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Abstract. Sensitivity analyses have shown major role of foliar transfer for many radionuclides in the context
of radiological impact assessments. A review of the published literature about foliar transfer focusing on
translocation factors was carried out in order to constitute an updated database on one hand and to use the
appropriate existing values of translocation parameters for modeling on the other. Translocation describes
the distribution of radionuclides within the plant after foliar deposition and radionuclide absorption onto the
surface of leaves. It mainly depends on elements and the plant growth stage. The collected data was derived
from both in-field and greenhouse experiments. It was analysed to select those coming from a contamination
simulating sprinkling irrigation or rain.

This work not only allowed us to carry out a diagnosis on the values themselves but also enabled us
to ascertain missing data needs. In order to compensate for the lack of data on important radionuclides
concerning radioactive waste ('?°1, 36Cl, 7Se), experimental studies have been launched.

1. CONTEXT AND DEFINITION

Transfer of radionuclides to plants by sprinkling irrigation with contaminated water in standard
agricultural conditions is usually modelled for radiological impact assessments of radioactive waste
disposals. Ingestion exposures from irrigated agricultural land are often a few times higher than those of
drinking water. The deposition of radionuclides on vegetation and soil represents the starting point for
their transfer in the terrestrial environment and in food chains. Interception is the second parameter
entering the model and is defined as the fraction of a radionuclide deposited by wet deposition
that is initially retained by the vegetation. Although the activity retained is subsequently removed
by weathering to the soil and, the fraction that is initially intercepted is a very important quantity
in all radioecological models. This is because direct deposition may cause relatively high activity
concentrations in feed and foods. Once deposited on vegetation, radionuclides are lost from plants due
to removal by wind and rain, either through leaching or by cuticular abrasion. Translocation describes
the systemic transport of radionuclides in the plant subsequent to foliar uptake. Translocation has no
or very little influence on the long-term-fate of radioactivity in the environment, since it describes only
the distribution of radionuclides within the plant subsequent to foliar deposition and absorption by the
leaves. However, for estimating radionuclide concentrations in foods and for the assessment of doses
to man, the systemic transport of radionuclides is a key issue. It is especially important for plants from
which only specific parts are used as food or feed, such as cereals and potatoes. For plants that are used
whole, such as leafy vegetables or maize silage, translocation is relevant only in that it may reduce the
amount of activity that is lost by weathering processes.

Translocation is the phenomenon leading to the redistribution of a chemical substance, once it has
been deposited on the aerial parts of a plant, to the other parts that have not been contaminated directly.
The direct contamination of plants by radionuclides or toxic elements and their transfer from the foliage
to edible parts depends on many physical, chemical and biological factors [1-4]. Physical factors include
characteristics of the deposition regime and of the contaminants (rain duration, size of particles) and of
the plant (foliage layout, leaf size and cuticular structure). Chemical factors include the speciation of
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the pollutant, water composition and cuticle composition [5, 6]. Biological factors are mainly associated
with the vegetative cycle at the time of the foliar deposit [7—15]. Translocation partly reflects the mobility
of an element within the plant. Its expression and, therefore its meaning, vary among authors. In this
paper it’s defined as the ratio between the activity of the edible part within 1 m? of crops at harvest
time (Bq - m~?) and the foliage activity of 1 m? of crops at the time of deposit (Bq - m~2). This value is
expressed as a percentage (%).

This study examines the translocation factors from published literature in order to constitute an
updated database on one hand and to use the appropriate existing values of translocation parameters for
modeling on the other. This work not only allowed us to carry out a diagnosis on the values themselves
but also enabled us to ascertain missing data needs. With respect to the plant-growth stage at the time
of deposit, only a few authors have been able to describe it precisely. They often limited themselves
to mentioning the time between sowing and contamination or between contamination and harvesting,
rather than the indication of a specific physiological stage. Comparing the results of different authors
becomes, therefore, all the more difficult.

2. CONSTITUTION OF THE DATABASE FOR TRANSLOCATION FACTOR VALUES
ISSUED FROM LITERATURE REVIEW

After examining the entire set of 682 values included in the database, 537 were selected as source
data. The appreciation criteria for selecting the translocation-factor values to be used as the basis
to determining a reference value and a corresponding range of potential variations rely mostly on
the contamination mode of the whole plant. The selected values are those of a deposit that closely
simulates a sprinkling irrigation. Hence, all values resulting from specific contamination processes
(drop deposit on leaves or fruit), which are very distant from conditions likely to occur in agricultural
ecosystems, were discarded. Other values were rejected either because they did not seem to apply
only to translocation (direct contamination of a large fraction on the edible part) or because they were
expressed in inappropriate units that could not be converted due to a lack of information on intermediate
quantities. When the percentage was not mentioned directly in a cited publication, it was calculated on
the basis of available data (biomass at deposit time and crop yield at harvest time, interception factor,
etc.). The translocation-factor values have a dual origin: open-field experiments or greenhouse tests. For
leaf vegetables and grass, translocation is not considered because of contamination mainly by direct
deposition.

3. RESULTS: TRANSLOCATION FACTORS TO VARIOUS PLANT ISSUED
FROM LITERATURE

3.1 Overview

The translocation-factor values are distributed as follows: 66% for grains, 19% for fruit and 15% for
root vegetables. The majority of experiments dealt with Cs and Sr (Figure 1).

Some references are a bit old ([5, 13] ...) and others come from more recent experiments ([16, 17]
...). Some other radionuclides, such as radioisotopes of Mn, Co, Ru and Ce provided between 20 and 40
translocation-factor values, with all plant types taken into account. For all isotopes taken into account,
most translocation-factor values found in the literature concern wheat and barley.

3.2 Cereals

For cereal grains, after processing the selected values, it was possible to divide the vegetative cycle of
the different crops under investigation into 5 stages (leaf development-tillering, stem elongation, earing-
flowering, grain growth and ripening). Experimental values for translocation factors were aggregated in
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Figure 1. Distribution of the selected translocation-factor values (%) in relation to radionuclides for the different
types of plants.

Table 1. Best estimation (GM) of the translocation factor (%) for some elements, for cereals grains (wheat, barley
and rye) in relation to the vegetative stage at the time of contamination.

Vegetative
stage at the Leaf
time of development- Stem Earing- Grain
contamination tillering elongation | flowering growth Ripening References
Cs 0.6 (21) 4.6 (21) 6.1 (15) 5.5(11) 2.7 (11) [11[71[9] [10]
{0.06-7.9} {0.5-24.3} | {1.1-27.0} | {1.1-27.1} | {1.1-7.7} | [13]1[14][16]
[20] [21]
Mn 0.3(3) 2.1(8) 2.3 (6) 2.0 (6) 1.0 (6) [1117]
{0.08-1.6} {0.2-10.7} | {0.5-12.7} | {0.5-8.6} | {0.2-4.9} | [10][16]
Co 0.5(5) 1.0 (3) 2.04) 2.8(4) 1.53) [1][8]
{0.1-3.4} {0.2-4.6} {0.3-18.0} | {0.3-29.0} | {0.5-6.6} | [10]1[16]
Fe 0.8 (4) 1.0(3) 1.9(3) 2.7(3) 1.5(3) [1718]
{0.7-1.2} {0.6-1.5} {1.3-2.6} {1.0-7.5} | {0.4-9.2} | [10]
Sr 0(2) 0.1 (13) 0.4 (5) 2.0 (6) 1.2 (8) [1]1[7][10]
{0.008-1.6} | {0.1-1.3} {0.6-8.5} | {0.3-5.1} | [13][14]
Sb 0.02 (5) 0.1 (3) 1.2(3) 22(3) 0.6 (2) [1119]
{0.002-0.6} {0.03-1.0} {0.3-5.2} {1.0-7.5} | {0.3-1.3} | [10]
Ce n.d. (0) 0.1(8) n.d. (0) 0.6 (4) 1.3 (4) [1117]
{0.02-0.8} {0.1-7.8} | {0.3-6.0}

x = Geometric Mean; (x) = number of selected values; {x—x} =range of variation min—max from literature; n.d. =
no determinate.

relation to the vegetation stage corresponding to the state of the plant at the time of foliar contamination.
For wheat, barley and rye, the values show that the maximum translocation value is reached when foliar
contamination occurs i) about 45 days before harvesting (earing-flowering stage) for Cs and ii) about
30 days before harvesting (grain growth stage) for Sr. For rice, in spite of low value number [18], it
seems that the maximum of translocation is reached when the contamination occurs at the grain-growth
stage, whatever the radionuclide. The results of statistical analysis of raw data for cereals (associations
of wheat, barley and rye on the one hand and rice on the other hand) are more thoroughly developed in
[19], submitted. For wheat, barley and rye, some translocation factor values (geometric mean ‘GM’) of
any radionuclides, as well as the numbers of selected values and the range (min-max) from literature are
shown in Table 1.

3.3 Root vegetables and tubers

76 values of translocation factors to root-vegetables and tubers have been selected from the literature to
be used in this database. The greater majority of the experiments concerned cesium and strontium and
essentially potatoes and radishes (Figure 2). Some other radionuclides (Mn, Co, Ru, Te and Ba) have
been investigated, but their exploitation is difficult due to the small amount of data.
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Table 2. Best estimation (GM) of the translocation factor values (%) for root vegetables and tubers, whatever the
plant growth stage.

Element | Translocation factor Number of Range of variation References
geometric mean (%) | selected values min—-max
Root vegetables
Cs 4.6 17 0.7-13 [13] [14] [18] [21] [22] [23] [24]
Sr 0.5 14 0.2-1.6 [13] [14] [18] [22] [23] [24]
Mn 0.24 5 0.2-0.4 [18]
Co 8 5 4.9-12 [18]
Ru 0.15 5 0.1-0.4 [18]
Te 0.8 1 [22] [24]
Ba 2.2 1 [22] [24]
Tubers
Cs 11.6 23 1.3-46 [13] [14] [15] [21] [25]
Sr 0.1 9 0.02-0.5 [13] [14] [15] [21] [25]

Table 3. Best estimation (GM) of the translocation factor values (%) for fruit.

Element | Translocation factor Number of Range of variation References
geometric mean (%) | selected values min-max
Cs 4.6 53 0.1-29 [51[12] [13] [17] [21-23] [25-37]
Sr 0.44 35 0.01-12.1 [51[12] [13] [17] [21-23] [25-37]
Ba 0.13 4 0.04-1.6 [17] [22]
Zn 43 2 2.6-7 [26]
Am 0.0005 1 [38]
Pu 0.0003 1 [38]

Because of the small amount of raw data and also because the vegetative stage was not always well
specified, the values of translocation factor were combined for all the vegetative cycle. Whatever the
plant growth stage, the geometric mean and the variation range of translocation factors in root vegetables
(radishes, beets, carrots, swedes and turnips) and tubers (potatoes) are reported in Table 2.
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Figure 2. Distribution of translocation-factor values
(%) in relation to radionuclides for the different types
of root vegetables.
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Figure 3. Distribution of translocation-factor values
(%) in relation to radionuclides for the different types

of fruit.

97 values of translocation factors to fruits have been removed from the literature and have been selected
to be used in this review. The greater majority of the experiments dealt with cesium (55%) and strontium
(36%) (Figure 3). Some other radionuclides (Ba, Zn, Te, Am and Pu) have been investigated, but the
exploitation of the experimental results is difficult due to the small amount of data. Because of the
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small amount of raw data for some fruit species and also because the available data was of the same
order of magnitude, the raw data was aggregated by radionuclide whatever the type of fruit considered
(beans, broad beans, tomatoes, strawberries, grapes and apples) and the vegetative stage at the time
of contamination. For each radionuclide, the results of the translocation factors (corresponding to the
geometric mean of the values obtained during the vegetative cycle) are shown in Table 3.

4. CONCLUSIONS OF THE LITERATURE REVIEW

This review gives the state of knowledge about the translocation factor values defined as the ratio
between total activity in the edible parts of the plant and activity retained on foliage (percentage). The
analysis of the scientific literature concerning this parameter of transfer highlighted an important lack of
knowledge. The interaction of translocation and plant development in particular is poorly investigated
for many crops and radionuclides. Furthermore, there is practically no data on translocation factors in
chronic contamination situations simulating sprinkling irrigations distributed throughout the vegetative
cycle of a crop. Also, the majority of the available data relates to Cs and Sr. Radioisotopes of some other
elements (Mn, Co, Fe, Ru, Sb, Ce, Ba, Zn, Te, Hg, Cr, Na, Cd, Be and Pb) have been investigated, but
the data is far from sufficient to obtain reliable values for all the plant types. Moreover, some authors do
not make a distinction between plant types and recommend a single default value whatever the element
and plant type. Data given without growth stage indication should be used with caution indicating the
wide range of associated uncertainty. It would also be advisable to be able to differentiate the various
types of fruits.

In order to supplement the current lack of knowledge on translocation, undertaking further research
through experimental investigations is essential.

5. PROSPECTS: PROTOCOL DEVELOPED FOR NEXT EXPERIMENTAL STUDIES

The detailed literature review has shown a lack of data for a lot of radionuclides especially for those
which are major contributors to radioactive waste disposals radiological impact assessments.

Thanks to the Chernobyl Exclusion Zone facilities developed by UIAR, experiments in open field
conditions will be launched to obtain translocation factor values especially for chlorine-36, iodine-129
and Se-79. These experiments aim to simulate a sprinkling irrigation with contaminated water in
standard agricultural conditions. Four main parameters influencing variations of the translocation factor
values will be taken into account: vegetal species, the radionuclides themselves, the contamination mode
and the physiological stage during which it occurs.

The model plants chosen belong to four great human consumption groups: a cereal (Triticum
aestivum), a root vegetable (Raphanus sativus L.), a fruit vegetable (Phaseolus vulgaris L.) and a tuber
(Solanum tuberosum L.). Concerning chemical species of used isotopes, chloride, iodide and selenite
have been identified as the main abundant forms in a medium irrigation water. The contamination will
be simultaneous for the whole of elements according to 2 modalities: a wet punctual unique foliar
deposit simulating an accident and a wet multiple foliar deposit simulating chronic contamination. It
will be performed during identified sensitive phenological stages of plants (e.g. flowering) according to
the vegetal specie, their canopy architecture spread and position of edible parts owing to their influence
on interception and detection limits for measurement. Contamination dates will be the same for both
contamination modalities for a considered vegetal species.

As the objective of these experiments is to obtain “pure” translocation factors, we shall avoid
soil contamination from contamination stage until harvest because of the importance of root transfer
factors for chloride [39] and for selenite [40], but also rain washing of leaf surfaces during cultural
cycle. That’s why soil protection and rain protection features respectively under and above canopy
will be built with an adapted design permitting recovery of rain amounts for irrigation and allowing
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daylight spectrum reaching the canopy (cf. [13]). In order to avoid an increase of variability we shall
use for all cultures a same soil with adapted fertilization rate according to the needs of each and
standardized agronomical practises will be maintained constant. As no preventive or curative treatment
can be spread because of interferences with foliar transfer, characteristics of soil participate also in
maintaining a good plant health status through its draining potential. Furthermore, rotation of cultures
and a survey of physiological state through the Leaf Area Index will be done. This last parameter is
also of key importance in calculating the interception factor. Acquired data sets for interception-LAI
and biomass-LAI relations will be implemented in existing databases for modelling. Control of daily
climatic parameters (temperatures and rain amounts) will be performed thanks to a meteorological
station established in the CEZ (3 km nearby).
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