chlorine concentration 
(Engrais_s) in g/kg. 

Figure 2-8: Schematic of AquaCl36 

 

 

Contaminant uptake by the plant 

Isotopic ratios in plants are assumed to be identical to the ratios in the soil: 

36 36

plant soil

Cl Cl

Cl s Cl s

− −   =   − −   
 (20) 

 

As the stable chlorine content of the plant (Cl-s, in mg/kgfresh) can be measured, the Cl-36 in the plant 
in Bq/kgfresh can be easily calculated: 
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( ) ( )36
36

plant plant
soil

Cl
Cl Cl s

Cl s

− − = − − 
 (21) 

 

In AquaCl36 three equations are defined for the three types of plants considered: 

_ _

_ _

_ _

cer solcult

rac solcult

feuil solcult

C RI Cl s cer

C RI Cl s rac

C RI Cl s feuil

= ⋅
= ⋅
= ⋅

 (22) 

 

For each plant (Cl_s_... in mg/kgfresh) stable chlorine information is required with cer standing for 
cereals, rac for root vegetables and feuil for leafy vegetable. C… indicates the activity of Cl-36 (in 
Bq/kgfresh) in each plant.  

 

2.2.2 APPROACH ADOPTED BY NWMO 

The NWMO modelling approach was developed by Zach et al. (1996), and is described as follows 
from Gierszewski et al. (2004). 

A total internal dose for Cl-36 is first estimated by the internal dose pathway equations. These 
equations account for internal dose from ingestion of various food types and their associated 
pathways as well as internal dose from ingestion of drinking water, soil and from inhalation.  This 
estimated dose is compared with the maximum possible internal dose, which is set by assuming all 
chlorine in soft tissues is at the same ratio of Cl-36 to stable chlorine as in the background 
groundwater. As such, the NWMO model is the simplest, most conservative of the models considered 
in this study. The minimum of the two doses is taken to be the internal dose: 

∑ +++=
ik

ClClClikClCl DiDsDwDeDit
,

363636,,3636 )model pathways(

 

(23) 

and 

( )[ ] 









⋅⋅+⋅

=
mCl

ClCl

gw

Cl

gw

Cl

gw

Cl

Cl

Cl

BBgbCaCCaDF

Dit
Dit

/

)model pathways(
min

36363636

36

36

 

(24) 

where 

Dit
Cl36  is the human total internal dose from Cl-36 (Sv y-1) 

De
Cl36,k,i is the internal dose from Cl-36 due to ingestion of food type j along pathway k (Sv y-1) 

Dw
Cl36 is the internal dose from Cl-36 due to ingestion of drinking water (Sv y-1) 

Ds
Cl36 is the internal dose from Cl-36 due to ingestion of soil (Sv y-1) 
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Di
Cl36 is the internal dose from Cl-36 due to inhalation (Sv y-1) 

DF
Cl36 is the internal dose conversion factor for Cl-36 [(Sv y-1)/(Bq kg-1)] 

gb
Cl36 is the mass/radioactivity conversion factor for nuclide i  (kg Bq-1) 

36Cl

gwCa  is the Cl-36 activity in the groundwater (Bq m-3 water)  

Cl

gwC  is the stable chlorine concentration in the groundwater (kg m-3 water) 

BCl is the total chlorine content of soft tissues in a human (kg) 

Bm is the total soft tissue mass in a human (kg). 

Since this model does not consider directly the contamination of a food source (e.g. plants) via uptake 
from soil, this model has not been used further in this study. However, the description and approach 
illustrates how one can assess doses directly from the concentrations of Cl-36 in water. 

 

2.3 COMPARTMENTAL MODELS WITH AN ISOTOPE RATIO APPROACH TO PLANT 
UPTAKE OF CONTAMINANT 

2.3.1 APPROACH ADOPTED BY SCM 

Introduction 

The model setup used is almost identical to the one used for the conventional model, considering 
either irrigation water or groundwater as a contamination source (see Section 2.1.5). The difference in 
the approach taken for the specific activity model, as compared to the conventional model, is the way 
in which contaminant uptake by the plant is modelled. SAMM models the Cl-36 and the stable 
chlorine concentration based on known fluxes and concentrations in the rain and irrigation water and 
in the fertiliser added to the soil. Both Cl forms are treated identically, with the exception that stable 
chlorine does not decay. Equations are identical to those used in Aquabios (see Section 2.1.4), with 
the exception, that the differential equation is solved analytically and that an extra term is used to 
consider stable Cl input via fertiliser addition. The modelled concentrations of stable and radioactive 
chlorine are then used to estimate plant uptake using the isotope ration approach. This model is 
known as SAMM-IR (IR stands for isotope ratio). 

 

Contaminant uptake by the plant 

SAMM-IR can be used to compute the concentration of any stable element, including stable chlorine 
in the non-cultivated soil (in g/kg). The stable chlorine originates from stable chorine present in 
irrigation and rainfall water and in fertilizers. 

Isotopic ratios between Cl-36 and stable chlorine are assumed to be identical in all connected 
environmental compartments. With knowledge of the concentration of stable chlorine in plants 
(Cplant(Clstable) in g/kg), the concentration of Cl-36 in plants (Cplant(Cl-36) in Bq/kg) can be obtained : 
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( ) ( )
( ) ( )36

36 soil

plant plant stable

soil stable

Cl Cl
C Cl C Cl

Cl Cl

 −
− =    

 (25) 

 

2.3.2 APPROACH ADOPTED BY EDF 

Introduction 

The approach taken by EDF was to define the environment of the plant and then model chlorine 
(stable and Cl-36) dynamics in that environment, so that the Cl-36 concentration in the plant would 
follow automatically. Since Cl-36 is a mobile element, it may be considered that transfer to plants 
occurs through the uptake of the contaminant as a consequence of transpiration of water taken up 
from the rooting zone of the soil. Thus, it may be written: 

watersoil

watersoil

plant

plant

Clstable

Cl

Clstable

Cl

_

_

3636

__
=  (26) 

 

where 36Clsoil_water and stable_Clsoil_water are the concentrations of Cl-36 and stable chlorine in water that 
is taken up from the soil by plants for supplying their  growth needs respectively (in Bq kg-1 and mg l-1 
respectively). According to Equation 26, the general structure of the model that is described below 
aims at estimating the Cl-36 and stable chlorine concentrations in water that is taken up by plants for 
transpiration. 

In the EDF model, the soil compartment is split into four layers. Certain processes for the movement 
of water (and associated Cl-36 and stable chlorine) are independent of the scenario being considered: 

• the topsoil directly receives water inputs from rainfall 
• water (and associated Cl-36 and stable chlorine) can be transferred to subsoil layers 

(downward direction) by percolation if the water content of a given soil layer is higher than 
some critical level (the field capacity) 

• evaporation (loss from topsoil directly to the atmosphere), that is calculated at each month 
according to atmospheric temperature and solar radiation 

• transpiration (loss from topsoil to the atmosphere via plants). 
 

Building upon these fundamental model assumptions, EDF developed two models, one for each 
scenario under consideration: irrigation (Figure 2-9) or groundwater (Figure 2-10). The differences are: 

• Irrigation scenario. The topsoil receives water inputs from irrigation. All the water transfers 
that are calculated by the model finally aim at providing a relevant evaluation of the 
transpiration fluxes from the different soil layers to the plants.  
For root and leafy green vegetables (respectively potatoes and lettuce), the irrigation amount 
is constant during a chosen period of the year. However, for maize culture, the irrigation 
amount is calculated on a monthly time-step (during the cultivation period) in order to ensure 
that the water content of the soil satisfies the requirements of the plants, i.e. doesn’t fall below 
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some critical level. Thus, for cereal, irrigation occurs only when a deficit in the topsoil water 
budget is observed (see below for further details).  
 

• Groundwater scenario. Water can be transferred from subsoil layers (upward direction) by 
capillarity rise.  It is assumed that a water flow from subsoil arises when the water budget of 
the soil is under the wilting point. This mechanism appears only for climate when 
evapotranspiration is important compared to the precipitations. This capillarity depends on the 
type of soil considered. Indeed the mechanism increases with the porosity of the soil. 

 

Figure 2-9: Schematic of the EDF model: irrigation scenario 
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Figure 2-10: Schematic of the EDF model: groundwater scenario 
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Inputs and outputs of water to the system 

First the input and output processes which are common to both scenarios are considered; the 
equations which describe these processes are given in Table 2-7. 

The monthly precipitation data the model uses are site specific (e.g. Météo France 2008). 
Evapotranspiration is defined as the water flux from soil to the atmosphere resulting from both direct 
evaporation from topsoil and transpiration by plants. The model calculates both potential 
evapotranspiration (evapotranspiration if sufficient water were available; Turc 1954, 1961) and actual 
evapotranspiration (calculated using the FAO model (cited in Maraux et al, 1998)), which accounts for 
factors that moderate evapotranspiration. These factors are: 

• the plant canopy and its stage of development. The actual evapotranspiration may be 
estimated by taking into account the potential evapotranspiration and a time-dependent 
cultural coefficient that may be lower or higher to unity according to the stage of development 
of the plant; 
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• the water content of the soil. When soil contains enough water, there is no potential resistance 
for root uptake and evapotranspiration. On the contrary, when soil water content decreases, 
evapotranspiration is limited because of the strength necessary for taking up water. 

 

Thus, we distinguished two different pools in water contained in topsoil: the ‘Easily available’ (EA) and 
‘Not-easily available’ (NEA) soil water. The boundary between EA and NEA soil water is defined by a 
limiting water content, θlim, situated between the wilting point water content, θwp, and the field capacity 
water content, θfc (Figure 2-11). 

Figure 2-11: Pools of water in the topsoil (EDF model) 

 

 

The partitioning of actual evaporation between soil evaporation and plant transpiration is governed by 
the solar radiation that can actually reach the soil and that can be spent as latent energy to evaporate 
water from soil surface. The fraction of solar radiation which can reach the soil decreases with the 
increase of leaf area. According to some crop models (e.g. Sau et al, 2004), the plant transpiration 
can be estimated from actual evapotranspiration as a function of LAI (leaf area index) and an 
extinction factor. For calculating LAIn, it is assumed that aerial plant biomass linearly increases with 
time until harvest (Soltner, 1990). 
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Table 2-7: EDF model – scenario independent inputs and outputs of water to the system 

Process Equation Parameters 

Potential 
evapotranspiration )50Ig(

15T

T
4.0ET n

n

n
n,p +

+
=  

where, if Ign isn’t given in the site specific 
data it can be calculated using 







+=

n

n
An

H

h
62.018.0.IgIg  

ETp,n -potential evapotranspiration 
at month n, mm.month-1 

Tn - mean atmospheric temperature 
at month n, °C 

Ign - global solar radiation at month 
n, cal.cm-2.j-1 

IgA - maximum radiation (without 
atmosphere)a, cal.cm-2.j-1 

Hn - monthly daylight durationa, h 

hn - monthly sunshine duration, h 

Actual 
evapotranspiration 

if θlim <θtopsoil,n < θfc, then npcna ETKET ,, .=  

if θwp <θ topsoil,n < θlim,  

then npc

ntopsoil

na ETKET ,

lim

,

, .
θ

θ
=  

Kc - cultural coefficient at time n 

θtopsoil,n - water content in topsoil at 
time n  

 

Transpiration ( )[ ]nextinctionn,an LAI.exp1.ETTrans α−−=  

If harvgerm tnt << , 












−
−

−=
germharv

nharv
harvn

tt

tt
1.LAILAI  

nTrans - plant transpiration at time 
step n, mm.month-1 

extinctionα  - extinction factor, 

LAIn: leaf area index at time n 
(LAIharv is leaf area index at 
harvest) 

tharv - harvest date; 

tgerm - germination date 

 

                                                      
a
 IgA and Hn are given according to the latitude in tables available in the literature (Soltner, 2004) 
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In the irrigation scenario, irrigation is assumed to occur only when no ‘easily available’ water is present 
in topsoil and thus when water needs of plants are not satisfied. Consequently, the water content in 
the topsoil must be determined prior to the irrigation rate. Within this model this is done for each time 
step. 

At the end of time step n, water content in topsoil depends on inputs by rainfall and irrigation and on 
outputs from evapotranspiration. Soil water content in the topsoil is further constrained by two limits, 
the wilting point (θwp) and the field capacity (θfc), so that at any time n, θwp < θn < θfc. It is assumed that 
inputs and outputs are uniformly distributed over the overall height of the topsoil layer. According to 
these assumptions, water content at the end of time step time n can be written as: 

 
























∆

−−+
+= − t

h

vETQirrPP

topsoil

npercnann

ntopsoilwpfcntopsoil .;max;min
,,

1,, θθθθ  (27) 

where: 

• n,topsoilθ : water content in topsoil at the end of time step time n (m3 water.m-3 soil); 

• fcθ : water content at field capacity (m3 water m-3 soil); 

• wpθ : water content at wilting point (m3 eau.m-3 soil); 

• )t(PP : rainfall at time t (m3 water m-2 soil d-1); 
• )t(Qirr : irrigation rate at time t (m3 water m-2 soil d-1); 

• n,aET  : actual evapotranspiration at time step n (m d-1) ; 
• νperc,n : percolation velocity in topsoil at time step n (m.j-1) ; 
• topsoilh : height of the topsoil layer (m) ; 

• t∆  : duration of time step (d). 
 

Obviously, irrigation does not occur when no plant is present on the field. Thus, independently of the 
water content in topsoil: 

Qirrn=0 if germtn <  or harvtn >  (28) 

where are tgerm and tharv are the dates of germination and harvest of the plant of interest. 

During the cultivation period, irrigation is governed by two main conditions: 

• irrigation occurs only if no ‘easily available’ water is present in topsoil, i.e. if limn θ<θ  
• as classically conducted in agriculture, each irrigation operation provides a constant and pre-

determined quantity of water that must allow water content to exceed water content at field 
capacity. 

 
As a consequence, irrigation rates are calculated as follows: 
If harvgerm tnt << : 
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if limn,topsoil θ>θ , then 0Qirrn =  (29) 

if limn,topsoil θ<θ , then 
( )
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(30) 

where : 

• nQirr  : irrigation rate at time step n (m d-1) ; 
• eventQirr  : quantity of water distributed to the field for one ‘irrigation event’ (m). 

 

In the groundwater scenario, water enters the soil via capillary diffusion when the water content of the 
topsoil is below the wilting point, i.e. θwp >θ topsoil. When this condition is satisfied then the water that is 
acquired from the water flow from subsoil layers can be estimated: water capillarity velocity at time n is 
given by the following relationship: 

t
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(31) 

 

Capillarity loss rate at time step n is in each soil layer is given by the following relationship: 

ϕ
θ

λ ×=
− ntopsoililayersoil

ncapill

nilayersoilcapill
h

v

,1__

,

,__,
.

 

(32) 

with ϕ the soil porosity. 

 

Transfers of contaminant within the soil system 

For both scenarios, stable chlorine and Cl-36 enters the soil layers via rainfall, while outputs are led 
by physical percolation processes. Indeed, if water content exceeds maximum water content (i.e. 
water content at field capacity), some water (and associated chlorine) is lost from one soil layer to the 
deeper one by percolation. At each time step, the percolation loss rate of each soil layer need to be 
determined before the chlorine budget of the soil layers. An additional output pathway is that of plant 
transpiration. This output depends on the transpiration rate (see equation (7)), the retardation 
coefficient and the relative root density (see equation (15)), which allows to estimate the part of 
transpiration coming from the soil layer. These equations are given in Table 2-3. 

For the individual scenarios, stable chlorine and Cl-36 enter the system via irrigation water or the water 
entering the soil via capillary diffusion. The amount of chlorine entering via these pathways depends 
upon the rate of water flow. The budget equations for stable chlorine and Cl-36 in the topsoil are given 
in Equations 35 and 36.  
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Note that these equations contain terms for inputs via both irrigation and capillary rise. For the 
irrigation scenario, λcapill_soil_layer_i,n is set equal to zero, and for the groundwater scenario Qirr is set to 
zero. 

The budget equations for stable chlorine and Cl-36 in the deeper soil layers are similar (see Equations 
37 and 38). Again, λcapill_soil_layer_i,n is set equal to zero for the irrigation scenario. 

 

Uptake of contaminant by the plant 

The calculation of the specific activity in plants is calculated as: 

water_iontranspirat

water_iontranspirat
36

plant

plant
36

Cl_stable

Cl

Cl_stable

Cl
=

 

(33) 

 

Stable chlorine and 36Cl in transpiration water can be estimated from concentrations in the soils layers 
where water is extracted for transpiration purposes. Then: 

∑=
layers_soil n,i_layer_soil

n,i_layer_soil
36
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n,plant
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36
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Cl
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(34) 
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2.4 MORE COMPLEX FLOW AND FLUX MODELS 

2.4.1 APPROACH ADOPTED BY IRSN 

Introduction 

The model for Cl-36 developed by IRSN, for use in the SYMBIOSE simulation and modelling platform 
for environmental pollutant risk assessments, is described in Tamponnet (2006, 2007). This study 
only refers to the part of the model dedicated to the Plant-Soil system.  

This model considers that the driving force controlling the movements of stable chloride and Cl-36 is 
the circulation of water in the system. Contamination may occur via rain (or wet deposition) or 
irrigation. The case of direct contamination of soil from groundwater was not considered basically in 
this model.  

The equation to describe the Cl-36 concentration in the plant, in mol kg-1 fresh weight, is given by, 

)][)((

)36363636(][

.

36

.1.

36

OrgP

Ger

AnnualCropP

Rad

OrgP

Bio

P

UpTra

P

InPTra

PCroppingOrgP

Cltt

TClTClTClTClCl
t

×−−

−−+=
∂
∂

+
=

=

δδ

δ

 

(39) 

where 

1=Croppingδ is set to 1 if the plant is in the ground and is zero otherwise 

InPTra

PTCl36  is the concentration of Cl-36 in the irrigation water intercepted by the aboveground plant 
(mol kg-1 f.w. s-1) 

UpTra

PTCl36  is the concentration of Cl-36 in the contaminated water taken up by the roots (mol kg-1 

f.w. s-1) 

Bio

PTCl36  is the concentration of Cl-36 in water eliminated from the plant, e.g. via transpiration (mol 
kg-1 f.w. s-1) 

Rad

OrgPTCl .36 is the loss of Cl-36 through radioactive decay (mol kg-1 f.w. s-1) 

)( +− Gerttδ is used to reset the concentration at the time of germination, but only if the plant under 

consideration is an annual crop 

 

Finally, the organic chloride pool was not considered in this model at its current stage of development. 
The results presented below assume that 50% of the water taken in as evapotranspiration goes as 
transpiration, with the other 50% being evaporated into the atmosphere. 
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2.4.2 APPROACH ADOPTED BY NDA RWMD 

Introduction 

The model for Cl-36 developed for United Kingdom Nirex Ltd for use in support of future generic 
performance assessment studies is described in Thorne (2007a).  This model takes account of the 
observation that Cl-36 uptake by plants is affected both by hydrological conditions and by 
concentrations of stable chloride in soils.  The effects of competition with other chemical species, such 
as nitrate, are not represented explicitly, but the model could readily be extended to include such 
competition.  Furthermore, because of the high mobility of chloride in soils, it was considered sufficient 
to use a two-layer soil model.  Such a model is the standard level of complexity used by Nirex in its 
biosphere assessment calculations (Thorne, 2007b). 

The basic model structure relating only to chloride is shown in Figure 2-12.  The soil zone is 
distinguished into topsoil and subsoil compartments.  Groundwater discharges occur to the subsoil 
compartment, whereas precipitation and irrigation waters enter the topsoil compartment.  

The model can broadly be considered to have four components: 

• A representation of water flow in soils and uptake by plants: 
• Stable chloride transport in soils and plants; 
• Organic chlorine transport in soils and plants; 
• Cl-36 transport in soils and plants. 
 

Figure 2-12: Structure of the NDA RWMD Cl-36 Model showing water flows 
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Water flow and chloride transport 

The water contents of the compartments are taken to be time invariant, so the water flows are 
considered to be in balance.  Note that the system is assumed to be maintained such that there is no 
surface runoff of meteoric water.  However, as such surface runoff plays no part in the transport of 
chloride; the model can still be used in circumstances in which it occurs.  A small water loss through 
harvesting plants and, therefore, removing their water content has been neglected.  This loss is trivial 
compared with the throughput of water in the transpiration stream.  The water balance formulation is 
very similar to that adopted in standard Nirex assessment calculations (Thorne, 2007b). 

The stable chloride content of the two soil compartments is related to the concentration in water in 
those compartments.  Thus: 

( ) TopsoilTopsoilTopsoilTopsoilTopsoilTopsoil dCCQ #ρθ +=

 

(40) 

( ) SubsoilSubsoilSubsoilSubsoilSubsoilSubsoil dCCQ #ρθ +=

 

(41) 

where  

Qi is the chloride content of compartment i (mol m-2) 

Ci is the chloride concentration in compartment i (mol m-3) 

θi is the water-filled porosity of compartment i (-) 

ρi is the dry bulk density of compartment i (kg m-3) 

C
#

i is the chloride concentration on soil solids in compartment i (mol kg-1) 

di is the depth of compartment i (m) 

 

For convenience and as a suitably general relationship, a Freundlich isotherm (Freundlich, 1907), in 
which the concentration in the solid phase is taken to be proportional to some positive power of the 
concentration in the liquid phase, is adopted for the sorption of chloride onto solid particles in the soil, 
i.e. 

N

ii KCC =#

 

(42) 

 

In principle, the two calibration coefficients K and N could be dependent upon whether topsoil or 
subsoil is being considered.  However, in practice, it seems likely that the same values would be used 
in both cases. It should be noted that chlorine as chloride is not considered to be redox-sensitive, so 
no dependence of K and N on water content is included. 

Chloride contents of plants vary with species, locality and distance from the sea.  However, a 
representative concentration is about 5000 µg g-1 (dry weight) (Coughtrey et al., 1983).  Furthermore, 
for any particular plant type adapted to local conditions, this concentration is likely to vary within a 
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fairly narrow range.  For the purposes of the model, the stable chloride concentration in plants is 
assumed to be constant.  Thus: 

PlantsPlants BCQ =

 

(43) 

where  

QPlants is the chloride content of plants (mol m-2) 

B is the standing biomass of plants (including roots) (kg d.w. m-2) 

CPlants is the stable chloride concentration in plants (mol kg-1 d.w.) 

 

In principle, B can be time-dependent, but, in the first instance, it is considered a useful simplification 
to treat harvesting or grazing as a continuous process and to make B time-independent.  Although this 
approach may appear somewhat artificial, it is a reasonable representation of the actual time-varying 
process, since the underlying growth-dilution effect is continuous.  Furthermore, although the rate of 
growth varies on a seasonal basis, to a first approximation processes of uptake and metabolism will 
vary in a similar way.  Nevertheless, it could be useful to extend the model in future to explore 
explicitly the effects of seasonality on Cl-36 transport.  In the approach adopted, as both B and CPlants 
are held constant, QPlants is constant. 

Stable chloride enters the model domain in upwelling groundwater (G) and in precipitation plus 
irrigation water (I1).  In each case, the chloride concentrations need to be specified by the user. As 
chloride is not lost in the evaporation and transpiration streams, zero fluxes are associated with water 
flows E1 and T1. 

Chloride fluxes in water flows between the topsoil and subsoil compartments and in losses from those 
compartments are determined by the chloride contents in soil water in those compartments.  These 
are the computed quantities CTopsoil and CSubsoil.  Thus, the four fluxes (expressed in units of mol m-2 y-1) 
are given by: 

I2CTopsoil L1 CTopsoil E2CSubsoil L2CSubsoil 

 

Uptake to plants is considered to occur by both active and passive processes.  As stable chloride 
concentrations in plants are far higher than in the associated soils (e.g. Coughtrey et al., 1983), 
uptake by plants is inferred to be mainly by an active process and saturable Michaelis-Menten kinetics 
seems an appropriate representation, as this form is widely used for other ions (Epstein, 1966; Nye 
and Tinker, 1977; Barber, 1984).  Furthermore, as this is an active process, the governing factor 
should be the concentration of chloride in water in topsoil and not the flux of water entering the plant.  
However, that flux of water will also carry chloride passively into the plant.  Thus, a reasonable overall 
parameterisation is: 

( )TopsoilTopsoilPlantsTopsoilPlants CRCFCDT ++ /2

 

(44) 
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where the two terms represent passive and active uptake, respectively.  In the first term, a 
discrimination factor, DPlants, has been introduced to allow for the possibility that chloride may be 
discriminated against relative to water molecules at the root membrane.  Thus, DPlants should be 
defined on the range [0, 1].  Values of >1.0 are not appropriate, as this would indicate an active 
process.  In the second term FPlants (mol m-2 y-1) is the maximum chloride flux that can be taken up by 
plants and R (mol m-3) is a calibration coefficient. 

Chloride can be lost from plants by two processes, cropping and exudation.  In a model formulation in 
which B is taken to be constant, cropping/harvesting is treated as a continuous process, with rate 
constant Y/B, where Y (kg d.w. m-2 y-1) is the crop yield.  Thus, the rate of loss by cropping is QPlants Y/B 
(mol m-2 y-1).  However, as QPlants = CPlantsB, this can be written as CPlantsY.  Note that this formulation 
does not imply that all parts of the plant are cropped.  However, it does imply that chloride is well-
mixed in crops.  Observationally, this is found to be the case (see Coughtrey et al., 1983).  That part 
of the crop that remains in the ground is taken to return chloride to soil by exudation, as discussed 
below. 

Chloride is present in plants at a higher concentration than in the soil.  Therefore, there is expected to 
be a diffusive flux out of the root system back into the soil.  Indeed, studies in which plants were 
grown in nutrient solution have demonstrated that between 24% and 38% of the total plant chloride 
content could be lost by root exudation (Coughtrey et al., 1983).  This exudation flux will depend on 
the concentration difference between the plants and the soil.  Note that this diffusive flux competes 
with active uptake processes to define the overall equilibrium concentration of chloride in plants.  In 
the above formulation, CPlants is expressed on a dry weight basis.  However, most of the chloride will 
be present in plant water.  Defining the dry weight to wet weight ratio of the plants to be φ, the 
concentration of chloride in plant water can be approximated as: 

( )ϕϕρ −1/PlantsWaterC

 

(45) 

where  ρWater is the density of water (kg m-3) 

 

Thus, an appropriate formulation for loss by diffusion across the root boundary back into soil is: 

( )[ ]TopsoilPlantsWater CC −− ϕϕρλ 1/

 

(46) 

where λ (m y-1) is a calibration coefficient that can be thought of as being of the form Ddiff/Ldiff in which 
Ddiff (m

2 y-1) is a diffusion coefficient and Ldiff (m) is a diffusion length. 

 

Inclusion of Organic Chlorine 

To extend the model to include organic chlorine, three additional compartments are required.  These 
represent organic chlorine in plants, topsoil and subsoil, respectively.  The organic chlorine content of 
plants, Clorg-pl (mol Clorg m

-2), is calculated from: 

BCl plorg ξ=−

 

(47) 

where  
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ξ is the concentration of organic chlorine in plants (mol Clorg kg-1 (d.w.)) 

B is the standing biomass, as defined previously (kg (d.w.) m-2) 

 

It would be expected that organic chlorine concentrations would be higher in topsoil than subsoil.  
Thus, it is appropriate to distinguish the two layers and use: 

TopsoilTopsoilTopsoilorg dCl ω=−

 

(48) 

SubsoilSubsoilSubsoilorg dCl ω=−

 

(49) 

 

where  

Clorg-Topsoil and Clorg-Subsoil are the organic chlorine contents of topsoil and subsoil (mol Clorg m
-2) 

ωTopsoil and ωSubsoil are the concentrations of organic chlorine in topsoil and subsoil (mol Clorg m
-3) 

dTopsoil and dSubsoil are the depths of topsoil and subsoil (m) 

 

Transfers of organic chlorine in the soil-plant system and exchanges between organic chlorine and 
chloride are represented as shown in Figure 2-13. 

Figure 2-13: Representation of transfers of Organic Chlorine and Exchanges with Chloride 

Plants -
Chloride

Subsoil – Organic 
Chlorine

Topsoil – Organic 
Chlorine

Plants – Organic 
Chlorine

Topsoil -
Chloride

Subsoil -
Chloride

g4

g5

g7

g6

g2 g3

g1

g8

g9  

 

The rate coefficient g1 represents transfer of organic chlorine to soil by the senescence and death of 
plants.  As in the case of the chloride component: 
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BYg /1 =

 

(50) 

 

Transfers between topsoil and subsoil represent the physical mixing of organic matter and leaching 
processes. As these processes are expected to be slow, g2 is taken to have a reference value of 0.01 
y-1.  This is based on a dry mass density of 1325 kg m-3, a topsoil depth of 0.3 m and a rate of 
turnover of soil due to bioturbation of 1 kg y-1 across the 0.3 m depth boundary. The value of g3 is 
estimated to preserve a mass balance of soil in the model.  Thus: 

SubsoilSubsoil

TopsoilTopsoil

d

d
gg

ρ
ρ

23 =

 

(51) 

 

The terms g4 and g5 represent internal transfers within plants.  A wide variety of plants are known to 
produce chlorometabolites, but only a few studies have addressed the quantification of such 
compounds (Öberg et al., 2005).  However, based on typical rates of metabolic reactions, it seems 
reasonable to suppose that incorporation of chloride in organic compounds occurs on a timescale of 
hours to days.  Thus, g4 is set to a reference value of 300 y-1.  The value of g5 is set to achieve an 
appropriate balance between chloride and organic chlorine concentrations in plants.  As discussed 
above, the concentration of organic chlorine in plants is only 1% of the stable chloride concentration.  
On this basis, g5 = 100 g4. 

Organic chlorine in soils is taken to be incorporated in physically or chemically stabilised organic 
matter.  Thus, rates of release as chloride are likely to be slow.  Using a degradation half life of 1000 
years for physically and chemically stabilised organic matter (Jenkinson and Rayner, 1977), g7 and g9 
are each estimated as 7 10-4 y-1. 

An alternative way of estimating g7 and g9 is to assume that there is negligible conversion of chloride 
to organic chlorine in soils and, therefore, to set g6 and g8 to zero.  Taking a biomass yield of 0.25 kg 
(d.w.) m-2 y-1 and an organic chlorine concentration in plants of 0.05 mg Clorg g

-1 (d.w.), corresponding 
to 0.05 g Clorg kg-1 (d.w.), the Clorg input rate to soil is 0.25×0.05 = 0.0125 g Cl m-2 y-1.  With a Clorg 
content of soils of 12 g m-2, the chloride release rate from this organic content to achieve balance is 
1.04 10-3 y-1.  The similarity of this value with that estimated on the basis of organic matter 
degradation is encouraging.  Overall, a reference value of 1 10-3 y-1 is estimated for g7 and g9, to be 
used with a reference value for g6 and g8 of zero. 

However, conversion of chloride in soils to organic chlorine may occur.  Although the processes 
involved are not well understood, the degree of such conversion may be considerable (Öberg et al., 
2005).  Indeed, for a forested catchment, Öberg et al. (2005) have used mass balance arguments to 
estimate a rate of transformation of 0.2 g m-2 y-1.  Adopting this value for topsoil with a chloride 
content in soil solution of 0.2 mol m-3 or 7 g m-3, a porosity of 0.5 and a depth of 2.0 m, gives a rate 
coefficient of 2.86 10-2 y-1. 

With this degree of conversion, the rate of transfer from organic to inorganic forms must be 
augmented to 0.2 + 0.0125 = 0.2125 g Cl m-2 y-1 in order to achieve mass balance.  Again adopting a 
Clorg content of soils of 12 g m-2, the chloride release rate from this organic content to achieve balance 
is 1.77 10-2 y-1. Thus, a variant reference basis is defined in which g7 and g9 are taken as 1.77 10-2 y-1 
and g6 and g8 are taken as 2.86 10-2 y-1. 
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Inclusion of Cl-36 (and uptake of Cl-36 by plants) 

Having defined the system in terms of stable chloride fluxes, calculations for Cl-36 follow directly. This 
is shown in the following equations, in which C* is the activity concentration of Cl-36 expressed as Bq 
m-3 or Bq kg-1 (d.w.), as appropriate. Radioactive decay of Cl-36 has been neglected for simplicity, as 
the radionuclide is extremely long-lived, and constant concentrations of Cl-36 are assumed in the 
input water supplies. Thus, the relevant differential equation for topsoil is 

( )

( )
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(52) 

 

Similarly, for subsoil the relevant differential equation is 

( ) ( ) *

22

**

2

*

SubsoilGTopsoil
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dC
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(53) 

 

Finally, for plants 
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(54) 

 

In the equation for the uptake of Cl-36 to the plant, none of the parameters are crop specific, so that 
identical concentrations of Cl-36 would be calculated for each crop for a given scenario. 

In these equations, the concept of Kd has been introduced.  However, it should be recalled that a 
Freundlich isotherm approach is being used.  Thus, the relevant term in the equations is KCi

N
(C*i/Ci) 

and this has been replaced by KdC*i.  Thus, equating these two forms, it is readily seen that the Kd 
values used in these equations for Cl-36 should be calculated using Kd = KCi

(N-1)
. 
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2.5 SUMMARY OF MODEL SIMILARITIES AND DIFFERENCES AND KEY DATA 
REQUIREMENTS 

2.5.1 MODEL SIMILARITIES AND DIFFERENCES 

The processes considered by the models for the irrigation water source and natural groundwater 
source scenarios are given in Table 2-9 and Table 2-10 respectively.  

Within the conventional models, all of them consider losses via percolation to lower soil layers, 
whereas only four of the five models consider the process of cropping. Since the SAMM-TR model 
does not consider losses of Cl-36 from cropping, the concentration of Cl-36 in the soil, and therefore 
the plant, is expected to be higher than in the models where cultivated soils are simulated (Miquel and 
Albrecht, 2008). 

Irrespective of the number of soil layers considered within each model, the majority of them take into 
account only the topsoil layer in calculations of root uptake of Cl-36 (and, if appropriate, stable Cl). 
The exception to this is the EDF model (Section 2.3.1); in the EDF model plant uptake is assumed to 
occur in all layers where roots are present, with the proportion of the uptake from each layer being 
determined by the root density in that layer (see Equation 34  and Table 2-8). As a consequence, it 
would be expected that the EDF will predict lower concentrations of Cl-36 in the crops than SAMM-IR. 
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Table 2-9: Processes considered by the models – irrigation water source scenario 

Model Type Conventional Specific 
Activity 

Compartmental 
with isotope 

ratio approach 
for plant uptake 

More 
Complex 

Model Name EP
RI

 

BI
O

M
AS

S 
(E

RB
2A

) 

JG
C 

(W
el

l) 

Aq
ua

bi
os

 

SA
M

M
 -T

R 

Aq
ua

Cl
36

 

SA
M

M
-IR

 

ED
F 

IR
SN

 

N
DA

 
RW

M
D 

 

Rainfall       X  X X X X X  X 

Evaporation              X X  X 

Transpiration               X X X 

Evapotranspiration       X  X    X  X X    

Sorption of Cl-36 to 

soil X X X X X  X X  X
a
 

Percolation / Leaching 

/ Infiltration to lower 

soil layers X X X X X    X  X  X X 

Erosion  X X               

Fertiliser           X X  X     

Cropping X  X X  X         X X 

Irrigation X X X X X  X X X X X 

 

                                                      
a
 Although the NDA RWMD model considers sorption processes, in the best estimate calculations (Sections 

5.1.1 and 5.2.1) this is switched off. 
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Table 2-10: Processes considered by the models – natural groundwater source scenario 

Model Type Conventional 
Compartmental with isotope 

ratio approach for plant 
uptake 

More 
Complex 

Model Name BI
O

M
AS

 
(E

RB
2B

) 

JG
C 

(S
oi

l) 

SA
M

M
-T

R 

SA
M

M
-IR

 

ED
F 

N
DA

 
RW

M
D 

 

Rainfall     X  X X X 

Evaporation         X X 

Transpiration         X X 

Sorption of Cl-36 to soil X X X X X X
a
 

Percolation / Leaching / 

Infiltration to lower soil 

layers X X X  X  X X 

Water loss to other parts of 

the system X         X 

Flooding & sedimentation   X         

Dredging & meandering   X         

Re-suspension   X         

Gross sedimentation   X         

Erosion X X         

Fertiliser       X  X   

Cropping  X X        X 

Capillary rise X X X
b
 X

a 
X X 

                                                      
a
 Although the NDA RWMD model considers sorption processes, in the best estimate calculations (Sections 

5.1.1 and 5.2.1) this is switched off. 

b
 In SAMM-TR and SAMM-IR the capillary rise is via diffusion. 
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2.5.2 MODEL DATA REQUIREMENTS 

For a given scenario, the parameters used in each model fall into two types, those which are site 
independent and those which are site specific. For those parameters which are site independent, 
model default values are typically used, so that no further consideration is required before these 
parameters can be used in implementations of the models. However, it should not be assumed that 
because some parameters are pre-defined (i.e. assigned ‘default’ values) that these parameters are 
known with total certainty.  

Site specific climate data are required by each model independent of its type in order to determine the 
water balance (Section 4.1). For other processes, the number, and nature, of required site specific 
parameters often depends upon the model type; these are given in Table 2-11 and are discussed in 
greater detail in Sections 4.2, 4.3 and 4.4.  

Table 2-11: Site specific model type dependent data requirements 

Model Type Data requirements 

Conventional Sorption coefficient of Cl to soil, Kd 

Concentration factors for the uptake of Cl-36 from the soil by the plant roots 

Soil physical parameters 

Specific Activity Stable Cl content of the plants 

Stable Cl content in the rain, in the irrigation water and in the fertiliser 

And potentially, stable Cl content of the soil, depending upon which chlorine 
pools are assumed to be in equilibrium 

 

Compartmental with 
isotope ratio for plant 
uptake 

Sorption coefficient of Cl to soil, Kd 

Soil physical parameters 

Stable Cl content of the soil (this is modelled based on: 

Stable Cl content in the rain, in the irrigation water and in the fertiliser) 

Stable Cl content of the plants 

Complex Stable Cl content of the soil 

Stable Cl content of the plants 

Plant transpiration (IRSN) 

 

2.5.3 MODEL COMPARISONS 

Many of the participants in this study carried out two forms of calculations with their models: a single 
run using the ‘best estimate’ of the model parameters, and a batch of runs taking uncertainty in the 
true value of some of the input parameters into account. For the sensitivity calculations, traditional 
methods for analysing the results from such simulations include the Pearson correlation coefficient 
(Box et al. 1978), which is an indicator of linear correlations between individual input parameters and 
an output variable. 
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An alternative approach to this is to use a Gaussian process model (Oakley 2000, Kennedy and 
O'Hagan 2001), such as that encoded within GEM-SAa (Gaussian Emulation Machine for Sensitivity 
Analysis; Kennedy 2004). This statistical software uses a Gaussian process prior probability 
distribution to describe beliefs about an unknown code output, as a function of the code inputs. 
Heuristically, a Gaussian process model can be viewed as a probabilistic non-parametric modelling 
approach for black-box identification of non-linear dynamic systems (Likar and Kocijan 2007). Using 
such a method it is possible to ascertain the dependency of the output on both the individual 
parameters and the combined effects of the parameters acting together. Gaussian process models 
are used to analyse complex problems in many disciplines, e.g. the manufacturing of specialised steel 
(Bailer-Jones et al. 1999), the cost-effectiveness of medical treatments (Stevenson et al. 2004), and 
ecosystem modelling (Kennedy et al. 2008). 
 

                                                      
a
 http://www.tonyohagan.co.uk/academic/GEM/index.html 
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3 SCENARIO DESCRIPTION 

Consistent with the scope described above, two source terms were assumed by which the Cl-36 in 
groundwater reaches the rooting zone of agricultural soil: 

1. as a result of irrigation, and  

2. as a result of capillary action and any/all other transfers from below  

For case 1), it was assumed that the concentration of activity in the irrigation water is 1 Bq/l and the 
irrigation water entirely reaches the surface of the root-zone soil. The amounts of irrigating water and 
how and when in the season will depend on matters described below. For 2) the same Cl-36 
concentration in groundwater was assumed (1 Bq/l) and that the groundwater table was 2 m below 
the relevant ground surface. The stable chlorine concentration in irrigation water was not specified. 
(excluding any contribution from the assumed Cl-36). Rainwater is assumed to be 10 mg/l for a 
coastal site and 2.5 mg/l for an inland sitea. The intention was to avoid arbitrary alternative 
assumptions for the geosphere-biosphere interface. Four publications of Kashparov were considered 
a valid data source, at least for the inland site (Kashparov et al 2005a,b; Kashparov et al. 2007a,b). 

The question of interest for this study is the typical Performance Assessment question, i.e. what is the 
annual individual dose to an average member of a potential exposure group (PEG)? However, in this 
study the focus is on the assessment of Cl-36 concentrations in the edible parts of the harvested 
crops which are to be consumed by the PEG or by animals to be part of the PEG exposure networkb.  

In carrying out a model comparison, there is a delicate balance to strike between over- or under-
constraining the scenarios under consideration. If all the input parameters for the models were to be 
provided, this would prejudice the lessons that can be learnt from the results comparisons. If the 
definition of the scenarios were to be left too loose, too many options are left open and there may be 
no points of comparison between the models. 

The following compromise was therefore adopted, i.e. each user sets their own constraints based on 
their own assessment context, in this case, primarily information on site characteristics, but also 
factors concerned with relevant assessment endpoints. This way it is possible to learn from:- 

• the experience of sharing information on included and excluded processes, bearing in mind 
the differences between different site generic contexts and between different site specific 
contexts; 

• seeing what difference the different types of sites appear to have on results; 

• the degree to which the differences actually arise because of the different models applied or 
data available. 

For both scenarios, modern agronomic methods were assumed, including the use of fertiliser and soil 
and farming features as described in Kasparov et al. (2005a,b). Monthly climate data were provided 
for a coastal and inland site (Météo France, 2008), though primary focus was given to the inland site 

                                                      
a
 The effect of chlorine deposition on Chernobyl Cs-137 mobility Norway in coastal and inland areas is 

interestingly recorded in Steinnes et. al. (2007). 
b
 It is outside the scope of this study to consider and compare assumptions for PEG behaviours. 
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(Sections 5.1 and 5.3.1). It was then left to the project participants to use or interpret this data as 
appropriate to their model requirements and contexts; e.g. as annual averages. All four Kashparov 
publication were given as primary sources (Kashparov et al 2005a,b; Kashparov et al. 2007a,b), from 
which ANDRA derived data (ranges) for soil type, soil physical properties and other data (such as 
concentration ratios, stable chlorine concentration in the plants). This data was subsequently used by 
many of the other participants (e.g. EDF, SCM). 

Given these constraints, calculations were made of the concentration of Cl-36 in the following crops: 
root vegetables, leafy green vegetables and cereal. These three were chosen because the edible 
parts are very different, i.e. for root vegetables, the edible part is below ground, and lettuce, the edible 
part is above ground; while for grain it is only the seed body which is eaten. It was proposed to 
calculate first the best estimate of concentration of Cl-36 in the crops at time of harvest in Bq/kg fresh 
weight (fw), using the first year of the climate data (Météo France, 2008), together with estimates of 
the potential range of concentrations given uncertainties associated within an average year. If 
concentrations were thought to be potentially higher in subsequent years, a continuous sequence of 
five years of climate was suggested (Météo France, 2008), repeated if more than 5 years was 
needed. 

In a second phase of the calculations, those parameters which were considered pertinent but 
uncertain, a series of stochastic calculations was carried out to quantify the impact of their 
uncertainties on model output, and to find relationships between those parameters and the final result. 
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4 MODEL PARAMETERS AND DATA 

The data requirements for each model can be split into three categories: (1) climate and hydrology, 
(2) soil and fertilizer, and (3) plant. The data used in these categories are discussed in Sections 4.1 to 
4.3, highlighting which parameters have been used as constants in deterministic analyses and those 
which have been regarded variable in probabilistic approaches. However, it should not be assumed 
that because some parameters are pre-defined (i.e. assigned ‘default’ values) that these parameters 
are known with total certainty. More realistically it is the case that the uncertainty in these parameters 
is not relevant to the given study. 

These specific ‘uncertainties’ of the site specific parameters are stemming from either an incomplete 
understanding of the site and its management (e.g. soil properties, the cropping rate) or uncertainty in 
the empirical quantification of that parameter (e.g. the sorption of Cl-36 to the soil). These parameters, 
and the distributions which have been assumed for these parameters, are given in many of the tables 
below. Samples from the distributions of the site-specific ‘uncertain’ parameters were then used in the 
stochastic calculations of the scenarios to examine the model sensitivities (Sections 5.1.2 and 5.2.2). 

In addition to the processes which are parameterised in all of the models, parameters associated with 
processes considered in specific models only are discussed in Section 4.4. The only data used by the 
models which can be considered truly independent of either the site or scenario, and to some extent 
model, is given in Table 4-1. 

Table 4-1: Site and scenario independent fixed parameters 

Parameter Units Value 
Participant using this 

data 

Concentration of Cl-36 in 
source water 

Bq l-1 1.00E+00 All 

Half life of Cl-36 y 
3.01E+05 EPRI, BIOMASS, JGC 

3.02E+05 ANDRA, SCM 

 

4.1 CLIMATE AND HYDROLOGY PARAMETERS 

The site specific climate and hydrology data used in simulations of the inland and coastal sites are 
given in Table 4-2 and Table 4-3 respectively. With the exception of the conventional models, 
additional information on the stable chlorine concentration of the precipitation and source water was 
required, and is given in Table 4-4 and Table 4-5 for the inland and coastal sites respectively. 

Monthly climate data for two sites in France were provided for this model inter-comparison (Météo 
France, 2008), one site being inland (St. Dezier) and the other coastal (Lille). The precipitation data 
(m month-1) spanned a five year period, whereas the other three climate variables - temperature (oC), 
monthly daylight duration (h) and monthly sunshine duration (h) – came from one year but were 
repeated five times. From the 5 year precipitation data, ANDRA and SCM derived an annual average 
irrigation rate (Figure 2-6) which was then also used by EPRI, BIOMASS and JGC in their 
calculations. The EDF and IRSN models operate on a monthly and daily time step respectively (see 



 

BIOPROTA
 

58 

BIOPROTA September 2008. Investigation of Cl-36 Behaviour in Soils and Uptake into Crops 

Sections 2.3.2 and 2.4.1), so that for these models irrigation rates were calculated during a model 
runa. The NDA RWMD model assumed a total input of water from aboveground to be 0.8 m y-1, with 
0.75 m y-1 as precipitation and the remainder as irrigation water. 

From the climate data the potential evapotranspiration was calculated by EDF using Turc’s 
relationship (Turc 1954, 1961) and used directly in their submodel for soil water budget determination 
(Section 2.2). Andra and SCM used these evapotranspiration data in their estimation of irrigation 
needs (Section 2.3). Although evapotranspiration was also used the IRSN model (Section 2.4.1), one 
of the more complex models, it was calculated on a crop-by-crop basis using an alternative method 
(Kramer 1959; Tamponnet 2007).  

Table 4-2: Climate and hydrology data – inland site 

Parameter 
Best 

estimate 
Distribution Low High 

Participant using 

this data 

Amount of precipitation 
(m/y) b 

5.94E-01 Uniform (U) 4.31E-01 7.23E-01 
ANDRA, SCM, 

EDF, IRSN 

Relation rain-irrigation: 
slope (see Figure 2-6) 

-9.10E-01 ANDRA 

Relation rain-irrigation: 
intercept (see Figure 2-6) 

1.026E+03 ANDRA 

Irrigation rate (m/y) 

4.85E-01 U 3.68E-01 6.34E-01 
ANDRA c, 

BIOMASS, EPRI, 
JGC 

3.02E-01 U 1.83E-01 4.24E-01 SCM 

3.60E-01 EDF d 

Evapotranspiration (m/y) 
7.12E-01 

ANDRA, SCM, 
EDF 

5.50E-01 NDA RWMDe 

 

 

                                                      
a
 IRSN divided the monthly precipitation rates by 30 to approximate daily precipitation rates for use in their 

model. 
b
 Météo France (2008) 

c
 This was calculated by ANDRA using the relationship between precipitation and irrigation rate (Figure 2-6).  

d
 This is the amount distributed per irrigation event (based on 3.0E-02 m

3
 water.m

-2
 soil.month

-1
) 

e
 This is the default value from Thorne (2007b). 
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Table 4-3: Climate and hydrology data – coastal site 

Parameter 
Best 

estimate 
Distribution Low High 

Participant 

using this data 

Amount of precipitation 
(m/y) 

7.42E-01 U 6.14E-01 8.18E-01 
ANDRA, SCM, 

EDF, IRSN 

Relation rain-irrigation: 
slope (see Figure 2-6) 

-7.88E-01 
ANDRA 

Relation rain-irrigation: 
intercept (see Figure 2-6) 

1.064E+03 
ANDRA 

Irrigation rate (m/y) 

4.79E-01 U 4.19E-01 5.80E-01 
ANDRA, 

BIOMASS, 
EPRI, JGC 

2.79E-01 U 1.86E-01 3.64E-01 SCM 

3.60E-01 EDF a 

Evapotranspiration (m/y) 
7.21E-01 

ANDRA, SCM, 
EDF 

5.50E-01 NDA RWMD 

 

Table 4-4: Stable chlorine concentration of water inputs - inland site 

Parameter 
Best 

estimate 
Distribution Low High 

Participant 

using this data 

Stable chlorine 
concentration in 

precipitation (g/L) 

7.00E-05 Triangular (T) 7.00E-05 5.60E-03 ANDRA, SCM 

2.50E-03 
EDF, NDA 

RWMD 

Stable chlorine 
concentration of source 

water (g/L) 

2.00E-03 U 2.00E-03 8.00E-02 ANDRA, SCM 

1.60E-02 EDF 

3.00E-02 NDA RWMD 

                                                      
a
 This is the amount distributed per irrigation event (based on 3.0E-02 m

3
 water.m

-2
 soil.month

-1
) 
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Table 4-5: Stable chlorine concentration of water inputs - coastal site 

Parameter 
Best 

estimate 
Distribution Low High 

Participant 

using this data 

Stable chlorine 
concentration in 

precipitation (g/L) 

9.55E-03 T 7.00E-05 2.15E-02 ANDRA, SCM 

1.00E-02 
EDF,NDA 

RWMD 

Stable chlorine 
concentration of source 

water (g/L) 

4.50E-02 T 2.00E-03 5.00E-01 ANDRA, SCM 

4.80E-02 EDF 

3.00E-02 NDA RWMD 

 

Table 4-6: Cl-36 concentration of water inputs 

Parameter Best estimate 
Participant using 

this data 

Cl-36 in rainfall (Bq m-3 rainfall) 0 or 6.25E+01 a EDF, NDA RWMD 

Cl-36 in groundwater (Bq m-3) 1.0 103 or 0.0 NDA RWMD 

 

4.2 SOIL AND FERTILIZER PARAMETERS 

Neither the soil nor fertilizer parameters were site specific, so are presented here in Table 4-7 and 
Table 4-8 respectively. 

Table 4-7: Soil parameters  

Parameter 
Best 

estimate 
Distribution Low High 

Participant using this 

data 

Kd (m
3 kg-1) 

5.0E-05 T b 0 5.8E-03 
EPRI, JGC, SCM, 

ANDRAc, BIOMASS 

1.0E-03 U 1.0E-04 1.0E-02 EDF 

                                                      
a
 6.25E+01 is used for the irrigation scenario by the NDA RWMD model only. 

b
 Andra HAVL Dossier (2005), Andra Centre Manche and Pelletier et al 2007, Kashparov et al. (2005 a,b; 2007 

a,b) 
c
 ANDRA consider this parameter for their conventional model, Aquabios, only. 
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Table 4-7 continued: Soil parameters  

Parameter 
Best 

estimate 
Distribution Low High 

Participant using this 

data 

Topsoil thickness 
(m) 

2.0E-01 T 1.0E-01 3.0E-01 ANDRA, SCMa 

3.0E-01 EPRI, BIOMASS, JGC, 
NDA RWMD b 

5.50E-02c U 1.0E-03 1.0E-02 EDFd 

1.5E-01 (Vegetables) 2.5E-01  (Cereal) IRSN 

Soil Porosity (-) 

4.00E-01 BIOMASS, JGC 

4.50E-01 ANDRA, SCM, EDF 

5.00E-01 EPRI 

Soil water content 
(m3 water m-3 soil) 

2.5E-01 T 2.0E-01 5.0E-01 ANDRAe 

3.50E-01 BIOMASS 

4.00E-01 IRSN 

5.00E-01 NDA RWMD 

Soil grain density 
(kg m-3) 

2.65E+03 EPRI, BIOMASS 

2.60E+03 JGC, ANDRA, SCM, EDF 

1.40E+03 IRSN 

1.325E+03 NDA RWMDf 

Soil stable chlorine 
concentration 

Inland: 2.0E-03 (g kg-1) g   Coastal: 1.0E-02(g kg-1) ANDRA, SCM, EDF 

5.6 10-3 mol.kg-1 (d.w.) IRSN 

                                                      
a
 SCM used only the best estimate value as this model was not used for any probabilistic calculations. 

b
 In the NDA RWMD model the subsoil is assumed to be 1.7m thick. 

c
 Ciffroy et al. (2005) 

d
 EDF considers an additional three soil layers, each 2.00E-01m thick. 

e
 ANDRA consider this parameter for their conventional model, Aquabios, only. 

f
 This density is used for the subsoil as well. 

g
 Not used for calculations by ANDRA or SCM. 
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Table 4-8: Fertilizer parameters  

Parameter 
Best 

estimate 
Distribution Low High 

Participant using 

this data 

Fertiliser application 
[kg m-2 y-1] 

2.50E-02 T 8.33E-03 7.50E-02 ANDRA, SCM 

Stable chlorine 
concentration in the 

fertilizer 

1.90E+02 [g/kg] a ANDRA, SCM 

1.00E+00 [g m-2 soil] b EDF 

 

4.3 PARAMETERS RELATING TO ROOT UPTAKE 

The parameters of interest in the conventional models for the uptake of Cl-36 into the plants are given 
in Table 4-9; the same distributions were used for both the inland and coastal sites.  

For the other models, the parameter(s) of interest for the root uptake of Cl-36 was the stable chlorine 
content of each crop. In the NDA RWMD model this was fixed at 1.40E-01 mol kg-1, independent of 
crop or site under consideration. The stable chlorine concentrations in the crops assumed for the 
inland and coastal sites of the remaining models are given in Table 4-10. 

Some of the models (EPRI, BIOMASS, JGC, Aquabios, IRSN, NDA RWMD) consider cropping as a 
means of losing chlorine from the system. The parameters used for these cropping rates were 
assumed to be both scenario and site independent and are given in Table 4-12. 

Table 4-9: Plant specific uptake parameters - conventional models 

Parameter 
Best 

estimate 
Distribution Low High 

Participant using 

this data 

Concentration ratio, 
root vegetables (-) c 

1.50E+01 T 8.50E+00 1.31E+02 
EPRI, JGC, SCM, 

ANDRA, 
BIOMASS 

Concentration ratio, 
leafy green vegetables 

(-) a 
3.00E+01 T 8.50E+00 1.49E+02 

EPRI, JGC, SCM, 
ANDRA, 

BIOMASS 

Concentration ratio, 
cereal (-) a 

1.34E+02 T 1.20E+01 2.46E+02 
EPRI, JGC, SCM, 

ANDRA, 
BIOMASS 

 

                                                      
a
 Kashparov et al. 2007b 

b
 Kashparov 2006 

c
 Andra HAVL Dossier (2005), Andra Centre Manche and Pelletier et al 2007, Kashparov et al. (2005 a,b; 2007 

a,b) 
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Table 4-10: Plant specific uptake parameters – stable chlorine concentrations [g kg-1 fw] for the inland site 

Crop 
Best 

estimate 
Distribution Low High 

Participant using 

this data 

Independent 
4.97E-01 IRSN 

1.40E-01 NDA RWMD a 

Root vegetables 3.02E-01 T 5.20E-01b 8.10E-01 
ANDRA, SCM, 

EDFc 

Leafy green 
vegetables 

2.45E-01 T 1.75E-01 3.50E-01 ANDRA, SCM 

2.45E-01 EDF 

Cereal 5.04E+00 T 3.30E-01 8.58E+00 
ANDRA, SCM, 

EDFc 

 

Table 4-11: Plant specific uptake parameters – stable chlorine concentrations [g kg-1 fw] for the coastal site 

Crop 
Best 

estimate 
Distribution Low High 

Participant using 

this data 

Independent 4.97E-01 IRSN 

Root vegetables 
6.04E-01 T 5.20E-01 1.62E+00 ANDRA, SCM 

1.21E+00 EDF 

Leafy green 
vegetables 

4.90E-01 T 1.75E-01 7.00E-01 ANDRA, SCM 

9.80E-01 EDF 

Cereal 
1.01E+01 T 3.30E-01 1.72E+01 ANDRA, SCM 

2.02E+01 EDF 

 

 

                                                      
a
 mol kg

-1
 (d.w.) rather than g kg

-1
 (f.w.) 

b
 The minimum value was by mistake set higher than the best estimate; as this has only a minor effect on the 

probabilistic results, but no effect on the deterministic results, no revision was necessary. 
c
 EDF used the same upper and lower limits for the probabilistic simulations, but with a uniform distribution. 
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Table 4-12: Harvest yield data used (kg fw m-2 y-1) 

Crop 
Best 

estimate 
Distribution Low High 

Participant using 

this data 

Crop independent 

2.0E+00 T 0.0E+00 4.0E+00 ANDRA 

3.00E+00 EPRI 

2.50E+00 NDA RWMD 

Root vegetables 

3.00E+00 BIOMASS 

3.15E+00 JGC 

3.37E+00 IRSN 

Leafy green 
vegetables 

3.00E+00 BIOMASS 

1.5E+00 JGC 

2.12E+00 IRSN 

Cereal 
4.00E-01 BIOMASS, JGC 

2.30E+00a IRSN 

 

 

                                                      
a
 This is based on maize. 
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4.4 ADDITIONAL MODEL PARAMETERS 

4.4.1 CONVENTIONAL MODELS 

The additional default parameters used by some of the conventional models, BIOMASS (ERB2A), 
and JGC are given in Table 4-13 and Table 4-14  respectively. 

Table 4-13: Additional user defined parameters in BIOMASS model - irrigation water source scenario, ERB2A 

Parameter Symbol Units Value 

Infiltration rate I m y-1 7.0E-01 

Retardation coefficient R - 1 

Erosion rate E m3 y-1 0 

Soil contamination on the crop Scrop 
kg (dry weight soil) kg-1 
(fresh weight of crop) 

0 

Fraction of the internal contamination 
associated with the edible art of the plant at 
harvest that is retained after food processing 
has occurred 

Fp2 - 1 

Fraction of external soil contamination on the 
edible part of the crop retained after processing 

Fp1 - N/A 

 

Table 4-14: User defined parameters in JGC model 

Transfer Parameter Symbol Units Value 

Water supply 

Annual volume of water abstracted from 
well water compartment for purpose other 
than irrigation 

Vnirr m3 y-1 0 a 

Volume of the well Vdw m3 1.00E+06 a 

Infiltration and 
recharge 

Annual infiltration/recharge rate  dd m y-1 0.7 

Retardation coefficient for the 
compartment from which 
infiltration/recharge is coming 

Rsed - 1 

 

                                                      
a
 This parameter is used only in the irrigation water source scenario 
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Table 4-14 continued: User defined parameters in JGC model 

Transfer Parameter Symbol Units Value 

Erosion Erosion rate of the soil compartment Esed m y
-1

 1.00E-04 

Crop 
concentration 

Fraction of external contamination on the 
crop lost due to food processing Fcrop - N/A 

Soil contamination on the crop Scrop 
kg (d.w. soil) 

kg
-1

 (f.w. crop) 
0 

Interception fraction for irrigation water on 
the crop 

µcrop - 0 

Depth of irrigation water applied to the 
crop 

dicrop m y
-1

 N/A 

 

 

4.4.2 COMPARTMENTAL MODELS WITH AN ISOTOPE RATIO APPROACH TO PLANT UPTAKE OF 
CONTAMINANT 

The additional user defined parameters of the EDF model have been split into crop independent 
(Table 4-15) and crop dependent (Table 4-16). 
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Table 4-15: User defined parameters of the EDF model 

Parameter Symbol Units Value 

Wilting point water content a θwp m3 water m-3 soil 1.65E-01 

Water content at field capacity b θfc m3 water m-3 soil 3.40E-01 

Limit water content b θlim m3 water m-3 soil 1.83E-01 

Quantity of water distributed to the field for one 
‘irrigation event’ 

Qirrevent m3 water m-2 soil 
month-1 

3.00E-02 

Cultural coefficient c Kc - 1.01E+00 

Leaf area index at harvest d LAIharv - 4.00E+00 

Extinction factor c αextinction - 4.00E-01 

 

Table 4-16: Crop specific user defined parameters in the EDF model 

Parameter Crop 

Root vegetables Leafy Green Vegetables Cereal 

Maximum rooting depth (m) e 0.20E-01 1.00E-01 1.00E+00 

Date of harvest of the plant 
(day of the year) 

270 150,210,270 270 

Date of germination of the 
plant (day of the year) 

105 90,151,211 90 

Maximum stable chlorine 
concentration in plant (units) 

3.02E-01 2.45E-01 5.04E+00 

 

                                                      
a
 Baes and Sharp (1983) 

b
 Maruax et al. (1998) 

c
 Sau et al. (2004) 

d
 IAEA (1994) 

e
 Soltner (2004) 
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4.4.3 MORE COMPLEX FLOW AND FLUX MODELS 

Additional scenario independent, user defined parameters in the IRSN and NDA RWMD models are 
given in Table 4-17 and Table 4-18. 

Table 4-17: User defined parameters in the IRSN model 

Parameter Units Value 

Infiltration rate m3 water m-2 s-1 1.20E-08 

 

Table 4-18: User defined parameters in the NDA RWMD model  

Transfer type Parameter Units Value 

Water flows Precipitation plus irrigation inputs to topsoil m y-1 8.00E-01 

Evaporative losses from topsoil m y-1 5.00E-02 

Losses from plants in transpiration m y-1 5.00E-01 

Infiltration from topsoil to subsoil m y-1 2.50E-01 

Capillary driven upward movement: subsoil to topsoil m y-1 3.50E-01a 

Groundwater discharge to subsoil m y-1 1.00E-01 

Soil properties Density of water kg m-3 1.00E+03 

Chloride 
sorption to 
soils 

K value for topsoil. Used in Freudlich isotherm. Depends on 
N 

0 

K value for subsoil. Used in Freudlich isotherm. 0 

N value for topsoil. Used in Freudlich isotherm. - 1.00E+00 

N value for subsoil. Used in Freudlich isotherm. - 1.00E+00 

Plant 
characteristics 

Standing biomass density kg (d.w.) m-2 2.50E-01 

Michaelis-Menten maximum uptake rate mol m-2 y-1 1.00E+00 

Michaelis-Menten concentration coefficient mol m-3 1.00E+00 

Plant discrimination factor for passive uptake - 1.00E+00 

Dry weight to wet weight ratio of plants - 1.00E-01 

                                                      
a
 Adjusted to give L2 = 0 
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Table 4-18 continued: User defined parameters in the NDA RWMD model  

Transfer type Parameter Units Value 

Organic 
chlorine 
information 

Rate of bioturbation from topsoil to subsoil y-1 1.00E-02 

Conversion of plant chloride to plant organic chlorine y-1 3.00E+02 

Conversion of chloride to organic chlorine in soila y-1 0 

Conversion of organic chlorine to chloride y-1 1.00E-03 

 

                                                      
a
 The same parameter value is used for both soil layers. 
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5 RESULTS AND DISCUSSION 

The results from calculations of Cl-36 concentrations in crops for both scenarios are presented in this 
chapter. In the first two sections the irrigation scenario is considered in detail, with greater focus given 
to the calculations for the inland site (Section 5.1) rather than the coastal site (Section 5.2). In the 
third section (Section 5.3), the groundwater release scenario is considered, though fewer results were 
contributed than for the irrigation scenario. In the final section (Section 5.4), the effect of altering 
assumptions about the stable chlorine concentration in the plants is considered, together with the 
stable chlorine concentration in the source water. 

For the irrigation scenario, the effect of sorption of Cl-36 to the soil, and the impact of the 
consideration of cropping losses on calculated Cl-36 soil and crop concentrations are discussed 
(Section 5.1.3). For the groundwater scenario, the effect of altering the defined stable chlorine 
concentration in the plant is discussed (Section 5.4). For both scenarios, the effect of altering the rate 
of inflow of contaminated source water (site contamination) is considered (Sections 5.1.4 and 5.3.3). 

 

5.1 IRRIGATION WATER SOURCE SCENARIO – INLAND SITE 

The models from the following organisations were applied to the irrigation water source scenario at 
the inland site: EPRI, BIOMASS, JGC, ANDRA, SCM-ANDRA, EDF, IRSN and NDA RWMD. In the 
first part of this section, focus is given to the concentration of Cl-36 in the crops at harvest based on 
best estimates for the parameter values in each model. In the second part, focus is given to the 
sensitivity of some of the models to the parameter values each participant used. The third part of this 
section contains a more detailed examination of the interaction between sorption of Cl to the soil and 
cropping losses. The fourth part of this section considers the sensitivity of the model predictions of Cl-
36 concentration in the plants to irrigation rates. 

 

5.1.1 DETERMINISTIC CALCULATIONS 

The concentration of Cl-36 in the various crops after five years are shown in Figure 5-1, Figure 5-2 
and Figure 5-3. Square symbols are used to denote the conventional models, a triangle for the 
specific activity model, diamonds for the compartmental models that use an isotope ratio approach for 
the plant uptake of Cl-36, and circles for the more complex models. 

The results show agreement in model predictions within a factor of 10 for the root vegetables (Figure 
5-1) and a factor of 6 for the leafy green vegetables (Figure 5-2). Within the conventional models the 
agreement is even better (within a factor of 3). 

There is a greater degree of variability in the predictions for the Cl-36 concentration in the cereal, with 
agreement only to a factor of two orders of magnitude if all the models are considered (Figure 5-3; 
note the log scale on the y-axis). However, the agreement within the models is greatly increased by 
excluding AquaCl36 (the specific activity model) and the NDA RWMD model (one of the more 
complex models), giving results that agree within a factor of 15. As with the other two crops, within the 
conventional models the agreement is within a factor of 3. The models which used an isotopic ratio 
approach to plant uptake used parameter values for the uptake based upon both the grain and straw 



 

BIOPROTA
 

71 

BIOPROTA September 2008. Investigation of Cl-36 Behaviour in Soils and Uptake into Crops 

of the cereal, whereas the conventional models considered uptake only into the grain. Kashparov et al 
(2007b) reported concentration ratios for the grain and straw components of both wheat and oats. 
There was at least a factor of 6 difference in the reported concentration ratio, dependent upon the 
plant component under consideration, with the highest uptake occurring in the straw. 

Although the difference is most marked for the crops, AquaCl36 consistently predicted the highest 
concentration of Cl-36 in all of the crops. AquaCl36 uses the simplest mathematical approach 
evaluating the Cl-36 activity in the plant on the basis of the Cl_36/Cl_s ratio in the soil (plant 
environment) and the stable chlorine content of the plant. The Cl-36 activities (Bq/kg dry) modelled by 
AquaCl36 (0.17) are comparable with those obtained by others (Table 5-1). In principle, therefore, the 
Cl-36 concentrations calculated by AquaCl36 for the plants should be comparable to those of SAMM-
IR and EDF since all three models utilise the same stable chlorine concentrations for the plants (Table 
4-10). However, the Cl-36 to stable chlorine ratio in the soil calculated by AquaCl36 (84 Bq g-1) is over 
50% greater than calculated by either SAMM-IR or EDFa (56 Bq g-1). 

The majority of the models use crop specific parameters for the uptake of chlorine into the plant, the 
exception being the NDA RWMD model. Since all of the conventional models used the same crop 
specific concentration ratios (see Table 4-9) to model the uptake, it is not surprising that their 
calculated Cl-36 concentration in cereal was nine times greater than the Cl-36 concentration in root 
vegetables since the CR is nine times higher. Similarly, those models which used an isotope ratio 
approach to plant uptake of Cl-36 (including the specific activity model, AquaCl36) used the same 
crop specific parameters (Table 4-10), with the factor of 16 difference between cereal and root 
vegetable uptake parameters reflected in the calculated crop concentrations of Cl-36. The IRSN 
model also used crop specific parameters for plant uptake of Cl-36, though the increase in Cl-36 is 
less than for the models previously discussed. In particular, when modelling the uptake of Cl-36 in 
cereal, only the grain of the plant was considered by IRSN; it has been shown that the straw 
component, considered in the other models, has a higher uptake of Cl-36 (Kashparov et al, 2007b). 

Since the NDA RWMD model does not use crop specific parameters a higher uptake of Cl-36 by the 
cereal, as compared to the other crops, is not observed for this model. It is likely that this therefore 
explains why the calculated concentration of Cl-36 in cereal is much lower than the other models (a 
factor of 6 compared to the next lowest prediction, the EPRI model). 

Aquabios and SAMM-TR employ the same differential equation, the first using an analytical, the 
second a numerical approach, with consistency checked (Miquel 2008). Differences in calculated soil 
Cl-36 concentrations (Table 5-1), and thus crop Cl-36 concentrations, are solely based on 
consideration of cropping losses, considered in Aquabios (2 kg m-2 y-1), not considered in SAMM-TR. 
The effect of cropping is discussed further in Section 5.1.3. 

The EDF model calculated some of the highest Cl-36 concentrations in the soil (Table 5-1), yet the 
calculated concentration of Cl-36 in the root and leafy green vegetables are amongst the lowest 
values. The EDF model uses a more complex approach which models water and chlorine input and 
uptake as a function of precipitation and evapotranspiration and as a function of depth as well as root 
depth distribution, so that the ratio Cl-36/Cl_s drops with depth. A fraction of the roots thus sees these 
lower ratios and the overall modelled Cl-36 activity of the plant drops, compared with if only the topsoil 
layer was considered. 

                                                      
a
 For the EDF this value applies to the topsoil layer only. The Cl-36 to stable chlorine ratios were lower in the 

subsoil layers. 
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Although accumulation in soils is included in many of the modelsa, the accumulation of Cl-36 in the 
soil is so small in the majority of the models that there is effectively no difference in the Cl-36 
concentration in the soil, or plant, between 1, 2 and 3 years or beyond (Figure 5-4). One exception to 
this is the NDA RWMD model, which takes up to 20 years to reach some form of equilibrium. The 
effects of higher soil accumulation rates of Cl-36, together with the impact of cropping, are discussed 
in more detail in Section 5.1.3. The other exception is the JGC model with a higher Kd (Nakai and 
Miyauchi, 2008). 

Figure 5-1: Irrigation scenario [inland site]. Deterministic calculations of Cl-36 in root vegetables (Bq/kg fw) 

 

                                                      
a
 AquaCl36 and the IRSN model are the exceptions. 
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Figure 5-2: Irrigation scenario [inland site]. Deterministic calculations of Cl-36 in green vegetables (Bq/kg fw) 

 

Figure 5-3: Irrigation scenario [inland site]. Deterministic calculations of Cl-36 in cereal (Bq/kg fw) 
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Table 5-1: Concentration of Cl-36 in the soil after 5 years of simulation [inland site] 

Model Type Model Topsoil concentration of Cl-36 (Bq/kgdry) 

Conventional EPRI a Root vegetables: 1.60E-01 

Leafy green vegetables: 1.58E-01 

Cereal: 1.43E-01 

BIOMASS b 2.58E-01 

JGC 4.49E-01 

Aquabios  1.60E-01 

SAMM-TRc 2.10E-01 

Specific Activity AquaCl36 1.70E-01 

Compartmental with 
isotope ratio approach 
for plant uptake 

SAMM-IR 2.10E-01 

EDF c, d Root vegetables: 1.40E+00 

Leafy green vegetables: 7.00E-01 

Cereal: 5.81E-01 

More complex IRSN 1.30E-1 

NDA RWMD e 1.51E-01 

 

 

                                                      
a
 A soil porosity of 0.5 and a soil density of 2650 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 

b
 A soil porosity of 0.4 and a soil density of 2650 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 

c
 A soil porosity of 0.45 and a soil density of 2600 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 

d
 There is a difference between the crops because there is a different irrigation. This concentration are those in 

the topsoil (55×10
-3

 m). The concentrations in the sub-soil layers are lower than those in the topsoil. 
e
 A soil porosity of 0.5 and a soil density of 1325 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 
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Figure 5-4: Time series of Cl-36 concentration (Bq kg-1) in soil and plant in the BIOMASS (ERB2A) and NDA 
RWMD model [irrigation scenario, inland site] 

 

 

5.1.2 PROBABILISTIC CALCULATIONS 

Uncertainty analysis 

EPRI, BIOMASS, JGC, ANDRA, and EDF carried out sensitivity analyses for the crop concentrations 
of Cl-36 based on the uncertainty of a specific number of model parametersa. The arithmetic mean 
simulated crop concentrations of Cl-36 together with the 5% and 95% percentiles of the CDF 
(cumulative density function) of results (box), and the minimum and maximum (the vertical lines) from 
these simulations are shown in Figure 5-5, Figure 5-6 and Figure 5-7. In addition, the results from the 
deterministic calculations are overlaid onto the sensitivity simulations. Due to the large variation in 
calculated concentrations, the y-axis in each graph is on a log-scale. The parameters active in the 
probabilistic assessments are summarised in Table 5-2. 

The distributions used in these probabilistic assessments are such that the best estimate value is 
typically at the lower end of each input distribution. It is therefore to be expected that the value from 
the deterministic calculation may be lower than the mean value from the probabilistic calculationsb. 
Further, the complex interactions between the parameters are such that the deterministic results may 
lie outside of the range of plant concentrations calculated in the probabilistic assessment. 
                                                      
a
 EDF did not carry out stochastic calculations for the leafy green vegetables. 

b
 In other probabilistic assessments, best estimate calculated concentrations have been greater than the range 

of the probabilistic calculations (Smith, 2008). 
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From these figures it is clear that the variability within a given model due to parameter uncertainty 
(typically ranging from a factor of 13 to a factor of 250a) is greater than the variability between the 
models in the deterministic calculations (ranging from a factor of 3 to a factor of 15b). 

Figure 5-5: Stochastic calculations - root vegetables [inland site]. The 5- and 95-percentiles with the mean is 
indicated by the two boxes. The tails indicate the extremes of the results from the simulations. c 

 

                                                      
a
 In the stochastic calculations, the concentration of Cl-36 in the root vegetables varied by a factor of 1700 in 

the EDF model (based upon minimum and maximum predicted concentrations). 
b
 This is only valid if AquaCl36 and the NDA RWMD model are excluded from the analysis in the cereals. If all 

models are considered, the deterministic calculations varied by up to a factor of 126. 
c
 The crop concentrations from the deterministic calculations (black diamond’s) are shown for reference. 
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Figure 5-6: Stochastic calculations - leafy green vegetables [inland site]. 

 
 

Figure 5-7: Stochastic calculations - cereal [inland site]. 
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Table 5-2: Parameter varied during the stochastic calculations of the irrigation scenario (inland site) 

Model Parameters varied 

EPRI Sorption of Cl to soil (Kd) 

Concentration ratio for each crop (CR) 

Irrigation rate (Virr) 

BIOMASS Sorption of Cl to soil (Kd) 

Concentration ratio for each crop (CR) 

Irrigation rate (Virr) 

JGC Sorption of Cl to soil (Kd) 

Concentration ratio for each crop (CR) 

Irrigation rate (Virr) 

Aquabios Sorption of Cl to soil (Kd) 

Concentration ratio for each crop (CR) 

Precipitation rate a 

Crop yield 

Crop rooting depth 

Soil water content 

AquaCl36 Stable chlorine content of the plants 

Stable chlorine content of the well water 

Stable chlorine content of precipitation 

Rate of fertilizer application 

Rate of stable chlorine application to the cultivated soil 

Precipitation rate a 

EDF Sorption of Cl to soil (Kd) 

Stable chlorine content of the plants 

Depth of the soil layers 

 

 

 

                                                      
a
 From this the irrigation rate was calculated (Figure 2-6). 
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Sensitivity analysis 

Although the data presented in Figure 5-5, Figure 5-6 and Figure 5-7 offer a perspective as to the 
overall sensitivity of the models to a sub-set of their parameters, it is useful to examine more closely 
how individual parameters affect the model predictions, and how these parameters interact.  

As seen in the probabilistic results obtained from AquaCl36, the calculated Cl-36 crop concentrations 
correlate negatively with the amount of precipitation. This can be explained both by the dilution of 
radioactive Cl with stable chlorine present in the rain or by the reduced need of irrigation with 
increasing precipitation. Similar arguments can be developed to explain the negative correlations 
between plant contamination and stable chlorine concentration of both the irrigation water or the 
extent of fertiliser application. All of these parameters cause an increase in the stable chlorine 
concentration of the soil, thereby lowering the Cl-36 to stable chlorine ratio.  

For each individual crop, the concentration of Cl-36 was positively correlated to the stable chlorine 
concentration of the plant. This is because more stable chlorine in the plant would indicate more Cl-36 
in the plant also. The assumed stable chlorine concentration in plants was found to have a positive 
effect on the calculated crop concentration of Cl-36 in the EDF model as well.   

The sorption coefficient of Cl-36 to the soil and the depth of the topsoil layer were both also found to 
have a positive effect on the calculated crop concentration; the nature of these interactions is 
discussed further in Sections 5.1.3 and 5.1.4. 

The following discussion now focuses upon the conventional models, since more than one model of 
this class participated in the sensitivity studies. Considering the parameters separately, the 
concentration ratios used were strongly positively correlated to the simulated concentration in the 
crops at harvest (Table 5-3), as were the sorption coefficient and the rate of irrigationa. Given the 
largest amount of variation occurred in the calculation of Cl-36 concentration in cereal, Figure 5-8 and 
Figure 5-9 contains scatter plots of Cl-36 concentration in cereal against Kd and the concentration 
ratio of cereal respectively. Table 5-4 demonstrates how much variation in the calculated 
concentration of Cl-36 in the cereal depended upon the parameters and their interactions. In all 
cases, it is the concentration ratio of Cl-36 uptake in the cereals which has the greatest impact upon 
the predicted Cl-36 concentration in the crop at harvest. In most of the models the interaction between 
sorption and the concentration ratio explained more than 1% of the variance in the results, the JGC 
model being the exception. 

                                                      
a
 For Aquabios, this correlation has been inferred given a measured significant negative correlation between 

precipitation and crop concentration of Cl-36 and the assumed negative relationship between precipitation 

and irrigation (Figure 2-6) 
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Table 5-3: Conventional modelling of the irrigation scenario - Correlation of Cl-36 concentration in crop at 
harvest with model parameters. Here + and – symbols have been used to denote positive and negative 
correlations respectively. +/- represents p < 0.1; ++/-- represents p < 0.05 and +++/--- represents p < 0.01. 

Crop Model Kd 

Concentration 
ratio 

(root 
vegetables) 

Concentration 
ratio 

(leafy green 
vegetables) 

Concentration 
ratio 

(cereal) 

Irrigation 
rate 

Root 

Vegetables 

EPRI +++ +++   +++ 

BIOMASS +++ +++ -  +++ 

JGC  +++   +++ 

Aquabios +++ +++  --- +++ 

Leafy 

Green 

Vegetables 

EPRI +++  +++  +++ 

BIOMASS +++  +++  +++ 

JGC + - +++  +++ 

Aquabios +++  +++ --- +++ 

Cereal 

EPRI +++  -- +++ +++ 

BIOMASS +++   +++ +++ 

JGC    +++ +++ 

Aquabios +++   +++ +++ 
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Figure 5-8: Concentration of Cl-36 in cereal at harvest (Bq kg-1 f.w.) against sorption coefficient (Kd) 

 

 

Figure 5-9: Concentration of Cl-36 in cereal at harvest (Bq kg-1 f.w.) against concentration ratio (CR) for 
cereal (-) 
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Table 5-4: Variation in calculated Cl-36 concentration in cereal as explained by model input parameters 

Parameter 

Model 

EPRI BIOMASS JGC Aquabios
a
 

Kd 28.13 35.16 0.04 16.86 

CR (Cereal) 53.95 54.86 90.44 43.19 

Irrigation rate 13.48 1.71 8.41 0.56 

Kd . CR (Cereal) 1.47 3.19 0.06 4.45 

Kd . Irrigation rate 0.76 0.47 0.05 1.48 

CR (Cereal) . Irrigation Rate 0.42 0.20 0.65 0.49 

Other parameters & pair-wise interactions 0.28 3.27 0.09 12.67 

Total 98.83 98.86 99.74 75.17 

 

5.1.3 INTERACTION BETWEEN SORPTION AND CROPPING 

The following discussion relates to those models which considered both a non-zero Kd and cropping; 
thus the conventional generic models EPRI, BIOMASS, JGC, Aquabios) and also the NDA RWMD 
model. Although the EDF and SAMM-TR models consider a non-zero Kd, cropping is disregarded. 

Consideration of soil losses based on cropping is necessary in the case of Cl-36 only if accumulation 
in the soil is significant. For very low Kd values there is no difference between the first and second 
year Cl-36 concentration, as chlorine is essentially washed out of the system. Only in cases where 
chlorine Kd is larger a critical value (Nakai and Miyauchi, 2008) does the consideration of cropping 
impact the plant activity.  

The experiment, carried out with the JGC model to increase the sorption coefficient of Cl-36 to the 
soil, showed that it requires more time for Cl-36 to reach equilibrium, both in the soil and in the plant 
and the equilibrium value attained will be higher.  

The cropping rate has the inverse effect to reduce the time to reach equilibrium and to decrease the 
ultimate equilibrium concentration of Cl-36 in the soil and the crop (compare Figure 5-10 to Figure 
5-11). This effect of cropping rate upon the ultimate equilibrium concentration of Cl-36 in the crops is 
also observed in Aquabios (Figure 5-12).  

The relationship between sorption, the cropping rate, the concentration ratio and the modelled 
concentration of Cl-36 in the crop is exponential, as can be seen in Figure 5-13 and Figure 5-14. In 
these figures both root vegetables (with a concentration ratio of 15, solid symbols) and cereals (with a 
                                                      
a
 This analysis is based on a limited subset of the probabilistic results from this model. As a consequence the 

parameter space will not be as well covered as for the other three models. 
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concentration of 134, open symbols) are shown. For a low sorption coefficient (Figure 5-13) the 
relationship between cropping rate and the concentration of Cl-36 in the two crops is effectively log-
linear, the overall higher concentrations in the cereals resulting from the higher concentration ratio 
used for that crop. With a high sorption coefficient (Figure 5-14) if the concentration ratio is low 
enough then the relationship between cropping rate and the concentration of Cl-36 in the crop is still 
effectively log-linear. However, if the concentration ratio for uptake of Cl-36 by a crop is high then this 
no longer holds. This behaviour is not observed in the NDA RWMD model (Figure 5-15). 

 

Figure 5-10: Effect of increasing sorption of Cl-36 to soil in the JGC model - root vegetables with no cropping 
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Figure 5-11: Effect of increasing sorption of Cl-36 to soil in the JGC model - root vegetables with cropping at a 
rate of 5 kg/m2/y 

 

 

Figure 5-12: Effect of cropping in Aquabios - sorption coefficient of 5.8 l/kg.  

(a) No cropping. (b) Cropping at a rate of 2 kg/m2/y. 
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Figure 5-13: Interaction between the cropping rate and concentration ratio in the JGC model (Kd = 0.5 ml g-1) 

 

 

Figure 5-14: Interaction between the cropping rate and concentration ratio in the JGC model (Kd = 10 ml g-1) 
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Figure 5-15: Sorption and cropping rate interaction with concentration of Cl-36 in crop at harvest in the NDA 
RWMD model 

 

 

5.1.4 SENSITIVITY TO IRRIGATION AMOUNT 

Irrigation alone does not explain the entire variability in calculated crop concentration of Cl-36 (Table 
5-4 shows its impact for cereal). However, in all models, the calculated concentration of Cl-36 in the 
crops must necessarily be correlated to the irrigation amount (see Table 5-3 and Figure 5-16). This 
correlation between irrigation rate and the calculated crop Cl-36 concentration was found to be 
significantly positive both in conventional models as well as in the specific activity models (i.e. 
AquaCl36).  

Within the EDF model, the irrigation rate is sensitive to the thickness of the topsoil layer, as irrigation 
events will occur only when the water content of the topsoil layer drops below a critical level, θlim. The 
thicker the topsoil layer, the more difficult it is for the water in the topsoil to reach θlim, and so more 
irrigation is applied to the system, resulting in an increase in the calculated Cl-36 concentration in the 
crop (Figure 5-17). However, the plant takes up chlorine from all the soil layers, dampening the effect 
an increase in topsoil Cl-36 concentration may have on the plants. 

The sensitivity of calculated Cl-36 concentration in crops to irrigation rate was not considered for this 
scenario by the NDA RWMD model. However, sensitivity of crop concentrations to source influx for 
the groundwater scenario was considered (Section 5.3.3) and it is likely that the same observations 
would have been made for the irrigation scenario. 
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Figure 5-16: Effect of irrigation rate on the calculated Cl-36 concentration in cereal (Bq/kg f.w.) after 5 years 

 

 

Figure 5-17: Effect of topsoil depth on calculated Cl-36 concentration in cereal using the EDF model 
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5.2 IRRIGATION WATER SOURCE SCENARIO – COASTAL SITE 

EPRI, BIOMASS, JGC, ANDRA, SCM-ANDRA, EDF and NDA RWMD participated in the calculation 
exercises for the irrigation water source scenario at the coastal site. The only differences between the 
inland and coastal site are the amount of precipitation with a higher precipitation rate at the coastal 
site and the stable chlorine content of the precipitation and the well water, (Figure 2-6), and a greater 
stable chlorine concentration near the ocean (Section 3). The increase in precipitation at the coastal 
site served to reduce the irrigation rates used by most of the models (every model except the NDA 
RWMD model), though the change in best estimate of irrigation rate was less than 2% as compared 
with the inland site. 

 

5.2.1 DETERMINISTIC CALCULATIONS 

Within the conventional models, the reduction in irrigation rate at the coastal site led to a reduction in 
the soil Cl-36 concentration (Table 5-5) and thus a reduction in the plant Cl-36 concentration also. 
The increase in precipitation served to further decrease the soil Cl-36 concentration in Aquabios and 
SAMM-TR, which both explicitly consider precipitation for the water balance of the topsoil, so that the 
drop in calculated crop Cl-36 concentration is more appreciable in these models (cf leafy green 
vegetable concentrations at the different sites for these two models, Figure 5-2 and Figure 5-19). 

Overall, with the exception of the EDF model, the predicted concentration of Cl-36 in any given crop 
was lower at the coastal site than at the inland site, with the coastal concentration typically anywhere 
from one third of the inland concentration to barely any difference (see Figure 5-18, Figure 5-19, 
Figure 5-20 and Table 5-6).  

In the EDF model, the stable chlorine concentration assumed for both the plants and the irrigation 
water at the coastal site was four times higher than the stable chlorine content used for the inland site. 
Combining this with the increased stable chlorine content of the precipitation then explains the 
approximate reduction by a factor of two of the calculated crop Cl-36 concentrations at the coastal site 
compared to the inland site (Table 5-6).  

No data was given for stable Cl at the coastal site. ANDRA assumed a stable chlorine concentration 
in coastal plants about twice that of the inland plants for their AquaCl36 and SAMM-IR models, but a 
substantially higher increase in the stable Cl concentration of in the irrigation and the rain water ( 22 
times for irrigation). This explains the substantial reduction in calculated plant Cl-36 concentrations 
observed for these two models (Table 5-6).  

The effect of altering the stable chlorine concentration in the plants has been further examined using 
the NDA RWMD model, for the groundwater scenario (Section 5.4). 
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Figure 5-18: Irrigation scenario [coastal site]. Deterministic calculations of Cl-36 in root vegetables (Bq kg-1 
fw) 

 

 

Figure 5-19: Irrigation scenario [coastal site]. Deterministic calculations of Cl-36 in leafy green vegetables (Bq 
kg-1 fw) 
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Figure 5-20: Irrigation scenario [coastal site]. Deterministic calculations of Cl-36 in cereal (Bq/kg fw) 
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Table 5-5: Concentration of Cl-36 in the soil after 5 years of simulation [coastal site] 

Model Type Model 
Topsoil concentration of Cl-

36 (Bq/kgdry) 

Ratio of topsoil Cl-36 

concentration: coastal / 

inland 

Conventional 

EPRI a 

Root vegetables: 1.58E-01 

Leafy green vegetables:  
1.56E-01 

Cereal: 1.41E-01 

Root vegetables: 9.88E-01 

Leafy green vegetables:  
9.87E-01 

Cereal: 9.86E-01 

BIOMASS b 2.58E-01 9.99E-01 

JGC 4.49E-01 1.00E+00 

Aquabios 1.20E-01 7.50E-01 

SAMM-TR c 1.20E-01 5.71E-01 

Specific Activity AquaCl36 1.40E-01 8.24E-01 

Compartmental 
with isotope 

ratio approach 
for plant uptake 

SAMM-IR 1.20E-01 5.71E-01 

EDF c, d 

Root vegetables: 1.40E+00 

Leafy green vegetables:  
7.03E-01 

Cereal: 6.44E-01 

Root vegetables: 1.00E+00 

Leafy green vegetables: 
1.00E+00 

Cereal: 1.11E+00 

More complex NDA RWMD e 2.37E+01 1.57E+00 

 

 

 

 

 

 

 

                                                      
a
 A soil porosity of 0.5 and a soil density of 2650 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 

b
 A soil porosity of 0.4 and a soil density of 2600 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 

c
 A soil porosity of 0.45 and a soil density of 2600 kg m

-3
 were used to convert the Cl-36 from Bq m

-3
. 

d
 There is a difference between the crops because there is a different irrigation. This concentration are those in 

the topsoil (55×10
-3

 m). The concentrations in the sub-soil layers are lower than those in the topsoil. 
e
 A soil porosity of 0.5 and a soil density of 1325 kg m

-3
 was used to convert the Cl-36 from Bq m

-3
. 
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Table 5-6: Ratio of concentration of Cl-36 in crop at harvest after 5 years, coastal/inland (Bq/kg f.w.) 

Model Type Model Root Vegetables 
Leafy Green 

Vegetables 
Cereal 

Conventional 

EPRI 9.87E-01 9.87E-01 9.87E-01 

BIOMASS 9.99E-01 9.99E-01 9.99E-01 

JGC 9.99E-01 9.99E-01 9.99E-01 

Aquabios 7.33E-01 7.33E-01 7.33E-01 

SAMM-TR 5.67E-01 5.67E-01 5.67E-01 

Specific Activity AquaCl36 3.40E-01 3.40E-01 3.40E-01 

Compartmental 
with isotope ratio 
approach for plant 
uptake 

SAMM-IR 4.09E-01 4.09E-01 4.09E-01 

EDF 2.10E+00 2.36E+00 1.74E+00 

More complex NDA RWMD 5.27E-01 5.27E-01 5.27E-01 

 

 

5.2.2 PROBABILISTIC CALCULATIONS 

EPRI, BIOMASS, JGC and ANDRA carried out a sensitivity analysis of the crop concentration of Cl-36 
with respect to uncertainty in a range of model parameters. The arithmetic mean simulated crop 
concentrations of Cl-36 together with the 5% and 95% percentiles of the CDF of results (box), and the 
minimum and maximum (the vertical lines) from these simulations are shown in Figure 5-21, Figure 
5-22 and Figure 5-23. In addition, the results from the deterministic calculations are overlaid onto the 
sensitivity simulations. Due to the large variation in calculated concentrations, the y-axis in each graph 
is on a log-scale. The parameters varied in each model were identical to those for the inland site 
(Table 5-2). As was observed for the inland site, the variability within a given model due to parameter 
uncertainty (typically ranging from a factor of 13 to a factor of 270a) is greater than the variability 
between the models in the deterministic calculations (ranging from a factor of 5 to a factor of 90b). 

In general, the model results are sensitive to the same parameters as for the inland site. The one 
exception is the amount of irrigation water, which, apart from in AquaCl36, no longer has a significant 
effect on the calculated crop Cl-36 concentrations. 

                                                      
a
 In the stochastic calculations, the concentration of Cl-36 in the cereal varied by a factor of 660 in AquaCl36 

(based upon minimum and maximum predicted concentrations). 

b
 If AquaCl36 and the NDA RWMD model are excluded from the analysis in the cereals, the deterministic 

calculations varied by up to a factor of 7. 
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Figure 5-21: Stochastic calculations - root vegetables [coastal site]. 

 

Figure 5-22: Stochastic calculations – leafy green vegetables [coastal site]. 
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Figure 5-23: Stochastic calculations – cereal [coastal site]. 

 

 

5.3 NATURAL GROUNDWATER SOURCE SCENARIO 

BIOMASS, JGC, SCM-ANDRA, EDF and NDA RWMD participated in the calculation exercises for the 
groundwater scenario. However, given the climate data provided for the two sites, neither SCM-
ANDRA nor EDF experienced capillary rise in their models, so no results from these two participants 
can be presented.  

In the first two parts of this section, results from simulations of the two sites are discussed, including 
comparisons with equivalent results from the irrigation scenario. In the third part of this section, the 
NDA RWMD model is used to examine how changes in the rate of groundwater influx to the soil would 
impact upon plant Cl-36 concentrations. In the fourth part of this section, the NDA RWMD model is 
used to examine the effect of altering assumptions about the stable chlorine concentration of the 
plant. 

 

5.3.1 INLAND SITE 

BIOMASS, JGC and NDA RWMD participated in simulations of the inland site, with the crop 
concentrations of Cl-36 after five years given in Table 5-7. 

Within the conventional models, as compared with the irrigation scenario there is reduction in 
calculated crop Cl-36 concentration of over 78% (Table 5-8). The combined effect of a low intake rate 
of contaminated groundwater into the subsoil combined with a low rate of capillary rise leads to the 
low Cl-36 concentration in the topsoil. Thus, for example, in the BIOMASS model there is a reduction 
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in the calculated soil Cl-36 concentration of nearly two orders of magnitude between the scenarios 
(Figure 5-24).  

The crop Cl-36 concentrations as calculated by the NDA RWMD model are 50% higher than those 
given for the irrigation scenario, which can be explained in part by the increase in Cl-36 concentration 
of the topsoil (Figure 5-25). As with the irrigation scenario, it took longer than 5 years for the NDA 
RWMD model to reach equilibrium (cf. Figure 5-4). 

Table 5-7: Groundwater scenario [inland site]. Concentration of Cl-36 in crops (Bq kg-1 f.w.) after five years 

  Crop concentration of Cl-36 after five years (Bq kg
-1
 f.w.) 

Model Type Model Root Vegetables Leafy Green 

Vegetables 

Cereal 

Conventional 
BIOMASS 4.96E-02 9.93E-02 4.44E-01 

JGC 1.44E+00 2.89E+00 1.29E+01 

More Complex NDA RWMD 5.28E+00 5.28E+00 5.28E+00 

 

Table 5-8: Ratio of crop concentration of Cl-36 for the inland site dependent upon contamination scenario: 
groundwater / irrigation 

  Ratio of crop concentration of Cl-36 after five years (Bq 

kg
-1
 f.w.)  

Groundwater / Irrigation 

Model Type Model Root Vegetables Leafy Green 

Vegetables 

Cereal 

Conventional 
BIOMASS 1.28E-02 1.28E-02 1.28E-02 

JGC 2.14E-01 2.14E-01 2.14E-01 

More Complex NDA RWMD 1.56E+00 1.56E+00 1.56E+00 
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Figure 5-24: Difference between the scenarios - concentration of Cl-36 in the soil in the BIOMASS models. 
Note the logarithic vertical axis. 

 

Figure 5-25: Difference between the scenarios - concentration of Cl-36 in the soil (Bq kg-1) in the NDA RWMD 
model 
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5.3.2 COASTAL SITE 

BIOMASS, JGC and NDA RWMD participated in simulations of the coastal site, with the crop 
concentrations of Cl-36 after five years given in Table 5-9. As neither the BIOMASS nor JGC models 
take precipitation explicitly into account the calculated crop calculations are identical to those given for 
the inland site. As was observed for the simulations of the irrigation scenario, the calculated crop 
concentration of Cl-36 in the NDA RWMD model is lower for the coastal site than the inland site, with 
a coastal/inland ratio identical to the irrigation scenario (Table 5-6). 

Table 5-9: Groundwater scenario [coastal site]. Concentration of Cl-36 in crops (Bq kg-1 f.w.) after five years 

  Crop concentration of Cl-36 after five years (Bq kg
-1
 f.w.) 

Model Type Model Root Vegetables Leafy Green 

Vegetables 

Cereal 

Conventional 
BIOMASS 4.96E-02 9.93E-02 4.44E-01 

JGC 1.44E+00 2.89E+00 1.29E+01 

More Complex NDA RWMD 2.78E+00 2.78E+00 2.78E+00 

 

5.3.3 EFFECT OF ALTERING RATE OF GROUNDWATER INFLOW 

In addition to the deterministic calculations presented above, NDA RWMD examined the effect of 
altering the groundwater up-flow rate, having previously noted that the amount of Cl-36 entering the 
subsoil was directly proportional to this rate (Thorne, 2007b). For reference, the basic model structure 
representing the flow of chloride and water is repeated here (Figure 5-26).  

The effect of reducing the groundwater up-flow rate (G) by a factor of ten was investigated. To ensure 
that the loss from the subsoil (L2) remained at zero the capillary driven upward movement from the 
subsoil to the topsoil (E2) was reduced from 0.35 to 0.26 m y-1. This calculation was carried out for the 
coastal site only. Results were about one order of magnitude lower than in the original simulations, as 
illustrated in Figure 5-27 and by the ratios given in Table 5-10. These results are reflect similar 
findings from the irrigation scenario, whereby a reduction in the inflow rate of contaminated water lead 
to a reduction in the Cl-36 concentration in the plants of the same order of magnitude. 
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Figure 5-26: Structure of the NDA RWMD Cl-36 Model showing water flows 

 

 

Figure 5-27: Concentration of Cl-36 in crop (Bq kg-1 f.w.) dependent upon groundwater up-flow rate 
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Table 5-10: Ratio of concentrations of Cl-36 in the three compartments of the NDA RWMD model as a result 
of reducing groundwater up-flow rate 

Time (y) Chloride Plants Chloride Topsoil Chloride Subsoil 

1 8.38E-02 8.49E-02 1.04E-01 

3 9.33E-02 9.43E-02 1.11E-01 

5 9.96E-02 1.01E-01 1.18E-01 

10 1.12E-01 1.13E-01 1.32E-01 

20 1.24E-01 1.26E-01 1.45E-01 

30 1.28E-01 1.29E-01 1.49E-01 

50 1.29E-01 1.30E-01 1.50E-01 

100 1.29E-01 1.30E-01 1.50E-01 

1000 1.29E-01 1.30E-01 1.50E-01 

10000 1.29E-01 1.30E-01 1.50E-01 

 

5.4 EFFECT OF ALTERING THE STABLE CHLORINE CONCENTRATION IN PLANTS 

In the irrigation scenario, the effect of altering the stable chlorine concentration of the plants to reflect 
differences between the inland and coastal sites was considered. However, the effects observed in 
the irrigation scenarios were compounded by additional site specific model assumptions. In particular, 
the stable chlorine concentration of the irrigation water was assumed to differ between the sites.  

It was found that quadrupling the stable chlorine concentration of the plants (and irrigation water) in 
the EDF model to reflect background chlorine levels at the coastal site led to an increase in calculated 
Cl-36 concentrations. In contrast, a doubling of the stable chlorine concentration in the AquaCl36 and 
SAMM-IR models led to a large reduction in the calculated crop Cl-36 concentrations, though the 
increase in stable chlorine concentration of the plants may have been negated by the increase in the 
stable concentration in the irrigation water of a factor of 22. However, the three models concerned 
here also have other substantial differences which could contribute to the differences, 

The NDA RWMD model was then used to investigate the effect of stable chlorine concentration in the 
plant by carrying out some variant simulations of the groundwater scenario at the coastal site. The 
stable chlorine concentration in any source water was not altered. The results from three cases are 
presented here (Figure 5-28): 

• The reference case, stable chlorine concentration in the plants of 1.40E-01 mol kg-1 (d.w.) 

• The reduced case, stable chlorine concentration in the plants of 1.40E-02 mol kg-1 (d.w.) 
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• The increased case, stable chlorine concentration in the plants of 7.00E-01 mol kg-1 (d.w.) 

Reducing the stable chlorine concentration in the plant leads to a reduction in the calculated Cl-36 
concentration in the plant. Similarly, an increase in the assumed stable chlorine concentration in the 
plant results a higher plant Cl-36 concentration. The significance of these changes in plant 
concentrations of stable chlorine on the calculated plant Cl-36 concentrations is most easily seen by 
taking ratios of the variant cases with the reference case (0.1 for the reduced case and 5 for the 
increased case). 

 

Figure 5-28: Concentration of Cl-36 in crop (Bq kg-1 f.w.) dependent upon stable chlorine concentration in 
the crop. [Simulations carried out using the NDA RWMD model.] 
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6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 OVERVIEW OF THE IMPLICATIONS OF THE RESULTS OBTAINED USING DIFFERENT 
MODELS 

There is a generic question about how much uncertainty is acceptable within long term dose 
assessments and many causes of uncertainty in assessment results. These apply to Cl-36 releases 
as much as any others. However the following discussion is limited to Cl-36 behaviour in soils and 
uptake into crops. 

The different assessment contexts include issues such as whether climate and environmental change 
should be used, or only the site’s present day condition. This will have a material impact on the 
relevance and need for site specific data, and/or data from other sites which could be analogues 
today for the future condition of the site under investigation. 

A significant range of model types and alternative data assumptions has been described and 
compared, demonstrating the degree of understanding of the likely behaviour of Cl-36 soil and plant 
systems. Results have been presented for Cl-36 concentrations in crops based on unit activity 
concentration in upwelling groundwater and irrigation water, both deterministic and probabilistic, and 
at defined inland and coastal locations. A wide range of sensitivity calculations has also been 
presented. 

Notwithstanding the different level of model complexity and the variations in the processes included, 
and the data assumption differences, the results for concentrations in crops are typically within about 
an order of magnitude of each other for the main scenario considereda. Furthermore, the spread of 
results obtained in probabilistic calculations does not indicate much greater variation for a given set of 
site conditions. This implies that knowledge of stable Cl levels is critical for the specific activity 
models, and for other models, that the soil and plant systems must be sufficiently well characterised to 
allow usefully confident choices of distribution coefficients and root uptake factors, or to provide the 
other more detailed data. This is a truism, but something not to be forgotten. The model input data 
requirements in turn help to define the site investigation requirements. 

The results presented here offer some insight into how both model and parameter assumptions can 
affect the results, demonstrating that some best estimate calculations lie outside the range of the 
probabilistic calculations. This can be viewed as an illustration of the need for further research to 
better understand these conceptual uncertainties. 

The range of results presented here, in combination with the model explanations, can support 
consideration of whether particular model assumptions can be considered as overly-cautious, 
cautious or more likely to represent the likely outcome in particular contexts. 

 

                                                      
a
 The exception to this is cereals, where the difference was up to three orders of magnitude. However, this can 

be explained by not all of the models using crop specific parameters for the uptake of Cl-36 and, if appropriate, 

stable chlorine. 
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6.2 SCIENTIFIC APPROACH TO CL-36 UPTAKE FROM SOILS TO CROPS 

Section 2 of this report discussed the various scientific approaches that are used to assess the uptake 
of Cl-36 from soils to crops, highlighting the similarities and differences between the models (Section 
2.5). The specific activity models (Section 2.2), were arguably the simplest models, with the 
compartmental model developed by EDF (Section 2.3.2) and the NDA RWMD model (Section 2.4.2) 
at the opposite end of the model complexity spectrum.  

 

6.2.1 PROCESSES CONSIDERED 

The loss of Cl-36, and, if appropriate, stable chlorine also, to deeper soil layers was included as a 
model process in the majority of the models used in this study, the exception being the specific activity 
models. The significance of the exclusion or inclusion of this process for Cl-36 is best discussed in 
light of the illustrative calculations which were carried out by the project participants (Section 5). 
Almost without exception, the highest calculated crop Cl-36 concentrations were from the specific 
activity model AquaCl36, irrespective of the crop, site or scenario under considerationa. 

There is a need to be clear as to which compartments of a system are assumed to be in equilibrium 
with each other, with respect both to modelling and experiments. In addition, when empirical data is 
provided for the input parameters to any model, the representativeness of those measurements to the 
temporal and spatial assumptions within the model must be understood and correspond. This is of 
particular importance for the stable chlorine to Cl-36 ratio used in specific activity, and isotope ratio 
uptake, models. Field measurements of stable chlorine and Cl-36 depend upon recent climatic 
conditions, such that field conditions may not be at equilibrium at the time the measurements were 
taken.  

It is also important to clearly specify which part of the plant is being treated (e.g. whole plant, grain, 
stem). For example, Kashparov et al (2007b) reported concentration ratios of Cl-36 for the grain and 
straw components of both wheat and oats. There was at least a factor of 6 difference in the reported 
concentration ratio, dependent upon the plant component under consideration, with the highest 
uptake occurring in the straw. 

One of the parameters found to have most impact upon the calculated crop Cl-36 concentrations was 
the sorption coefficient of Cl-36 to the soil (Section 5.1.3). For radionuclides which can accumulate in 
the soil the parameters used to describe this process will impact upon both the (peak) equilibrium 
concentration of radionuclide in the soil and plant and also the length of time it takes for equilibrium to 
be reached (e.g. Figure 5-10).  

It was then shown that if Cl-36 is thought to accumulate in the soil then it becomes increasing 
important to have an understanding of the agricultural practice at the site under consideration. It is 
generally thought that an increase in harvest yield of crops will reduce the Cl-36 concentration in the 
soil, and therefore the concentration of Cl-36 in the crops (Figure 5-13 and Figure 5-14), although 
there is some evidence to the contrary (Figure 5-15). 

 

                                                      
a
 The one exception was leafy green vegetables at the coastal site within the irrigation scenario (Section 5.2, 

Figure 5-19). 
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6.2.2 UTILITY OF COMPLEX MODELS 

The confidence limits presented in the probabilistic results (Sections 5.1.2 and 5.2.2) reflect for each 
model the range of uncertainty assuming each model is conceptually correct. The spread in results 
across models reflects the range in results including conceptual uncertainty as well as parameter 
uncertainty. Given that the variability between the models for the deterministic calculations was less 
than the variability within a model in the probabilistic results, it is not possible to conclude that the 
more complex models reduce uncertainties. Thus, the results from this study do not lead to the 
conclusion that chlorine specific processes need to be included in a model of its uptake into plants 
from the soil. However, more detailed measurements of the uptake of Cl-36 are required in order to 
increase confidence in the model outputs. It is this which will help to constrain the range in the results, 
making site specific data a key factor in reducing uncertainty in the results. 

Any model used for assessing radionuclide uptake from soil into plants needs to address the level of 
conservatism used for processes for which the data are limited. This applies to the inclusion of 
processes as well as parameter values. If the radionuclide is known to accumulate in soil, then both 
the inclusion of this accumulation and also of the harvesting processes will increase the realism of the 
model, and take into account the interaction between these parameters. 

In order to determine the concentration of Cl-36 in a specific crop the rate of uptake needs more 
precise contextual description in order to allow more accurate parameterisation. However, this study 
cannot be used to conclude whether the concentration ratio or isotope ratio is best. The way to 
resolve this is via further experimentation and measurements, both in the laboratory and the field. 

 

6.3 RECOMMENDATIONS FOR THE FUTURE 

Focussing on the dynamics of Cl-36 in soil, some knowledge gaps remain. Although some 
assumptions were made about the dynamics of organic chlorine and the inorganic-organic chlorine 
conversion (Section 2.4.2), empirical data to justify including such processes in a conceptual model 
are currently limited. In comparing the two sites, different assumptions about the (background) levels 
of stable chlorine in both the soil and precipitation lead to substantial variation in modelled Cl-36 
concentrations in the plants. Further empirical research in these areas would increase our 
understanding of such processes and therefore improve our conceptual models. 

More generally, there is a need for the assessment process to be informed of how much uncertainty is 
acceptable, within the context of a particular assessment. This requirement applies to all the relevant 
radionuclides and work to develop an understanding of how to determine the level of acceptable 
uncertainty in a specific context could be useful across the board.  

The application of the models used here could be extended to the calculation of doses to potentially 
exposed groups. Different approaches are employed to definition of these groups and that 
comparison would be instructive, both for Cl-36 and generally. The purpose would not be to identify a 
best approach but to investigate how different assumptions affect the results and also to investigate 
whether the variation in results is dominated by variant assumptions in the calculation of 
concentrations in crops, or in those for human behaviour. In combination, these activities could then 
inform requirements for future investigations at the site specific level. 
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