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ABSTRACT

The biokinetics of radionuclide transfers to biota in the marine environment can be modelled using

two parameters, specific to both each element/radionuclide and biota. The Concentration Factor (CF)

reflects the ratio between the activity concentrations in the biota and the surrounding seawater in

steady state. The biological half-life (tb1/2) characterizes depuration kinetics for the radionuclide from

the biota. While recommended CF values can be found in the literature, no guidelines actually exist

for tb1/2 values. We used available time-series activity concentration measurements in biota in the

English Channel, where controlled amounts of liquid radioactive waste are discharged by the ORANO

La Hague reprocessing plant. We calculated the corresponding time-series activity concentrations in

seawater for each biota dataset using an extensively-validated hydrodynamic model. We derived the

values of CF and tb1/2 from seawater and biota data, to model radionuclide transfers between the

two compartments. To assess the performance of the model, we analyzed the residual between

observed and calculated levels in the biota. Datasets for macroalgae, mollusks, crustaceans and fish

yielded parameters (CF, tb1/2) for H-3 (as body water and as organically bound tritium), C-14, Sb-125,

Cs-137, I-129, Mn-54, Co-60, Zn-65 and Ru-106. After discussing the results and qualifying the

model's reliability, we proposed recommendations for CF and tb1/2 for the purposes of the

operational modelling of radionuclide transfers to biota in the marine environment.

1 Introduction

Controlled amounts of radionuclides are discharged into the marine environment by nuclear industry

under regular operation. They add to the background level resulting from natural origin, fallouts from

past nuclear weapon tests, nuclear accidents, and possibly medical use. Radionuclides are

mandatorily monitored in the environment to check that the consequences of controlled discharges

are consistent with the predictions made by the operators when they requested the authorizations

from their national regulatory authorities. Monitoring programs focus on indicator compartments

(seawater, sediment) and a selection of biota as bioindicators. Marine bioindicator species can be

collected repeatedly all year long in the geographical area of interest, to follow the spatial and
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temporal changes in relation to the discharges. Addressing radioprotection of human and the

environment requires to estimate the activity concentrations in potentially all components of the

environment. Radionuclide measurements in the natural medium for monitoring purpose or

radioecology studies, are used to design transfer models to estimate the levels in other marine

species.

Modelling radionuclide (Rn) transfer to biota in the marine environment is routinely implemented by

considering that the concentration in the biota is proportional to that in seawater. According to eq. 1,

the calculation consists in simply multiplying the concentration in seawater by a Concentration

Factor (CF) value which is specific for the radionuclide and the biota of interest:

[Rn]biota = CF (Rn,biota) . [Rn]seawater eq. 1

The CF is the ratio between the activity concentrations in the biota and seawater. CF values can be

found in the literature but recommended consensual values for biota groups (seaweed, mollusk,

crustacean and fish) are generally taken from IAEA Technical Reports Series (IAEA, 2004, 2014). So, as

a prerequisite, estimation of activity concentrations in marine biota requires that the concentrations

in seawater are known. This simple and convenient model assumes that the biota and seawater

compartments are in steady state. However, depending on radionuclides, chemical form, species and

many parameters, transfers between the two compartments takes time (Carvalho, 2018). There are

many situations in the natural environment where the steady state assumption is not met because

radionuclides inputs are not stable or environmental conditions vary (seasons, weather forcing). This

includes in particular a close location to a source of controlled radionuclide discharges from a nuclear

facility (discharges are usually not constant), or in the aftermath of an accidental release like the

Fukushima-Daiichi nuclear power plant accident (FDNPP). Assuming a steady state inappropriately

has two consequences: 1) When the seawater concentration rises, the activity in the biota is

assumed to rise in parallel. Calculating the biota activity as the activity in seawater multiplied by the

CF (eq. 1) is largely overestimating because the kinetics of the transfer actually results in a slower

increase in the biota compared to seawater. 2) Conversely, when the activity in seawater drops

(when the discharge stops or quickly declines), the biota progressively depurates so its activity

decreases much slower than in seawater. Assuming it parallels that of seawater severely

underestimates the activity in the biota. For example, if the radionuclide concentration in seawater

returns rapidly to background level, assuming a steady state would mean that the concentration in

the biota would also return to background at the same time. However, as an example, the many

measurement data in fish after FDNPP accident showed that Cs137 persisted for a long time after it

diluted in the Pacific Ocean water (Buesseler, 2012). Thus FDNPP accident raised the need to use

biokinetic modelling to bring more realism to model predictions (Vives i Batlle et al., 2018).

The biokinetics of transfer can be implemented in complex multi-compartments ecosystem models

(Tateda et al., 2013; Belharet et al., 2016; Vives i Batlle, 2016), but they require many parameters

which may not be available for all radionuclides and marine species. Another approach consists in

considering only two interacting compartments, seawater and the biota. This 'two compartments'

model still uses the concept of CF (which implements the ratio between the activity in the biota and

in water in steady state) and adds another parameter, the biological half-life (tb1/2) to implement the

kinetics of the radionuclide transfer (Gomez, 1991). The 'two compartments' model is implemented

as the following first order differential equation (eq. 2):

ௗ[ோ]್ೌ

ௗ௧
= ݇. [ܴ −௦௪௧(ݐ)݊[ ݇௨௧. [ܴ ௧(ݐ)݊[ eq. 2
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with [Rn]biota = Rn activity concentration in the biota and [Rn]seawater = Rn activity concentration in

seawater (as functions of time).

CF (Rn,biota) = kin/kout the concentration factor in steady state for the Rn and species of interest

tb1/2=Ln(2)/(kout-kp) the biological half-life for the Rn and species

kp = the radioactive decay of the Rn

This transfer between seawater and the biota (eq. 2) is implemented as a function of a time-series

concentration in seawater as described in the Methods section 2.3.2 (eq. 3).

If the CF values can still be taken from the IAEA reports, there is actually no such recommendation

for the values of tb1/2. Some tb1/2 values are available from the literature (see Gomez, 1991 and

Beresford et al., 2015, for reviews). Many of them were determined in laboratory experimental

condition which may not be suitable for use in the natural environment. An alternative approach

consists in using time-series measurements in both seawater and biota, routinely carried out for

monitoring purpose, to derive the values of CF and tb1/2 (Fiévet et al., 2003). A major benefit of this

approach is that the biological half-life reflects all the environmental processes responsible for the

transfer kinetics. This includes the direct seawater and the trophic routes with all sources of variation

(age/size, food web, season, temperature, biological cycles, and so on). So it is particularly fit for the

purpose of environment monitoring ?. For example, considering a population in an area of interest,

individuals leaving the population for any reason (population dynamics) apparently contributes to

the removal of the radionuclide from that local population. This removal reflects in periodic

monitoring samplings within the local population because the activity in biota results from individual

depuration as well as population renewal. This is particularly crucial for mobile species like fish and

many other seafood species, but also true for fixed seaweed ripped during storms. The approach was

already used in the marine environment for several radionuclides and species (Fiévet et al., 2003;

Fiévet et al., 2006; 2013; 2017) and it relied on the availability of activity concentration time-series

measurements in both seawater and biota. So far, the availability of radionuclide concentrations

measurements in seawater has been a limitation but this latch is now released in the marine

environment of the English Channel. French nuclear industry facilities have been discharging

controlled amounts of radioactive liquid waste in the English Channel since the late 60’. The main

contributor is the nuclear fuel reprocessing plant of ORANO La Hague (RP). There are also nuclear

power plants (NPP) on the French coast at Flamanville, Paluel, Penly, Gravelines, and the NPP of

Nogent-sur-Seine on the river Seine which flows into the English Channel. Thanks to the constant

implementation of 'Best Applicable Techniques' (OSPAR Commission, 2014) by the operator, the

amounts of discharges from the RP have declined by two orders of magnitude for most radionuclides

since the 80’ (ORANO, 2019). Those from each NPPs are two orders of magnitude below actual

discharges from the RP (EDF, 2019). The British nuclear facilities on the South coast of the UK

(Devonport, Winfrith and Dungeness) are also a small contribution to the liquid radioactive

discharges in the English Channel (RIFE-25, 2019). The fate of the radioactive liquid discharges by the

RP of ORANO La Hague was recently reviewed (Fiévet et al., 2020). Radioactive discharges by the RP

have been used as tracers to validate hydrodynamic models which nowadays reached a very good

reliability (Bailly du Bois et al., 2005; 2012; 2020). The chronicle of liquid discharges by the RP being

known with a high time resolution, it is possible to estimate the concentration of radionuclides in

seawater if they are assumed to spread as soluble substances (conservative radionuclides). Time-

series changes in radionuclides concentrations in seawater can thus be calculated by the

hydrodynamic tools at any location in the English Channel where times-series measurement data are

available in biota. With time-series data available both in seawater and biota, it is possible to

estimate the dynamic transfer parameters (CF and tb1/2) between the two compartments using the

data processing technique already used on the basis of measurements in seawater (Fiévet and Plet,
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2003). Here the concentrations in seawater were not measured but they were calculated by the

hydrodynamic model MARS-2D (Bailly du Bois et al., 2005; 2012). Available radionuclide time-series

measurements carried out by IRSN, ORANO La Hague and the French Navy for monitoring purpose or

radioecology studies were identified back from the mid-80’ up to 2016 in seaweed, mollusk,

crustacean and fish and the corresponding time-series in seawater were calculated by the

hydrodynamic model. This study reports the results of CF and tb1/2 values estimation for soluble

radionuclide dynamic transfer modelling in the English Channel, based on hydrodynamic modelling in

seawater with MARS-2D. They included parameters for H3, C14, Sb125, I129 and Cs137, which could

be considered to behave as soluble behaviour. Tentative estimation of transfer parameters was also

carried out for Mn54, Co60, Zn65 and Ru106 with more or less success which are discussed. The

results were reported for each radionuclide and individual species dataset as well as crunched by

biota group (macroalgae, mollusk, crustacean and fish). Those transfer parameters can be used for

implementing dynamic biota transfer modelling downstream seawater hydrodynamic modelling

(Duffa et al., 2016) or any other time-series data in seawater.

2 Material and method

2.1 Datasets

The datasets used in this paper are inventoried in a spreadsheet provided as supplementary material.

For each time series, an identifier (#) is given with the radionuclide, the species, the sampling

location, the time span of the sampling period, the number of concentration measurements and a

comment when necessary. The identifier (#) is used throughout the paper to link the results with the

individual datasets. Here is an example:

Dataset #1: H3; macroalgae Fucus serratus (toothed wrack); sampling location: Goury (Long: -1.9490;

lat: +49.7158); sampled between Nov-08 and Nov-11; Nb obs. = 37; comment: from Fiévet et al.,

2013. When the time-series in the biota has already been published (but not used with the

corresponding time-series in seawater calculated with the model), the reference is given as a

comment. Data provided by ORANO or the French navy are also quoted as a comment. Figure 1

shows a map with the sampling locations. Three sampling locations were given as fishing areas, called

West Cotentin, North Cotentin and East Cotentin. They are local fishing areas used for radioactivity

monitoring purpose and their central theoretical locations are indicated on the map.
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Figure 1: Map showing the ORANO La Hague reprocessing plant (RP) and the sampling locations of
biota time-series measurements around the Cotentin peninsula.

For marine species potentially used in human seafood, the reported data corresponded to the edible

parts (soft parts in mollusk, muscles in crustacean and fish).

Most available biota data were expressed in Bq.Kg-1 dry weight. Average wet/dry weight ratios were

used for conversion purpose since the CF corresponds to the activity in Bq.Kg-1 wet in the biota,

normalized to Bq.Kg-1 in the water. In the present study, CF values correspond to Bq.Kg-1 wet in biota

per Bq.L-1 in seawater, as in IAEA (2004). The conversion wet/dry weight ratios are given in the

datasets inventory (supplementary material). In the event other wet/dry ratios would be preferred,

scaling the CF values reported in the present paper is possible using the relationship:

Preferred CF = present CF * preferred Ratiow/d / present Ratiow/d eq. 4

H3 biota data were split into H3 in the forms of organism' water (HTO) and organically bound tritium

(OBT). Available HTO time-series were expressed in Bq.L-1 and corresponding OBT time-series were

expressed in Bq.L-1 of combustion water (Fiévet et al., 2013). They were kept unchanged, so the

resulting CF values should be used accordingly. Unlike other radionuclides, the derived CF values

yield activity concentrations in biota HTO in Bq.L-1 and OBT in Bq.L-1 combustion water (cw) and not

in Bq.Kg-1 wet. Conversion of Bq.L-1 (cw) into Bq.Kg-1 wet involves H% content of dry material and

wet/dry ratio as described in Maro et al., (2017).

Some of the available C14 biota data were expressed in Bq.Kg-1 C and the necessary C content values

needed for conversion are given in % dry weight in the datasets inventory (supplementary material).
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In a few cases two different datasets for the same radionuclide/species/location were considered

because the spans of the sampling periods were separated by an interval of several years. This

provided an opportunity to test whether the transfer parameters values derived from the first one

and the second one were consistent, several years apart. In some time-series, the periodicity was too

long to derive tb1/2 accurately but the data could be used anyway to check their consistency with tb1/2

derived from other datasets with a shorter periodicity.

2.2 Hydrodynamic modelling

Radionuclide activity concentrations in seawater were calculated using the MARS-2D model

previously described in (Bailly du Bois et al., 2005, 2012, 2020 and references herein).The MARS-2D

model uses two-dimensional horizontal approximation (i.e. shallow-water equations) capable of

producing a satisfactory representation of dissolved-substance transport in the English Channel as

demonstrated in references herein. These equations were solved using the finite-difference MARS

model, with implicit alternate direction time-stepping for gravity-driven inertia waves. Non-linear

terms were discretized semi-implicitly. Full details concerning the MARS algorithm are given by

Lazure and Dumas (2008). The model used here involved a nesting strategy, starting from a broad

region covering the entire North-West European continental shelf (with a 5.6-km grid resolution)

down to a detailed domain covering the whole English Channel with a mesh size of 500 m. It

accounted for real releases, tide and meteorological forcing to simulate instantaneous currents with

a mean time step of 60 s. Real wind data were provided by Météo France and corresponded to the

outputs from the European Centre for Medium-Range Weather model (The ERA-Interim reanalysis,

2011). Tide conditions were provided according to Lyard et al. (2006). The bathymetry was estimated

from various data sources with the method described in Bailly du Bois et al., (2005). Because the

English Channel is shallow, the concentration is already homogeneous in the water column as close

as 1 500 m from the outlet (Bailly du Bois et al., 2020) which supports the use of a 2D model. Short-

to long-term extensive validation of the model was carried out by model/measurements comparison

as described in Bailly du Bois et al., (2005, 2012, 2020). The releases fluxes from the RP were

described and given available in Bailly du Bois et al., (2020) and radioactive decay was implemented

in the calculations.

2.3 Data processing

2.3.1 Building the corresponding time-series in seawater with the MARS-2D hydrodynamic model

For each radionuclide, the MARS-2D hydrodynamic model was used to calculate the radionuclide

concentrations in seawater in the English Channel with a space and time resolutions of 500 meters

and 60 sec, respectively.. The calculated seawater concentrations were taken every 12 hours each

day at 0h and 12h. When radionuclide discharges were only known as monthly amounts (C14, I129),

the accuracy is lower, the space resolution was only 1 500 meters and the calculated concentrations

were taken every 24 hours at 0h. The time-series concentration in seawater at the closest mesh to

the biota sampling location was finally extracted from the 2D calculation results.

For C14, a constant background value for natural and other sources (fallouts from past atmospheric

nuclear weapon tests) of 6.9 Bq.L-1 was taken, corresponding to 249 Bq.Kg-1 C in seawater dissolved

inorganic carbon (DIC), according to Muir et al., (2017).

For Cs137, a background value in the English Channel must also be added to account for the

contribution of other sources of Cs-137 than the discharges from the RP. This background includes

the fallouts from past nuclear weapon tests as well as Chernobyl accident and the contribution of

discharges from Sellafield nuclear facilities (Irish Sea, UK). The potential contribution of dissolved

radionuclide inputs coming from the Irish Sea and upstream of the general water mass flow from

West to East in the English Channel was previously estimated by Bailly du Bois et al., (1995; 2002).
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This involved around 1% of discharges from Sellafield which was recently confirmed by Castrillejo et

al., (2020). The annual background values from 1966 to 2016 are given in the supplementary

material.

For H3, the background level at the western entrance of the English Channel ranged between 0.07

and 0.33 Bq.L-1 (Oms, 2018). It was considered negligible with respect to the levels around the

Cotentin Peninsula (5 – 15 Bq.L-1 ? Fiévet et al., 2020). So, except for Cs137 and C14, no background

correction was added to the seawater activity concentrations calculated by the MARS-2D model.

It should be pointed out that for mobile species (i.e. scallops, crustacean, fish …) the level of

seawater concentration exposure was obviously a source of uncertainty due to seawater dispersion

process. To attempt to reduce this bias, seawater concentrations were estimated as an average of 7 x

7 mesh (3.5 Km x 3.5 Km, centered on the theoretical sampling location). The averaging of 7 x 7 mesh

was set arbitrarily for all mobile species though they may have various mobility behaviors.

In the cases of I129 and Co60, the distance (Km) between the outlet of the RP and the sampling

locations were estimated as broken lines following average residual trajectories derived from Fiévet

et al., (2020). There are indicated in parenthesis in the tables of the Results section as appropriate.

2.3.2 Deriving the values of CF and tb1/2 from datasets

The values of the transfer parameters CF (steady state) and the biological half-life tb1/2 were derived

from times-series concentration in seawater and the biota as described in details in Fiévet and Plet,

(2003). The time-series concentration in seawater was provided with a 12h (or 24h) periodicity so the

calculated time-series in the biota had the same time resolution. The dynamic transfer model

between seawater and the biota is implemented as eq. 3:

s(i) = a.s(i-1) + b.e(i) eq. 3

e(i) = activity concentration in seawater calculated by the MARS-2D hydrodynamic model at step i (T =

calculation time step, so time = i.T, which means every 0.5 or 1 day)

s(i) = activity concentration in the biota calculated by the transfer model at step i.

CF(steady state) = b/(1-a) (the concentration factor, as in eq. 1)

kp = radioactive decay (d-1) for the Rn of interest

kb = -Ln(a)/T-kp (d-1)

tb1/2 = Ln(2)/kb (d) the biological half-life of the Rn for the biota of interest

It was then possible to compare the calculated and the observed values in the biota. Minimizing the

residual between the two allowed estimating the optimal values of CF and tb1/2. Two parameters (Rc

and R) were calculated for each biota individual observation (Obs) and its corresponding value

calculated by the transfer model (Mod), as described in Fiévet et al., 2017.

If Mod < Obs then Rc = 1 – Obs/Mod else Rc = Mod/Obs - 1

The Rc value equals 0 when Mod and Obs exactly match, otherwise Mod and Obs were compared

using their ratio yielding a relative residual. An absolute residual would have weight depending on

the level but a relative residual can be compared for any observation whatever the radionuclide, the

level, the time and so on. A histogram of Rc values could then be plotted with negative values

corresponding to underestimation by the model and positive values to overestimation. Rc values

histogram was expected to be centered as close as possible to 0 and symmetrical.

To further qualify the analysis of the relative residual, R was calculated as

R = Max [Obs/Mod; Mod/Obs]
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R equals 1 when Mod and Obs exactly match. It is also a relative residual which can be compare for

all observations in this study. The distribution of R values visualized as a histogram characterized the

factor by which the model and the observations mismatched (whether the model under- or over-

estimated). Minimizing the mean of the R values (R≥1) was a fitting criterion used here for 

determining the model parameters. Besides, the cumulative percentage of the distribution of R

values allowed estimating the probability of the model mismatching by less than any factor.

R and Rc were also used in examples as criteria for model sensitivity analysis upon the parameters

values.

For each analyzed dataset, the values of R and Rc were reported to score the residual between the

MARSD-2D / Dynamic Transfer Model linked modelling and the observed values in the marine

environment. Rmean and R95 (cumulative % = 95%) were given to account for the average mismatch

factor and that of 95% observations, respectively. Rc median value (Rc50) gave the relative residual

(positive or negative) between Mod and Obs (in %) for half the observations. The same scoring was

reported for datasets merged by biota group.

3 Results

Two complete examples of dataset processing and results are presented for illustration purpose.

Then the results from the entire database are sorted in tables by radionuclide and biota.

3.1 Examples of dataset processing

Dataset #24: Sb125 in the brown algae Fucus vesiculosus (bladder wrack) from Diélette illustrated the

data processing in the context of a sessile species. Antimony was previously used as a tracer of

soluble liquid discharge from the RP (Bailly du Bois et al., 1995).
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Figure 2: Dynamic transfer modelling of Sb125 between seawater and Fucus vesiculosus at Diélette
(Figure 1). Top: Activity concentration in seawater calculated by the hydrodynamic model. Mid;
Activity concentration observations (triangle symbols) and calculated by the transfer model (solid
line) with CF = 56 L.Kg-1 and tb1/2 = 23 d. Bottom: Scoring of the overall modelling performance with
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the distribution of the residual R and Rc values (see methods). Left: Histogram and cumulative
percentage of R values. Right: Histogram and cumulative percentage of Rc values.

Minimal value of Rmean was obtained with CF = 56 and tb1/2 = 23 d. Scoring the reliability of the
model showed that the average mismatch ratio R between the predicted values (Mod) and the
observations (Obs) was 1.47 and <2.8 in 95% of the 57 observations. The histogram of Rc values was
centered on -0.01, which meant a trivial underestimation by 1%.

Dataset #68: Cs137 in round fish from the North Cotentin (data provided by ORANO) illustrated the

data processing in the particularly challenging context of a mobile species, with high uncertainty on

the seawater exposure levels. Geographical coordinates of the center of the sampling location were

set to 1.60148 E; 50.20049 N (Figure 1) and seawater concentrations were estimated by averaging

the values calculated by MARS-2D in a 3 500 m x 3 500 m area centered on that location.
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Figure 3: Dynamic transfer modelling of Cs137 between seawater and round fish caught at the 'North
Cotentin' location (Figure 1). Top: Activity concentration in seawater calculated by the hydrodynamic
model on the basis of liquid discharges from the RP. Shaded area: annual background level (see
Section 2.3.1). Mid; Activity concentration observations (triangle symbols) and calculated by the
transfer model (solid line) with CF = 57 (L.Kg-1) and tb1/2 = 71 d. Bottom: Scoring of the overall
modelling performance with the distribution of the residual R and Rc values (see section 2.3.2). Left:
Histogram and cumulative percentage of R values. Right: Histogram and cumulative percentage of Rc
values.

Minimal value of Rmean was obtained with CF = 57 and tb1/2 = 71 d. Scoring the reliability of the

model showed that the average mismatch ratio R between the predicted values (Mod) and the

observations (Obs) was 1.21 and <3.9 in 95% of the 239 observations. The histogram of Rc values was

centered on +0.03, which meant a small overestimation by 3%. The histogram tails accounted for

outliers out of the class ranges with R values up to 6.9 and Rc values spanning from -4.0 to +5.9. The

cumulative % curves show that these outliers accounted for less than 5% observations.

R and Rc residual metrics provided an opportunity to carry out a sensitivity analysis of the values of

the transfer parameters (CF and tb1/2). The focus was put on tb1/2 because the up and down shift of

the calculated signal in biota directly depending on the value of CF was expectedly linear (data not

shown; see discussion section 4.1). However, with the two examples shown above (sessile and

mobile species), the R and Rc values were calculated with a range of tb1/2 values to illustrate

graphically the influence of tb1/2 changes on the modelling performance.
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Figure 4: Sensitivity analysis of the modelling performance on the value of tb1/2. Dependence of R
(left axis; R mean: filled; R95: open diamonds) and Rc 50% (right axis; filled triangle) on the value of
tb1/2. Left panel: Sb125 in seaweed from Figure 2; right panel: Cs137 in fish from Figure 3. Left and
right axis were broken to zoom on lower values of R mean and Rc50% on lower panels. The vertical
arrows point at the optimal value retained for tb1/2 corresponding to the combination of a minimal
value of Rmean and a value of Rc50% close to zero.

In the case of Sb125 in Fucus vesiculosus (Figure 4, Left), the minimal value of R mean was used to

select the optimal value of tb1/2 of 23 days because the corresponding Rc50% value was close to zero.

In the case of Cs137 in fish (Figure 4, right), with the high uncertainty related to mobile species,

Rmean leveled off after it reached a minimal value. The Rc50% close to zero criterion was used to

select the optimal value of tb1/2 of 71 days.

3.2 Results for each individual dataset

The radionuclides were classified in two groups as soluble and non-soluble, as previously described in

the context of discharges from the RP in the marine environment in the English Channel (Fiévet et al.,

2020). Soluble radionuclide spread out through water currents and their potential transfer to other

compartments (biota and/or sediment) has little quantitative consequence on their concentrations in

seawater.

Values of tb1/2 in parenthesis indicate that the dataset was not used to derive this parameter.

However, tb1/2 was set arbitrarily, on the basis of its value derived from other similar datasets (see

Discussion section).

Soluble radionuclides: H3, C14, Sb125, I129 and Cs137 were included in this category because they

were expected to be soluble. We are aware that, due to its less soluble behaviour, previous Cs137
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discharges potentially remobilized from sediment could interfere with hydrodynamic dilution of

actual discharges.

Table 1: CF and tb1/2 values derived for each individual dataset (Rn, species) and scoring results of the
model for soluble radionuclides. The first occurrence of species names are preceded with a letter in
parenthesis indicating the biota group (a: macroalgae; m: mollusk; c: crustacean; f: fish). CF values
are expressed in L.Kg-1 except for H3 (see Methods) and tb1/2 values are in day.

Rn (Grp)biota nb Obs CF tb1/2 Rmean R95 Rc50(%) dataset #

H3 (HTO) (a)Fucus serratus 38 0.9 0.3 1.4 2.9 +8.6 1

Fucus serratus 31 0.9 0.3 1.5 2.0 +8.3 2

(a)Laminaria digitata 37 0.9 0.3 1.4 3.2 +3.8 3

(m)Patella sp 11 0.9 0.3 1.5 2.9 +5.0 4

Patella sp 26 1.0 0.3 1.4 2.0 +2.5 5

H3 (OBT) Fucus serratus 37 0.9 120 1.2 1.7 -1.3 6

Fucus serratus 31 0.9 110 1.3 2.2 +1.7 7

Fucus serratus 10 0.9 (120) 1.2 1.6 +0.0 8

Laminaria digitata 37 1.0 111 1.2 1.6 -0.8 9

Patella sp 9 1.0 195 1.1 1.5 -2.5 10

Patella sp 26 0.9 183 1.1 1.3 +6.7 11

Patella sp 5 1.0 (120) 1.3 2.2 +5.0 12

C14 Fucus serratus 36 3 454 56 1.1 1.3 +0.0 13

Fucus serratus 27 3 532 42 1.04 1.1 -0.4 14

Patella sp 28 4 090 108 1.02 1.1 +1.8 15

Patella sp 26 3 993 87 1.02 1.1 +0.0 16

Patella sp 8 3 127 (120) 1.03 1.1 +0.0 17

(m)Mytilus edulis 32 2 512 84 1.03 1.1 +0.0 18

(c)Homarus vulgaris 7 4 353 45 1.1 1.2 -3.8 19

Homarus vulgaris 6 3 601 (45) 1.1 1.4 +0.0 20

(f)Solea solea 8 4 675 (120) 1.1 1.2 +0.0 21

Sb125 Fucus serratus 87 10 49 1.5 2.7 -0.5 22

Fucus serratus 48 13 (50) 1.5 2.4 -2.0 23

(a)Fucus vesiculosus 57 11 23 1.5 2.8 -2.5 24

Patella sp 77 13 (60) 1.6 2.8 +6.3 25

Patella sp 79 8 (60) 1.5 2.9 -2.8 26

Patella sp 71 7 61 1.6 3.4 +0.6 27

(m)Pecten maximus 27 13 (30) 1.7 2.8 -5.0 28

Pecten maximus 18 8 (30) 1.4 2.9 +10 29

Mytilus edulis 46 3 (30) 1.6 2.6 +5.0 30

(m)Crassostrea gigas 28 3 (30) 1.6 2.9 +5.0 31

(c)Cancer pagurus 20 5 116 1.5 2.4 +3.3 32

Cancer pagurus 73 11 138 1.6 2.8 +1.0 33

I129 Fucus serratus (6 Km) 31 9 523 (20) 1.6 2.9 -1.7 34

(dist./ Fucus serratus (6 Km) 63 11 783 17 1.5 2.3 -1.3 35

outlet, Fucus serratus (6 Km) 34 11 264 17 1.3 1.8 +0.0 36

Km) Fucus serratus (12 Km) 6 4 948 (14) 1.2 1.6 +0.0 37

Fucus serratus (45 Km) 10 5 814 22 1.4 2.1 +0.0 38

Fucus serratus (42 Km) 10 4 365 (14) 1.6 2.4 +0.0 39
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Laminaria digitata (6 Km) 40 38 210 (14) 1.6 2.7 +3.3 40

Laminaria digitata (27 Km) 4 25 292 (14) 1.4 2.3 -2.5 41

Cs137 Fucus serratus 95 27 14 1.3 1.9 -0.4 42

Fucus serratus 34 29 30 1.2 1.8 +1.4 43

Fucus serratus 122 27 29 1.3 1.9 -0.8 44

Fucus serratus 98 22 30 1.4 2.3 +0.7 45

Fucus vesiculosus 87 30 30 1.3 2.1 -1.2 46

Fucus vesiculosus 87 26 30 1.4 2.1 -0.6 47

Patella sp 94 17 88 1.8 4.5 +1.3 48

Patella sp 33 11 30 1.3 1.8 -1.3 49

Patella sp 40 21 60 1.6 3.0 +3.3 50

Patella sp 52 18 50 1.5 2.4 +6.0 51

Patella sp 108 13 52 1.8 3.7 +0.0 52

Patella sp 86 11 55 1.7 3.1 +5.6 53

Mytilus edulis 67 12 30 1.8 3.8 +5.8 54

Mytilus edulis 51 20 40 2.4 5.0 +15 55

Mytilus edulis 63 8 72 1.7 2.8 +5.0 56

(m)Buccinum undatum 26 24 86 1.4 2.0 -4.0 57

Pecten maximus 39 20 21 1.8 4.5 +7.5 58

Pecten maximus 75 22 21 1.8 3.1 +8.7 59

Crassostrea gigas 36 10 46 1.5 2.1 +0.0 60

Cancer pagurus 86 23 60 1.6 2.7 +4.0 61

Cancer pagurus 103 23 60 1.4 2.0 -0.4 62

Cancer pagurus 14 27 30 1.6 2.8 +10 63

Homarus vulgaris 21 19 55 1.3 1.9 +6.3 64

(f)Flat fish 142 91 74 1.8 3.6 -4.2 65

Flat fish 98 85 45 1.2 2.9 +8.6 66

(f)Round fish 209 91 60 1.4 3.0 +1.5 67

Round fish 239 62 71 1.2 3.8 +8.7 68

(f)Labrus bergylta 22 86 75 1.6 2.6 -3.3 69

(f)Trisopterus luscus 9 54 59 1.5 2.2 -2.5 70

Trisopterus luscus 14 110 72 1.9 5.0 +10 71

(f)Scyliorhinus canicula 15 102 75 1.7 3.0 +25 72

(f)Scyliorhinus stellaris 16 160 75 1.9 3.0 -20 73

(f)Conger conger 19 69 55 1.4 2.2 +1.7 74

Though they can be considered as non-soluble, some radionuclides were worth investigating anyway

(see discussion section).

Table 2: CF and tb1/2 values derived for each individual dataset (Rn, species) and scoring results of the
model for non-soluble radionuclides. CF values are expressed in L.Kg-1 and tb1/2 values in day.

Rn (Grp)biota nb Obs CF tb1/2 Rmean R95 Rc50(%) dataset #

Mn54 Fucus serratus 75 2 69 122 1.7 3.2 +0.8 75

Fucus vesiculosus 44 1 600 (120) 2.4 6.0 -4.0 76

Pecten maximus 24 1 300 107 1.7 3.3 +0.0 77

Pecten maximus 38 1 300 (120) 1.9 3.6 +0.0 78

Cancer pagurus 13 1 800 240 2.3 5.0 +5.0 79
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Co60 Fucus serratus (6 Km) 89 1556 128 1.4 2.0 -1.3 80

(dist./ Fucus serratus (6 Km) 35 2183 (14) 1.6 2.7 +3.8 81

outlet, Fucus serratus (12 km) 113 2261 95 1.4 2.3 +4.5 82

Km) Fucus serratus (45 Km) 104 536 (120) 1.4 2.7 -0.9 83

Fucus vesiculosus (12 km) 88 1683 95 1.4 1.9 +0.9 84

Fucus vesiculosus (45 Km) 89 434 (120) 1.4 2.4 -1.7 85

Patella sp (6 Km) 129 619 30 1.7 3.2 -0.6 86

Patella sp (6 Km) 65 450 60 1.4 2.0 -2.8 87

Patella sp (12 Km) 92 435 30 1.6 2.8 +1.0 88

Patella sp (45 Km) 128 158 60 2.1 5.0 +5.5 89

Patella sp (15 Km) 126 406 60 1.9 4.5 -0.8 90

Patella sp (42 Km) 125 299 60 1.7 3.4 +5.4 91

Buccinum undatum (18 Km) 114 714 120 2.2 3.4 -3.6 92

Mytilus edulis (18 Km) 53 430 60 1.8 3.7 -1.3 93

Mytilus edulis (34 Km) 67 225 60 1.9 3.2 -17 94

Mytilus edulis (82 Km) 180 57 60 1.8 6.0 +0.0 95

Crassostrea gigas (82 Km) 151 89 140 2.0 4.5 +2.9 96

Pecten maximus (18 Km) 11 571 140 2.9 6.0 +2.5 97

Pecten maximus (34 Km) 98 677 140 1.5 2.6 +2.0 98

Cancer pagurus (18 Km) 273 492 30 1.7 2.7 +2.8 99

Cancer pagurus (2 Km) 17 1848 30 2.0 6.0 -1.7 100

Cancer pagurus (34 Km) 221 889 30 1.8 3.9 +0.3 101

Homarus vulgaris (42 Km) 18 621 30 2.7 3.8 +5.0 102

Flat fish (misc. sp.) (18 km) 40 138 60 1.8 3.5 +3.3 103

Flat fish (34 km) 28 36 60 3.0 6.0 +0.0 104

Round fish (misc. sp.) (18 km) 104 90 60 2.2 5.0 +2.2 105

Round fish (2 km) 48 133 60 3.0 6.0 +0.0 106

Round fish (34 km) 49 32 60 3.0 6.0 +2.5 107

Zn65 Fucus serratus 39 8579 95 1.6 4.5 -1.7 108

Patella sp 52 9473 53 1.7 3.1 +4.0 109

Patella sp 29 6869 38 2.5 5.0 +7.5 110

Patella sp 17 3097 (60) 1.3 1.9 +5.0 111

Crassostrea gigas 53 9903 (60) 1.7 3.4 -9.0 112

Cancer pagurus 59 13953 (60) 1.9 4.0 -0.8 113

Ru106 Fucus serratus 63 93 60 1.8 2.4 -0.8 114

Fucus serratus 99 89 25 1.6 3.0 +3.6 115

Fucus serratus 81 21 58 1.7 3.4 +6.4 116

Fucus vesiculosus 53 53 41 1.6 3.4 +1.3 117

Fucus vesiculosus 43 13 30 1.7 3.3 -5.0 118

Patella sp 122 142 53 1.8 5.0 +3.1 119

Patella sp 42 75 60 1.9 3.7 +0.0 120

Patella sp 110 120 60 2.5 5.0 +0.0 121

Patella sp 14 63 158 1.7 4.5 +6.7 122

Patella sp 124 98 92 1.8 3.7 +8.6 123

Patella sp 59 14 60 1.7 3.8 +1.3 124

Patella sp 111 78 60 1.7 3.9 -1.9 125

Mytilus edulis 12 81 40 1.6 2.5 +20 126
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Mytilus edulis 160 36 77 2.0 4.5 +14 127

Buccinum undatum 71 340 60 2.1 6.0 -3.0 128

Buccinum undatum 10 74 60 1.8 3.7 +0.0 129

Pecten maximus 43 249 85 1.7 3.0 -1.0 130

Pecten maximus 84 148 60 1.7 3.4 -1.3 131

Pecten maximus 11 375 60 2.8 6.0 -5.0 132

Crassostrea gigas 82 24 60 1.7 3.5 +5.0 133

Cancer pagurus 15 175 14 1.6 2.6 +11 134

Cancer pagurus 120 85 14 2.2 5.5 +5.0 135

Cancer pagurus 8 2 14 1.4 2.2 +0.0 136

3.3 Apparent CF change with distance to the source of input

In the case of iodine-129 in brown seaweed, though the CF is supposed to be independent of

location, a clear apparent decrease of estimated CF values with distance from the source of input

was observed. This apparent decrease with distance is addressed in the Discussion section.

Figure 5: Apparent changes in I129 CF values in brown macroalgae (symbols) with distance from the
outlet of the RP. Dashed lines correspond to exponential decrease functions (that should not be
extended further, see Discussion).

In the case of cobalt-60, though the reasons may be different from iodine-129, a clear apparent

decrease of estimated CF values with distance from the source of input was also observed. Likewise

Iodine-129 in seaweed, this apparent decrease is addressed in the Discussion section.
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Figure 6: Apparent changes in Co60 CF values (symbols) in the four biota groups (macroalgae,
mollusk, crustacean and fish) with distance from the outlet of the RP. Dashed lines correspond to
exponential decrease functions (that should not be extended further, see Discussion) with a D1/2 = 20
Km.

3.4 Recommendations by biota group

Table 3: CF and tb1/2 values derived from merged datasets by biological groups and scoring results of
the model for soluble radionuclides. * IAEA TRS-422, (2004).

Rn biota group (IAEA CF*) nb Obs CF tb1/2(d) Rmean R95 Rc50(%)

H, biota Macroalgae (1) 106 1.0 0.3 1.5 2.5 +22.9

water Mollusc (1) 37 1.0 0.3 1.5 2.7 +11.7

H, organ. Macroalgae (1) 115 1.0 120 1.3 1.8 +12.3

bound Mollusc (1) 40 1.0 150 1.2 1.5 +20.9

C Macroalgae (10 000) 69 3 500 45 1.1 1.3 -0.8

Mollusc (20 000) 98 3 800 90 1.1 1.3 -0.6

Crustacean (20 000) 13 4 200 45 1.1 1.4 +1.7

Fish (20 000) 8 4 600 (120) 1.1 1.2 +0.0

Sb Macroalgae (20) 192 11 45 1.5 2.7 +6.3

Mollusc (300) 346 8 45 1.9 4.5 -2.6

Crustacean (300) 93 10 120 1.7 2.9 +8.8
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I** Macroalgae (10 000) 199 20 000 14 (2.3 5.5 +46)

Wrack 154 12 000 20 1.5 2.8 +4.7

Kelp 45 43 000 14 1.6 2.8 +1.7

Cs Macroalgae (50) 523 28 30 1.4 2.2 +3.8

Mollusc (60) 737 16 60 2.0 4.5 +3.0

Crustacean (50) 224 22 60 1.5 2.3 +7.7

Fish (100) 783 75 75 1.8 3.7 +7.3

For I129(**), an arbitrary exponential decrease in bioavailability with distance (half-distance of

40Km) was implemented to account for the apparent change in CF value with distance from the

source of input (see section 3.3). The scoring results depended on the proportion of wrack and kelp

species for which the macroalgae CF value of 20 000 yielded over- or under-estimation, respectively.

Table 4: CF and tb1/2 values derived from merged datasets by biological groups and scoring results of
the model for non-soluble radionuclides. * IAEA TRS-422, (2004).

Rn biota group (IAEA CF*) nb Obs CF tb1/2(d) Rmean R95 Rc50(%)

Mn Macroalgae (6 000) 143 2 200 120 3.7 9.4 -1.0

Mollusc (50 000) 63 1 400 100 1.9 3.7 +3.8

Crustacean (5 000) 15 1 800 240 2.3 5.0 +5.0

Co*** Macroalgae (6 000) 518 2 400 120 1.5 2.5 -0.6

Mollusc (20 000) 1339 900 90 2.3 5.5 -1.9

Crustacean (7 000) 529 1 300 30 2.3 5.0 +2.8

Fish (700) 269 200 60 2.5 6.0 +6.1

Zn Macroalgae (2 000) 39 8 500 90 1.6 4.5 -1.7

Mollusc (80 000) 148 8 500 60 2.0 4.0 +0.0

Crustacean (300 000) 59 14 000 60 1.9 4.0 +7.5

Ru Macroalgae (2 000) 339 60 45 2.7 6.0 +20

Mollusc (500) 1055 100 60 3.1 6.0 +12

Crustacean (100) 143 90 14 5.2 6.0 +6.3

For Co60 (***), an arbitrary exponential decrease in bioavailability with distance (half-distance of 20

Km) was implemented to account for the apparent change in CF value with distance from the source

of input (see section 3.3).

3.5 Overall reliability scoring of the model

An overall scoring of the modelling performances was finally performed by merging all R and Rc

values from all datasets (radionuclide/species/location). A nested donut chart visually indicated the

relative weights of radionuclides and biota groups in this overall scoring. Histograms and cumulative

percentages of R and Rc provided a distribution analysis of these scores. Altogether, the 136 datasets

included 8241 individual observation data compared to their corresponding values calculated by the

model (Figure 7). The R and Rc values were calculated with 1- optimal transfer parameters derived

from each individual dataset fitting (Section 3.2) and 2- transfer parameters values recommended for

biota groups (Section 3.4). In the first case (optimal individual datasets fitting), Rmean = 1.71, R50

(median) = 1.41, R95 < 3.4 and Rc50 = +5.5%. When using transfer parameters values recommended

for biota groups, a slight decrease in the modelling performance was expectedly observed with

Rmean = 2.13, R50 = 1.54, R95 < 5.0 and Rc50 = +9.5%. In both cases, the positive values of Rc50
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meant a slight overestimation by the model which guaranteed conservative results as regards

radioprotection. Outlier R values greater than 5 accounted for less than 5% (4.64%) of observations,

they distributed evenly outside the [-4..4] range of Rc.

Figure 7: Summary of overall scoring of the model performances based on the distributions of all
residual R and Rc values (see section 2.3.2). Top-left: Donut graph showing the relative contributions
of biota groups (Outer: A macroalgae; M mollusk; C crustacean; F fish) per radionuclides (inner) to
the total 8241 observation data. Top-Right: Histogram and cumulative percentage of R values.
Bottom: Histogram and cumulative percentage of Rc values. R and Rc scored the model with the
individual datasets or biota groups optimal parameters for comparison (see text section 3.5).

4 Discussion

4.1 Estimation of the transfer parameters values

The values were selected using the following procedures. A first "brutal" residual minimization as

described in section 2.3.2 was carried out as a first step to estimate CF and tb1/2 values. The

estimation of CF values was quite robust because a vertical shift of the model directly resulted from

changes in the value of CF. Minimizing the residual mathematically constrained a good match of the

general level of the model signal to the observation dataset. The CF value was relevant but in some

cases this yielded a very long tb1/2 value (>> 100 y). It resulted in a flat smoothed calculated signal

across scattered observation data in the biota and was not realistic. As a second step, a focus was

made on parts of the dataset where the signal in seawater displayed large magnitude changes

because in such case, the changes in biota are very sensitive to the value of tb1/2. For example, a large
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and long lasting increase/decrease in biota concomitant to that in seawater was focused on to

constraint the estimation of tb1/2 value. This second step was performed visually and rounded values

of tb1/2 were taken. More accurate values would not make sense because of high data scattering as

illustrated in the examples in section 3.1. Once those constrained values of tb1/2 were chosen and

fixed, the CF values were further adjusted by minimizing the residual. Finally, there were some cases

where the number of data was small or the time intervals between observations were too long to

estimate tb1/2 accurately and the value was arbitrarily set on the basis of similar dataset analysis

(same radionuclide and biota). Because of the data variety and scattering as well as uncertainties

(with mobile species for example), there was no universal calculation method to be used

systematically and blindly to derive the parameters values in every cases. Some "fitting by eye" was

obviously necessary to drive the estimation, especially tb1/2. For this reason, it was essential to

provide some scoring of the model's reliability which supported the relevancy of the parameters

values proposed in this paper. These were the purposes of R and Rc residual calculations.

4.2 Performance of the transfer model

The R and Rc residuals between the model and observations described in section 3.1 served two

objectives. R was used as a residual minimizing criterion (R≥1; 1 meant perfect match) and Rc median 

(Rc50 in %) was kept as close to 0 as possible (R=0 meant perfect match). When optimal R yielded an

Rc50 value below -10%, CF was raised (which could slightly increase R) to prevent too much under-

estimation by the model because this would potentially yield non-conservative results. A sensitivity

analysis of the model performance on the derived values of tb1/2 was carried out by using R and Rc

values as shown at the end of section 3.1. It illustrated how both R and Rc residual metrics combined

to yield optimal transfer parameters values. The second objective of R and Rc was to document the

reliability of the model's prediction. R indicated the mismatch ratio between the model and the

observations (lower or greater), it was reported as its average (Rmean) and its value for 95% of

observation data (R95). The R95 value provided an estimate of the overall reliability of the model. For

soluble radionuclides, R95 was found up to 5 but usually lower than 3. This scoring of 3 is outstanding

because it meant that for almost all (95%) individual observation data, the model estimations

mismatched by less than a factor 3. It should be reminded that the only radionuclide input data in

the model were the discharges from the reprocessing plant. The radionuclide concentrations in

seawater at any location and date in the English Channel were calculated by the hydrodynamic

model MARS-2D (Bailly du Bois et al., 2012, 2020). Then the concentrations in biota were derived

from the concentrations in seawater by the dynamic transfer model (Fiévet et al., 2003) using the

proposed parameters CF and tb1/2. All sources of variability and uncertainties included in this

calculation chain typically resulted in only a factor 3 mismatch. Except for Mn in macroalgae where it

reached 9.5, R95 stayed lower or equal 6. When merging residual R and Rc values from all 8241

observation data and their corresponding values predicted by the model with CF and tb1/2

parameters recommended for biota groups, the mismatch stayed lower than a factor of 5 (R95) with

a median (R50) of 1.54 (Section 3.5). These score values supported the performance of the overall

modelling of dispersion in seawater of radionuclide discharges by the RP and their transfer to biota

with only the discharges data as the input.

4.3 Non-soluble radionuclides

Although still acceptable, the performances of the model were obviously degraded when dealing

with non-soluble radionuclides. By definition non-soluble radionuclides disappear from the water

column more or less rapidly by sedimentation which potentially influences their bioavailability. Non-

soluble radionuclides associate with particulate material and the smaller the particles, the higher

their affinity. Previous radionuclide discharges trapped in sediment may return to the water column

by resuspension. But since the amounts of most liquid radioactive discharges from the RP has
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substantially declined since the 80' (https://www.orano.group; Fiévet et al., 2020), the influence of

radionuclide potentially remobilized from the sediment compartment increases relatively with

respect to that of recent discharges. Moreover, the isotopic signature of remobilized discharges may

be different from that of recent ones. The contribution of this secondary sources of radionuclides

occurs through a partial return to the water column as well as contamination by particulate material

sticking to protective mucus or in the digestive tract (if present) by marine species. The influence of

this secondary source of radionuclides results in a potential disconnection of the levels of non-

soluble radionuclides in biota time series measurements from concomitant discharges. In recent

observations (mid 2010'), the levels of these radionuclides in biota could not be quantitatively

related to concomitant discharges from the RP (Fiévet et al., 2020). Interestingly, they appeared to

follow the seasonal cycle of seawater mineral suspended matter in the English Channel (Gohin, 2010;

Rivier, 2013). In our previous review on the dispersion and transfer to biota of radioactive discharges

from the RP in the English Channel, we identified Co60 and Ru106 in this category (Fiévet et al.,

2020). In this study, radionuclides concentrations in seawater were calculated by the hydrodynamic

model (as if they were soluble). For non-soluble radionuclides, the resulting calculated

concentrations were thus likely to be overestimated. The further from the source of input, the bigger

the discrepancy between the real concentrations in seawater and those calculated by the MARS-2D

model. So, why address non-soluble radionuclides in this study? Datasets #75 to #136 included rich

time-series measurements for Mn54, Co60, Zn65 and Ru106, many of which starting in the 80'. By

this time radioactive discharges were relatively higher so the contribution of the sediment

compartment was not as dominant as in the 2010' (Fiévet et al., 2020). Even though the contribution

of suspended material was sometimes visible by seasonal oscillations around the trend of the signal,

the time series spanned over the general decline in the discharges. As explained above (section 4.1),

a long lasting negative trend of the signal in seawater was particularly well fit to estimate tb1/2 in

biota. So these datasets for those non-soluble radionuclides were tentatively investigated and

scoring the model performance through R and Rc relative residual values assessed their relevancy.

For individual datasets (#75 to #136) Rmean eventually exceeded 2.0 whilst R95 often exceeded 3.0,

up to 6.0. For biota groups, Rmean occasionally exceeded 3.0 with R95 up to 9.4. Though these

performance scores were not as good as for soluble radionuclides, the reliability of the modelling is

still noteworthy. It should be repeated that the performance scoring covers modelling imperfections

all the way from the amounts of radionuclide discharges, the calculation of seawater activities, down

to concentrations in biota.

4.4 Apparent decrease in CF values with distance from the outlet of the RP

In two particular cases, a decrease in bioavailability with distance from the outlet of the RP was

obvious and was tentatively taken into account. In the case of I129, fitting the observational data

time series of individual datasets #34 to #41 with the model yielded an apparent decrease in CF with

distance from the outlet (this was the reason why distances were added in the table for this

radionuclide). However there was no reason why I129 CF should depend on the location of the

seaweed. I129 is expectedly released by the RP as soluble to mix with natural seawater stable iodine

in order to optimize isotopic dilution. In seawater, dissolved iodine is present as iodate (IO3
-) and

iodide (I-). Although iodate is the spontaneous chemical state of dissolved iodine in seawater because

of pH and redox potential, both chemical forms are present in various proportions (see Wong, 1991;

Hou et al., 2007; Carpenter, 2013, for reviews). For thermodynamic reasons, reduction of iodate into

iodide is not spontaneous in natural seawater and the mechanisms of conversion between iodine

species is still not clear (Hou et al., 2007). However this reaction between iodate and iodide takes

some time to reach a balance, which was estimated around two weeks (Carpenter, pers. Comm.).

The speciation of dissolved iodine in seawater raises 3 questions: 1- What is the chemical form of I-
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129 at the outlet of the RP? 2- Which chemical form of iodine is bioavailable for brown seaweed? 3-

How does the chemical speciation of I129 evolve with time and distance of dispersion from the

source of input? The chemical form of liquid radioactive iodine released by nuclear facilities is not yet

available but it is thought to be as iodide (Hou et al., 2013; Zhang and Hou, 2013). If we assume that

I129 is released in the form of iodide, once introduced in seawater, I129 undergoes the slow

conversion process between iodide and iodate. As far as we know, iodine uptake by brown seaweed

is mediated by enzymes from the family of vanadate-haloperoxydases (Küpper et al., 1998) whose

substrate are halogens in the form of halide (Coplas et al., 1996). An iodine-specific iodoperoxidase

has been identified in Laminaria digitata (Colin et al., 2005) and, as a member of the enzyme family,

its substrate is assumed to be iodide. These answers to the first two questions still require

confirmation and further clarification. However, on the basis of these provisional and partial

answers, it can be proposed that bioavailability of I129 for brown seaweed may disconnect from the

concentrations in seawater calculated by the hydrodynamic model. If I129 is released as iodide-129,

it can be assumed to be fully available for seaweed. But as iodide-129 slowly converts into iodate-

129, it becomes unavailable for seaweed. As distance (and time of dispersion) from the source of

input increases, the gap between I129 bioavailable for seaweed and I129 activity calculated in

seawater by the hydrodynamic model increases. This phenomenon evolves until the isotopic ratios

I129/I127 in seawater iodate and iodide are identical. But the magnitude of the discrepancy depends

on the proportions between seawater iodate and iodide. The chemical speciation of I129 in seawater

and its changes obviously require further investigation. But so far, although I129 is considered as a

soluble radionuclide, the apparent decrease of its CF derived from the observed time series

measurements in brown seaweed with distance from the outlet of the RP was likely to result from a

decrease of seawater I129 bioavailability compared to its activity calculated by the MARS-2D model.

Over-estimating seawater bioavailable concentrations mathematically resulted in under-estimating

CF values and it explained the apparent reduction of CF with distance. This proposed explanation for

I129 CF decrease with distance from the RP is still speculative at this point. Furthermore, the

geographical area of available datasets is limited and long distance data are obviously required to

further characterize the phenomenon. Nevertheless, the aim of this study was to provide

recommendation for transfer parameter values so two values of CF were tentatively proposed for

wrack and kelp. Up to a distance of 50 Km, a correction of seawater concentrations was implemented

as a simple exponential decrease relationship with distance to roughly account for the observed

decreases of CF values with distance from the RP. The relationship were derived from the graphical

representation of CF vs distance and Log[CF] vs Dist. linear regression analysis. CF values were back

extrapolated to distance 0 which yielded 12 000 and 43 000 for wrack and kelp respectively. A value

of 20 000 was proposed for brown macroalgae. The half distance reduction of concentrations (D1/2)

derived from the Log[CF] vs Dist. linear regression analysis yielded similar values of 40 and 35 Km for

wrack and kelp, respectively. The poor number of data points could not justify an accurate value so

D1/2 was rounded to 40 Km as a recommendation for brown seaweed. Moreover, it must be

emphasized that the validity of the exponential decrease was strictly limited to the range of distances

up to 50 Km where the actual observational datasets (#34 to #41) were available. As explained

above, the decrease in I129 bioavailability is expected to level off when the isotopic ratio I129/I127 is

identical in iodide and iodate. The distance (and time) to reach this steady state depends on the ratio

between iodide and iodate but I129 bioavailability is not expected to tend to zero as implemented by

an exponential decrease. Because we lacked long distance observational dataset, we could not

estimate any steady state value and proposed a more realistic decreasing function to account for the

phenomenon beyond 50 Km. Since the proposed CF values were back extrapolated to zero distance,

this meant that all I129 was assumed to be as iodide or at least bioavailable for brown algae. At a

longer distance, if we assume that iodide and iodate are in steady state with an even partition of 1/1
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and that iodate is no more bioavailable, this means that CF values should be divided by 2 because

only half of I129 remains as iodide. I129 transfer to brown seaweed clearly requires to be thoroughly

explored, regarding iodine chemical speciation and at longer distances.

In the case of Co60, fitting the observational data time series of individual datasets #80 to #107 with

the model yielded an apparent decrease in CF with distance from the outlet (likewise I129, the

distances were added in the table for this radionuclide). However there is no reason why Co60 CF

should depend on the location of the biota. Though it has a half-life of 5.27 years, Co60 was

continuously present in the discharges from the plant and it is known to be mainly released as

particulate material (Gaudaire, 1996). It is thus expected to sediment with particulate material, to

disappear from the water column and the further the distance (and thus time of dispersion) the

lower the levels. This phenomenon being not implemented in the calculations by the hydrodynamic

model, seawater concentrations were over-estimated with respect to real values. Over-estimating

seawater concentrations for non-conservative radionuclides mathematically resulted in

underestimating CF values and it explained the apparent reduction of Co-60 CF with distance. This

reduction was clearly pointed out from seawater measurements in Bailly du Bois and Guégueniat

(1999) with an average loss of 96% of the dissolved Co-60 at the scale of the English Channel. The

overall phenomenon includes many complex processes as interactions between Co60 and suspended

matter, particle size, sedimentation of particulate material, sediment resuspension and transport,

potential redissolution of radionuclides from sediment material (return to the water column) and

interactions with biota (adsorbed/ingested). A hydro-sedimentary model accounting realistically for

transport of thin particles mixed with the coarser ones is expected to much better represent the

behavior of Co-60 (Rivier et al., 2017). Likewise I129, a simple exponential decrease relationship was

obviously a rough implementation and very few scattered data points were available to account for

the decline of Co60 concentration in seawater with distance from the RP. Moreover in the absence of

long distance observational time series measurement in biota, the validity of the relationship is

strictly limited to the area of available datasets around the North end of the Cotentin peninsula. The

exponential decrease relationships were estimated from the biota groups' scattergrams of Log[CF] vs

Dist. by linear regression. Recommended CF values were back extrapolated at distance 0 for each

biota group and an average D1/2 value of 19.3 Km was obtained for all four groups. Because of the

very simple mathematical implementation of such a complex phenomenon and the intrinsic

uncertainty on this D1/2 value, it was considered that 3 significant digits would not make sense. In the

context of recommendations of generic parameters for radioprotection modelling purpose, it was

considered that rounding D1/2 to 20 Km was reasonable enough until a more scientific mastering of

non-soluble radionuclides transport in the English Channel is available. Finally, although Co60 is an

example of non-soluble radionuclide for which waterborne transport and transfer modelling from the

discharges to the biota should be taken with caution, the scoring performances obtained in this study

remained acceptable in the restricted geographical area.

For both I129 and Co60, two arguments could be proposed to support this estimation of the values

of D1/2 used in the restricted area: 1 - The estimation of CF values was quite robust as explained in

section 4.1. Though the data are scattered on graphs CF vs Dist., the CF value à Dist. = 0 and the slope

using a rounded value of D1/2 appeared visually realistic (Figure 5 and Figure 6). 2- Since D1/2 was

designed to implement the decrease in concentration of I129 (as bioavailable for brown seaweed)

and Co60 in seawater with distance, it should not depend on the biota. For Co60, the same value of

D1/2 = 20 Km could be used consistently for all biota group, whatever the CF ranges. Interestingly,

Co60 concentrations in biota reported in our recent review around the Channel Islands confirmed

that this radionuclide is detected in seaweed and limpet only at short distance from the outlet of the

RP (Fiévet et al., 2020). For I129, D1/2 distances of 35 Km and 40 Km for kelp and wrack were
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proposed with a satisfactorily scoring of the model performances. However though wrack and kelp

D1/2 values were close enough, the CF values for those two types of brown algae were clearly distinct

and using and intermediate CF value degraded the performances of the model.

4.5 Comparison with CF and tb1/2 values from the literature

The CF values recommended for steady state situations from IAEA TRS 422 (IAEA, 2004) were

reported in Table 3 and Table 4 as an indication for comparison with the CF values derived in our

study. TRS 422 CF values were revised in TRS 479 (IAEA 2014) where updated values were reported

as arithmetic and geometric means, as well as min-max ranges. It should be reminded that those

values (or ranges) were recommended in the context of radioprotection so they are assumed to be

rather conservative. There is an agreement for tritium, which is consistent since the element does

not bioaccumulate in living matter and tritium is discharged in seawater as HTO by the RP (Fiévet et

al., 2013). For the majority of other radionuclides investigated here, our recommended CF values

were lower than those from IAEA TRS 422. For Carbon, our measurement data were obtained in a

context where C14 was discharged by the RP as dissolved inorganic carbon (DIC) (Douville et al.,

2004) and on the basis of the element content in dry organic matter (40-50%), our values for C14 are

consistent with the CF of the stable element and with our previous study (Fiévet et al., 2006). This is

in agreement with the revision of C14 CF values in TRS 479 (IAEA, 2014). For Iodine, our CF value in

wrack was consistent with the value of 10 000 in TRS 422 and the outstanding capacity of kelp to

concentrate this element is a particular case. We raised the issue of I129 chemical speciation in the

marine environment of the RP outlet and we outlined the limited validity of our recommended FC

value within 50 Km from the RP. Although our FC value in wrack was consistent with the value

reported by Gómez-Guzmán et al., (2014) in Kattegat, the fate of I129 released by the ORANO La

Hague RP obviously needs further investigation. For Antimony, our derived CF are below those

reported in TRS 479, this was surprising since the latter were mainly derived from data from IRSN in

the English Channel. This illustrated how the data processing method to derive average CF values was

crucial. For Cs, there were a lot of measurement data available (Figure 7, Donut graph), our CF values

were below those from TRS 422 but a closer look at the most recent updated CF values from TRS 479

showed a good agreement. For Mn and Co, our recommended CF values were below those from TRS

422 but they were still in the wide ranges reported in TRS 479. For Ru and Zn our recommended CF

values were below the ranges of TRS 479. For those four last radionuclides, we expected to face

difficulties when estimating seawater concentration assuming they spread like soluble substances.

Concentrations in the water may have been overestimated which yielded lower CF values, so our

results should be considered cautiously.

Whatever the values of CF, either derived in this study or those expectedly conservative from TRS

422 and TRS 479, the biological half-life values were obviously the main originality of our work. Our

recommended tb1/2 values were designed for operational modelling. As explained in the introduction,

they implement all environmental processes responsible for depuration of the radionuclides from

marine species populations. Comparing our values with those from the literature was challenging,

certainly the reason why no recommendation exists so far. For each radionuclide and biota group,

tb1/2 values gathered in the reviews by Gomes et al., (1991) and more recently by Beresford et al.,

(2015) spanned over very wide ranges. Several radionuclides investigated here were not covered,

(H3, C14) or very little (Sb125). The majority of the tb1/2 were determined in laboratory experimental

conditions. Nevertheless, we can outline a good agreement for Iodine, though different isotopes, a

good agreement for Cs, though no data for crustacean. For Mn, our values in mollusk appear much

longer than determined in laboratory experiments. For Co, there was no data available for

macroalgae but there was a good agreement for other biota groups. For Zn and Ru, our tb1/2 values

were in the wide ranges of the values gathered in the review by Beresford et al., (2015).
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4.6 Validity of the recommended dynamic transfer parameters values as regards the geographical

area

The performances of the model could have been expected to be better for sessile species (i.e. wrack,

kelp, limpet, mussel, oyster) compared to mobile ones (i.e. scallops, crabs, lobsters, fish) because

uncertainty on the location of the animal directly reflected on uncertainty on the activity in seawater

(example: Figure 3). However, except maybe for Co60 in fish, no clear increase in the values of

Rmean and R95 were observed for mobile species. It should be outlined that the English Channel is a

relatively small shallow macrotidal Sea between France and the United-Kingdom, entirely located on

the continental shelf, where mobile local species collected for monitoring are probably confined. The

uncertainty on their location was reflected in the distribution of the residual and did not challenge

the data processing strategy. This suggests that the arbitrary averaging area of 3.5 km x 3.5 km

seawater modelling data for mobile species was a reasonable guess. Migrating species spending only

part of their time in the area may require some adaptation of this modelling like what we proposed

in the context of FDNPP accident (Fiévet et al., 2017).

For soluble radionuclides H3 (as HTO and as OBT), C14, Sb125 and Cs137, there are no reason why

the recommended values of CF and tb1/2 proposed here should not be used elsewhere in the marine

environment, though some issues in very different latitudes cannot be ruled out (intertropical, Arctic

and Antarctic marine environment). For I129, its bioavailability for seaweed is likely to be influenced

by its chemical speciation. An empirical exponential decrease relationship appeared to fit the

observation data and was implemented within 50 Km from the source of input. At a longer distance,

depending on the proportion of I129 which remains bioavailable for brown seaweed, the CF values

should be scaled down accordingly. Nevertheless, the CF value of 10 000 reported by Gómez-Guzmán

et al., (2014) in Fucus from Kattegat (Denmark), far away downstream the outlet of the RP (no other

source of I129 to our knowledge), was consistent with our recommended value. Investigating the

fate of the chemical speciation of I129 released by the RP thoroughly is a prerequisite before we can

consolidate the validity of our transfer modelling in brown seaweed.

For other radionuclides analyzed here, Mn54, Co60, Zn65 and Ru106, the calculation of seawater

activity concentration by the hydrodynamic model was potentially overestimating. This was

particularly salient for Co60 and an empirical exponential decrease relationship fitted the

observation data and was implemented up to 50 Km from the RP. The chemical form of Co60 is

potentially specific of the reprocessing by the RP of ORANO La Hague as the source of input. The

validity of this empirical relationship should be limited to 50 Km from the RP and should not be

assumed for a different nuclear facility which may discharge Co radioisotopes in other chemical

forms. For Mn54, Zn65 and Ru106 there was no particular correction of the calculated seawater data

because there was no obvious decline of the CF values derived from the observation data in biota

with distance from the RP. This did not mean that this bias was not interfering, it only indicated that

it was not depending too much on distance. Furthermore the lower values of the derived CF

compared to those from the literature argue that seawater activity concentrations may have been

overestimated in our procedure. However, we would like to emphasize that if we underestimated

the CF values (because we overestimated seawater levels), this only resulted in a vertical shift of the

signal in biota (along Y-axis) but it did not alter the kinetics. In this case, the derived values for tb1/2

should not have been affected. Again, the operational biological half-life values were the main focus

of our study.

4.7 Perspectives

There is certainly a potential for improvements of the hydrodynamics modelling. A lower resolution,

in 3D with a more accurate implementation of forcing parameters (mainly wind and bottom friction)
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would be likely to change the calculated concentrations. However, we are not sure whether the

residual between the observed and modelled values resulted from erroneous values calculated in

seawater. Except for tritium as body water (HTO), radionuclide biological half-lives generally ranged

in weeks or months. This meant a very strong smoothing of concentrations changes in biota

compared to those in seawater. The two compartments transfer model was obviously a simplification

and many other processes may explain the discrepancy between the observed and the calculated

values. This included compartmentalization of radionuclide in biota, age/size, seasonal cycles, and so

on. Another example was the case of I-129 discharges by the RP which clearly demonstrated a

knowledge gap regarding its chemical speciation which largely overwhelmed the uncertainties on the

hydrodynamics. Nevertheless, except for iodine-129, the actual modelling performances obtained in

the present study was a starting point and it was satisfactory at least for soluble radionuclides.

The model imperfection was obvious for non-soluble radionuclides as illustrated by Co-60. Modelling

the transport of radionuclides associated with particulate material is a next challenge. The realistic

estimation of non-soluble radionuclides concentrations in seawater and in the sediment is a

prerequisite prior to estimating their transfer to biota. Non-soluble radionuclides are candidates as

potential tracers of processes (Rivier et al., 2017) underlying the behavior of non-soluble pollutants

in the marine environment (metals, organic compounds,…). A representation of the observed (ref ?)

seasonal variation of FC between seawater and biota could also be implemented. It is also possible to

build detailed radioecological hydrosedimentary dispersion model accounting for all process involved

in seawater, sediment and biota. This represent a significant scientific and computation investment

but represent a guideline for future studies.
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