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Abstract

After a major contamination of a territory due to fallout from a reactor accident, a reprocessing plant
accident or a weapon's detonation one of the important questions to be addressed is the time period
required for the countermeasures to be applied. This is particularly important for countermeasures
with high costs and consequences to the involved population such as relocation. Therefore, the time
period required for a contamination with long-lived fission products to decrease below established
intervention levels by natural processes of decay and removal from the soil layer relevant to the
exposure is investigated. Natural processes which result in a decrease in activity concentrations in
foodstuffs and external exposure, are the least detrimental to a territory as compared to other long-
term countermeasures and therefore, the most favorable in that respect. The influence of the contri-
bution of different foodstuffs on the time-span required until a resettlement of a dislocated population
is feasible, is assessed and the advantages and limits of natural restoration effects on the required
intervention periods are discussed. It is shown that natural restoration effects may contribute
substantially to an environmentally safe and sustainable resettlement of an area substantially
contaminated with fission products.

1. INTRODUCTION

In the context of a large-scale contamination with long-lived radionuclides, in particular 90Sr
and 137Cs, a number of proposals have been set forward to reduce the exposure of the
population in the contaminated areas [1,2,3]- Each of these countermeasures incorporates a
more or less significant negative impact on the population. The most detrimental impact
probably is involved with the resettlement of the population from a contaminated territory,
both because of the social and psychological problems arising and the economic detriment
involved.

But also other countermeasures with regard to the internal dose, in particular, such as soil top
layer removal, deep plowing or chemical treatment of the soil [5] may cause a significant
impact to the land. If they can be avoided, the detriment to the population and the land would
certainly be less. In that respect, it is well known that the bio-availability of both 90Sr and
137Cs for uptake by plants and thus in foodstuffs is reduced by natural effects much quicker
than the corresponding half-life of these radionuclides would imply [6,7]. These natural
effects which are basically due to the increasing fixation of 90Sr and 137Cs in the soil and
penetration into deeper soil layers and activity removal processes from the bio-mass, show no
influence or harm to the soil as they are occurring without any artificial measures on the soil.

One of the major questions with regard to the long-term management of highly contaminated
soils, therefore, is the decrease with time of the external dose rate and the effective decrease of
the activity concentrations in foodstuff locally produced and the time span involved for these
natural restoration effects to result in a decrease of the population to fall short of established
intervention levels as recommended by ICRP [8]. In this paper, therefore, the effective
decrease of activity concentrations in relevant foodstuffs and the resulting long-term intake by
men without the adoption of particular countermeasures are assessed. The assessment focuses
on agricultural environments since foodstuff produced on these are the main contributors to
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the internal dose of the population, but the effective decrease in foodstuffs produced on
natural and semi-natural habitats and their contribution to the long-term internal dose are also
evaluated to assess their influence on the population exposure.

2. DECREASE IN EXTERNAL EXPOSURE WITH TIME

The exposure due to external radiation after a nuclear fallout decreases due to radioactive
decay and increased shielding due to depth penetration of the deposited radionuclides. The
decrease is most pronounced in the first year due to radioactive decay of shorter-lived
radionuclides and wash-off effects in urban areas [9]. It typically results in exposure levels of
less than 10% after one year, depending on the radionuclide vector, in urban areas it may
decrease down to 5%.

The long-term decrease in external dose rate follows basically a "half-life" of about 4 years
[10]. There is an additional decrease by construction works and soil turnover. Estimates in big
Western cities showed that more than 5% of roads and grass areas are re-paved or replanted
[11]. This results in an additional decrease by a "half-life" of possibly 5-8 years by these man-
made effects. Both natural and man-made effects combined will result in an "half-life" for the
external exposure of roughly 2-3 years. For the purpose here, the man-made reductions are not
taken into consideration because in rural areas which are typically adjacent to NPPs, these
effects may be very low.

3. DECREASE OF ACTIVITY CONCENTRATION IN AGRICULTURAL PRODUCTS
WITH TIME

The decrease of the activity concentration in foodstuff which is observed after the initial
increase to peak levels immediately after the fallout, is caused by several features:

• radioactive decay

• weathering effects (wash-off, leaching, losses of plant parts)

• dilution due to bio-mass growth

• transfer into non-edible or non-used parts of the plant (e.g. roots)

• reduction of root uptake due to transfer of activity into deeper soil layers (removal
from root-zone)

• increasing fixation of radionuclides in soil

• loss of activity from the bio-mass by loss of plant parts (e.g. leave fall in autumn).

The first three effects are dominating the short-term decrease and cause a significant reduction
of the activity concentration in the first few months after fallout. During the growing season
the bio-mass increase causes a substantial reduction in activity concentration in most plants
and thus both in vegetables and animal foodstuffs. The resulting biological half-life in grass of
about 10 d [12] results in an effective half-life for 90Sr, 106Ru and 137Cs of about 10 d, for 13II
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of about 4.5 d [12] and for Te of 2.5 d. Similar half-lives are observed for other relevant
plants. Outside the growing season the decrease in activity concentration due to bio-mass
increase is significantly lower, but the overall contamination of foodstuff during that period
and the resulting ingestion dose are about 2 orders of magnitude less due to a much lower
interception by plants [13]. Due to the biological half-life in cows the decrease in milk and
meat is slightly slower, i.e. about 33 d for milk [14].
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These half-lives basically define the time span required for short-term countermeasures on
foodstuffs, in particular, if the deposition had occurred during the growing season (April to
October). Since in summer the decrease in activity concentration in directly contaminated
leafy vegetables is by about 3 orders of magnitude, in other plants and animal products by less
than 2 orders of magnitude, before activity levels are reached which are basically controlled
by root transfer, these countermeasures will not yield a further improvement if applied beyond
that period. Activity concentrations in foodstuffs will not be sufficiently reduced after that
period to ensure an ingestion dose below 1 mSv if activity deposition levels of more than
about 500 kBq m"2 137Cs had been observed.

A significant decrease of activity concentrations in all foodstuff is observed from first to
second year after deposition due to the fact that after one year the foodstuff contamination is
not caused by direct interception on plants or feeding of these plants to animals. The only
causes for foodstuff contamination is by root uptake which results in an ingestion dose of
about 2-10% of the first-year-dose according to deposition date [6]. Only if deposition had
occurred during winter, the activity concentration in foodstuff would have remained low with
only a small decrease in activity levels from first to second year.

The long-term decrease of the activity concentration is mainly caused by the last four effects.
They result in significant reductions in activity concentrations even after the decay of the
short-lived radionuclides and after the significant reduction in activity concentration after the
end of the direct contamination phase. It is particularly relevant for long-lived radionuclides
such as the 90Sr, 134Cs and 137Cs. For these radionuclides the sum over all these effects causes
a decrease which is far more rapid than that resulting from the radioactive decay alone. This is
shown for the most relevant foodstuffs in the following chapter.

3.1 Milk

The l37Cs-activity concentration in milk as observed in Austria after the Chernobyl accident
[6,15,16] is shown in figure 1. Except for a short period in May 1986 when a countermeasure
not to feed fresh grass to cows was adopted, there were no countermeasures during the whole
period from 1986 to 1998. Therefore, the time course reflects only natural effects of 137Cs
fixation and depth penetration in soil.

The decrease in activity concentration with time is characterized by an initial decline in the
first 5 months by an effective half-life of 33 days which is caused by the effective half-life of
137Cs in the body of the cow. The effective total decrease is by more than a magnitude from the
initial peak value shortly after contamination, but one should be careful in extrapolating this
decrease to a fallout at another date in the year. Typically, this steep decline is due to the in-
tensive bio-mass growth of grass in the period May-September. For a nuclear fallout at
another time of the year, e.g. in winter, a much lower decrease in activity concentration would
result.

After the incline in winter due to winter feeding of hay contaminated earlier, the activity
concentration decreases to about 5% of initial peak values after the feeding of new grass in the
harvest of the next year, i.e. after about 1.2 years. From this time on, the decrease in activity
concentration is characterized by an effective half-life of 1.4 years in the first 8 years and a
possibly longer one of 5.6 years in the next years.
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FIG 2. Time course of the 137Cs activity concentration in milk in Germany after the Chernobyl
accident [17,18,19].

A very similar timely decrease in 137Cs activity concentration in milk is observed in Germany
[17,18,19] which is shown in figure 2. For the period after the weapons' test fallout and the
Chernobyl accident the decrease is equivalent to a half-life of 1.0 ± 0.4 years in the first 3
years and about 5 years in the following years. In contrast to Austria no increase in the
effective half-life is observed in Germany. It should be noted that comparable concentration
decreases in milk were also observed in the Czech Republic [20,21] and Switzerland [22].
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3.2 Cereals

Another important contributor to the internal dose in most countries are cereals. The decrease
in this major foodstuff is shown in figure.3.
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137FIG 3. Cs activity concentration in cereals in Austria after the Chernobyl fallout [6,16].
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137,FIG 4. Cs activity concentration in potatoes in Austria after the Chernobyl fallout [6,16].

Cereals show a very steep decrease by about a factor of 20 from first to second year harvest.
This decrease depends, however, on the state of plant growth in the first year at the time of
contamination and, therefore, is not typical for another fallout date. However, the decrease in
the following years by an effective half-life of about 7.3 years is slower than that in milk in
the first years, but similar to that after eight years.
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3.3 Potatoes

The time course of the activity concentration in potatoes, another important foodstuff, is
shown in figure.4. Despite the fact that potatoes are grown underground and, therefore, are
initially contaminated only by translocation from the leaves, they show a very strong decrease
from first to second year after fallout. But also after that period a continuous decrease in
activity concentration by an effective half-life of about 3.5 years is observed.

3.4 Fruit

Fruit and berries which typically grow on perennial plants, may show a different behavior with
regard to the long-term availability of 137Cs due to different interception and activity removal
patterns. Investigations on the most dominant fruit, apples and pears, showed, however, a
decrease with an even shorter effective half-life of about 1.3 y (figure 5). This effective half-
life remains constant throughout the whole period 1987 until today and results in a decrease in
137Cs activity concentration by about a factor of 400 in the 14 year time-span after fallout.
This does not include the decrease from first to second year after fallout which shows a
decrease by about a factor of 10 for a contamination date of end of April. This decrease would
be even more pronounced if the fallout had occurred in July (about 100 [10]).

A similar half-life in apples was observed in Greece by Clouvas et al. [23]. In an investigation
on goose berries also an equivalent reduction with time was observed [24]. Considering that
activity decreases in peach, cherries or other fruit (from trees) or in strawberries, raspberries
etc. (fruits from bushes) are to be expected not significantly different, a general decrease by
this rate in all fruit except wild-grown ones is to be expected.

It should be noted that even in tea although not really relevant to the ingestion dose, a similar
decrease of activity concentration with time was observed [25]. This demonstrates that the
observed effective half-lives are very similar in all agriculturally grown products.
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0,01
1986 1988 1990 1992 1994 1996 1998

137FIG 5. Cs activity concentration in apples in Austria after the Chernobyl fallout [6,16].
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3.5 Long-term decrease in agricultural products

Similar decreases with time in all plants and foodstuffs investigated were observed in many
countries of Europe after the Chernobyl accident, such as the Czech Republic [20,21],
Switzerland [22], Greece [23] and the Russian Federation [26,27]. It was also confirmed by
whole body counter measurements in many countries after the weapons' fallout and over the
past decade such as Sweden [28], Romania [29] and the Russian Federation [30]. The
decrease of the 137Cs activity concentration in relevant agricultural products by an effective
half-life of about 1 y in the first 3-4 years and by one of about 5 y thereafter, therefore, is a
well established fact.

TABLE 1. RELATIVEI37Cs-ACTIVITY CONCENTRATIONS IN VARIOUS
FOODSTUFFS AT GIVEN INTERVALS AFTER THE FALLOUT IN AUSTRIA

Harvest
year

1986
1987
1988
1990
1993
1997

Relative average ^-activity concentration [%]

milk
100 '
7.0 3

5.5
2.1
0.7
0.4

cereals
100
5.1
4.3
2.3
1.3
1.0

cabbage
100
5.9
4.4
2.6
1.2
0.7

salad
100 2

8.3
5.9
1.3
0.4
0.3

apple
100
9.6
3.8
1.4
0.3

0.04

tea
100
4.0
2.1
1.9
1.2
-

'peak value 20 days after passage of the plume (annual average in first year amounted
to 25% of peak value).

Corresponding to the value after direct contamination phase.
3after end of hay feeding period.

At present there are only data available for the first 13 years after the Chernobyl accident. It
should be noted, however, that in the period after the nuclear weapons' test no end to the
decrease in activity concentration was observed up to 20 years after the fallout (see figure.2).
This continuous decline after the weapons' test fallout was again observed in different
countries [31,32]. Therefore, it is prudent to assume that also after the fallout of Chernobyl
137Cs no end in the decrease in 137Cs concentration in agricultural products will be observed in
the following years. This decrease by about 5 y half-life for the long-term removal processes
will be used in the assessment of the required time span for natural rehabilitation of
contaminated areas.

3.6 Long-term decrease of 90Sr in agricultural products

90Sr is the second major radionuclide which may cause a long-term contamination of the
environment. Although of little importance with regard to NPP accidents, it may be very
relevant with reprocessing plant accidents or with the world fallout from weapons'
detonations. Due to its much lower transfer into meat and many plants, the long-term transfer
is relevant basically in milk and milk products, especially rennet cheese. In these, however,
the decrease is much slower than for 137Cs as shown for milk in figure.6 [33]. Accordingly the
time period required for a rehabilitation of a territory mainly contaminated by 90Sr to
unrestricted use will be substantially longer for a comparable deposition.
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4. DECREASE OF ACTIVITY CONCENTRATION IN NON-AGRICULTURAL PRODUCTS

4.1 Mushrooms, venison, wild berries

In natural and semi-natural environs the 137Cs activity concentration shows a much slower
decrease. A well known example in that regard are mushrooms which show a decrease by an
effective half-life of between 3-8 years depending on mushroom type and growth site [24].
The reason is the high concentration of I37Cs in some soil layers where the mushroom
mycelium is growing, typically fallen leafs or needles, and the lower fixation of 137Cs in that
organic zone. However, consumption rate of mushrooms typically is low compared to other
foodstuffs. The contribution to the total ingestion dose by mushrooms, therefore, is low even
years after the fallout. Assuming a typical consumption rate of 0.7kg a"1 on average, the
ingestion dose contribution would be typically 0.5% in the first year after fallout, and 15% 9
years after fallout (table 2). Also, game in large forests shows a significantly slower decline in
137Cs activity concentration due to little immobilization of caesium in forests [34]. For
populations living in or near very large forest areas this contribution to the ingestion dose may
range up to about the same level as with mushrooms (0.5% initially and 15% after one
decade). Typically, however, game prefers the more tastier fodder from non-forest areas which
shows the same decrease in activity levels as the fodder for domestic animals resulting in the
same decline in activity concentration as for all other foodstuffs.

Because of its low transfer, 90Sr is neither relevant with regard to mushrooms nor to venison.
Therefore, 90Sr transfer from semi-natural areas is insignificant also in the long-term.

4.2 Alpine regions and tundra's

As a consequence of the high organic soil content, the thin soil layer and slow plant growth
[35], in semi-natural zones like the higher Alpine regions, uplands or tundra's an effective
half-life of 4-6 years is observed [24, 35]. The half-life even varies according to altitude [24].
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In Alpine countries and countries with uplands where typically only a small fraction of the
consumed food comes from the elevated areas, the contribution by these to the total ingestion
dose is low. In this case the same applies as said above for mushrooms or venison. In large
tundra regions, however, where the major food consumption is foodstuff derived on that soil,
the time periods for reconciliation derived in this paper definitely do not apply.

5. CONTRIBUTION OF VARIOUS FOODSTUFF TO THE INTERNAL DOSE

To assess the long-term internal dose, the contribution of relevant foodstuffs to the ingestion
dose is given in table 2. They are typical for the Austrian population, but in this context minor
deviations in other countries are not relevant. Obviously, the major contribution comes from
milk, milk products and meat (~ 72%) both in the first year and later. The effective decrease in
these foodstuffs, therefore, dominantly influences the long-term ingestion dose. Together with
cereals, vegetables and potatoes which show similar decreases in activity concentration, they
contribute about 80-90% to the ingestion dose. Fruit which contributes about 11%
immediately after fallout, is reduced to about 1% one decade later, while mushrooms increase
from 0.5% to about 15% during the same period. The increased contribution by mushrooms
due to their longer half-life thus is almost compensated by the shorter half-life in fruit.
Therefore, for the long-term internal dose an effective half-life of 1 year during the first eight
years and 5 years afterwards is realistic.

TABLE 2. RELATIVE CONTRIBUTION TO
VARIOUS FOODSTUFFS [16]

137,CS-INGESTION DOSE CONCENTRATIONS BY

consump-
tion [g d"1]
1st year*
9th year

Relative contribution to the Congestion dose [%]
milk

375

34.2
39.0

cereals,
bread
180

5.4
2.3

vege-
tables
188

6.9
1.5

potatoes

168

4.9
3.1

fruit

188

11.1
1.3

nuts

11

2.5
0.3

beef,
pork
204

27.8
30.8

poultry

33

0.2
0.3

venison

2

1.0
2.6

mush-
rooms
2

0.5
14.9

: deposition date: 1 May.

6. TIME PERIODS FOR RECONCILIATION

With this effective decrease in activity concentrations, the time span required for unrestricted
use of a contaminated territory may be assessed (table 3). Unrestricted use is defined by a dose
of less than 1 mSv y"1 [8]. The time span required is given in column 6 for a long-term
ingestion dose caused by 137Cs alone, in column 7 for one caused also by other long-lived
nuclides such as 134Cs (col. 7) and column 8 for the case that a recommendation was given not
to consume foodstuffs from semi-natural areas (e.g. mushrooms). Assuming additionally an
effective "half-life" for the external radiation of 4 years, and considering that the external
radiation contributes about 50% of the long-term dose, the time spans required for deposition
levels above about 5 MBq m2 increase by about 4 years as compared to table 3.
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TABLE 3. EFFECTIVE DOSE IN FIRST AND SECOND YEAR AND TIME PERIODS REQUIRED
FOR UNRESTRICTED UTILIZATION AFTER NUCLEAR FALLOUT

137Cs
deposition

[kBq m2]

20
100
200
500

1000
2000
5000

10000
20000
50000

First year
137C

ingestion dose by
s1>2 [mSv]

Deposition date

Nov.-April

0.012

0.060
0.12
0.30
0.60
1.20
3.0
6.0
12.0
30.0

1 May

0.5
2.6
5.1

12.8
25.6
51

128
256
510

1280

1 July

2.5
12.5
25.0
62.5

125
250
625

1250
2500
6250

2nd year
ingestion dose

by 137Cs3A

[mSv]

0.05
0.26
0.50
1.3
2.6
5.0

13
26
50

130

Time period required for full re-utilization [y]

all foodstuffs

only137Cs6

<1
<1

<1
1.5
2.5
3.3
4.7
9.5
14.0
21.0

all nuclides 7

<1
<1
<1
1.7
2.6
3.3
4.7
9.5
14.0
21.0

no semi-
natural

foodstuffs5,
all nuclides

7

<1
<1

<1
1.7
2.5
3.2
4.1
8.3
12.0
18.0

including
external

dose,
all nuclides 7

< 1
<1

- 1 . 5
- 4 . 0
- 5 . 5
- 6 . 5
- 8 . 0

-12 .0
-16 .0
-22 .0

1 effective dose by l37Cs only, total effective dose in the 1st year by all radionuclides is about 2 - 3 times higher,
depending on radionuclide vector
2 effective dose to 5-y infant is about 30 % of this value, to 1-y infant about the same
3 excluding retardation of decrease due to slower excretion from animals bodies
4 effective dose by I37Cs only, total effective dose in the 2nd year by all radionuclides is about 1.6 - 2.0 times
higher
5 assuming only a recommendation of consuming no food products from natural or semi-natural areas (wild
mushrooms, wild berries, venison, etc.)
6 assuming only a contamination by I37Cs
7 assuming a contamination by other long-lived radionuclides (initial ratio of l34Cs/'37Cs about 0.5)

CONCLUSIONS

It was shown that natural effects of fixation and depth penetration of 137Cs and 90Sr in soil will
decrease the exposure of a population dislocated from a contaminated territory to such an
extent that a resettlement of this area without detrimental impacts on the soil such as deep
plowing or top soil removal is feasible after a limited period. This time period for a re-
utilization depends on the radionuclide vector, on deposition level and on utilization of semi-
natural food-products. Typically, for a deposition of 1000 kBq m"2 a period of about 5.5 years,
for 5000 kBq m"2 a period of about 8 years is required.

If recommendations to avoid consumption of semi-natural products (e.g. mushrooms) are
given, the time span reduces by about 0.5-1 year. If the contribution of external radiation to
the total exposure is less as is typical for urban areas, the time span reduces by about 2-3
years.
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