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Dynamic of Radionuclides Behaviour in Forest Soils

W. Riihm, M. Steiner, E. Wirth, A. Dvornik, T. Zhuchenko, A. KJiashtorin,
B. Rafferty, G. Shaw, N. Kuchma

Within the research project ECP-5, the dynamics of radionuclides in automorphic
forest soils within the 30-km-zone of Chernobyl and of hydromorphic forest soils in
Belorussia have been investigated. In upland forest soils, the lower layers of the
organic horizons are characterized by the highest residence times for radiocesium and
represent the largest pool for all radionuclides investigated. According to a
preliminary estimate, radiocesium is more mobile compared to 125Sb, which in turn
migrates faster than "Co, '""Ce, and 154Eu. 106Ru shows the lowest mobility. With
regard to radiocesium, hydromorphic soils exhibit migration rates and transfer factors
from soil to trees, which by far exceed those in automorphic soils. Based on a two-
component quasi-diffusional model the average bias of Cs in mesotrophic swamp
soils was predicted. The activity concentrations of U, Pu, and Cs suggest that U and
Pu were originally deposited as hot particles and that U is naturally accumulated in
organic horizons.

1. Materials and Methods

1.1. Sampling sites

Our studies were performed at four forest sites, which characterize more than 80% of the forest
within the 30-km-exclusion zone of Chernobyl:

Ditiatky 1 (Dl): Mixed forest (50% oak, 30% pine, 20% birch) with an age of about 55 to 60
years. 28.5 km south of NPP. Podsol on sandy fluvio-glacial deposits. Cs deposition 0.21
MBq/m2. Dry forest.
Ditiatky 3 (D3): Mixed forest (50% alder, 40% birch, 10% pine) with an age of about 60 to 75
years. 26 km south of NPP. Peat-gley on sandy fluvio-glacial deposits. Cs deposition 0.16
MBq/m2. Wet forest.
Kopachy 2 (K2): Pine forest with an age of about 60 years. 7 km southeast of NPP. Podsol on
sandy fluvio-glacial deposits. 137Cs deposition 2.7 MBq/m2. Dry forest.
Shepelichy 1 (Shi): Mixed forest (80% pine, 20% birch, small portions of oak and alder) with an
age of about 40 years. 7 km west of NPP. Podsol on sandy fluvio-glacial deposits. 137Cs
deposition 23 MBq/m2. Dry forest.

Furthermore, Belorussian swamp forests, located about 200 km from the NPP, were investigated.
The 137Cs inventory within the uppermost 60 cm thick layer ranges from 0.55 to 1.6 MBq/m .

Oligotrophic swamp: Sphagnous pine forest. Sphagnum peat on wood-sedge-sphagnum peat.
Average ground-water level 10 cm.
Mesotrophic swamp: Sedge-sphagnous pine forest. Sphagnum-wood-sedge peat on reed-wood
peat. Average ground-water level 12 cm.
Eutrophic swamp: Nettle alder forest, mixed stand. Wood peat on light gleyish loam. Average
ground-water level 34 cm.
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1.2. Sampling methods

At each plot up to ten complete profiles, randomly distributed within an area of approximately 100 m
* 100 m, were sampled. From the upper organic L-, Of-, and Oh-layers, and the underlying first
mineral horizon, which still contains organic material (As-layer), squares of 20 cm * 20 cm, resp. 25
cm * 25 cm, were cut by knife. The horizons were gathered separately by hand. From the deeper
mineral horizons three layers with a thickness of 3 cm each were sampled with a cylindrical soil-corer
covering an area of 54 cm2. After determining the fresh weight, the material was dried in an oven at
85°C and thereafter milled.
The movement of radiocesium between the different forest compartments, especially between canopy
and soil, due to water flow and litter fall was monitored using litter traps, precipitation traps, stemflow
traps, and lysimeters.

2. Dynamics of radionuclides in automorphic soils

2.1. Distribution of radionuclides in soil

As can be seen from Fig. 1, in 1994 at K2, the dominant portion of 137Cs activity was Still found
in the organic horizons. The same is true for all other radionuclides investigated. The O(,-horizon
represents the largest pool for radionuclides. Apparently, this layer retains radionuclides
effectively. Its small contribution to the radiocesium content of leachates further supports the
importance of the Oh-horizon as a sink of radiocesium. The L-horizon, which is built up by
falling needles and leaves, is characterized by low specific activities. The reason is that only 1%
of the total B7Cs inventory moved from canopy to soil per year at K2. For other radionuclides
this fraction is even smaller, since they are present in fresh litter only in negligible amounts.
Comparison of the vertical distributions of radionuclides in 1993 to those in 1994 revealed a
clear movement to deeper soil horizons for all radionuclides investigated. The dominant
contributions shifted from the Of- to the O^-horizon.

2.2. Estimate of relative migration velocities

To investigate qualitatively the migration velocities of different radionuclides, a new approach
has been developed, which is based on the so-called "cesium ratio" (CR) and the "normalized
cesium ratio" (NCR). The CR of radionuclide X in a certain horizon denotes the ratio of the
specific activities of X and 137Cs within this soil layer, where both activities are corrected for
radioactive decay. The NCR is calculated by dividing the actual CR of radionuclide X by the CR
of the initial fallout.
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Fig. 1: Distribution of radionuclides in soil at K2 in 1994, Fig. 2: Normalized cesium ratio (NCR) for different
based on activity per area. radionuclides at D3 in 1993.
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As an example, Fig. 2 depicts the NCRs for different radionuclides at D3 in 1993. Radionuclides
moving downwards more slowly compared to 137Cs are relatively enriched in upper soil layers
and, therefore, show NCR > 1. Vice versa, the relative shortage of these radionuclides in deeper
soil layers leads to NCR < 1. Altogether the NCRs of radionuclides slower than 137Cs are
expected to diminish with increasing soil depth. ^Co, 106Ru, 12SSb, 144Ce, and 154Eu clearly
exhibit this behaviour and thus prove to be less mobile compared to 137Cs. The NCR < 1
observed for the L-horizon might be attributed to radiocesium recycling via root uptake by
plants and subsequent litter fall.
The normalized antimony ratio (NAR) is defined analogously to the NCR, when the reference
nuclide 137Cs is substituted by : Sb. Using the same arguments as above we conclude that the
isotopes ^Co, 106Ru, 144Ce, and 1S4Eu are less mobile compared to 125Sb. As indicated by the
steepest descent of NAR with increasing soil depth, 106Ru is characterized by the lowest mobility.
Since 125Sb is present in leaves and needles only in negligible amounts, the influence of recycling
via litterfall on the NAR of the L-horizon is not present.

2.3. Quantitative analysis: Compartment model

For a more quantitative approach a simple linear compartment model of vertical radionuclide
migration has been developed to evaluate the residence half-times for different soil horizons.
The compartments represent the decay-corrected specific activities (QJ of radiocesium within
the different soil layers. The model is described by a set of first order differential equations,
which can be written as dQj/dt = - ^ Q j for the uppermost litter layer (L-horizon) and dQn/dt =
\-\Q*-\ - \Qa for the n-th soil layer, respectively.
The residence half-times Tj/2, n for the sampling site K2, as derived from the experimentally
determined coefficients via T ^ „ = In 2fkw are summarized in Table 1.

Tab. 1: Residence half-times for radiocesium in different horizons at the sampling sites K2 and Hochsladl

Horizon C\ \ Aj/B

K2: T w [y]

Hochstadt: T w [y]

1.1+0.4 3.0 ±0.7 23.9 ±3.4 6.0 ±1.1 16.7 ±132

2.9 ±0.6 4.6 ±0.9 63 ±23 8.7 ±65 1.8 ±03

The migration half-times demonstrate the tendency for the lower organic horizon (Oh at K2) to
retard the downward migration of cesium isotopes very effectively. To a lesser extent this finding also
holds for the Bavarian reference site near Hochstadt (see Tab. 1), where the Oh- and A^-horizons
exhibit the highest residence times.
Based on the extensive data set obtained from the Hochstadt site, the reliability of the model itself has
been demonstrated by comparing the present distribution of Cs in soil due to nuclear weapons
fallout with corresponding predictions.

3. Dynamics of radionuclides in hydromorphic soils

Since the type of soil, especially its physico-chemical properties, is expected to crucially determine
the dynamics of radionuclides, automorphic and hydromorphic soils have been compared to reveal
relevant parameters for the migration of radionuclides.
The rate of 137Cs migration in hydromorphic soils by far exceeds that in automorphic soils, most
probably because of the moisture and the aggressive soil medium. m Cs mobility decreases from
oligotrophic to mesotrophic swamps and is lowest for eutrophic swamps. The latter exhibit a clear-cut
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zone of radiocesium accumulation at the transition from the peaty soil layeis to the mineral ones. A
qualitatively similar behaviour has been observed in upland forests, where the lower organic horizons
represent the largest pool for radiocesium.
Transfer factors for Cs uptake by trees turned out to be more than one order of magnitude higher for
swamp soils compared to upland soils.
For a quantitative description of the vertical migration of U7Cs in swamp soils, a convective-
diffusional model and a two-component ("slow" and "fast" component) quasi-diffusional model have
been developed. Within the framework of the latter, the average bias for Cs in mesotrophic swamps
was predicted. Seven years after the initial deposition, the average bias is 6.0 cm. After 30 years it is
12.6 cm and will have reached the average ground-water level. Compared to sandy soils, these values
are nearly 7 times higher.

4. Physico-chemical form of deposition
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Fig. 3: Isotopic ratio 2!8U/S5U vs. activity concentrations of Fig. 4: Activity concentrations of ^ U vs. those of 7SU.

Obviously, not only the soil properties but also the physico-chemical form of the deposition might
influence the migration behaviour of radionuclides. Therefore, the activity concentrations of U, Pu,
and Cs isotopes and their ratios were employed to test the probability that U and Pu were originally
deposited as "hot particles".
The uranium isotopic ratio ^Jru hints at \J enrichment in the Of- and Ob-horizons, which
indicates a non-natural source of U, most likely hot particles from irradiated reactor fuel. Furthermore,

239 4 "340^. 137

at high activity concentrations of 'TPu and Cs, respectively, the uranium isotopic ratio falls
below its "natural value" of 138 (see Fig. 3), which supports the idea of reactor-derived uranium
fragments. At high U concentrations, the relationship between 2J8U and 235U reveals two distinct
groups (see Fig. 4): Near the NPP, at Shi, a low isotopic ratio hints at hot particles. At the more distant
site D3, the isotopic ratio lies at or above the natural value, which again suggests a natural
concentration of U by organic soils. The latter might be caused by relatively long residence times for
reactor-derived uranium in organic soil layers.
For plutonium, the isotopic ratios 238Pu/23 ^Pu range between 0.51 and 054. Therefore, Pu is likely
to derive exclusively from the Chernobyl accident, as expected because of the high plutonium activity
concentrations.
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