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2.1. INTERCEPTION AND INITIAL RETENTION 

2.1.1. Introduction 

When materials are deposited from the atmosphere, whether by wet or dry deposition 
processes, some fraction of the materials will be intercepted by vegetation, with the 
remainder reaching the ground. Of the materials intercepted by the vegetation, some portion 
may bounce, roll, or be blown or washed off the vegetation to the ground while the rest is 
retained on the surface of the vegetation. The fraction of deposited materials intercepted and 
initially retained (i.e. not immediately blown or washed off) by vegetation is referred to as 
the interception fraction f. Chamberlain [1] provided a relationship between the interception 
fraction f and the standing biomass B. 

where 
B = above ground biomass (dry weight) of vegetation per unit area (kg m2) 
/i = absorption coefficient (m2 kg"1). 

To account for the variation of f with different values of B, some authors analyse results in 
terms of pt, others in terms of a mass interception factor f/B. If f is less than about 0.3, 
there is little practical difference between f/B and fi (e.g., f = 0.3, f/B = 0.3/B, e"B = 0.7, 
/x = 0.36/B). According to Chamberlain, when f approaches unity, as may happen when B 
is large, it is more appropriate to use 

Miller [2] showed that the spread of published values of f/B (or equivalently, /x) is 
smaller than that of f. He also concluded that the use of Equation (1) for pasture grass was 
well established, but that there were insufficient data for its validation for other crops. There 
may be some reason to doubt the applicability of Equation (1) for crops such as cabbage 
where the exposed leaf area does not increase in proportion to biomass as the crop matures. 
Pinder et al. [3,4], however, have shown that the model that best described observations for 
corn, wheat, soybeans and cabbage crops was the one model in which f was adjusted for 
changing B during the growing season, according to Equation (1): 

f 1 - e 0 ^ (1) 

f/B = (2) 
B 

where f/B = mass interception factor. 
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Experimental results for the mass interception factors are described in the following 
sections. The measurements of the total deposition as well as the fraction of activity retained 
on plants are used to derive mass interception factors. Such dry or wet deposits were applied 
artificially or released during nuclear bomb tests. Many data in the following compilation 
and discussion are taken from a recent review by Chamberlain and Garland [5]. 

2.1.2. Interception of dry-deposited materials j 

Interception of nuclear bomb debris 

Some of the earliest measurements of interception were made during nuclear weapons 
trials. At Maralinga, Russell and Possingham [6] exposed trays of vegetation at various 
distances from the site of an explosion. After the test, the activity per kg dry weight in the 
vegetation was compared with the activity found in fallout collectors. The interception 
fraction f was found to vary from 0.03 to 0.15, and the mass interception factor f/B from 
0.13 to 0.66 m2 kg"1. Both f and f/B were inversely correlated with the total deposited 
activity. This was attributed to a decrease in particle size with distance from the test centre. 
The particle size was not measured but, for the most part, was probably greater than 50 fim 
and may have been of the order of millimetres at close range. 

Following ground-level explosions at the Nevada Test Site in 1955 and 1957, Romney 
et al. [7] measured fallout and contamination of herbage at distances varying from 11 to 
420 km. The same effect of distance was seen, with f/B increasing from 0.01 close in to 
0.4 m2 kg"1 at a distance of 420 km; again this was attributed to reduction of particle size 
with distance. Comparisons of different plant species (wheat, clover, alfalfa) showed 
differences in f/B of not more than a factor of 2. In all the measurements of Russell and 
Possingham and of Romney et al., f was less than 0.2, and so f/B can be taken as equivalent 
to (l. 

Based on an analysis of the literature, Simon [8] developed a simple model describing 
the relationship between the mass interception factor and the distance of the site of 
measurement to the site of the detonation. He also found increasing values for f/B for 
increasing distances, reflecting the influence of the particle size on the initial retention. 

Martin [9] used autoradiographs and micrographs to study the fallout particles on leaves 
of desert shrubs after the Propit Sedan test at Nevada. Most of the retained activity was 
associated with particles of less than 5 /xm in diameter. 

In a review paper, Russell [10] concluded from investigations at nuclear weapons trials 
that particles which exceed 45 /xm in diameter were seldom retained on leaves. These 
particles might rebound from surfaces and reach the basal parts of plants or the soil surface. 
If the particles are smaller, though sufficiently large to fall freely under gravity, they will 
lodge more readily on plant surfaces. The form of the vegetation seems to have a large 
effect on the extent to which it retains particles. In pastures, the greatest accumulation often 
occurs in the basal tissues which are below the levels to which most herbivores graze. This 
is also confirmed by the experiment of Eriksson [11]. However, the investigation of Peters 
and Witherspoon [12] gives no indication for a dependence of /xm on the particle size. The 
reasons for this obvious discrepancy are not known. 
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TABLE I. ABSORPTION COEFFICIENTS (ji) OBTAINED FROM FIELD EXPERIMENTS 

Deposited Diam. Crop 
Material /xm 

/i (m2 kg"1 dry mass) References 
Mean SE 

Silica sand 
Silica sand 
Silica sand 
Silica sand 
Silica sand 
Silica sand 
238Pu 

Lycopodium 
Lycopodium 
Lycopodium 
Quartz 

131I 
212pb 

32 Wheat, dry 
32 Wheat, moist 

44-88 Grass 

Vapour Grass 
Vapour Artificial leaves 

40-63 Grass, dry 
40-63 Grass, weta 

63-100 Grass, dry 
63-100 Grass, wet" 
100-200 Grass, dry 
100-200 Grass, weta 

~ 1 Corn 

32 Grass 3.08 0.15 
3.2 0.5 
9.6 3.7 
2.7 0.3 
0.44 0.15 
0.88 0.13 
0.23 0.07 
0.69 0.16 
0.24 0.07 
0.46 0.11 
3.6 0.05 
2.8 0.14 
13 

[1] 
[13] 
[13] 
[12] 
[11] 
[11] 
[11] 
[11] 
[11] 
[11] 
[3] 
[1] 
[14] 

"Vegetation sprayed with water before experiment. 

Field experiments with dry-deposited particles 

Chamberlain [1] analysed the results of field experiments in which Lycopodium spores 
(32 /nm), labelled with radioiodine, were dispersed over grassland at Harwell. At sampling 
points downwind of the release, the activities on grass and on the underlying mat and soil 
were measured and the fractional interception related to the herbage density. The results in 
terms of n are shown in Table I. 

Subsequently, Chadwick and Chamberlain [13] did further field experiments at Harwell 
and at Rothamsted in which labelled Lycopodium spores were dispersed over wheat crops. 
In 4 experiments, the crop in the sampling area was moistened with a water spray just before 
the spores were released. It was known from previous wind tunnel experiments that capture 
of particles by leaves is enhanced when the leaf surface is made wet or sticky. Only the wet 
weight of the crop was recorded. Values of /x have been calculated assuming a wet/dry 
weight ratio of 4. The values of /x for the dry wheat crop were similar to those previously 
obtained for grass (Table I). With the wetted crop, fi was variable, but was apparently 
enhanced by a factor of about 3 relative to the values obtained for the dry crop. 

In the Harwell experiments, Lycopodium particles were dispersed by the wind, and the 
sampling areas were about 20 m downwind of the point of release. Witherspoon and Taylor 
[15] and Peters and Witherspoon [12] at Oak Ridge National Laboratory used a fertilizer 
spreader running on an overhead gantry to apply particles to crops. Witherspoon and Taylor 
used quartz particles labelled with 86Rb, in two size ranges (48-88 /xm and 88-175 /xm), and 
applied them to crops of squash, soybeans, sorghum, lespedeza (clover), and peanuts. The 
results were somewhat variable, with f as measured exceeding unity in some cases. In all 
crops except soybeans, the average value of f was greater for the smaller particles. 
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Peters and Witherspoon [12] applied 48-88 /xm quartz particles to four species of 
pasture grass. Values of the absorption coefficient, /t, ranging from 2.0 to 3.3 m2 kg"1, with 
a mean of 2.7 m2 kg"1, can be deduced from their results (Table I). 

Eriksson [11] used a rotary device to apply silica sand particles to grass. The particles 
were in three size ranges (43-63, 63-100 and 100-200 /xm) and were labelled with adsorbed 
fission products. They were applied to pasture grass with biomass varying from 0.05 to 0.3 
kg m 2 dry weight. In some experiments the grass was lightly wetted by spraying an 
unspecified amount of water. Values of /x deduced from Eriksson's results are shown in 
Table I. Interception on wet grass was 2 to 3 times more efficient than on dry grass. 
Furthermore, /x declined as particle size increased. In one additional experiment, the grass 
was more thoroughly wetted by rain, and the interception of particles of all diameters was 
increased further. 

Miller [16] measured the interception of particles emitted from a volcano on the foliage 
of several plant species. He associated higher interception with relative humidities greater 
than 90%, presumably due to films of water condensing on either the particles or the leaves. 

Interception of plutonium-bearing particles 

Pinder et al. [3] measured the interception of 238Pu by corn plants at the Savannah River 
Ecology Laboratory. The plutonium came from a stack at the nearby nuclear separation 
facility; it was reported to be in particles, about 1 /xm Average Mass Aerodynamic Diameter 
(AMAD), consisting of agglomerates of soil with Pu metal. Corn plants grown in pots, 
surrounded by a guard ring of similar plants, were exposed to the fallout for a week. Plants 
in varying stages of growth were used to give a variation in biomass per unit area. The 238Pu 
activity per kg dry weight for the plants after exposure was compared with the activity on 
horizontal tacky papers exposed nearby. 

Pinder et al. [3] found that the results fit the exponential model of interception, with 
a mean /x equal to 3.60 m2 kg"1 (standard error, SE = 0.05), which is similar to that derived 
from the British experiments with Lycopodium spores (Table I). 

Pinder et al. [17] assessed the plutonium inventory of different crops due to a mixture 
of dry and wet Pu deposits. In this work alternative estimates for the absorption coefficient 
/x and the weathering removal rate Xw are applied, ranging from /x = 2.2 m2 kg'1 to /x = 
3.6 m2 kg"1 and from Xw = 0.025 d"1 to Xw = 0.065 d"1. Despite the range in /x and Xw, the 
predicted inventories were in general similar to the observed inventories. 

Pinder et al. [18] investigated the interception and retention of Pu-particles on orange 
trees and suggested an influence of the leaf characteristics on the absorption coefficient /x. 
He concluded that the interception of Pu particles on plant species with waxy surfaces might 
be lower than for other plant species. However, Pinder determined the interception during 
continuous depositions of plutonium. Therefore this observation could also be caused by a 
fast initial weathering of Pu on the orange leaves due to the pronounced hydrophobic 
character of these leaf surfaces. 

Interception of elemental vapours 

Chamberlain [1] analysed the results of experiments in which 13 vapour was released 
over grassland at Harwell. The interception fraction was found to be consistent with /x = 
2.78 + (SE) 0.14 m2 kg"1. 
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Chamberlain [14] studied deposition in a wind tunnel of 212Pb vapour, for which all 
surfaces act as perfect sinks. An artificial grass surface made of paper-covered spills was 
used. This had a leaf area index of 2.1. (The leaf area index is the ratio of the area of one 
side of the leaves to the soil area under the plant canopy). Taking the mass of a real grass 
or cereal leaf as 35 g m"2 dry weight, the corresponding value of B would be 0.075 kg m"2. 
At moderate wind speeds (friction velocity = 0.3 m s"1), about 96% of the deposited 212Pb 
was on the artificial leaves and only 4% reached the substrate; this would correspond to a 
value of about 13 m2 kg"1 for /x. 

2.1.3. Interception of wet-deposited materials 

Experiments employing fine sprays and low amounts of precipitation 

Milbourn and Taylor [19] used a modified agricultural spraying machine to apply 89Sr 
in solution to pasture at 8 sites (Table II). Herbage densities varied from 0.058 to 0.23 kg 
m"2 dry weight. Two low-volume applications were made, separated by a 10 minute interval, 
and each gave a precipitation of 0.085 mm water. The applied amount of 89Sr was known 
from the strength of the solution and the volume applied per unit area. Herbage was sampled 
after spraying, and the fractional interception was calculated. In the 8 experiments, f varied 
from 0.17 to 0.30. Values of /x calculated from the results averaged 3.33 ± 0.56 (SE) m2 

kg"1 dry mass, similar to some of the values obtained with the dry deposition of particles 
(Table I). 

Aarkrog [20] sprayed a mixed solution containing isotopes of Sr, Cs, Mn and Ce onto 
small plots of rye, barley, oats and two varieties of wheat, at four stages of crop 
development. One of the wheats carried awns (Table II). Expressed in terms of 
Equation (1), the values for n decrease as the crops mature. This decrease of the mass 
interception factor is probably due to the reduction of the leaf area index during the maturing 
process, while the above ground biomass still increases. Aarkrog and Lippert [21] applied 
a different range of elements (Cr, Fe, Co, Zn, Hg and Pb) to barley. Plants were sprayed 
at different stages of growth. Interception was not much affected when awns were removed 
from rye, barley and wheat before spraying. For mercury, f was lower than for the other 
elements in the second group, possibly because of evaporation, but otherwise differences 
between elements were small. Changes in morphology of the plants prevent the fitting of 
Equation (1) to the sequence of data for each crop, but for barley, Aarkrog and Lippert 
found that the data fitted 

f = 1 - e"031 B/h (3) 

where B was the dry biomass in grams per 40 cm diameter plot and h the height of the crop. 

Eriksson [11] applied 59Fe, 85Sr, and 137Cs in solution, and silica sand particles 
(40-63 fim and 100-200 /xm) in suspension, as a spray with simulated precipitation of 
0.1 mm. For ions in solution, /x was very similar to the results of Milbourn and Taylor [19]. 
Eriksson suggested that the results showed an effect of valency, with interception increasing 
in the order 137Cs+ <8 5Sr+ + <59Fe+ + + , but it is doubtful if the differences were significant. 
With particles in suspension /x was 1.45 +0 .12 (SE) (40-63 /xm particles) and 1.01 + 0 . 3 1 
(SE) m2 kg"1 (100-200 /xm particles). However, it should be kept in mind that the amounts 
of water applied in the experiments of Aarkrog and Eriksson are too low to be considered 
as typical for real situations with wet deposition. 
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TABLE II. ABSORPTION COEFFICIENT /* OBTAINED FROM EXPERIMENTS APPLYING 
FINE SPRAYS AND LOW AMOUNTS OF WATER 

Experiment /x (m2 . kg"1) Biomass (kg . m2) References 

Spray on pasture 
containing 85Sr 
(0.17 mm) 

3.3 ± 0.56 0.06-0.23 [19] 

Spray on rye with a 
mixture of isotopes 
(0.08 mm) 

1.2 (71 d to harvest) 
0.73 (62 d to harvest) 
0.3 (35 d to harvest) 

1.4 (71 d to harvest) 
1.2 (62 d to harvest) 
2.4 (35 d to harvest) 

[20] 

Spray on oats with a 
mixture of isotopes 
(0.08 mm) 

1.7 (71 d to harvest) 
1.6 (62 d to harvest) 
0.32 (35 d to harvest) 

0.57 (71 d to harvest) 
0.6 (62 d to harvest) 
1.8 (35 d to harvest) 

[20] 

Spray on barley with a 
mixture of isotopes 
(0.08 mm) 

2.5 (55 d to harvest) 
2.0 (42 d to harvest) 
0.12 (15 d to harvest) 

1.1 (51 d to harvest) 
1.1 (42 d to harvest) 
2.4 (15 d to harvest) 

[20] 

Spray on wheat without 
awns with a mixture of 
isotopes (0.08 mm) 

2.1 (71 d to harvest) 
1.7 (62 d to harvest) 
0.57 (35 d to harvest) 

0.32 (71 d to harvest) 
0.39 (62 d to harvest) 
0.89 (35 d to harvest) 

[20] 

Spray on wheat with awns 
with a mixture of isotopes 
(0.08 mm) 

3.7 (71 d to harvest) 
1.0 (62 d to harvest) 
0.8 (35 d to harvest) 

0.42 (71 d to harvest) 
0.42 (62 d to harvest) 
0.98 (35 d to harvest) 

[20] 

Spray with 59Fe, 89Sr, 137Cs 
in solution on grass 
(0.1 mm) 

1.9-3.4 0.05-0.19 [11] 

Spray with suspended 
59Fe,89Sr, 137Cs particles 
(40-63 /xm) 

1.45 ± 0.12 0.04-0.19 [11] 

Spray with suspended 59Fe, 
89Sr, 137Cs particles 
(100-200 ixm) 

1.01 ± 0.31 [11] 

Spray of Tc04
2 on 

pasture (1 mm) 
1.1 ± 0.05a [22] 

aIn this experiment f/B was calculated instead of n. According to Equation (1), the values for f/B and fx are 
very similar for B<0.3 kg m"2 (dry mass). 

Hoffman et al. [22] reported data for the interception of technetium, applied as 
pertechnetate during a simulated rain of 1 mm to a canopy of fescue. Values of f varied with 
crop density and were in the range of 0.079 to 0.166; f/B was 1.07 ± 0.05 (SE) m2 kg1 . 

Experiments using simulated rain 

Hoffman et al. [23, 24] carried out an extensive series of measurements at Oak Ridge 
National Laboratory with activity applied in simulated rain. The amounts of rain varied from 
1 to 30 mm — much greater than the amounts used by Milbourn and Taylor [19]. The 
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intensity at which the rain was applied was high, varying from 14 to 120 mm h1 . The 
following materials were used: 

(a) Polystyrene microspheres of 3, 9 or 25 /xm diameter labelled respectively with 141Ce, 
95Nb and 85Sr. 

(b) 7Be in solution as BeCl2. 
(c) 13 in solution as I04~ or I . 

The activity was applied to plots of clover, fescue and mixed old field vegetation. Only 
slight differences were found in the results for the different herbage species. The field 
measurements of f/B carried out by Hoffman et al. [23, 24] are summarized in Figs 1-3. 
The measured values show strong differences according to chemical form (anions vs. 
cations). The f/B values for iodine (applied as r o r I0 4 " are inversely correlated to the total 
amount of rainfall. The f/B values for 7Be and the insoluble particles also decreased with 
increasing rainfall, but the dependence was less pronounced than for iodine. The rainfall 
intensity had very little effect on the f/B values. 

Hoffman et al. [23, 24] gave results in terms of both f and f/B, and statistical analyses 
were performed on the log-transformed results to evaluate the variation with total applied 
rainfall, rainfall intensity and herbage biomass. The reduction in f/B as rainfall increased 
was statistically significant in all cases, but was most marked for 131I (Fig. 1). Hoffman et 
al. [23, 24] also reported laboratory experiments showing that fescue leaves absorbed 7Be and 
137Cs from solution much more strongly than 131I. 

Recalculated in terms of fi, the results for 1 mm rainfall in Figs 1, 2 and 3 range from 
about 2.8 for 131I to 4.5 for 7Be, assuming an average biomass of 0.15 kg m 2. It appears, 
therefore, that the results of Hoffman et al. [23, 24] for ions in solution deposited in 1 mm 
rainfall are not greatly dissimilar from those of Milbourn and Taylor, who applied about 5 
times less water. For particles in suspension, the values of /x obtained by Hoffman et al. 
[23, 24] are greater than those reported by Eriksson, but the particle size was substantially 
smaller. 

In an experiment in which intermittent rain was applied in amounts ranging from 15 to 
75 mm, values of f/B were relatively constant with respect to rain amount, although they 
were significantly lower for 131I than for 7Be and the three size classes of insoluble particles 
(Fig. 4). This observation implies that once initial retention occurs, subsequent rain is 
ineffective in removing previously deposited materials. 

In a subsequent study (Hoffman et al., [25]), a wider range of plants was exposed to 
wet-deposited activity (Fig. 5). Again, inter-species differences were small (around a factor 
of 4 in range) in comparison to an order of magnitude variation observed among different 
chemical forms. Inter-species differences were further reduced when the data were 
normalized for leaf surface area (Fig. 6). The normalization of the interception fraction is 
obtained by dividing the deposition per unit leaf area surface by the total amount applied per 
unit ground area (the leaf area interception fraction, LAIF). Values of f/B for 8.5 mm 
simulated rain ranged from 0.15 to 0.6 for I and S04

= and 0 .6 to 3 for Cr+ + + , Sr+ + , Cd+ + , 
Be+ + , and 9-/xm particles. The lower values for I" and S04

= are presumed to be due to the 
predominantly negative charge of leaf surfaces. [24, 26, 27]. These results also confirm the 
observations made by Eriksson [11], 

Text cont. on p. 22. 
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Values of f/B measured by Angeletti and Levi [28] and Angeletti [29] are summarized 
in Table III. The values for iodine are in very good agreement with those measured by 
Hoffman et al. [23, 24]. The f/B values for strontium, however, are in the upper range of 
the values for 7Be measured by Hoffman et al. Again, it is obvious that the mass interception 
factor f/B decreases with increasing amounts of precipitation during a rain (or precipitation) 
event. It is interesting to note that the mass interception factors of F are much smaller than 
those of Sr 2 + . It is also obvious that the decrease of the mass interception factor for 
strontium with increasing rainfall is much less pronounced than for iodine; this might be due 
to active absorption of strontium by the leaves during the contact of the contaminated water 
with the leaves of the plants. These observations agree with results reported by Hoffman et 
al. [23, 24]; they can be explained by the fact that the plant cuticle acts as a cation-exchanger 
at pH-values above 3 [26, 30], which results in a strong absorption of cations and an 
inhibited absorption of anions. The data of Angeletti and Levi [28] seem to indicate higher 
mass interception factors for clover than for rye-grass. This could be due to a lower specific 
mass per leaf-area (expressed in terms kg m"2 leaves) or to the more horizontal orientation 
of the leaves of clover. 
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TABLE III. SUMMARY OF MASS INTERCEPTION FACTORS FOR I AND Sr FOR GRASS 
AND CLOVER MEASURED BY ANGELETTI AND LEVI [28] AND ANGELETTI [29] 

Precipitation 
(mm) 

f/B 
m2 kg1 dry mass 

Grass Clover 

I H2Oa Sr2+ I H2Oa Si2+ 

1 
2 
4 

8-12 
16-22 

4.3 
1.6 
1.1 
0.6 
0.27 

6.2 7.6 
4.3 5.1 
1.8 4.8 
1.2 4.2 
0.45 1.3 

8.7 
4.1 
2.5 
1.0 
0.44 

11 .1 
5.9 
4.0 
2.2 
0.9 

8.2 
8.0 
8.2 
8.6 
4.3 

"The interception of water was measured indirectly as the difference between the total amount of irrigation water 
and the water content of the soil subsequent to the irrigation. 

In the experiments of Voigt et al. [31], the interception of 137Cs on cereals was 
determined. The Cs was applied with artificial rain of 1 mm. In Fig. 7 the measured 
interception fractions of the experiments are plotted against the leaf area index of the plants. 
As with the results of Hoffman et al. [24] (Fig. 6), this figure underlines the importance of 
the leaf area in the interception of wet-deposited radionuclides. A similar relationship to the 
leaf area index was observed by Pinder et al. [3] for dry-deposited plutonium particles on 
some plants. 

2.1.4. Interception of Chernobyl fallout 

Direct estimates of wet and dry interception of Chernobyl fallout by vegetation were 
difficult to make because of several complications. First, the total flux to the ground surface 
due to dry deposition is difficult to measure accurately. Although wet deposition occurred 
intermittently at most sites, dry deposition was continuous at all sites and was affected by 
the surface roughness created by the presence of vegetation. Dry deposition to ground 
covered with vegetation may be substantially higher than deposition collected by flat plates 
or funnel collectors (e.g. Jonas, [32]). The total amount of deposition to the ground surface 
could be estimated for 137Cs during periods of rain as wet deposition typically dominated over 
dry deposition and is effectively sampled using funnel collectors. However, for 131I, the 
amount of dry deposition to vegetation may have been substantial, and even enhanced, during 
periods of wet deposition. In central parts of Europe, the presence of elemental iodine 
vapour made up a fraction of 15 to 35% of the total amount of 131I in air. Iodine vapour is 
readily deposited to the wet surfaces of leaves [33]. Furthermore, the measurements of 
vegetation were seldom made immediately after the period of initial deposition, and it is not 
easy to determine the amount of material intercepted that is due specifically to wet versus dry 
processes. 

A dependence on chemical species of the interception of wet-deposited activity is 
reported by Jacob et al. [34] in the results of measurements collected after the first rainfall 
event (on 1st May 1986) following the beginning of the Chernobyl cloud in Munich. Taking 
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into account the contamination of grass due to dry deposition, the mass interception factor 
f/B for 131I was about 0.7, for 137Cs about 1.0, and for 140Ba (which should behave similarly 
to Sr) about 1.6. The estimated biomass of the grass was about 0.1 kg m2 dry weight. The 
rainfall for this event was about 5-6 mm. 

Winkelmann et al. [35] measured various radioisotopes of Cs, I, Ru and Ba in grass 
near Munich on 5th May 1986. The activities were given as Bq kg4 fresh weight; they are 
converted to Bq kg"1 dry weight in Table IV assuming a dry matter content of 20%. The 
activity in soil was measured on 1st June 1986. With corrections for radioactive decay, the 
values of f/B obtained are in the range 0.28 to 0.58 m2 kg1 . However, in the Munich area, 
the main deposition from the passage of the Chernobyl cloud occurred on the 30th of April 
and 1st of May. Therefore, a part of the activity initially intercepted by the grass was 
already weathered off on the 5th of May, which results in lower mass interception factors 
than reported by Jacob et al. [34]. This weathering period implies that the f/B values given 
in Table IV are lower than would have been found immediately after deposition occurred. 
About 6 mm of rain fell in the area during the passage of the cloud. 

Kohler et al. [36] estimated average values of f/B for data obtained from Neuherberg, 
Germany; Petten, Netherlands; Tokai, Japan; Roskilde, Denmark; Budapest, Hungary; and 
Transvik, Sweden (Table V). These average values were obtained by correcting estimated 
time-integrated vegetation concentrations at each location for radioactive decay and field loss 
to estimate a theoretical concentration, and dividing by the amount of total deposition 
reported for these locations. 

For all locations, f/B ranged from 0.94 to 1.89 m2 kg 1 for 131I and from 0.46 to 0.97 
m2 kg"1 for 137Cs (Table V). The values observed at the Neuherberg site were slightly more 
than two times the values calculated by Chamberlain [37] from the data reported for the same 
location by Winkelmann et. al [35], but the relative difference between 131I and 137Cs was 
approximately the same. A portion of this difference is due to the assumption of the ratio 
of wet to dry weight, but most of this discrepancy is attributed to the methods used to derive 
f/B from the measured data. 

Martin et al. [38] measured the activity of 137Cs in dried grass gathered at weekly 
intervals from 16th May 1986 onwards from a field near Aberdeen. Extrapolating 
backwards, it can be estimated that the activity on 3rd May, when the Chernobyl activity 
arrived in the area, was about 0.7 kBq kg"1. The fallout of 137Cs, measured at a site about 
1 km from the field, was 2.7 kBq m"2, most of it falling during a rainstorm of 5.8 mm on 
3rd May. Hence, from these data, f/B = 0.7/2.7 = 0.26 m2 kg1 . 

TABLE IV. INTERCEPTION OF FALLOUT FROM CHERNOBYL AT MUNICH [35] 

Activity in grass Activity in soil on f/B 
Nuclide on 5 May 1986 1 June 1986 5 May 1986 m2 kg "1 

Bq kg"1 dry weight3 kBq m 2 

103Ru 5 000 11 18 0.28 
131I 21 000 5.6 57 0.37 
134Cs 3 400 8.9 9.1 0.37 
137Cs 7 000 16 16 0.44 
140Ba 4 300 1.7 7.4 0.58 
"Assuming a dry matter content of 20%. 
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TABLE V. DERIVED AVERAGE MASS INTERCEPTION FACTORS (m2 kg1) FROM 
CHERNOBYL FALLOUT DATA 

Iodine Caesium 
Site f/B f/B 

Neuherberg [36] 0.94 0.97 
Petten [36] 0.97 0.60 
Tokai [36] 1.05 0.46 
Roskilde [36] 1.77 0.90 
Budapest [36] 1.89 -

Transvik [36] - 0.81 
Gomel region [41] - 1.2 
St. Petersburg [42] 1.6 1.0 

Fulker [39] measured the activities of 131I and 134Cs in grass and soil from 4 farms near 
Sellafield, Cumberland, on 3rd May 1986. Only fresh weight was recorded, but, assuming 
a dry matter content of 20%, the mean f/B ratios were about 0.4 m2 kg 1 for 131I and 1.1m 2 

kg 1 for 137Cs. About 9 mm of rain fell in the area during the passage of the activity from 
Chernobyl. 

Mass interception factors of 3.0 m2 kg"1 dry weight for iodine and 2.6 m2 kg"1 dry 
weight for caesium (relative error 40% for both) have been estimated for Chernobyl fallout 
on pasture grass in Russia and Belarus [40]. These estimates are based on data of 28-30 
April for the following regions: Bryansk (Novozybkov district), Gomel (Bragin, Khoiniki, 
and Narovlya districts), Cherkassk (Kanev district), Leningrad (Lomonosov district), Moscow 
(in the vicinity of Moscow). Derived average mass interception factors (m2 kg"1 dry weight; 
Table V) by May 1st were 1.2 for caesium for the Gomel region of Belarus [41] and 1.6 for 
iodine and 1.0 for caesium for St. Petersburg [42]. Other estimates for Russia range from 
0.18 to 0.46 m2 kg"1 wet weight for 131I and from 0.11 to 0.28 m2 kg"1 wet weight for 137Cs. 

2.1.5. Review of modelling approaches for interception 

The approaches for the modelling of the interception of dry deposits as well as of 
radionuclides deposited with precipitation have been analyzed for a number of models 
recently applied during the BIOMOVS I and the VAMP study [36, 44], 

The underlying assumptions in many of the models are very similar. Starting from the 
total deposition, for the estimation of the initial contamination, an interception fraction f is 
applied. In many models the interception fraction f is constant, often set at 0.2 to 0.25; in 
other models, it is dependent on the biomass of the standing crop, the plant species 
considered, the specific chemical, or the season. The approach of Chamberlain [1] is applied 
frequently in order to estimate the interception fraction f as a function of the standing 
biomass. 

Most models do not take into account wet deposition explicitly. In one case wet 
deposition is considered simply by applying a higher deposition velocity on days with 
precipitation, with the interception of the total deposition estimated using Chamberlain's 
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equation. Another model assumes that the dry-deposited activity is totally intercepted by the 
plant canopy, whereas for the wet-deposited activity an interception factor of 0.1 is applied. 

In the German model ECOSYS [45, 46], dry deposition on the plant leaves is 
distinguished from deposition to the soil under the plants. The interception of the 
wet-deposited activity is modelled applying a "water-film-leaf-area approach." The basic 
assumption is that the interception fraction is dependent on the water film on the foliage of 
the plants after a rainfall event. Additionally, an element-dependent factor is applied 
accounting for the different ability of the elements to be fixed or absorbed on the leaves. 
The water film on the leaves is assumed to be dependent on the plant species; due to the 
more horizontally exposed leaves for non-Gramineae, slightly higher values are applied 
compared to Gramineae, the leaves of which are more vertically oriented. The leaf area is 
assumed to be dependent on the specific growing cycle of the plant. 

Interception of dry-deposited activity 

In many experiments the deposition velocity is derived from the activity deposited on 
the surface of the plants and the time-integrated activity concentration in air during that 
period of deposition. This means that the activity deposited onto the soil under the plant 
canopy is not taken into account. However, interception fractions sometimes are applied to 
such deposition velocities. Such approaches are not consistent with the experiments, unless 
an increased deposition velocity is used to account for the additional deposition under the 
plant canopy. The application of such an approach may lead to a significant underestimation 
of the contamination due to dry deposition, especially if relatively low interception fractions 
are applied. 

The successful application of interception fractions for dry deposition requires a very 
careful choice of parameters in order to compensate for the inherent errors in this approach. 
This method might be appropriate in models for routine releases, where long-term average 
parameter values can be applied, but it is potentially inaccurate for models dealing with the 
consequences after nuclear accidents. 

In the model ECOSYS [45, 46] a constant deposition velocity is applied for the dry 
deposition to the soil under the plant canopy, in addition to the leaf-area-dependent deposition 
velocity used for the plant surface. Especially for high biomass densities, this might lead to 
a slight overestimation of the deposition to soil, because the efficiency of the protection of 
the soil from deposition increases with increasing crop densities. 

Interception of wet-deposited radionuclides 

In many models the wet-interception fraction is modelled using the total wet deposition 
and applying the same interception fractions as for dry deposition. This is a rough 
simplification of the ongoing processes, since factors such as the actual biomass or leaf area, 
the plant species and the element are not taken into consideration. It might be possible to 
use such approaches in models for routine releases. In such cases, it could be possible to 
apply generic interception fractions which are adequate for the precipitation pattern in the 
region considered. 

However, in emergencies in which specific situations have to be evaluated quickly, such 
generic approaches might lead to underestimations of the plant contamination in the case of 
rainfall events with little rainfall, and to overestimations if heavy rainfalls occur. 
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Interception of total deposition 

In many models dry and wet deposition are added, and a common interception fraction 
is applied for both contamination pathways. For this calculation method the same 
disadvantages have to be mentioned as in the previous sections. However, due to the 
lumping of both processes, the disadvantages are masked and it is probable that they 
compensate each other in certain situations. For example, in the data reported by 
Winkelmann et al. [35] (see Table IV), the f/B-values for caesium and iodine are very 
similar, although the deposition velocities as well as the interception fractions for wet 
deposition differ considerably. However, compared to caesium, the higher dry deposition 
of iodine compensates for the lower wet-interception fraction, resulting in similar values for 
f/B. It should be expected that the f/B-value for iodine would decrease with increasing 
rainfall, but the effect may be masked because the high dry deposition for elemental I2 
dominates the contamination. 

2.1.6. Recommendations for model improvement 

From the analysis of the processes of wet and dry deposition and interception, it is 
obvious that these are two separate processes which also should be simulated separately in 
radioecological models. However, in reality, the processes overlap and a clear separation 
is often not possible. This is especially true for long-term emissions such as the weapons 
fallout of the 1960s or the routine releases from nuclear facilities. In such cases, it should 
be possible, as is done in common practice, to lump dry and wet deposition and to apply a 
generic interception fraction which is empirically derived from observations. These generic 
factors may be sufficient because the interception fraction of wet-deposited activity is nearly 
unity for well developed canopies and low amounts of rainfall. Furthermore, in reality, 
precipitation falls intermittently even on days with high total amounts of rainfall. As the 
results of Hoffman et al. [23, 24] indicate, values of f/B remain nearly constant, if the plants 
can dry between the rainfall events. However, such simplified approaches are not 
appropriate for the modelling of deposition over short time periods. In such cases the 
contamination due to dry and wet deposition must be modelled separately, taking into account 
the specific amounts of rainfall. 

For modelling of the contamination of plants, the following aspects should be taken into 
consideration: 

Contamination of plants due to dry deposition 

The experimental determination of dry deposition velocities often is based on the 
activity deposited on the surface of the plant canopies. Therefore, the application of an 
interception fraction or a mass interception factor for dry deposition is not consistent with 
the underlying experiments. Either this practice should be avoided, or the value of the 
deposition velocity should be increased to account for the total deposition to vegetation and 
underlying soil. 

In some investigations the variability of the dry deposition was reduced by normalising 
Vg to the standing biomass [32, 33, 47]. In this case the correlation between the deposition 
velocity and the biomass is implicitly taken into consideration. If other approaches are 
applied, one has to be sure that the correlation between the deposition velocity and the 
biomass is adequately considered. 
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The normalization of the dry deposition to the biomass leads to reasonable results for 
pasture grass, leafy crops and other crops in the vegetative growing period. In these cases 
a good correlation between the biomass and the leaf area index can also be observed. 
However, as the development of crops such as grain, vegetables, and fruit continues, 
especially during the generative phase of the growth, the correlation between the leaf area 
index and the biomass is no longer valid (Fig. 8) [45]. In these cases, there is some doubt 
whether the normalization of the deposition velocity to the biomass is still justified. 

However, there are few data concerning dry deposition in relation to the leaf area. 
Further investigations in this field, taking into account the particle size, the wind speed and 
the plant species, would be desirable for an improvement of the knowledge and understanding 
of dry deposition processes. 

Interception of wet-deposited activity 

As the experiments of Hoffman et al. [23, 24, 25] and the experiences after the 
Chernobyl accident have clearly demonstrated, the interception of wet-deposited activity is 
mainly controlled by the biomass or leaf area, the amount of rainfall, and by the chemical 
form. Aarkrog [20] observed that aged plant leaves absorb less activity than green plants. 
In Fig. 9 the mass interception factor is plotted against the rainfall for 1311,7Be, and insoluble 
microspheres applied with artificial rain. The dependence of the f/B-value on the amount of 
rainfall is strong for iodine, but it is much less pronounced for 7Be and the insoluble 
microspheres. However, for particles over about 40 nm diameter, the interception fraction 
will probably be lower than for the microspheres as investigated by Hoffman et al. 

For models predicting the consequences of routine releases, a constant, 
element-dependent interception factor might be appropriate if the rainfall pattern of the site 
considered is known. 

In contrast, for models dealing with single releases, the interception has to be modelled 
by distinguishing between anions, cations and insoluble particles. For continuous rainstorms, 
the interception (f/B) for anions such as I" or SO 4

2" can simply be related to the amount of 
rainfall. 

2.1.7. Summary and conclusions 

From the review of interception fractions and mass interception factors reported in the 
literature, the following conclusions can be drawn: 

(1) The variations of the interception factor f are larger than for the mass interception 
factor f/B. 

(2) The variation of the mass interception factors f/B observed for dry deposits is relatively 
low for small particles. For those particles a mass interception factor of about 3m2kg_1 

might be appropriate for a rough estimation of the initial contamination of vegetation 
due to dry deposition. However, this value should not be used without critical analysis 
of the situation to be considered. For particles of more than 40 ym the reported 
f/B-values are significantly lower. For large particles, wet plant surfaces favour the 
interception of dry-deposited particles by a factor of approximately 3 over that for dry 
surfaces. 
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FIG. 8. The development of the leaf area index and the biomass during the growth period of winter wheat [45]. 
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FIG. 9. Mass interception factor of activity in artificial rain. Regressions of Hoffman et. al. [23] (biomass 0.15 kg m2 dry mass; 
rainfall intensity 17 mm h'1). 



(3) The mass interception factors f/B of wet-deposited activity are highly 
chemical-dependent; values for cations are significantly higher than for anions. Fig. 
9 gives an impression of the dependence of f/B on the chemical form and the amount 
of precipitation for intermediate precipitation events. Furthermore, the f/B-values for 
cations decrease only slightly with increasing amounts of rainfall, whereas for anions 
such as iodine the f/B-values decrease in proportion to increasing precipitation. From 
Fig. 9, a concentration ratio vegetation/rainwater of 2.5 to 3.0 can be derived for 
iodine. For insoluble microspheres and reactive cations such a simple concentration 
ratio cannot be given, because the washoff effects during the precipitation are less 
pronounced than for iodine. The variations of f/B for different plant species are of 
minor importance. 

(4) The correlation of the interception fraction to the biomass is strongly supported for 
pasture grass and other leafy crops. However, for other crops such as grain, fruits and 
vegetables, in the second half of the growing period, a normalization to the leaf area 
seems to be more appropriate. Unfortunately, the data available for such crops are 
very limited. Further investigations for such crops could fill some of these gaps of 
knowledge. 

(5) In many models, interception fractions or mass interception factors are applied to the 
dry-deposited activity calculated by the use of deposition velocities. However, 
deposition velocities are often determined by relating the activity on the plant's surface 
to the time-integrated activity in air during the period of deposition. Therefore such 
approaches are inconsistent with the underlying experiments. This effect is often not 
obvious due to the considerable uncertainty associated with quantification of dry 
deposition; thus, this might be an area for model improvement. 

(6) Wet and dry deposition to plant surfaces and the corresponding interception of wet- and 
dry-deposited activity are completely different processes which depend on different 
factors. However, in models for the prediction of the radiological consequences of 
routine releases, the use of generic, empirically derived interception fractions might be 
justified for both dry and wet deposition. For the estimation of plant contamination by 
single releases of activity, these processes should be modelled separately in order to 
take into account the situation-specific contribution of dry and wet deposition in a 
realistic way. 

2.2. LOSS OF RADIONUCLIDES FROM VEGETATION 

2.2.1. Introduction 

After radionuclides are deposited on vegetation, environmental removal processes will 
combine with radioactive decay to reduce the quantity of initial contamination. Assuming 
strictly single-component exponential mechanisms, the time necessary for one-half of the 
radioactivity to be removed by environmental processes is referred to as the environmental 
half-time, Tw. This parameter is related to the environmental loss constant Xw as follows: 

In 2 

Considering radioactive decay with environmental loss processes, an effective half-life 
Teff or loss constant \eff can be calculated as follows: 
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T w • T r 

Teff = ( 6 ) 
T + T iw i i r 

where Tr = radiological half-life. There are two possible methods to quantify the 
environmental half-time Tw: 

Tw may be determined by the loss of radionuclides from vegetation growing on a unit 
ground area. 

Tw may be determined by the decrease of the activity per unit mass of vegetation. 

In the latter case, Tw includes the diluting effect of the increase in biomass during the 
plant's growth. 

For radionuclides with small values of Tr, Tw will have relatively little effect on the 
resulting value of Teff. For long-lived radionuclides however, Tw will directly control the 
value of Teff. The evaluation of the potential variability in Tw is of importance for estimating 
the potential impact on man of long-lived radionuclides initially deposited on vegetation, as 
Teff (or Xeff) is frequently used in radiological models. For long-lived radionuclides, Tw has 
a direct influence on the calculated level of vegetation contamination when uptake from the 
soil is relatively low and the time between initial deposition and harvest is sufficiently long. 
It also controls the equilibrium concentration under chronic deposition. The process of loss 
of deposited materials from vegetated surfaces was termed "field loss" by Russell [10]. 

2.2.2. Factors influencing the environmental half-time 

The environmental half-time Tw may be influenced by a number of processes. The 
exact contribution of specific processes to the removal of deposited radionuclides from 
vegetation is difficult to quantify. Therefore, the parameter Tw is determined empirically via 
regression of the concentration in vegetation with time. Nevertheless, several processes that 
affect the concentration of deposited radionuclides on vegetation with time and that ultimately 
will influence the variability of values reported for Tw. 

Wind removal 

Radionuclides associated with large particles may be shaken off of vegetation by wind 
action. This process may lead to a rapid initial loss of material immediately after deposition. 
There may be little direct effect by the wind on radioactivity removal from external plant 
surfaces after the first few days following the deposition [48]. However, it has been found 
that submicron particles can be detached from the surfaces of plants, especially during 
periods of rapid growth and high transpiration rates. Surface abrasion and leaf bending 
resulting from wind action may serve to dislodge salt particles, wax rodlets, and cuticular 
and other surface fragments from vegetation [49]. Thus, any radioactivity that might be 
associated with these particles may be removed from vegetation. 

Water removal 

Precipitation, fog, dew and mist may remove radionuclides from vegetation via two 
processes. Wash-off removes material from the surface of the plant, and leaching removes 
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material incorporated into the interior of the plant. Like direct wind removal, wash-off 
seems to be most effective immediately following the deposition event [50]. However, the 
long-term retention of radionuclides on vegetation does not seem to be correlated to the 
amount of rainfall during the experimental periods. Nevertheless, in some experiments, in 
which the environmental half-time was determined simultaneously on experimental plots 
protected against rain, significantly longer values for Twwere observed [51, 52]. Leaching 
may occur throughout the plant's growing season, but it is the greatest just before maturity 
and death of the foliage [53]. Also, rain falling as a light continuous drizzle is more efficient 
as a leaching agent than is a large quantity of rain falling during a short period. Leaching 
also may be enhanced by high temperatures [54]. 

Growth 

Up to maturity, growth of herbaceous vegetation can be approximately regarded as an 
exponential process [55-57]. As a result, the mass concentration of any material associated 
with the vegetation will decrease at about the same rate as the plant is growing. This process 
of growth dilution is implicitly included when values of Tw are based on measurements of 
radioactivity per unit mass of vegetation over time. This process is excluded, however, when 
values of Tw are based on measurements of vegetation radioactivity per unit area of ground. 
Such measurements, when obtained from an appropriate experimental design, provide an 
estimate of the total inventory of radionuclides in above-ground vegetation at the time of 
sampling. The effect of growth dilution depends on the farm management and the weather 
conditions during the growing period, as well as on the stage of the growth. 

In intensive farming systems, different kinds of fertilizers are frequently applied to 
stimulate the plant growth and to maximize the yield; this practice principally increases the 
importance of growth dilution. Another important factor is the water supply of plants; water 
deficits inhibit the increase of biomass and therefore decrease the effect of growth dilution. 

The increase of biomass is also subject to seasonal variations. For example, for 
pasture, the highest growth rates can be observed in spring; from the beginning of summer 
a more or less continuous decrease occurs until the vegetation senescence in autumn. The 
main factors for this decrease may change slightly from region to region. However, these 
factors are the inhibition of growth due to high temperatures, which might be accompanied 
temporarily by water supply deficits in summer, and low temperatures and the decreasing 
solar radiation in autumn. 

In some crops senescence of individual leaves is a mechanism for radionuclide removal, 
for example, in grass where leaves die back and are continuously replaced. The removal of 
activity by grazing animals is another removal mechanism. 

As stated above, the stage of a plant's growth plays an important role in determining 
the removal rate of radionuclides from the plant. Leaching of materials from plants increases 
with age, possibly in part due to the fact that young leaves are wetted with more difficulty 
than older leaves [54]. At the same time, growth dilution processes slow down as a plant 
ages. Some studies indicate that processes of radionuclide removal from the surfaces of 
herbaceous vegetation (mostly grasses) may be substantially reduced after the plant dies or 
becomes dormant [13, 21, 22, 33, 58, 59, 60]. 
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2.2.3. Measured values for the environmental half-time 

Miller and Hoffman [61] have given a comprehensive compilation of values for Tw 
obtained or derived from the literature (Table VI). The range of all values for Tw for 
herbaceous vegetation derived per unit mass is 2.8 to 19 d with a geometric mean of 8.6 d. 
From the experiments excluding the effect of growth dilution, a geometric mean of 11 d with 
a range of 4.5 to 34 d can be obtained. In general, Tw is lower for iodine (vapour as well 
as particle-bound iodine) than for the other particles. 

The effect of growth dilution seems to be more pronounced for particulates than for 
iodine. However, it is very likely that this observation is an artifact, because the rapid 
physical decay as well as the shorter environmental half-life of iodine can mask the effect of 
growth dilution. 

Values of the Tw for woody vegetation are generally larger than for herbaceous plants. 
This might be due to the effect of leaching. Radionuclides incorporated into woody plant 
parts will probably be much less subject to leaching by rain and fog than radionuclides 
incorporated into leafy plant parts. 

The longest environmental half-lives were obtained for dormant vegetation, with a 
geometric mean value of 25 and a range of 5 to 49 d. 

In Table VII, measurements of the environmental half-time Tw are summarized which 
are not included in the compilation of Miller and Hoffman [61]. The results are in good 
agreement to the observations summarized in Miller and Hoffman. The investigations of 
Aarkrog and Lippert [21] underline the influence of the stage of growth of plants on loss of 
radionuclides subsequent to initial retention. In these experiments, in the first two-thirds of 
the growing period of barley, a mean value for Tw of 18 d (per unit ground area) was 
observed, whereas from the middle of the growing period to harvest a value for Tw of 46 d 
was determined; this is a factor of 2.5 longer. In the first case, Tw was measured during the 
vegetative growth period, characterized by a high metabolic activity. In the second period 
of the experiment, the plants were in the corn filling (translocation to the grain of 
carbohydrates being produced during photosynthesis) and maturing phase. In this stage the 
foliage dies off and the barley plants become more and more similar to dormant vegetation. 

The value for Tw of 130 d determined by Bondietti et al. [72] for Be-7 on semidormant 
pasture is the highest value which has been determined. Also this result underlines the 
differences in Tw of dormant and growing vegetation. 

In an experiment with the pesticide diflubenzuron, Wimmer et al. [73] found that the 
levels of pesticide on leaves of hardwood trees declined rapidly (20-80%) during the first 
two weeks following application; after that, the levels were generally stable until leaf fall. 
The initial loss was much greater for two species of trees (yellow poplar and black oak) than 
for others (red maple, sugar maple, chestnut oak, white oak, and northern red oak). Rainfall 
did not seem to be major factor in pesticide loss, with the exception of a very hard rain 
immediately after application of the pesticide, in which case 40-50% was lost. Growth 
dilution also was not an important factor, as growth of the leaves was essentially complete 
at the time of spraying. 

34 



TABLE VI. REPORTED ENVIRONMENTAL HALF-TIMES 

Experimental conditions 

Geometric 
mean 
(days) 

Range 
(days) 

Number 
of 
observations References 

All values for herbaceous vegetation 

- Derived per unit mass 8.6 2.8-19 24 [61] 
- Derived per unit ground area 11 4.5-34 26 [61] 

I2 vapour on herbaceous vegetation 

- Derived per unit mass 6.8 4.8-7.9 6 [58] 
- Derived per unit ground area 7.3 4.5-14 13 [33, 48, 60, 62, 

I particulates on herbaceous vegetation 

- Derived per unit mass 8.2 2.8-16 10 [58, 59, 64-68] 
- Derived per unit ground area 8.5 6-12 2 

Other particulates on herbaceous vegetation 

- Derived per unit mass 12 9-19 5 [13, 19, 20, 
22, 64, 65, 

- Derived per unit ground area 20 19-24 11 69, 70, 71] 

I particulates and vapour on woody vegetation 

- Derived per unit mass 13 1 [64] 
- Derived per unit ground area 7.9 1 [63] 

Other particulates on woody vegetation 

- Derived per unit mass 20 12-28 4 [64, 69] 

Dormant vegetation3 

all values 25 8.1-oob 18 
I2 vapour 22 8.1-50 5 [58, 60] 
I particulates 22 5.3-oob 8 [59, 60] 
Other particulates 32 22-49 5 [13, 69] 

"Dormant vegetation includes standing herbaceous vegetation sampled in winter as well as woody tissues of 
deciduous vegetation sampled after leaf-fall. 
bFor purposes of this statistical summary, a value of Tw = oo was set equal to Tw = 44 d, the highest measured 
value of Tw for I particulates. 
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TABLE VII. ADDITIONAL MEASUREMENTS OF ENVIRONMENTAL HALF-TIMES 

Experimental Tw Range Observations References 
conditions (d) (d) 

Fine spray of 89Sr on pasture [74] 
- per unit mass 9 - 1 
- per unit area 14 - 1 

Fine spray of [21] 
51Cr, 59Fe, 
58Co, 65Zn, 
203Hg, 210Pb 
on spring barley 
- per unit area 

determined from 
week 2 to 11 18 14-22 5 

determined from 
week 8 to 16 

(harvest) 46 32-54 6 

7Be on growing 

herbaceous vegetation 17 - [72] 

7Be on semi-dormant 

pasture 130 - [72] 

238Pu on corn 12 [75] 131I, 7Be and [23] 
insoluble microspheres 
- per unit mass 7.2-15 
- per unit area 7.5-18 

137Cs on lettuce 8 1 [31] 
131I on grass 13 - 1 [76] 

Table VIII summarizes some environmental half-times which were determined after the 
deposition of Chernobyl fallout. It should be mentioned that the two exponential functions 
for Tw reported by Miiller and Prohl [77] also include the activity in the second cut after the 
deposition. In addition to the data in Table VIII, environmental half-times determined for 
Chernobyl fallout at a larger number of sites have been summarized by Kirchner [78]. The 
mean weathering half-times on plants were 9.1 ± 0.6 d (median = 8.5 d) for iodine and 
11.1 ± 0.8 d (median = 10.4 d) for caesium. The values obtained from Chernobyl fallout 
are in good agreement with the pre-Chernobyl values [61]. The summary by Kirchner, 
however, does not differentiate between environmental half-times determined on the basis of 
mass vs. those determined on the basis of area. 
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TABLE VIII. SUMMARY OF ENVIRONMENTAL HALF-TIMES DETERMINED FROM THE 
CHERNOBYL FALLOUT 

Experimental Tw Range Observations References 
conditions (d) (d) 

13'I on pasture 7.5-8.9 3 [80] 
131I on pasture 9.8 1 [81] 
137Cs on pasture 14 1 [81] 
137Cs on pasture 
short term 8-14 (95%) [77] 
long term 40-60 ( 5%) 

131I on pasture 12 [37] 
137Cs on pasture 14 [37] 
131I on pasture 5.9-14 [36] 
137Cs on pasture 11-15 [36] 
131I on pasture 11 [82] 
I37Cs on pasture 11 [82] 
131I on grass 14.3 1 [83] 
137Cs on grass 14.4 1 [83] 
137Cs on broccoli 11 + 1 1 [84] 
103Ru on broccoli 7.5 ± 2.5 1 [84] 

St. Petersburg [42] 
point 1 (30 Apr-2 Jun) 
131I on pasture 9.6 1 
137Cs on pasture 13.4 1 

point 2 (30 Apr-27 Aug, without cutting) [41] 
137Cs on pasture 

short term 9-14.2 (92%) 3 
long term 49-52.2 (8%) 

point 3 (30 May-22 Jul, without cutting) [41] 
137Cs on pasture 

short term 3.1 (75%) 1 
long term 53.2 (25%) 

Gomel region, 30-km zone ChNPP [41] 
137Cs on pasture 
point 1 (10 May-10 Jun) 10.2 9.7-10.6 3 
point 2 (11 May - 5 Aug) 

short term 13.1 (85%) 1 
long term 46.2 (15%) 

Values are included in Table VIII for two areas in the former Soviet Union for the 
Gomel region of Belarus, within the 30 km zone of the Chernobyl NPP (two points) and for 
St. Petersburg (three points) [41, 42]. Some parts of St. Petersburg, including point 3, had 
heavy rain after deposition (1-3 May), followed by good weather. In the 30 km zone of the 
Chernobyl NPP, the weather was good throughout the observation period. 
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TABLE IX. VALUES OF Tw FOR SIMULATED FALLOUT PARTICLES ON CROP PLANTS 
ILLUSTRATING MULTIPLE TIME COMPONENTS OF THE REMOVAL PROCESS [15] 

Time period Weathering half-life, Tw (d) 
after 
deposition Mean value 
(days) Squash Soybean Sorghum Peanuts Lespedeza (all plants) 

44-88 fim particles 

0-1.5 2.5 2.1 2.8 5.1 1.4 2.8 ± 0 . 7 1 
1.5-14 7.2 7.3 6.6 8.4 8.4 7.6 ± 0 . 3 5 
14-28 42 18 35 18 18 26 ± 4 . 7 
28-56 39 45 270 32 33 84 ± 4 6 

88-176 fim particles 

0-1.5 1.6 1.5 4.1 1.3 2.9 2.3 ± 0 . 5 3 
1.5-14 7.4 7.2 7.4 16 2.6 9.1 ± 1.6 
14-28 15 16 19 16 14 16 ± 1.0 
28-56 57 35 38 29 38 39 ± 5 . 2 

TABLE X. ENVIRONMENTAL HALF-TIME FOR 137Cs ON GRASS [51] 

Experimental 
conditions 

Mode of 
determination Tw(d) 

Fine spray of Chernobyl 
rain-water containing 
137Cs on grass grown 
in pots protected from 
rain 

Fine spray of Chernobyl 
rain-water containing 
137Cs on grass grown 
in pots not protected 
from rain 

per unit mass 

per unit area 

per unit mass 

per unit area 

short term 
long term 
short term 
long term 

short term 
long term 
short term 
long term 

8 
>60 
6.2 

>60 

3.4 
23 
2.4 

30 

(92%) 
(8%) 
(20%) 

(90%) 
(10%) 
(50%) 
(50%) 
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However, other investigations also indicate that the decline of activity after deposition 
can be described by a function of at least two exponentials. During a period of 56 days after 
the deposit, Witherspoon and Taylor [15] have measured Tw for different types of vegetation 
using simulated fallout particles with size spectra of 44 to 88 /xm and 88 to 176 /an 
(Table IX). They could distinguish 4 different phases during which Tw was significantly 
different. Tw increased during this 8-week experiment from some days in the initial phase 
to some tens of days in the last phase. However, the values for Tw for the last period in 
particular are probably associated with a considerable uncertainty because the half-life is 
longer than the experimental period during which it has been measured. 

Witherspoon and Taylor [79] measured the loss of simulated fallout particles with a size 
of 1 to 44 nm from sorghum and soybean plants during a period of 5 weeks. For the first 
week, a value for Tw of approximately 4 days is reported, whereas in the subsequent 4 weeks 
of the experiment the loss was equivalent to an environmental half-time of 23 days. 

In the experiments of Witherspoon and Taylor [15, 79] the initial loss rate is relatively 
high. However, in these experiments large particles have been used. For those particles an 
enhanced loss due to wind action might occur, as Mason et al. [48] speculated. 

Also Ertel et al. [51] found that environmental half-lives followed a function with two 
exponentials (Table X) over a period of 60 d. A fine spray of Chernobyl rainwater was 
applied to grass grown in pots. One half of the pots were protected against rain, but watered 
during the whole experimental period; the other pots were not protected against rainfall. For 
the uncovered plots, Tw is about a factor of 2 shorter than for the plots protected against 
rainfall. 

In both cases, covered and uncovered, the initial loss is very rapid. The long-term 
components might have been influenced by the very low growth rate in the second part of 
the experiment. 

Such information about the time dependence of the environmental half-time is very 
useful, especially for application in dynamic radioecological models being used for the 
assessment of the radiological consequence of single radionuclide depositions. Nevertheless, 
effective values of Tw may be used to estimate long-term average concentrations in plants 
from routine releases or time-integrated concentrations resulting from acute releases. 

2.2.4. Summary and conclusions 

From the review of the environmental half-times of radionuclides deposited on 
vegetation the following conclusions can be drawn: 

(1) The loss of radionuclides from vegetation is due to removal by wind and removal by 
water, including wash-off as well as leaching by rain and fog. Also the abrasion 
between leaves and shedding of cuticular wax can affect the post-deposition removal 
rate. 

(2) The growth of vegetation causes a diluting effect for the retention measured in terms 
of activity per unit mass of vegetation. The growth dilution is most pronounced for 
growing herbaceous vegetation. It is less obvious for woody plants and negligible for 
dormant or dead standing vegetation. 
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(3) The removal rate seems to be highest immediately after deposition and then is reduced 
with time. Although removal by wind and water are factors that cause the 
post-deposition loss of activity, the long-term retention seldom appears to be correlated 
with weather conditions. However, in one experiment, the removal of activity from 
plants protected against rain has been a factor of 2 less compared to those exposed to 
normal rain. 

(4) For iodine (elemental and particulate), the environmental half-time including growth 
dilution is about 7 days, with a range of 5 to 16 days. There is no significant 
difference if growth dilution is excluded. The rapid physical decay of 131I possibly 
masks the effect of growth dilution. 

(5) For particulate-bound radionuclides, the enviromental half-time is longer. Including 
growth dilution, a mean value of 12 d with a range of 9-19 days can be obtained. If the 
environmental half-time is determined per unit ground area, the mean is about 20 d. 

(6) Some experiments indicate that the decline of activity can be described by a function 
of at least two exponentials, a short-term exponential with a half-life of several days 
and a long-term exponential with a half-life of some weeks. 

(7) According to Chamberlain [37], the volatilization of iodine retained by plants is not a 
process which can explain the faster removal of iodine compared to particulates. 

(8) For dormant vegetation the removal rates from vegetation are much lower, with 
environmental half-times ranging from about 20-130 d for particulates and from 5.3 to 
more than 50 d for iodine. 

(9) The stage of development of the plants seems to influence the post-deposition retention 
considerably. The environmental half-times increase during the maturing process, when 
the foliage becomes more and more similar to dormant or dead standing plant canopies. 

(10) The radiological models compared in the framework of the BIOMOVS A4 test scenario 
[36] used values for the environmental half-time which are within the range of values 
reported here. Most models use a single half-life to describe weathering loss. Bearing 
in mind the observed time-dependence of weathering, this could lead to an 
underestimation of the long-term contamination of plants after single deposits. 
However, the use of single exponential functions is appropriate for estimating 
contamination due to routine releases or for estimating the time-integrated 
concentrations from acute releases. 
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Appendix 

COMPARISON OF CONCENTRATION RATIOS VEGETATION/AIR 
DETERMINED FROM THE CHERNOBYL DEPOSITION 

WITH THEORETICALLY DERIVED CONCENTRATION RATIOS 
VEGETATION/AIR FOR DRY AND WET DEPOSITION 

The measurements performed after the Chernobyl accident of integrated activity 
concentration in air and in grass, as well as the total deposition of 131 I and 137Cs, can be 
used to test the derivation of the mass interception factor f/B and the environmental half-time 
Tw. For some locations reported in Kohler et al. [36], concentration ratios vegetation/air 
(CRv/a) are calculated according to: 

(Dtot) (f/B) (Tefl) 
CRV/A = 

(ln2) (Cair) 

where 
CRv/a = concentration ratio vegetation/air (m3 kg"1) 
Dtot = total deposition (Bq m"2) 
f/B mass interception factor (m2 kg"1) 
Teff = effective environmental half-time (d) (including physical decay) 
C = time-integrated activity concentration in air (Bq d m 3) 

In all these locations, the Chernobyl fallout was a mixture of dry and wet deposition. 
Therefore, two theoretical values of CR^ were calculated: in one case it is assumed that the 
total deposition was dry, in the other case it is assumed that all deposition was during rainfall 
and no dry deposition occurred. These theoretical values represent the extreme cases and 
should give the lower and upper bounds of the actual CR^. The calculated values for CRv/a 
are then compared against the CRv/a determined from measurements of the activity in air and 
grass at the sites considered. 

The following parameters have been assumed for calculation of the theoretical values: 

For dry deposition, a mass interception factor of 3 m2 kg"1 was used for both 131I and 
137Cs. 

For wet deposition, a mass interception factor of 0.6 m2 kg"1 was used for 131I, and a 
mass interception factor of 1 m2 kg"1 was used for 137 Cs. The data on measured values 
for the mass interception factor for wet deposition of 137Cs are very poor. However, 
according to Prohl [41], the initial retention of Cs seems to be a factor of 2 lower than 
for 140Ba, which should behave similarly to ^Sr and 7Be. So, the value for /x used here 
is about a factor of 2 lower than for 7Be. 

For the environmental half-time (including growth dilution), values of 7 d for 131I and 
14 d for 137Cs were used. 

Calculated and observed values for CRv/a at seven locations are given in Table XI. It 
is obvious from the table that the observed CRv/a are with two exceptions between the 
theoretical derived values for wet and dry deposition. Taking into account some additional 
information about the deposition pattern at these sites, it can be concluded that for sites with 
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a high contribution of wet deposition, the observed values for CRv/a are generally closer to 
the theoretical CRv/a for wet deposition (e.g., Neuherberg, Tranvik, Budapest, Petten). 

Due to the high rainfall at Neuherberg, the mass interception factor for wet-deposited 
137Cs used for the calculations might be slightly too high. The deviation observed at Tokai 
is probably due to wash-off during very heavy showers after the deposition. 

Although the results of this comparison should not be given undue weight, they 
nevertheless indicate that the values Tw and f/B reported in this paper are consistent with 
environmental measurements performed after the Chernobyl accident. 
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TABLE XI. COMPARISON OF OBSERVED CONCENTRATION RATIO VEGETATION/AIR WITH THEORETICAL 
VALUE CALCULATED FOR DRY AND WET DEPOSITION 

Location Time Total Deposition Concentration ratio vegetation/air (m3 kg"1) 
integrated air deposition velocity 
concentration (Bq m2) (m d1) 
(Bn d m-3') 

(Bq m2) (m d1) 
Observation Theoretical Theoretical 

Wet deposition Dry 
deposition 

131J 

f/B = f/B = 
0.6 m2 kg"1 3 m2 kg1 

Neuherberg 102 80000 784 5900 2500 13000 
Roskilde 6.1 4000 7800 2100 11000 
Tranvik 74 50000 2700 2200 11000 
Budapest 51 33000 5900 2100 11000 
Petten 36 17000 2500 1500 7700 
Tokai 2.4 930 2100 1300 6300 
Loviisa 270 100000 1200 1200 6000 

137Cs 

f/B = f/B = 
1.0 m2 kg "1 3 m2 kg "1 

Neuherberg 12 19000 1600 28000 32000 95000 
Roskilde 0.53 800 1500 35000 30000 91000 
Tranvik 5.3 2000 377 14000 7500 23000 
Budapest 4.5 5600 1244 36000 25000 75000 
Petten 3.8 2400 631 12000 13000 38000 
Tokai 0.15 140 933 6700 19000 56000 
Loviisa 15 20000 1333 41000 27000 60000 
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