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INTRODUCTION
A number of proposals have been put forward to reduce the long-term exposure of the popu-
lation in areas contaminated after an accident in a nuclear power plant, a reprocessing plant or
other accidental releases of activity to the environment, in particular with regard to long-lived
radionuclides such as 90Sr and 137Cs. Each of these countermeasures incorporates a more or less
significant negative impact on the population [1,2,3]. Probably the most detrimental impact
results from the resettlement of the population from a contaminated territory, both because of
the social and psychological problems and the economic detriment involved [4]. But also other
countermeasures proposed to reduce the internal dose such as soil top layer removal, deep
plowing or chemical treatment of the soil [5,6] may have a significant, negative impact on the
land. If they can be avoided, the impact on 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 far quicker than the corresponding
half-life of these radionuclides would imply [7,8,9,10]. These natural effects which are
basically due to the increasing fixation of 90Sr and 137Cs in the soil, penetration into deeper soil
layers and activity removal processes from bio-mass, show no influence or harm to the soil as
they are occurring without any artificial measures to remediate the soil [11,12].

The temporal decrease of the exposure of persons living in a contaminated area, therefore, is of
vital interest with regard to the long-term management of highly contaminated soils. This
decrease is a result of the decrease in external dose rate and the internal exposure which is
controlled by the effective decrease of the activity concentrations in foodstuff produced in the
area. It results eventually in a decrease of the exposure below levels of concern. The time span
involved for these natural restoration effects to result in a decrease of the population exposure
below established intervention levels, e.g. as recommended by ICRP [13], therefore, is of great
interest for planning measures after a major nuclear fallout. This time period depends on fallout
levels and the effective decrease of the resulting activity concentrations with time and shall be
assessed here including the intake by all foodstuffs which contribute to the internal exposure.
The major contribution comes from foodstuffs produced on agricultural environments, but the
influence of foodstuffs derived from natural and semi-natural habitats is also evaluated as the
effective decrease in this habitat is slower.

Unrestricted utilization of a contaminated land is basically obtained when the exposure of the
population residing on the land is less than a pre-established dose limit which is considered
safe for the population at large. Exposure in this context refers only to the exposure by
"artificial" radioactivity, not by "natural" radiation. According to the International Commission
on Radiation Protection and established in the legal framework in most countries, this value is
1 mSv per year [13,14].

For the assessment of the exposure it is conservatively assumed that the persons are residing in
the area concerned throughout the year without any significant residence time outside the area,
and that they consume only locally produced foodstuffs, i.e. no countermeasure such as import
of foodstuffs produced in less contaminated areas is taken into account.



TEMPORAL DECREASE OF EXTERNAL POPULATION EXPOSURE
Three main factors control the decrease in exposure due to external radiation after nuclear
fallout: radioactive decay, wash-off as well as erosion from the surface and increased shielding
caused by depth penetration of the deposited radionuclides. The decrease in external dose is
most pronounced in the first year due to radioactive decay of shorter-lived radionuclides and
wash-off effects in urban areas. Depending on the radionuclide vector, it typically results in
exposure levels of less than 10 % after one year, in urban areas it may decrease to 5 % [15].
Due to the longer half-lives of the remaining radionuclides the decrease of external exposure is
slower after this period, but still a further decrease is observed due to depth penetration of
radionuclides and surface removal effects. According to Jacob et al. [16] it results in a decrease
by an effective "half-life" of about 4.7 y from the third year until about the 9th - 10th year and
by ~ 20 years thereafter which was validated by Golikov et al. [17] with personal dosimetry in
villages around the Chernobyl NPP after 1988.

An additional decrease in external dose rate due to construction works and soil turnover is
observed. Estimates showed that more than 5 % of roads and grass zones in urban areas are re-
paved or replanted every year [18] causing an additional decrease by a "half-life" of about 5 -
8 y. Both effects together would result in an effective "half-life" for the external exposure of
roughly 2 - 3 years. In the context of this paper these additional man-made reductions are not
taken into consideration since the paper focuses on rural areas where such refurbishment of
roads and park or grass zones may not be so intensive as in urban areas.

TEMPORAL DECREASE OF INTERNAL POPULATION EXPOSURE
The decrease in internal exposure depends on the intake and thus on the temporal course of the
activity concentration in foodstuffs. In the initial phase after fallout the decrease is dominated
by radioactive decay, weathering effects (wash-off, leaching, loss of plant parts) and dilution
due to bio-mass growth. The resulting reduction of the activity concentration in the first few
months follows a biological half-life in grass of about 10 d during the growing season which
results in an effective half-life for 90Sr, 106Ru and 137Cs of about 10 d, for 131I of about 4.5 d and
for 132Te of 2.5 d [19]. In leafy vegetables a similar half-life is observed. Therefore, the time
span required for short-term countermeasures on foodstuffs is basically defined by these half-
lives, contamination density and seasonal effects. During the growing season a typical decrease
in activity concentration in leafy vegetables by about 3 orders of magnitude, in other plants and
animal products by about two orders of magnitude is observed, before activity levels are
reached which are basically controlled by root transfer. With activity deposition levels above
~ 500 kBq m-2 137Cs, activity concentrations in foodstuffs will not be sufficiently reduced after
that period to ensure an ingestion dose below 1 mSv a-1 without countermeasures [20].

A significant decrease of the activity concentration in all foodstuffs is observed with the
transition from the direct contamination phase in the first year to the root uptake phase in the
second year resulting in an ingestion dose reduction to about 2 - 10 % of the first-year-
exposure [7]. But also in the following years when foodstuff contamination is caused by root
uptake only, a decrease in activity concentration is observed in all foodstuffs caused by a
reduction of root uptake due to transfer of activity into deeper soil layers, increasing fixation of
radionuclides in soil and loss of activity from the bio-mass by loss of plant parts (e.g. leaf fall
in autumn). For long-lived radionuclides such as 90Sr, 134Cs and 137Cs the sum over all these
effects causes a decrease which is by far faster than that caused by radioactive decay.
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Fig. 1 Time course of average 137Cs activity concentration in milk in Austria after the
Chernobyl accident [7,21]

This is shown for milk in figure 1. Milk is not only a major contributor to the ingestion dose, it
also gives statistically excellent radioecological data as it averages over large areas and many
individual animals. If the milk collecting tours of large dairies are sampled, the activity
concentration in a 10000 m3 tank of collected milk incorporates the average over roughly
250000 m2 of meadow [21]. In fig.1 each data point resembles the nation-wide average 137Cs-
activity concentration in Austria after the Chernobyl accident, i.e. the average over about 300
milk collecting tours distributed over the whole Austrian territory [7,21]. This cohort of about
300 tours was kept constant over the years and thereby represents a well comparable average
value. The activity concentration in each sample was determined by conventional high-resolu-
tion gamma spectrometry with HPGe-detectors and 5 l Marinelli-beakers and leophilization in
the last years to improve the detection limit to 0.1 Bq kg-1. The relative error in each activity
measurement was approximately 3 - 5 % in the initial phase and up to 40 % in the late phase of
very low activities.

The temporal course as observed in Austria is typical and has been observed in many other
countries [9,22,23,24,25,26]. A comparison of the concentration in milk in 8 Central-European
countries is given in [27]. Similar temporal decreases were observed in each of these countries
resulting in a reduction to about 5 % of initial peak values in the first year with the feeding of
fresh grass in spring 1987 and a decrease in activity concentration characterized by an effective
half-life of 1 - 2 y in the first eight years and one of 4 - 10 y in the next years.

A similar decrease had been also observed after the nuclear weapons' test fallout, equivalent to
an effective half-life of 1.0 ± 0.4 years in the first 3 years and about 5 years in subsequent years



[21,22]. This shows that despite the fact that the sources differed (multiple releases over a pro-
longed period of time during the weapons' tests versus a single short-term release over a few
days after the Chernobyl accident) and the type of fallout was different (high altitude transport
from the detonation site versus transport at an altitude of several hundred meters), the temporal
decrease is very similar in both cases.
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Fig. 2 Temporal course of average 137Cs activity concentration in various foodstuffs in
Austria after the Chernobyl accident [8,19]

Similar temporal courses are observed in all other foodstuffs grown on agricultural areas.
Despite the fact that these plants differ from grass and also among themselves (annual, peren-
nial), the decrease over the years is quite similar. Apart from the decrease from first to second
year after fallout by about one order of magnitude, the decrease in activity concentration is
given by one or two effective half-lives resulting in concentrations 10 - 12 years later of less
than 0.1 % of first year's average. Only fruit grown on perennial plants like apple show a
steeper decrease by an effective half-life of about 1.3 y resulting in activity concentrations of
about 0.01 % after that time period. This may be explained by the fact that the contamination
of trees occurs predominantly by air interception during the plume passage while soil uptake of
Cs in the later phase is negligible compared to the initial Cs-uptake by the plant.

Only plants grown in natural and semi-natural environs show a much slower temporal decrease
of the 137Cs activity concentration with time [28,29,30]. Mushrooms, e.g., typically follow an
activity decrease by an effective half-life of 3 - 10 y depending on mushroom type and site of
growth [31]. The main cause is the low fixation of 137Cs in the organic zone and the high
concentration of 137Cs in the small soil layer of fallen leaves or needles where the mushroom
mycelium is growing. Due to the low consumption rate of mushrooms in comparison to other
foodstuffs, however, the contribution by mushroom consumption to the total ingestion dose is
low. This is valid even years after the fallout although the relative contribution of mushrooms
to the ingestion dose is rising with time. Assuming an average consumption rate of 0.7 kg y-1 as



typical for Central Europe [21], the contribution to the ingestion dose by mushrooms would
typically be 0.5 % in the first year after fallout, and about 15 % some 9 years later.

Wild berries and game in large forests or in tundra areas show also a significantly slower
decline in 137Cs activity concentration due to little immobilization of 137Cs in forests. The
observed effective half-life is about 4 - 8 y [29,30]. 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 for
mushrooms (0.5 % initially and 15 % after one decade). Typically, however, game prefers
fodder from non-forest areas which shows the same decrease in activity levels as the fodder for
domestic animals. This results in the same decline in activity concentration in these animals as
for all other foodstuffs [21].

In the Alps also a variation of the effective half-life was observed depending on altitude, in
accordance with the amount of organic soil content. However, in Alpine countries and most
countries with uplands typically only a small fraction of the consumed foodstuffs comes from
elevated areas. Therefore, the contribution by these to the total ingestion dose is low and may
be neglected in this context. However, in tundra regions or areas with a significant fraction of
organic soil content, the time periods for remediation derived here are not valid if a major
fraction of the food consumption is by foodstuff derived from that soil.

The increasing contribution by mushrooms with time due to their longer half-life is almost
compensated by the shorter half-life in fruit. Therefore, the contribution of wild mushrooms at
a modest consumption rate on average does not seriously impede the time-span required for
unrestricted re-utilization of contaminated land if the effective half-lives as described above
(1 y initially and 5 y in the subsequent years) are taken into consideration.

Both in the first year and in later years, the major contribution to the ingestion dose comes
from milk, milk products and meat (~ 72 %). The effective decrease in these foodstuffs,
therefore, dominates the long-term ingestion dose. Together with cereals, vegetables and
potatoes with similar decreases in activity concentration, they contribute about 80 - 90 % to the
ingestion dose. Therefore, in the estimates of the time required for re-utilization of contamina-
ted land a general temporal decrease comparable to that of milk may be used for all foodstuffs
without significant error.

In addition to 137Cs also 90Sr may cause a long-term contamination of the environment, and
such contaminations have already occurred in the case of nuclear weapons' tests and the
Kyshtym accident. In this case the longer effective half-life of the environmental decrease of
90Sr has to be taken into account. It amounts to 8 y in main agricultural areas and to 9 y if the
higher lying meadows typical for milk production are included [32].

With accidents in nuclear power plants the release of 90Sr is low and, therefore, its contribution
to the ingestion dose usually also low. Furthermore, 90Sr does not give rise to external exposu-
re. Also, because of its low transfer factor to mushroom or meat (venison), 90Sr is not relevant
with foodstuffs from semi-natural or natural areas. Therefore, although the contribution to the
ingestion dose increases with time relative to that of 137Cs due to its longer effective half-life in
the environment, 90Sr will not significantly influence the effective half-live of the exposure
decrease.

PERIOD REQUIRED FOR RESTORATION
Due to the temporal decrease of external exposure and the decrease of the activity concentra-
tion in all foodstuffs, after a certain period of time an exposure level for unrestricted re-
utilization will be reached under all circumstances. This period depends on the fallout level, the



aggregated transfer factors and their decrease with time by one or more effective half-lives.
Unrestricted use is defined here as an exposure of less than 1 mSv y-1 resulting from all
pathways caused by the fallout, excluding exposure by natural radiation [13].

According to Mück [12] the exposure of people living in a fallout contaminated region at time t
after the fallout may be described by :
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where
Etot .......... total annual exposure [Sv y -1]
Eext .......... external annual exposure [Sv y -1]
Eint .......... internal annual exposure [Sv y -1]
Adep .........average 137Cs-deposition [Bq m-2]
hext  ......... dose rate factor for 137Cs, external radiation [Sv s -1 Bq-1 m2]
hing  ......... ingestion dose factor for 137Cs [Sv Bq-1]
rCs ........... ratio of 134Cs to 137Cs activity
t .............. time since fallout [y]
c .............. consumption of agricultural foodstuff per year [kg y -1]
Tag ........... aggregated transfer factor for foodstuffs from agricultural areas [m2 kg-1]
ring ...........ratio of ingestion dose factors 134Cs to 137Cs (1.46)
t Cs134 ....... effective half-life of Tag for 134Cs  in the first years [y]  (0.7 y)
rSr ............ fraction of dose contribution by 90Sr to that of 137Cs in the first year
rTag .......... ratio of aggregated transfer factors for 90Sr and 137Cs in the first year
t Sr90 ........ effective half-life of Tag for 90Sr [y] (8.0 y)
csemi .........consumption of semi-natural products (mushrooms, venison)  [kg y -1]
Tag

semi ..... aggregated transfer factor for semi-natural products (mushrooms) [m2 kg-1]

This formula is only valid after the first year after fallout when the contamination is basically
due to root uptake and translocation within the plant. In the first year where the change from
direct contamination to soil transfer occurs and a major contribution to the external exposure is
attributed to short-lived radionuclides, the exposure depends significantly on the deposition
date (bio mass index) and the radionuclide vector and, therefore, is only partially correlated
with the deposition level Adep. The decrease in exposure from first to second year, therefore,
also depends significantly on the deposition date and cannot be used as an indicator for the
time period required until unrestricted re-utilization. This decrease may vary from typically a
factor of 10 for a deposition during winter and early spring up to almost a factor of 1000 for a
deposition date in July [7,20].

Assuming external dose rate coefficients hext as given by Jacob et al. [16], an ingestion dose
factor hing of 1.3x10-8 for 137Cs [14], an annual consumption c of 500 kg y-1 for all foodstuffs,
an aggregated transfer factor for 137Cs averaged over all foodstuffs of 0.4x10-3 m2 kg-1,
assuming further for semi-natural foodstuff, in particular wild mushroom, a consumption rate
csemi of 1 kg y-1 and a Tag of 0.01 m2 kg-1, we obtain time periods for unrestricted re-utilization
of a contaminated land as given in table 1, column 5 - 8. In this table the required time span is
given in column 5 for a ingestion dose caused by 137Cs alone (typical for the long-term
exposure after a reactor accident), in column 6 for one caused also by other long-lived
nuclides, in particular 134Cs (first years after a reactor accident).



Table 1  Time periods required for unrestricted utilization after nuclear fallout

137Cs
deposition

ingestion dose by 137Cs 1,2    [mSv]
           first year                2nd year 3

       deposition date

time period required for full re-utilization [y]
         all foodstuffs                            no semi-nat.

      no external exposure      incl. ext. exp.     foodstuffs 6

[kBq m-2] Nov.-April 1 July only 137Cs 4 all nuclides 5 all nuclides all nuclides
20 0.012 2.5 0.05 < 1 < 1 < 1 < 1

100 0.060 12.5 0.26 < 1 < 1 < 1 < 1
200 0.12 25.0 0.52 < 1 < 1 1.5 1.4
500 0.30 62.5 1.3 1.5 1.7 4.0 3.7
1000 0.60 125 2.6 2.5 2.6 5.5 5.0
2000 1.20 250 5.2 3.5 3.5 7.0 6.0
5000 3.0 625 13 11.8 11.8 16.0 13.5

10000 6.0 1250 26 17.5 17.5 21.0 17.0
20000 12.0 2500 52 23.0 23.0 30.0 20.0

1 effective dose by 137Cs only, total effective ingestion dose by all radionuclides:
in the 1st year about 2 - 3 times higher, depending on radionuclide vector
in the 2nd year about 1.6 - 2.0 times higher

2 effective dose for adults (for 5-y infant about 30 %, for 1-y infant about 95 % of this value)
3 excluding retardation of decrease due to slower excretion from animals bodies
4 assuming only a contamination by 137Cs, excluding external radiation exposure
5 assuming a contamination by other long-lived radionuclides (initial ratio of 134Cs/137Cs about 0.5),

excluding external radiation exposure
6 assuming a recommendation of consuming no food products from natural or semi-natural areas (wild

mushrooms, wild berries, venison, etc.)

In table 1 it is assumed that all foodstuffs are locally produced and consumed, i.e. no
countermeasures are taken to bring in food from less contaminated regions of the country or
other countries. However, since foodstuffs derived from natural or semi-natural areas may
significantly influence the time span in the long-term, a possible countermeasure on advising
people not to consume mushrooms or other foodstuffs from natural or semi-natural origin was
considered (column 8) a such a countermeasure may be assumed to have only a small negative
impact on the population involved. Since semi-natural products (e.g. mushrooms) become a
major contributor to the dose a decade or more after the fallout, the time span for re-utilization
of the area due to this long-term countermeasure reduces by several years in the long-term.

DISCUSSION AND CONCLUSIONS

Agricultural soils on which the overwhelming majority of the foodstuffs consumed by man are
grown, show a high degree of self-restoration after a fallout of radionuclides from an NPP or
reprocessing plant accidental release. Natural effects of fixation and depth penetration of 137Cs
and 90Sr in soil result in a decrease of the population exposure in a contaminated territory to
such an extent that a resettlement of this area is feasible after limited periods of time without
countermeasures with detrimental impacts to soil such as deep ploughing or top soil removal.

The time period required for an unrestricted re-utilization of the land depends on deposition
level, on the radionuclides involved (radionuclide vector) and, in the long-term, on the
consumption rate of semi-natural food-products, in particular mushrooms. Typically, for a
deposition of 1000 kBq m-2 a period of about 5.5 y, for 5000 kBq m-2 a period of about 16 y is
required for a completely unrestricted re-use of the land.

If the consumption of foodstuffs derived from natural or semi-natural habitats is restricted, this
time span may be reduced by several years in the case of highly contaminated areas (deposition
> 1000 kBq m-2). The reduction of the time span depends on the fraction of natural foodstuff



consumption (mainly wild mushroom consumption) to the total food consumption and
therefore, may vary from country to country. The influence of products from natural or semi-
natural environments on the time span required for a restoration increases with time, but with
wild mushroom consumption rates of about 1 kg per year and a fraction of less than 1 % of
other foodstuffs coming from natural or semi-natural environments, the influence of these
products is typically low. Only if a larger fraction of foodstuffs are derived from these zones or
the wild mushroom consumption exceeds some kg y-1 on average, the time period for re-
utilization is significantly influenced by these foodstuffs.

It should be emphasized that the time periods derived in this paper do not apply if a major
fraction of the foodstuff is derived from natural or semi-natural areas (e.g. tundra regions). In
this case the decrease will be much slower causing substantially longer time periods for
rehabilitation.

The assessment of the period required for unrestricted re-use of the land depends on the fallout
level and the effective half-life of the activity concentration in the various foodstuffs. Although
it has been shown that this half-life seems to vary little between different relevant foodstuffs, at
least in Austria, the variation in this half-life between different countries may not be negligible.
Since the effective half-life of the activity concentration varies according to soil type and
organic content as well as feeding practices, variations of the temporal decrease in activity
concentrations may influence the time-span required to a significant degree.

Comparing the decrease in activity concentration in milk in several Central and Eastern Euro-
pean countries [27] five of which are displayed in fig. 3, shows that the effective half-lives
generally follow the same trend, and the total decrease in the 14 years since is quite similar.
However, the observed decrease in each country seems to follow different individual half-lives
in the first years after fallout and also in the later period. This seems to make a prediction of the
long-term trend in activity concentrations problematic, in particular, when looking at the long-
term decrease in Poland and the Czech Republic on the one hand side, and Hungary on the
other. Although effective half-lives as observed after the nuclear weapons fallout [11,22]
suggest that the effective decrease as given in figure 3 for Austria and Hungary best resembles
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Fig. 3 Temporal course of average 137Cs activity concentration in milk in five Central
European countries after the Chernobyl accident [27]

the effective long-term decrease, the comparison in figure 3 indicates that further research in
this area is urgently required to obtain more reliable predictions for the long-term behavior of
137Cs. Research is needed both with regard to the reasons for the differences in the decrease of
the curves of fig. 3 (influence of soil type, differences in feeding practices, etc.) and in
comparison of the effective decrease in other relevant foodstuffs apart from milk.

It should be stressed furthermore that also more research with regard to the temporal decrease
of the long-term external exposure is required. This is particularly relevant with regard to long-
term wash-off effects and dose reduction effects due to street reconstruction and landscape
remodeling in urban areas. These effects combined may reduce the effective half-lives of
external exposure by more than 3 - 4 years and thus may be a major contributor to long-term
rehabilitation and restoration of contaminated territories.

However, despite this need for more research, it should be emphasized that this additional
research would have an impact only on the prediction of restoration periods beyond 10 - 15 y.
Therefore, the results in table 1 for restoration time periods up to about 15 y are quite reliable
and the rehabilitation time assessed for deposition levels up to about 5000 kBq m-2 may be
readily used. This implies that most part of the 30-km exclusion zone around the Chermobyl
NPP could be resettled and re-utilized again without restrictions.
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