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Abstract. In order to predict the gamma-dose rate of l37Cs for a period of about
100 years after the Chernobyl accident, the present vertical distribution of
radiocesium in several meadow soils in the Chernobyl area and in Germany was
determined and the corresponding residence half-times of this radionuclide in the
various soil layers were evaluated with a compartment model. The resulting
residence half-times were subsequently used to calculate the vertical distribution
of l3'Cs in the soil as a function of time and finally to predict the external
gamma-dose rates in air for these sites at various times.

The results show that the time dependence of the relative gamma-dose rate in air
D/D,,o at both sites can be described by a two-term exponential equation. At a
given time, the relative gamma-dose rate at the Chernobyl sites is always higher
as compared to the German sites. This difference is the result of the slower
vertical migration of 137Cs at the Chernobyl sites.

1. Introduction
The deposition of radiocesium to a meadow will not only contaminate the plants but also
cause an external radiation exposure of persons working on the contaminated land. With
time, radiocesium migrates into the soil, and part of the gamma radiation of 137Cs is
attenuated by the overlaying soil layers. On a flat area, the resulting decrease of the
external gamma radiation thus depends on i) the radioactive decay of 137Cs, ii) the time
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dependence of the vertical distribution of 137Cs in the soil, and iii) on the wet bulk density
of the soil as a function of depth. The aim of the present investigation was to estimate the
long-term external radiation exposure due to I37Cs of contaminated grassland at various
sites in the Chernobyl area and in Germany.

2. Experimental

2.1. Sites

In Bavaria (Germany) 7 undisturbed grassland sites with different soil properties, located
mainly south east of Munich were selected. In the CIS countries the following four
grassland sites were chosen:
1) Near Zapolje, circa 15 km south of the reactor site. 2) Near Chistogalovka, circa 12 km
southwest of the reactor site. 3) Near Kopachi, circa 6 km south of the reactor site. 4)
Near Dityatki, circa 25 km off the reactor site.

2.2. Soil sampling and measurements.

At the four corners and in the middle of a 10 x 10 m square 3 soil cores (5 cm in
diameter) were taken in the following layers: 0-1, 1-2, 2-4, 4-7, 7-10, 10-15, 15-20, 20 -
30 cm. Immediately after sampling, the moisture content and the bulk density of each soil
layer was also determined by standard methods. Subsequently, all samples were air dried
and sieved to 2 mm using standard procedures. Radiocesium in each soil layer from each
site was determined by direct gamma spectrometry. The experimental error of the 137Cs
determination, which depends on the activity present in each soil layer and on the counting
time, was always < 10%.

3. Evaluation of the residence half-time of l37Cs in the various soil layers.

The residence half-time T of Cs in the various soil layers were evaluated from the
observed depth profiles of this radionuclide with a compartment model. In the present
case, we write for the transfer of activity A| (Bq m"2) of a radionuclide in the compartment
"i" in a small time interval At (day)

where K; (day"]) is the fractional rate of transfer from compartment "i-1" to compartment
"i", and X is the disintegration constant of the radionuclide. To obtain for a given
radionuclide in each soil layer the corresponding value of Ki( the system of Eq.l is
integrated numerically. The residence half-time of the radionuclide in layer "i" is given
then by TX = 0.693/K;. To compare the values of T observed in soil horizons of different
thickness L, we report for each horizon the value of r/L.

4. Time dependence of the residence half-times of 137Cs in soils.

For two sites in the Chernobyl area and in Bavaria/Germany sufficient data were available
to evaluate the time dependance of the residence half-times of 137Cs in the various soil
layers since the fallout event in April 1986. These data are shown in Fig. 1.
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Chistogalovka Bavaria / Germany
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Fig. 1. Time dependence of the mean residence half-time of Chernobyl-derived l37Cs in various soil layers
of a grassland soil. All values are given with respect to the thickness L of each soil layer (i.e. T/L). Left:
near-field site of the ChNPP at Chistogalovka. Right: site in Bavaria/Germany.

The main difference between these two sites with respect to the migration of radiocesium
was apparent in the top soil layer, where the residence half-time increased at the German
site between 1987 and 1994 from about 0.7 to 2 years/cm, while it decreased at the
ChNPP site from about 9 to 3 years. In the deeper soil layers the residence half-times
increased at both sites with increasing time in a rather similar way. The opposite behavior
of the residence half-time in the top soil layer at the two sites results from the fact that
I37Cs was deposited at the ChNPP site predominantly in the form of rather insoluble fuel
particles, while at the German site this radionuclide was attached in a more available form
to natural aerosols. The increase of the 137Cs residence half-times with time at both sites
in the deeper layers can be explained by the progressive fixation of radiocesium by clay
minerals of the soil.

5. Time dependence of the external gamma-dose rate

The residence half-times of 137Cs as for the various soil layers as evaluated with the
compartment model from the depth profiles observed in 1993 are shown in Fig. 2.

Residence half-times of Chernobyl-derived Cs-137
at seven sites In Bavaria / Germany

Residence half-limes of Chernobyl-derived Cs-137
at lour sites in the Chernobyl area

Fig.2. Residence half-times of Chernobyl-derived l37Cs in the soil as a function of depth at 7 sites in
Germany (left) and 4 sites in Chernobyl area (right).

These data were subsequently used to obtain (again with help of the compartment model)
the vertical distribution of radiocesium in the soil for the coming years. Because Fig.l
indicates that the residence half-times tend to increase with time even after 1994 (exception
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for the 0 - 1 cm layer at the Chernobyl sites), we doubled the residence half-times in the
layers 0 - 4 cm, and quadrupled them in the layers 4 - 30 cm for t > 11 years after
deposition. The resulting depth profiles of 137Cs (not shown here) were subsequently used
to calculate the resulting gamma-dose rate of 137Cs in air (lm height above the surface)
according to Saito and Jacob (1995).

Rel. Cs-137 gamma-dose rate in Germany
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Fig. 3. Predicted relative gamma-dose rate as a function of time for meadow sites in Germany (left) and in
the Chernobyl area (right) due to migration in the soil and radioactive decay of 137Cs. Regression lines and
95% prediction limits.

The results are given in Fig. 3 for the German sites and for the Chernobyl sites. The time
intervals were 7, 10, 20, 50, and 100 years after the Chernobyl accident. All dose rates
are given as relative dose rates, i.e. with respect to a dose rate Do, which was calculated
by assuming that all 137Cs deposited at a given site was present at the soil surface only.
The decrease of the dose rate with time due to radioactive decay of 137Cs is included in
these values.

Fig. 3 reveals that even at t = 0. i.e immediately after the fallout, the relative dose
rate in air is < 1. This was caused at the Chernobyl sites by inhomogeneities of the soil
surface layer (surface roughness). The 95%-prediction limits for this value are, however,
so large (see Fig. 3, right), that a statistically meaningful value cannot be obtained in this
way. At the German sites, where observed 137Cs-depth profiles shortly after the deposition
are available, the extrapolated relative dose rate in air is obtained more accurately (see
Fig. 3, left) as 0.593 (95% prediction limits 0.519 - 0.665). This rather low value is due
to surface roughness and partial infiltration of 137Cs in to the soil by several heavy rain
showers during the fallout period (about 3 days).

The curves shown in Fig. 3 were obtained by regression analysis. Because for the
German sites a simple exponential function did not prove to be satisfactory, we used a
two-term exponential function D(t) = a-exp[-t/b] + c-exp[-t/d], where D(t) is the relative
gamma-dose rate and t is the time in years after April, 1986. The corresponding
correlation coefficients were for the German and the Chernobyl sites 0.987 (p < 0.001).
The values of the constants a, b, c, d are for the German sites (and Chernobyl sites): a =
0.34 + 0.084 (5.81 ± 234); b = 5.05 ± 1.60 (1.27 ± 9.76); c = 0.26 ± 0.083 (0.60
+ 0.10); d = 28.7 ±8.55 (24.3 ± 4.07). The data show that after 50 years the relative
gamma-dose rate will have decreased at the German sites to 5% (95% predicition interval:
0 - 12% ) and at the Chernobyl sites to 8% (95% prediction limits 0.1 - 15%) of their
initial value. The curves given in Fig. 3 should be considered preliminary. Additional
research will be required to verify them.
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