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ISBN 91-576-5134-5 ABSTRACT

Experiments with artificial wet depositions of 134Cs and 85Sr during the
growth period were carried out. The studies are complementary to the
experiences after the Chernobyl fallout. The aim was to get a description of
the relative transfer to the harvest products of new clover-grass leys and old
grass leys after initial depositions of tracer nuclides at different times
during the growth period. The reduction in transfer with time, from
deposition to sampling, depends partly on dilution by growth and partly on
fall-off to the ground. The Reduction half-time for the nuclide content
showed a range 1 0 - 1 4 days. The data obtained in the experiments can
extend the basis for prediction of the consequences of fallout events at
different times to new as well as to old leys in the field.



1. INTRODUCTION

Interception of atmospheric fallout by agricultural crops has been studied
since the sixties, because crops may be the main pathway of radio-active
nuclides to the human diet. The studies have dealt with numerous direct
observations of the fate of fallout in crops and animal produce, with
experimental investigations and with modelling works to predict the out-
come of different fallout situations. These approaches are complementary
to each other in providing information on fallout problems.

Examples of experimental and field work, that have contributed to this
body of information, are early as well as later studies (cf. Aarkrog 1975,
Eriksson et al. 1976, Eriksson 1977, 1991, Hoffman et al. 1989, Rosen
1996 and Rosen et al. 1996). They have aimed at determination of the
initial interception and/or the retention of wet and dry deposited nuclides
by crops in experimental situations and following fallout in the open field.

Cultivated grasslands are natural dynamic systems used for production
purposes. During a limited time period each year the grass crop develop-
ment takes place, and the rate of changes is high. The output of the system
consists of summer and winter feed used in animal husbandry.

The size of the fraction of wet fallout that can be intercepted in such a
system depends on many factors; the intensity of precipitation connected
with the fallout, time of the year and type of crop and stage of develop-
ment. Once intercepted by the above-ground parts of the crop, the nuclides
are partly lost by fall off to the ground at a rate that depends on many
conditions.

This loss by fall off is to some extent counter-balanced by other routes of
entry. The nuclides deposited onto the soil can reach the plant surfaces by
resuspension with soil particles or reach the interior of the plants by ion
uptake of the roots from the surface layer of the ground. Also, the nuclides
bound to plant surfaces below the cutting horizon may, if soluble, penetrate
the outer plant layer and be transferred to the interior of the plant by growth
and thereby be transferred to harvest products above the cutting horizon.

The interception takes place in the whole grass crop, below as well as
above the cutting horizon. In the beginning of the season and at low density
of the grass cover, it should be about the same as that of the Chernobyl
fallout. Later in the season and with increasing density of the grass cover,
increasing amounts of the fallout should be intercepted by the crop per unit
land area and a peak value can be expected before the first cut. After each



cut, the interception capacity of the crop drops to a level that corresponds
to the leaf area of the remaining lower plant parts.

In acute situations following deposition, correct predictions of the transfer
of the fallout nuclides to the crop products at the harvest time might be
helpful if counter-measures have to be considered. Then it is necessary to
know the density and quality of the fallout and the capacity of the crops for
interception and retention of such fallout material.

Experimentally, it is possible to get reliable indications on the retention of
the intercepted material up to harvest time. Such experiments have been
conducted at the Department of Radioecology, Swedish Univ. of Agric.
Sciences, Uppsala. They comprise agricultural crops and vegetables. The
results obtained in experimental work with a mixed clover-grass hay crop
are reported below and compared with earlier experiments. The aim is thus
to quantify the transfer of wet fallout on different types of grassland to the
harvest products. The work has been supported by the Swedish Radiation
Protection Institute,

2. MATERIALS AND METHODS

2.1. Experimental layout

The experiment was carried out at the Uppsala Nas Experimental Station
(Unas) in a mixed hay crop consisting of timothy - clover - meadow-fescue,
with one-third of each (varieties; "Alexander","Fanny" and "Sena", re-
spectively). The hay crop was sown the previous year with barley as a
companion crop in micro plots, 0.5*0.5 meter in size. The fertilisation level
in spring 1991 was 600 kg 16-7-13 NPK per ha and year. The experiment
was carried out with 3 replicates at each sampling. The samplings
represented different cuts or harvests on four experimental sections labelled
by depositions on different deposition days.

Tracers simulating nuclides in wet fallout were 134Cs and 85Sr. Before the
deposition of these the crop was pre-wetted with water including a minute
amount of a detergent. The labels, in 0.1 N HC1, were then mixed into 0.25
litres of water and deposited in a spray, similar to a shower of small rain-
drops, and so making an artificial precipitation of 1 mm water over each
plot. To keep the tracers in the correct plot this operation was carried out in
aluminium frames, which protected each plot up to a height of 1 m from
the influence of the weather conditions for one day after the deposition.



The depositions and the subsequent samplings took place on the dates and
Julian days given in Table 1 (cf. also Figure 1).

Plots used for long observation periods, early deposition and late sampling,
were compensated for by larger depositions to secure good measurements.
Thus, the earliest depositions of 134Cs and 85Sr were 19.5 and 10.8 kBq m"2,

-2while the later were 6.5 and 3.6 kBq m" , respectively.

Table 1. Layout of deposition and sampling operations during the season
in the experiment 1991

Deposition Sampling cuts

Date

April
May
June
June

24
26

5
17

Julian Day No.

115
147
157
168

Date

May
June
June
July
August

27
6

18
2
6

Julian Day No.

148
158
169
184
219

Cut No.

1
1
1
1 and 2
3

Section: Dep. Day No. 115 Section: Dep. Day No. 147

Section: Dep. Day No. 157 Section: Dep. Day No. 168

Figure 1. Layout of experimental sections on the micro plots. 12 plots
were allocated for each section. Each plot has an area of 0.25 m2.

The layout according to Figure 1 was used to minimize the risk for cross
contamination and for undue interferences in neighbouring sections during
the sampling operations.



Table 2. Number of plots used and number of samples in the deposition
experiment 1991 at the Uppsala Nas field station. Cut No. 2 and cut No. 3
were carried out only on sampling days (SaD) 184 and 219, respectively

Cut No. 1, parts Grass fraction Whole crop data (Plots)
SaD
No. Clover Grass 5-25 cm >25 cm 1st cut 2nd cut 3rd cut

Section: Deposition on day No. 115 (DD115)
148 3 3 0 0 3
158 3 3 3 3 3
169 3 3 3 3 3
184 0 0 0 0 3
219 0 0 0 0 0

Section: Deposition on day No. 147 (DD147)
148 3 3 0 0 3
158 3 3 3 3 3
169 3 3 3 3 3
184 0 0 0 0 3
219 0 0 0 0 0

Section: Deposition on day No. 157 (DD157)
158 4 4 4 3 4
169 3 3 3 3 3
184 0 0 0 0 5
219 0 0 0 0 0

Section: Deposition on day No. 168 (DD168)
169 4 4 4 4 4
184 0 0 0 0 8
219 0 0 0 0 0

0
0
0
9
3

0
0
0
9
3

0
0
6
6

0
4
8

0
0
0
0
9

0
0
0
0
9

0
0
0
5

0
0
5

2.2. Sampling and measurements

The sampling of each section was finished by the last harvest date. The
earlier the date of the deposition the longer part of the season was covered
by the subsequent sampling or harvest cuts. The design of the experiment
with the number of plots used and samples obtained is given in Table 2.

Following three of the samplings, those on day Nos. 148, 158 and 169, the
harvested material was separated in two parts, clover and grass, before
drying and subsequent treatments such as measurements of the nuclide
content. The grass obtained was cut in two parts at the samplings on day
Nos. 158 and 169, giving samples representing parts of the plants from the
two horizons above the ground, that of 5 - 25 cm and that of > 25 cm.



These divisions were made to study the interception and retention of the
wet deposited material in different types of plants and on different heights
in the plant cover.

After harvest the samples were dried, weighed and representative samples
taken from each plot to be carefully disintegrated and transferred to 330 ml
sample containers for measurement of the tracer content with a computer-
aided multichannel analyser using Nal-crystals.

2.3 Interception and retention units

The initial interception by a unit weight of the crop can be described by a
Transfer Ratio to plants from the deposition, TRpd, where p refers to plant
material (nuclide content expressed in Bq(kg d.w.)"1 and d to the total
deposition through the unit area (Bq m"2 ). In a later stage, or when only the
deposition on the ground is available for calculation of the Transfer ratio,
TRpg may be used, where g refers to the deposition on the ground. As
below only plant material is considered and the deposition is known in this
experiment, a shorter term, TRd, has been used, hi field surveys, even early
samples are taken some time after the initial interception has occurred, and
what can be determined for plant material and for the soil is the activity
retained in the plants and the activity deposited on the surface soil layer on
the particular day of the sampling.

The TRd-value is thus obtained when the activity of 1 kg dry weight of the
sampled material is weighted by the deposition m"2 :

TRd=(Bq(kg d. w.ytyfBq nr2)=m2(kg d. w.)-J (1)

To get a general ecological value, the measurement value for a tracer
nuclide with short half-life has to be corrected for decay. In the text below
corrected values are given without any exception.

The interception capacity per kg dry weight of grass may vary during the
growing period. In the leafy stages it may be higher than when the straw
appears at harvest, hi the former it may be 2-4 times higher than in the
latter. However, in the latter stage the increase in biomass may be high
enough to compensate for the lower specific interception capacity.

The calculated value of TRd is proportional to the contamination level of
the crop but independent of the fallout level at the moment of deposition.



The initial interception depends on the qualities of the deposited material
and of the recipient, the crop. The surface area/weight ratio differs between
crop materials of different type and stage of development. After inter-
ception the concentration of the nuclide changes with time and growth.

If the yield, kg d.w. per m or per unit area is determined, the amount of a
nuclide intercepted and retained by a crop per unit area can be weighted by
the amount deposited through this unit area. The result of this operation is
theyraction of the deposition retained by the crop, below called FRpd. This
term may in analogy with that of TRpd be reduced to FRd. FRd may also
be calculated on the basis of the fallout reaching the ground and available
for measurement afterwards. If the nuclide content in the crop is
comparatively large, it is added to the nuclide content deposited on the
ground before weighting for FRd. The size of the yield-dependent FRd is
influenced also by the same factors that influence the size of TRd.

Although the initial interception values of TRd and FRd may be helpful
when estimating the damage of a fallout, neither of them is of primary
interest in experiments with wet fallout, because the conditions in the field
can be expected to vary much more than can be simulated in any
experiments. Instead, the behaviour of the intercepted material during the
period up to harvest is of primary interest because the retention should be
of the same nature both in field experiments and under fallout conditions.

The Fraction FRd of the fallout retained or recovered at the sampling
operations during the season or at harvest can be found by multiplying TRd
by the crop weight per unit area:

FRd = m2(kgd.w.)'1 *(kgd.w.) m2 . (2)

where FRd is dimensionless.

After the initial interception of the fallout and up to harvest there is a
period of time dependent fall-off, which reduces the nuclide content in the
crop. By repeated samplings during that part of the season the changes in
the crop can be observed and half times calculated with regard to the re-
duction of the nuclide content per unit weight and to TRd. The changes in
the retention of the nuclide per unit of land area or in the fraction, FRd, of
the deposition initially intercepted or previously retained, can also be
observed as well as the half-times of reduction in nuclide recovery. The
latter can be referred to as a residence half-time.



2.4. Precipitation during the season

The weekly precipitation during the experimental period is given below in
Figure 2. The precipitation was low in May and in June but was intense in
Week No. 29 in the middle of July. The precipitation increased again in
week No. 32 and may have influenced the recovery of the labels in the third
cut. No additional artificial precipitation was given.

Rainfall, mm/week

60

50

40

Unas 1991

Ultuna 1991

Unas 1990

26 28
Week No.

30 32 34

Figure 2. Weekly rainfall during the growth period, mm per week,
during the period Week No. 20 - Week No. 34, May 16-Aug. 28.

3. RESULTS AND DISCUSSION

3.1. Crop development 1991

The results obtained are in Tables 3-12 . Tables 3 and 4 give the yields on
the sampling occasions, total yield and yields of clover and grass
components, respectively. They show the development of clover and grass
during the early part of season and form the common basis for the study of



the interception and retention of the caesium and strontium tracer nuclides
in the crop components.

Table 3. Total yield in the different sections of the deposition experiment,
kg dry weight per m2, mean ± std. (SaD = day No. for sampling)

1st
SaD

148
158
169
184

148
158
169
184

158
169
184

169
184

1st cut on
the 1st SaD

2nd cut on
day No. 184

Section: Deposition on day No.
0.170±0.026
0.327±0.071
0.39010.082
0.68310.064

0.45710.099
0.170+0.075
0.06710.015
-

Section: Deposition on day No.
0.15010.020
0.26010.047
0.37010.015
0.69310.081

0.31310.075
0.20310.021
0.097+0.029

Section: Deposition on day No.
0.24810.017
0.39710.081
0.68010.104

0.16010.028
0.10010.071
-

Section: Deposition on day No.
0.37810.056
0.62910.077

0.08810.017
-

Final cut on
day No. 219

115 (DD115)
0.32010.046
0.37710.035
0.30310.038
0.277+0.040

147 (DD147)
0.283+0.032
0.31310.060
0.28010.030
0.31310.032

157 (DD157)
0.293+0.035
0.28710.047
0.36710.025

168 (DD168)
0.35810.081
0.32610.065

Total
yield

0.95
0.87
0.76
0.96

0.75
0.78
0.75
1.01

0.70
0.78
1.05

0.83
0.96

The early development is fast, as shown by the samplings of the first cut.
According to Table 3, the total yield was reduced when an early 1st cut was
taken. In practice, however, this loss is counter-balanced by a higher
quality of the feed produced. Also, the yield data indicate that if it is
necessary to discard a first cut of contaminated grass it should be done as
early as possible in the field to minimise the feed losses.

Generally, the standard deviation (std) values calculated for the 1st cut in
Table 3 vary between 5 - 2 0 %. This variation is higher for the 2nd cut in
Table 3 and for the clover and grass fractions in Table 4. These differences
depend on the natural variation in the relative density of the plant species
within and between the comparatively small plots. It should not influence
the statistics of the retention data with regard to the 77ta-values, but might
well influence those of the nuclide fractions retained or the FRd-values.

10



Apart from deposition on Day No. 115, section DD115, the early develop-
ment of clover and grass was rather even. Elongation of the crops took
place from the second week of June and up to the last sampling of the first
cut. At stem elongation the weight of the upper part, >25 cm, was more
than doubled in 11 days, from SaD 158 to SaD 169.

Table 4. Yield of clover and grass components in the different sections of
the deposition experiment. Data are given as mean±std in kg d. w. per m2.
(SaD = day No. for sampling)

SaD
Crop components Grass fractions

Clover Grass Grass 5-25 cm Grass >25 cm

148
158
169

148
158
169

158
169

169

Section:
0.107±0
0.210±0
0.207+0
Section:
0.077±0
0.140±0.
0.143±0.
Section:
0.12810.
0.17010.
Section:
0.18810.

Deposition on day No.
.006 0.06310.031
.035 0.11710.046
131 0.183+0.199
Deposition on day No.
.015 0.07310.029
017 0.12010.052
074 0.227+0.080
Deposition on day No.
041 0.123+0.057
000 0.230+0.085
Deposition on day No.
139 0.188+0.134

115(DD115)

0.06310.021
0.077+0.074

147 (DD147)

0.070+0.017
0.093+0.025

157 (DD157)
0.07810.029
0.09710.032

168 (DD168)
0.098+0.076

0.05410.026
0.11310.129

0.050+0.035
0.13710.060

0.06010.010
0.13710.055

0.09310.075

3.2. Interception and retention of tracer nuclides

3.2.1. Behaviour of 134Cs in the ley crop

Interception and changes in retention of the tracer 134Cs in the crop as ob-
served during the season are given in Tables 5 - 8 . Table 5 displays the
interception of the nuclide after deposition on different occasions, and the
retention afterwards as measured by TRd in the whole crop during the
growing period. In addition, one column gives data for the 2nd cut and one
for the 3rd or final cut, while in the last column, weighted average, (WAv.)
is calculated according to the formula:

WAv. = ZFRdi/ZYi (3)

11



where / denotes the cut Number. The fraction FRd is dimensionless and the
yield Y is measured in kg d.w. m ~2 . WAv., the Weighted average, obtains
the same dimension as that of TRd (Cf. above).

Table 5. Transfer of 134Cs to the clover and grass crop on the plots used in
the deposition experiment. Data are available for 4 samplings and given
as mean±std of TRd, m2 (kg d. w.)"1. (SaD = day No. for sampling)

1st
SaD

148
158
169
184

148
158
169
184

158
169
184

169
184

1 st cut on
the 1st SaD

2nd cut on
day No. 184

Section: Deposition on day No.
0.114±0.026
0.06310.028
0.03410.014
0.02110.009

0.019+0.007
0.02210.005
0.02110.005
-

Section: Deposition on day No.
1.21710.512
0.84610.163
0.26910.091
0.16510.023

0.04010.022
0.09710.021
0.08710.022
-

Section: Deposition on day No.
1.59410.112
0.62510.038
0.26110.050

0.05610.029
0.09210.044
-

Section: Deposition on day No.
0.69110.091
0.39810.193

0.10110.031
-

Final cut on
day No. 219

115(DD115)
0.01110.004
0.01110.006
0.01010.003
0.01010.002

147 (DD147)
0.01410.007
0.03210.012
0.02210.004
0.03310.013

157 (DD157)
0.00510.007
0.03010.016
0.028+0.002

168 (DD168)
0.00810.008
0.03010.030

Weighted
average (Wav.)

0.03
0.03
0.02
0.02

0.26
0.32
0.15
0.12

0.58
0.34
0.18

0.33
0.26

The reduction in TRd with time, from deposition to sampling, depends
partly on dilution by growth and partly on fall-off to the ground. It is
observed that after 5 weeks the 77W-value in the sampled crop of the 1st
cut period is reduced to about 15% of that on SaD 148. The Reduction
half-time for TRd in Sect. DD115 was ~ 2 weeks, in Sect. DD147 ~ 2
weeks and in Sect. DD157 ~ 10 days.

The reduction in TRd from the 1 st cut to the 2nd and the 3rd cut on the
same area depends on the removal of intercepted material by the previous
cuts and on dilution by growth of such material coming up with the grass
from the lower stubble horizon. Early 1st cuts have given longer growing
periods to the 2nd cut, more dilution by growth than during shorter periods,
and lower TRd-values. Consequently, if discarding is considered for a
contaminated grass crop after fallout, the cutting should take place as early

12



as possible to reduce the nuclide transfer to later grass cuts or to the winter
feed. On the other hand, if the contamination level is such that no
immediate action is necessary, the Weighted Average column in Table 5
indicates that a late 1st cut is preferable. This alternative should then give
the lowest average nuclide content in winter feed.

Clover and grass may differ with regard to the development of the leaf area
per unit weight able to intercept fallout. Table 6 shows higher TRd-values
for clover than for grass, especially in the beginning of the experimental
period. With time the interception capacity of grass increases and finally,
on deposition day No. 168, surpasses that of clover. There are some indica-
tions that the more leafy upper parts of grass (>25 cm) have been able to
intercept more of the material deposited than the lower parts (5 - 25 cm).
However, with time elongation and intense growth in the upper parts
caused an increased dilution of the intercepted material there and so the
TRd-values for the lower parts might indicate a higher nuclide content.

•134,Table 6. Transfer of Cs to clover and grass components on the plots used
for the deposition experiment. Data are available for 3 samplings and given
as mean±std in m2(kg d. w.)"1 > TRd. (SaD = day No. for sampling)

1st
SaD

Crop components Grass fractions

Clover Grass Grass 5-25 cm Grass >25 cm

148
158
169

148
158
169

158
169

169

Section:
0.142±0
0.074±0
0.058±0
Section:
1.473±0
0.946±0
0.328±0
Section:
1.782±0
0.654±0
Section:
0.638±0

Deposition on day No.
.015 0.062±0.024
.031 0.040±0.017
.016 0.019±0.003
Deposition on day No.

.676 0.944±0.373

.151 0.681±0.122

.111 0.239±0.073
Deposition on day No.

.126 1.439±0.142

.086 0.597±0.023
Deposition on day No.

.086 0.796±0.071

115(DD115)

0.040±0.015
0.020±0.003

147 (DD147)

0.660±0.133
0.26010.091

157 (DD157)
1.310±0.261
0.652±0.071

168 (DD168)
0.783±0.118

0.04010.019
0.01810.004

0.73110.097
0.21810.068

1.62610.168
0.54610.036

0.79610.062

The fraction FRd of I34Cs deposited, that was intercepted and retained by
the crop at the sampling occasions, is given in Tables 7 and 8.

13



Reduction with time, Tables 7 and 8, is brought about by fall-off from the
plants to the ground but is counteracted by material lifted by growth above
the cutting horizon. The residence half-time will be discussed below, but
seems in the summer to be about three weeks for the intercepted material.

The largest reduction is observed to occur between cuts on the same plot.
Compared with the 1st cut, the recovery is 10% in the 2nd cut and further
reduced in the 3rd. The initial interception (observed on the day after
deposition) during the summer amounted to 20-40 % of that deposited.

Table 7. Fraction of 134Cs, FRd, retained by the clover and grass crop
in the deposition experiment. Data are available for 4 samplings and given
as mean±std . (SaD = day No. for sampling)

1st
SaD

148
158
169
184

148
158
169
184

158
169
184

169
184

1st cut on
the 1st SaD

2nd cut on
day No. 184

Section: Deposition on day No.
0.019±0.004
0.019±0.005
0.013±0.004
0.01410.004

0.00810.0022
0.00310.0010
0.00110.0005
-

Section: Deposition on day No.
0.187±0.103
0.217±0.061
0.101±0.038
0.11410.022

0.011710.0050
0.019610.0033
0.008010.0002

Section: Deposition on day No.
0.39410.004
0.24710.036
0.17510.028

0.008510.0030
0.008910.0072
-

Section: Deposition on day No.
0.25910.040
0.24210.102

0.008710.0019
-

Final cut on
day No. 219

115(DD115)
0.00310.0009
0.004+0.0018
0.00310.0011
0.00310.0008

147 (DD147)
0.003910.0016
0.009410.0016
0.006110.0014
0.0101+0.0033

157 (DD157)
0.001610.0021
0.008110.0032
0.010210.0014

168 (DD168)
0.002810.0028
0.0092+0.0077

Total
recovery

0.030
0.026
0.017
0.017

0.198
0.246
0.115
0.124

0.404
0.264
0.185

0.271
0.251

14



Table 8. Fraction of Cs, FRd, retained by clover and grass components in
the the deposition experiment. Data are available for 3 samplings and given
as mean±std. (SaD = day No. for sampling)

1st
SaD

Crop components Grass fractions

Clover Grass Grass 5-25 cm Grass >25 cm

148
158
169

148
158
169

158
169

169

Section:
0.015±0
0.015±0
0.01010
Section:
0.115±0
0.132±0
0.046±0
Section:
0.224±0
0.109±0
Section:
0.114+0

Deposition on day No.
.003 0.004±0.002
.005 0.004±0.001
.006 0.004±0.005
Deposition on day No.

.065 0.072±0.044

.037 0.085±0.046

.027 0.055±0.025
Deposition on day No.
.068 0.170±0.071
.015 0.138±0.051
Deposition on day No.

.073 0.14410.100

115 (DD115)

0.002±0.001
0.002±0.002

147 (DD147)

0.05010.019
0.025±0.010

157 (DD157)
0.099±0.033
0.062±0.021

168 (DD168)
0.06910.051

0.00210.000
0.00210.003

0.03510.027
0.03110.016

0.09410.016
0.07510.034

0.07610.060

3.2.2. Behaviour of Sr in the ley crop

Interception and retention in the crop of the strontium tracer, 85Sr, are
given in Tables 9 -12 . The development of the nuclide content in the crop
based on TRd is described in Tables 9 - 10. A description based on FRd,
the fraction recovered per unit area of the crop, is given in Tables 11 - 12.

Data for 85Sr in Tables 9 - 1 2 show generally the same tendencies with
regard to interception and retention in the crop as those for 134Cs in
Tables 5 - 8 . Only minor differences occur. The nuclide transfer to the crop
in the 1st cut is higher for caesium in Table 5 than for strontium in Table 9.
However, the conditions are the opposite in the 2nd and in the final cut on
the section with deposition on day No. 115, where uptake from the soil
surface of the more plant available strontium nuclide is possible for one
and a half month. When retention in the crop is low the contribution and
importance of root uptake increases.
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-85,Table 9. Transfer of Sr to the clover and grass crop in the deposition
experiment. Data are given as mean±std of TRd, m2 (kg d. w.)"1

1st
SaD

148
158
169
184

148
158
169
184

158
169
184

169
184

1st cut on
the 1st SaD

2nd cut on
day No. 184

Section: Deposition on day No.
0.095±0.030
0.062±0.013
0.031 ±0.008
0.029±0.012

0.043±0.013
0.060±0.018
0.053±0.018

Section: Deposition on day No.
0.958±0.139
0.474±0.083
0.214±0.051
0.064±0.023

0.026±0.006
0.023±0.003
0.033±0.023
-

Section: Deposition on day No.
1.140±0.075
0.461±0.056
0.168±0.050

0.012±0.017
0.005±0.004
-

Section: Deposition on day No.
0.476±0.091
0.293±0.145

0.025±0.025
-

Final cut on
day No. 219

115(DD115)
0.035±0.018
0.037±0.018
0.029±0.010
0.024±0.015

147 (DD147)
0.017±0.007
0.015±0.010
0.014±0.006
0.009±0.003

157 (DD157)
0.000±0.000
0.000±0.000
0.000±0.000

168 (DD168)

o.oooio.ooo
0.014±0.039

Weighted
average

0.05
0.05
0.03
0.03

0.20
0.17
0.12
0.05

0.41
0.23
0.11

0.21
0.19

•85CTable 10. Transfer of Sr to clover and grass crop components in the
deposition experiment. Data are given as mean±std in m2(kg d. w.)"1, TRd

1st Crop components
SaD

Grass fractions

Clover Grass Grass 5-25 cm Grass >25 cm

148
158
169

148
158
169

158
169

169

Section:
0.10910,
0.069±0.
0.033±0.
Section:
1.204±0.
0.541±0.
0.215±0.
Section:
1.353±0.
0.510±0.
Section:
0.188±0.

Deposition on day No.
,024 0.064±0.044
014 0.047±0.006
Oil 0.023±0.015
Deposition on day No.
116 0.681±0.091
120 0.37710.052
057 0.21810.050
Deposition on day No.
145 0.94010.076
091 0.41810.013
Deposition on day No.
139 0.18810.134

115 (DD115)

0.05210.011
0.02910.020

147 (DD147)

0.31910.078
0.25610.039

157 (DD157)
0.85910.163
0.44910.070

168 (DD168)
0.09810.076

0.03910.011
0.01810.011

0.50310.035
0.18410.062

1.07010.131
0.38810.074

0.09310.075
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Table 11. Fraction of 85Sr, FRd, retained by the clover and grass crop in
the deposition experiment. Data are given as mean±std

1st
SaD

148
158
169
184

148
158
169
184

158
169
184

169
184

1st cut on
the 1st SaD

2nd cut on
day No. 184

Section: Deposition on day No.
0.016±0.006
0.020±0.005
0.012±0.005
0.020±0.007

0.018510.0023
0.009210.0025
0.003410.0010

Section: Deposition on day No.
0.141±0.002
0.122±0.039
0.080±0.020
0.044±0.011

0.007810.0013
0.004610.0006
0.003110.0018
-

Section: Deposition on day No.
0.282±0.015
0.181±0.021
0.113±0.030

0.002210.0031
0.000510.0005
-

Section: Deposition on day No.
0.176±0.019
0.18010.083

0.002410.0024
-

Final cut on
day No. 219

115 (DD115)
0.010810.0051
0.013610.0053
0.009010.0039
0.006410.0037

147 (DD147)
0.004610.0018
0.004110.0020
0.003810.0014
0.002910.0006

157 (DD157)
0.000010.0000
0.000010.0000
0.000010.0000

168 (DD168)
0.000010.0000
0.003610.0101

Total
recovery

0.045
0.043
0.024
0.026

0.153
0.131
0.087
0.047

0.284
0.182
0.113

0.178
0.184

•85CTable 12. Fraction of Sr, FRd, retained by clover and grass components
in the deposition experiment. Data are given as meanistd

1st Crop components
SaD

Grass fractions

Clover Grass Grass 5-25 cm Grass >25 cm

148
158
169

148
158
169

158
169

169

Section:
0.01210.
0.01410.
0.00710,
Section:
0.09210.
0.07510.
0.02810.
Section:
0.16910.
0.08510.
Section:
0.09410.

Deposition on day No.
.003 0.00410.003
.004 0.00510.002
.006 0.00610.008
Deposition on day No.
.019 0.04910.017
,020 0.04710.027
,009 0.05210.030
Deposition on day No.
047 0.11310.052
016 0.09610.034
Deposition on day No.
061 0.08210.063

115 (DD115)

0.00310.001
0.00310.004

147 (DD147)

0.02410.012
0.02410.009

157 (DD157)
0.06610.027
0.04310.016

168 (DD168)
0.03810.033

0.00210.002
0.00310.004

0.02310.015
0.02710.020

0.06310.014
0.05210.024

0.04410.035
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4. MODELING AND COMPARISONS

As shown above, data on deposition, yield level, TRd, FRd, reduction
half-time and residence half-time can be regarded as interrelated
parameters important for the analysis of the situation after a fallout. The
understanding of the problems, initial and over time, is improved by a
realistic model.

Such a model can be provided by the field experiment. It has been carried
out under natural conditions and has given a comparatively reliable
description of the fate of wet fallout nuclides in the crop. Reduction with
time of the nuclide content per kg dry weight due to dilution by the growth
of the field crop and to the fall-off to the ground has been measured as
reduction half-time as well as residence half-time per unit area. The
former is important when the feeding value of a contaminated crop is
considered and the latter for estimation of the nuclide transfer along the
food chain.

The experiment allowed observations on the initial interception capacity
and on the following retention of both caesium and strontium by the com-
ponents in the ley, grass and clover. For chemical reasons the two tracer
nuclides may interact differently with the soil and differ with regard to the
root uptake by the plants. There may be some differences between them
also with regard to influences of their chemistry on their transfer to the
crop components.

To facilitate a study of these tendencies on the behaviour of the two
nuclides in the crop at and after interception, the data obtained were treated
with a least square method to draw curves describing the interception and
the retention of the tracers during the season. The equation was a trinome:

f(T)=A +B*T+ C*f (4)

where T is the Julian Day No. of the sampling day and f(T) is Y, TRd or
FRd. The equations are valid for the growing period studied.

4.1. Initial interception in the ley during the season

Figures 3 - 6 show curves of TRd- and FiW-values that describe tendencies
in the initial interception of the tracers after depositions during the
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growing period of the 1 st cut for the whole crop as well as for the com-
ponents, grass and clover. Figures 3 - 6 cover the period studied within
deposition days No. 147 and 168 and sampling days No. 148 - 169. The
TRd- and FRd- values develops from low levels following depositions in
the beginning of the season to reach peak values after depositions before
the harvest, when the yield, Y, reaches a weight of 0.3 kg d.w. m"2. Later,
when the crop approaches a more mature stage of development and Y in
Figures 3 and 5 reaches a weight of 0.4 kg d.w m"2 there is a marked drop
in the curves. This rise and drop in the interception capacity of the crop is
thus observed within a period of only 3 weeks, with top values in the first
half of June, should be ascribed to the leaf and stem development of the
crop plants, and coincide with the effect of grass density per unit area as
described by Chamberlain (1970).

The interception of the caesium tracer is generally higher than that of
strontium in the whole crop. Curves in Figure 4 show for nuclides and crop
components the following order: Cs in clover>Cs in grass>Sr in clover>Sr
in grass. Figure 6 shows the same order for fractions of tracers intercepted.

TRd, m2(kg d.w.H Y, kg d.w. m-2

0.5
Yield, kg/m2

Cs134 Whole crop

Sr85 Whole crop

0 —
145 150 155 160

Deposition day No

165
— 0
170

Figure 3. Curves obtained with the least square method for description of
the initial interception of 134Cs and 85Sr in the whole experimental ley
crop as shown by TRd following depositions during the growing period.
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TRd, m2(kg d.

Cs134 Clover

Csl34 Grass

Sr85 Clover

-®- Sr85 Grass

0.5

145 150 155 160

Deposition day No

165 170

Figure 4. Curves obtained with the least square method for description of
the initial interception of134Cs and 85Sr in the crop components indicated
by TRd following depositions during the period of Day Nos. 147-168.

0.4

0.3

FRd, Fraction in crop Y, kg d.w. m-2
0.4

0.3

•v- Yield, kg/m2 -*=- Cs134 Whole crop Sr85 Whole crop

145 150 155 160

Deposition day No

165 170

Figure 5. Curves obtained with the least square method for description of
the initial interception of 134Cs and 5Sr in the whole experimental ley
crop indicated by TRd following depositions during the period of Day
Nos. 147-168.
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0.25

0.2

0.15 >

FRd, Fraction in crop

=" Cs134 Clover

Sr85 Clover

Cs134 Grass

Sr85 Grass

145 150 155 160

Deposition day No

165 170

Figure 6. Curves obtained with the least square method for description of
the initial interception of134Cs and 85Sr in the crop components indicated
by FRd following depositions during the period of Day Nos. 147-168.

4.2. Comparison of the nuclides retained in the ley crop

Figures 7 - 1 0 show curves of TRd-values for the retention of the two
tracers after the initial interception and over the growing period of the 1 st
cut in either grass or clover. Figures 10-13 compare grass and clover with
regard to the retention of either tracer.

Figures 7 - 8 show that the retention of the caesium tracer is higher than
that of the strontium tracer in the crop after most of the different deposition
occasions. One exception is the section with the early deposition, DD115,
where a lower transfer of strontium to the canopy of the grass component
of the crop from the fallout in the beginning, later showed a tendency to
increase (Figure 8). The reason was probably that during the following part
of the season the plant availability in the soil and the root uptake was
higher for the grass component with regard to Sr than to Cs (cf. also Table
12). On the other hand, Figures 9 and 10 show that the nuclide transfer to
the clover component indicated no increased strontium uptake with time.
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1.5
TRd, m2/kg d.w.

0.5

0 —
145 150 155 160 165

Day No.
170 175 180

Figure 7. Curves obtained with the least square method for description of
the retention of134Cs and 8sSr in the grass component of the ley crop.

TRd, m2/kg d.w.

0.06 —

Dep Day No.

DD115CS

DD115Sr

0.04 L

0.02
145 155 165

Day No.
175

Figure 8. Curves obtained with the least square method for description of
the retention ofmCs and 85Sr in the grass comp. on Section DD115.

22



TRd, m2/kg d.w.

145 155 165 175

Day No.

Figure 9. Curves obtained with the least square method for description of
the retention of134Cs and 8SSr in the clover component of the ley crop.

The capacity of the crop components, measured in TRd, to retain the
tracers deposited is shown in Figures 11-14 . It is found, without excep-
tion, that this capacity of the leafy clover is higher than that of the grasses,
both with regard to caesium and to strontium (cf. also Figures 3-6).

A comparison between the points of intersection for the curves and TRd=l
and TRd=0.5 (or 0.1 and 0.05) gives new indications on the reduction half-
times. From these comparisons we find that the half-time of both nuclides
seems longer following the early deposition, on Day No. 115, ~15 days,
than following later depositions on Day Nos. 147 and 157 with ~10 days
and ~7 days, respectively.
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0.16
TRd, m2/kg d.w.

Dep Day No.

- £ - DD115CS

DD115Sr

0.12

0.08

155 165

Day No.
175

Figure 10. Curves obtained with the least square method for description
of the retention of134Cs and 85Sr in clover on Section DD115.

TRd, m2/kg d.w.

1.5-

0.5

145 150 155 160

Day No.
165 170 175

Figure 11. Curves obtained with the least square method for description
r134of the retention of Cs in the grass and clover comp. of the ley crop.
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TRd, m2/kg d.w.

1.25

0.75

0.5

0.25

145 155 165

Day No.

Figure 12. Curves obtained with the least square method for description
of the retention of85Sr in the grass and clover components of the ley
crop.

175

0.15
TRd, m2/kg d.w.

0.1

0.05

Dep Day No.

DD115Gr

DD115CI

145 155 165 175

Day No.

Figure 13. Curves obtained with the least square method for description
of the retention of 134Cs in the grass and clover components of the ley
crop following deposition on day No. 115.
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TRd, m2/kg d.w.

0.1

0.08 L

0.06

0.04

Dep Day No.

- $ - DD115Gr

- * - DD115CI

0.02
145 155 165 175

Day No.

Figure 14. Curves obtained with the least square method for description
of the retention of85Sr in the grass and clover components of the ley crop
following deposition on day No. 115.

4.3. Comparison of experiments and years, 1990 vs. 1991

The leys used for grass production in Swedish agriculture are of different
age, generally 1-5 years, but older leys are in use as well. The new first-
year-crops often contain several components, among them clover. The
fraction of clover is reduced with time and after some years only the hardy
grasses remain. These grasses tend to produce a dense mat covering the
land better than earlier.

For that reason, the conditions for interception and retention of fallout
nuclides may differ between the old and the new grasslands (cf. also Rosen
et al. 1996). A comparison between similar experiments on these two types
of grasslands may therefore be of value. The experiment to be compared
with that described above for 1991 was carried out in 1990 on 10-year-old
dense grass.

Due to higher spring temperature in 1990, the growing period started 2 - 3
weeks earlier than in 1991 (Figure 15). The layout of the deposition treat-
ments depended on crop development and therefore differed in time.
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Yield, kg d.w./m2

Y90 DD101

Y90 DD130

Y90 DD142

Y91 DD115

Y91 DD147

Y91 DD157

130 180

Figure 15. Curves obtained with the least square method for description
of the development of the experimental crops in 3 of the sections in 1990
and in 3 of the sections in 1991.

Besides the difference in time for the start of the growing period, the main
difference between the conditions on the two experimental sites are, thus,
the age and the early density and the composition of the plant cover. These
conditions gave a different development of the capacity for the initial
interception during the season of the old ley in 1990 than of the new ley in
1991. hi the early stages the former crop was rich in leaves which gave a
higher initial interception of 134Cs deposited than in that of 1991 (Figure
16). The early crop in 1991 was less leafy and obtained a lower value of
TRd on a dry weight basis than later on and lower than early in 1990.

However, the development with time differed also between the two
experimental leys with regard to the TRd-values. On the old ley in 1990
there was a steady decrease of the initial interception at the experimental
depositions during the later part of the season and with the growth of the
grass plants. On the new ley, the leafy fraction of the crop increased up to
stem elongation, whereafter the leafy fraction per unit of dry weight was
reduced. Obviously, the initial interception described by the TRd-values on
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a dry weight basis depends narrowly on the development of the crops. As
shown in Figure 16 clover is no exception.

TRd

0,5
135 140 145 150 155

Deposition Day No
160 165

Figure 16. Curves obtained with the least square method for description
by TRd of the initial interception of 134Cs deposited with the same
technique at different times on ley vegetation during the seasons in 1990
(old grass ley) and in 1991 (new grass and clover ley) at Uppsala Nds
field station.

In Figure 15 and in Figures 17 - 18 we find that Y90DD101 corresponds to,
and should be compared with, Y91DD115, Y90DD130 with Y91DD147
and Y90DD142 with Y91DD157, respectively.

Figure 15 indicates an early difference in the start of the growth by about 3
weeks. Later in the season the difference is reduced to two weeks. Con-
sidering this difference between the experiments, Figure 17 shows
similarities as well as differences in the retention of the caesium tracer.

The tendencies of the changes in the retention after the early depositions
were about the same in the two experiments. At the later depositions the
difference in reduction half-time increases the later in the season the
deposition took place. In the old grass of 1990, the reduction half-time
seemed to be about 3 weeks during the whole season. In the new grass of
1991 the half-time became shorter the later the deposition took place (2
weeks - 10 days).
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The difference found was probably created by a lower production of straw
material and a relatively larger upward transport of caesium from the dense
old grass cover to the new leaves making up the harvested material. To
sum up; the TRd-values were somewhat higher in the old grass, and the
retention was more persistent.

TRd, m2/kg d.w.

1-5 r
Y90 DD101

Y90 DD130

Y90 DD142

Y91 DD115

DD147

DD157

130 180

Figure 17. Curves obtained with the least square method for description
-134of the retention of Cs, TRd, in experiments on old ley in 1990 and on

new ley in 1991, respectively.

The fractions of 134Cs-tracer retained up to the 1st cut in the two experi-
ments are compared in Figure 18. As shown above also for TRd, the frac-
tion FRd of caesium retained is larger in the more leafy crop in 1990 than
in the less leafy clover-grass crop in 1991. When FRd is calculated, the
dilution of the caesium content by growth is eliminated, the main cause of
the reduction of the fraction retained being the fall-off from the crop to the
ground.

The reduction of FRd with time is slow after depositions early in the
season in both experiments. Y90DD130 and Y91DD147 show residence
half-times of about 30 days and no reliable difference is found. Later in the
season Y90DD142 shows a very slow reduction with time, while
Y91DD157 indicates a shorter residence half-time, around 3 weeks. The
fall-off seems different in the two cases, but the difference between the two
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experiments with regard to half-times may also depend on reasons
discussed for TRd and the reduction half-times above. However, a longer
residence half-time of fallout nuclides in old grass leys than in new grass
leys may have to be expected.

0.5

0.4

Fraction, FRd, retained.

Y90 DD101

Y9D DD130

Y90 DD142

Y91 DD115

Y91 DD147

Y91 DD157

130 140 150 160

Day No.

170 180

Figure 18. Curves obtained with the least square method for description
•134of the retention of Cs, with regard to FRd, the fraction of deposition

retained by the crop, in experiments on old ley in 1990 and and on new
ley in 1991.
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5. CONCLUSIONS

The experiments were carried out in the field on micro plots on an old as
well as on a new first-year ley. The aim was to study the interception and
retention by the crop of simulated fallout nuclides wet deposited at
different times during the season.

It was found that the interception capacity varied with the stage of
development of the crop.(The yield was measured in kg d.w. m"2 and the
capacity in TRd.) Thus, the initial interception during the season started
from a comparatively low level, reached a peak value in the early part of
June and then decreased again. This development can be understood as a
function of the leaf area/weight ratio of the plants as it is displayed in the
developing normal crop during the season. The interception capacity ex-
pressed both by TRd and the fraction, FRd, was described by similar
curves.

The retention of the intercepted material in the crops when harvested can,
as predicted for grass crops in Appendix I, be discussed from two points of
view. One is the transfer ratio, TRd, and the other is the fraction retained,
FRd, both related to the nuclide deposition per unit area. The former is not
yield dependent and depends mostly on dilution by growth of retained
material and on losses by fall-off from the plants to the ground. Changes
during growth can then be observed as reduction half-times and should be
operative under experimental as well as under natural conditions. The latter
depends also on the changes in biomass of the whole plant cover per unit
area. A residence half-time can be calculated. It depends mostly on fall-
off. However, to some extent, nuclide movements inside and outside from
lower to higher plant parts may contribute to both of the values obtained
for the harvested material.

In the experiments on new-first-year clover-grass ley the reduction half-
times showed a range of 10-14 days. Early deposition tended to result in a
longer half-time, whereas deposition during summer gave a shorter half-
time period. The residence half-times showed a range from 1 month to 3
weeks following early and later depositions, respectively. Experiments on
an older grass ley indicated still longer half-time periods (Eriksson, 1991).
The reason for this may be found in larger nuclide transfer with the denser
plant leaves from the lower horizons to the crop material above the cutting
horizon in the older grass than in the case of grass-clover in new leys
(Rosen, 1996, and Rosen et al., 1996).
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