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Abstract. The major contamination processes in the urban environment are wet
and dry deposition with the former leading to much greater deposition per unit of
time. Typical deposition patterns for radiocaesium in urban areas have been
identified for these processes and recent in situ measurements have been used to
verify these relations and to investigate the urban weathering effect over long
periods. The results of a recent series of field trials of decontamination methods in
urban or suburban Russian areas are reported, and this experience has been
incorporated in an example of formation of strategies for clean-up in an urban
contamination scenario.

1. Introduction

The accident at the Chernobyl nuclear power plant in April 1986 has lead to high levels
of outdoor surface contamination in parts of Ukraine, Byelorussia and Russia.
Residential areas within the 30 km zone around the nuclear power plant are still
unoccupied due to unacceptably high levels of radiation (almost entirely I37Cs)
deposited on the ground and on various man-made surfaces in the urban environment.
Ever since the accident, research has been carried out by the Contamination Physics
Group of the Rise National Laboratory in collaboration with CIS institutes with the
ultimate goal of developing strategies for decontamination of these areas.

Nine years after the release of some 3.7 EBq of radioactivity to the atmosphere from
the Chernobyl unit 4 reactor, the external radiation dose in the contaminated areas is
essentially determined by the aount of 137Cs (half-life 30 years) still present.
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2. The urban contamination pattern following deposition

2.1. Initial urban deposition phase

Airborne gases and particulate matter arrive at the ground surface in the form of either wet
or dry deposition. Wet deposition occurs in precipitation (generally rain) and leads to a
very different distribution pattern from dry deposition. Again, there can be variations
within a particular mode of deposition. For example, the deposition pattern resulting from
a light shower giving very little surface run-off will be different from that produced by
prolonged heavy rain.

The dry deposition pattern of caesium and ruthenium aerosols in an urban complex is
difficult to describe in simple terms. Some of the important factors influencing dry
deposition are:

* the size of the aerosol particles. This will largely determine the deposition mode
(Brownian diffusion, atmospheric diffusion, impaction or sedimentation).

* the surface roughness of the receptor surface.

* turbulence of the air.

A series of radiocaesium dry deposition measurements made by Roed in urban areas shortly
after the Chernobyl release in 1986 revealed that the deposition velocities (ratio of the air
concentration at 1 m above the surface to the dry deposition flux to the surface) were very
small compared with those found for rural areas.

The measured deposition velocities on different types of urban surface are listed in Table 1.

Table 1. Deposition velocities measured in Denmark after the Chernobyl accident (in 10"* mis).

Paved areas
0.7

Walls
0.1

Windows
0.05

Grass (clipped)
4.3

Trees
7

Roofs
2.8

Estimates by Roed [1] based on measurements of Chernobyl fallout in areas which received
solely dry deposition and in areas in which deposition took place with heavy rain, revealed
the typical relationships shown in Table 2 between caesium contamination levels per unit
area of different types of surface. These findings are consistent with measurements made in
various parts of Europe ([2], [3], [4], [5]).

Table 2. Relative source strengths for various surfaces shortly after deposition of Chernobyl fallout
caesium, relative to that on a cut lawn, where there is no penetration in the soil.

SURFACE:
Gardens, parks

Roofs
Walls

Streets, pavements
trees with leaves

Drv deposition
1.00
1.00
0.10
0.40
3.00

Wet deposition
0.80
0.40
0.01
0.50
0.10
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The factor of 0.8 rather than 1 for wet deposition in gardens and parks is explained by the
slight penetration of the isotopes into the soil giving some attenuation. This gave a
shielding factor of 0.8. On roofs, only about 40 % of the deposited radiocaesium is
retained after wet deposition : the remaining 60 % remains in the run-offwater. The figure
of 3.0 for trees indicates that the leaves of the trees constitute a very efficient 'aerosol filter1.
The relative deposition figures for trees relate to a plan-projected area of ground covered
by the trees.

2.2. Long-term changes of the urban contamination relationship

The surface contamination relationships will change with time, due to the weathering of the
surfaces on which deposition took place. The decrease with time of the contamination
level has been carefully followed in heavily contaminated areas in different parts of
Europe and the time-dependence modelled [6]. After nearly one decade, the dose-rate
from road pavements has generally decreased by at least an order of magnitude.
Meanwhile, the dose-rate from areas of soil and roofs fell by about 50 %, while that
from walls has decreased by only 10-20 %.

Weathering effects have been investigated in 1993 and 1994 in situ in areas of the former
Soviet Union. In the town of Pripyat, less than 4 km away from the Chernobyl power
plant, high levels of radioactive contamination were recorded compared with other
investigated areas, although this area received a dry deposited contamination. In other,
more remote Ukrainian towns and villages where measurements were made, such as
Poleskoie, Vladimirovka and Varovice as well as the Russian towns Yalovka and
Novozybkov, more than 100 km away from the power plant, deposition of Chernobyl
debris occurred with rain.

Gamma-ray measurements on a sandstone wall in Pripyat in 1993 showed the
contamination level to be in the range 199-350 kBq/m2, compared to 0.9-28 kBq/m2 found
on similar surfaces in the more remote towns and villages in the Novozybkov area. Also in
Pripyat, it was found that the contamination level on a grass covered surface (2.9 MBq/m2)
was approximately ten times that on walls, while in the areas where wet deposition
occurred, levels on grassed surfaces were about two orders of magnitude greater than on
walls. These findings were in line with the previously recorded results in Table 2. On
impervious horizontal surfaces, such as roads and pavements, 'natural' decontamination
(weathering) due to traffic and surface run-off water had reduced the contamination level
from presumably 1.5 MBq/m2 (estimated from the levels on grass and walls) to 30-350
kBq/m2 since 1986. The highest residual levels were found on concrete pavements and the
lowest on asphalt roads. Since by far the greatest contribution to the external dose at this
point comes from the open (grassed) areas, the study of soil radiocaesium penetration in the
heavily contaminated areas is an important task. The average of a series of soil
radiocaesium profiles in the Halch area in Russia in 1994 is shown in Figure 1. As can be
seen, the profiles are now rather deep, and for instance removal of a thin top soil layer
might not have a great effect on the dose rate.
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Figure 1. Average soil radiocaesium profile in Haich, Russia in the summer of 1994.

3. Decontamination in the urban environment

Although the fixation of residual radiocaesium on any urban surface certainly becomes
stronger with time, a series of experiments made 7-9 years after the Chernobyl accident
took place has shown that it is still possible to substantially reduce the external dose in the
urban environment.

3.1. Decontamination of walls

A series of decontamination trials was made on walls in the Halch area of Russia in 1994.
The objective was to test in the heavily contaminated areas those methods which have in
previous experiments been found to have the greatest effect.

3.1.1. High pressure water treatment

In an experiment on a limed wall (an area of 21 m2) water hosing through a high pressure
jet at 120 bar was applied. The amount of water used in the test was 20 1/m2. The time
consumption was 1.6 minutes per m2. The method generated 0.4 kg/m2 of solid waste.
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The treatment was found to have removed 26.5 % of the contamination. The
corresponding decontamination factor is 1.36 with a 95 % confidence interval from 1.24 to
1.48, which is less than what has previously been obtained on similar walls. The reason for
this is that the migration of the radionuclides into the wall has reached such an extent that
little can be removed by surface-cleaning methods on this type of wall.

3.1.2. Sandblasting

On a wall of the same type (test area : 5.0 m2) an experiment with the more abrasive
sandblasting method was conducted, and the effect detected with the beta counter. As
sandblasting goes deeper into the material, a greater effect was recorded.

The water requirement for the test was 54.5 1/m2, and the amount of sand required was
2.25 kg/m2. Treatment of each square meter took 2 minutes. The amount of waste
generated by the method was found to amount to the applied materials plus 1 to 5 %
(loosened material).

The effect was found to be a decrease in the radiation level by about 80 %, corresponding
to a decontamination factor of 5.02 with a 95 % confidence interval from 4.31 to 5.73.

3.1.3. Cation exchange

In an experiment in 1993, about 100 litres of ammonium nitrate solution (0.1 M) was
sprayed onto areas of about 16 m2 of similar sandstone walls in Pripyat and in
Vladimirovka. The treated area soon became saturated with the solution and was then left
for about half an hour before being thoroughly rinsed with 100 litres of clean water.

Beta measurements showed that in Pripyat, about 67 % of the contamination was removed
but in Vladimirovka the figure was only 21 %.

The influence of the deposition mode seems evident: the fallout over Pripyat (very close to
the Chernobyl plant) was almost entirely in the form of small particles of irradiated uranium
oxide fuel (up to 100 mm diameter). Fallout over Vladimirovka was essentially in the form
of condensed radiocaesium: i.e. material which had been discharged from the reactor core
in the gas phase, condensed in the atmosphere and scavenged by falling rain.

3.2. Decontamination of roofs

Experiments were conducted in the heavily contaminated Halch area to investigate the
effect of roof decontamination by two different methods: high pressure water treatment and
a specially constructed roof-washer device.
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3.2.1. High pressure water treatment

The decontamination factors in this experiment were identified on an asbestos roof by
direct beta measurements, but similar results have been recorded in the laboratory by
gamma measurements on removed roof pavings.

The high pressure water hosing was performed through a turbo nozzle at a pressure of 150
bar. The treatment was found to have removed almost 40 % of the caesium contamination.

3.2.2. Special roof washer

In order to meet the demand for improved countermeasures for roofs a special roof-
cleaning method has been developed at Ris0 and tested in situ in the town of Halch.

This newly developed specially constructed device consists of a rotating brush with a shape
that follows the curves of the roof and which is driven by pressurized air at 700 1/min. (7-8
bar) and uses water at ordinary tap water pressure. The fact that the cleaning is carried out
at low pressure and in a wet medium makes the method specially suitable for work in
contaminated areas, as the resuspension hazard is minimized. Further, this relation satisfies
the existing legal demands in Europe regarding treatment of asbestos surfaces. The
brushing pressure and cleaning function has been specially adjusted to ensure that only
coatings such as moss and algae are removed while the abrasive effect on the roof material
is negligible. A test on an asbestos roof gave less than 25 mg of loosened asbestos fibres
per liter of applied water. This is much lower than any existing limits. An earlier
experiment has shown that very little caesium contamination will be in the liquid phase of
the washed off material from such operations (< 1%), while the rest will be associated with
the solid fraction (moss, algae, etc.). There will thus only be a very limited amount of
waste for disposal.

The roof-cleaner can be applied by an operator standing on the top of the roof or - in case
of single-storey buildings - from ground level, and is easily driven back and forth by the
brush requiring very little action from the operator.

In the experiment, which was conducted on an eternite roof in Halch, 120 1 of water were
used (recycled 3 times). This corresponds to 12.8 1/m2 of the applied roof surface. The
time requirement was found to be 3.3 min./m2. The cost of the method would be much
lower than other suggested methods such as for instance sandblasting, since it requires only
water.

The result was found to be a reduction of the radiation level by 56 %, corresponding to a
decontamination factor of 2.29, with a 95 % confidence interval from 2.20 to 2.38, which is
a remarkably high number compared with previously reported results of other procedures
for removal of aged contamination on a roof
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3.3. Reduction of dose rate contribution from areas of soil

This section describes recent tests in the former USSR of methods to reduce the dose rate
contribution from areas of soil and grassed areas in the urban environment, such as gardens
and parks.

3.3.1. Triple digging

Triple digging (Fig.2) has shown to be an excellent method to reduce the dose to people,
both where the uptake to plants is considered, and for external dose reduction. This
method can be used in gardens and other places where it is impossible or expensive to use
e.g. skim and burial ploughing. For external dose the dose reduction factor, R, is defined as:

R=(D'a-D1
b)/(D1

i-D'b),

where D'i and D'a are the dose rates lm above the surface, respectively before and after the
tripple digging. D'b is the dose rate contribution from the background radiation. R is
dependent on a variety of parameters, the most important being:
1. The isotope(s) considered.
2. The initial distribution of the isotopes in the soil.
3. The depth of the digging.

Figure 2. Diagrammatic representation of how triple digging is carried out and how the order of the 3
layers of soil is changed. The total digging depth in the experiment was 30 cm

An experiment was performed in 1995 in Novo Saboriche, where a 10 by 10 m plot was
dug. The isotope of greatest concern was 137Cs. From the result of this experiment a
model was created to calculate the dose reduction factor R as a function of the size of the
plot and the initial distribution (see Fig.3). In this case the depth of the triple digging was
30 cm. It can be seen that if the initial contamination is in the uppermost 10 cm of soil then
the dose reduction factor will range from 0.08 to 0.5, depending on the size of the plot and
the initial distribution.
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3.3.2. Skim and burial ploughing
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In the urban environment, the application of skim and burial ploughing would be restricted
to large areas, such as parks.

This new type of plough has been developed jointly by Risa National Laboratory and
Bovlund Agricultural Engineers Denmark. The plough skims off the topmost layer of soil
(about 5 cm) and buries it at a depth of some 40-50 cm without inverting the intermediate
layer. Hence the name 'skim and burial plough'. The removal of only about a 5 cm layer of
topsoil rarely affects the fertility of the land and poorer quality subsoil is not brought to the
surface.

Overall, the skim and burial plough greatly reduces radiation levels at the ground surface,
the resuspension hazard is eliminated, most of the contamination is made inaccessible to
plant roots and soil quality is unaffected.

The effect of the procedure, which has been tested in the former USSR, has been found to
be a reduction of the dose-rate by some 94 %, but in very sandy soils it may be difficult to
achieve the objective with this method..

4. Development of a strategy for decontamination

Based on in situ measurements of urban contamination and decontamination Ris0 National
Laboratory has specialized in development of decontamination strategies for the urban
environment. The concept of the strategy formation is essentially the same as that
introduced more than five years ago [7], although more detail is now available.
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In the following a short demonstration will be given of how to apply the obtained
information in the development of a strategy for clean-up of an urban area. Many
considerations must be taken into account, although certain simplifications must obviously
be made.

Consider an environment consisting of a single-storey house surrounded by a garden, as
they typically occur in the suburban areas.

If it is assumed that the deposition of radiocaesium to this area takes place in the e^rly
autumn, in the absence of precipitation, and that the relative distribution of caesium on
different urban surfaces is as shown in Table 2 (dry deposition), the average dose rate and
accumulated dose to people living in the particular type of environment can be calculated
using a model such as URGENT [6]. This model takes into account the loss of radioactive
matter on each surface by weathering. The weathering model is based on the results of
extensive field measurements in different parts of Europe.

In this case it has been assumed that the average person spends 85 % of the time indoors
and 15 % of the time outdoors. The fact that we are dealing with a single-storey building
simplifies the case somewhat, as for instance the dose contribution from the roof of a
multistorey building may be large to the people living on the top floor, but negligible to
people living at ground level in the same house. Also, in urban centres the dose
contribution from contaminated roads and other pavements will become significant. In
some dry deposition scenarios indoor decontamination may also be important.

Many different methods might be considered, but the most advantageous in the particular
case might be to use the described roof-washer system for roofs, high pressure water
treatment for walls, cutting of trees, and triple-digging for grassed areas and soil areas.

Table 3 shows the calculated % dose reduction achievable by these methods if they are
initiated 6 months or 10 years after the deposition took place. Figures are given for both
the reduction of the total accumulated life-time dose over 70 years by application of a
method and for the reduction in dose-rate at the particular time when the method is applied.
Also given is an estimate of the costs of the procedures.

Table 3. Costs and benefits of application of different clean-up methods in a suburban environment
Percent reduction of accumulated doses over 70 years and immediate dose rate reduction are given,
assuming that clean-up is initiated 6 months or 10 years after deposition.

Surface:
%70-y dose red.
(6 months after)
% dose rate red.
(6 months after)
%70-y dose red.
(10 years after)
% dose rate led.
(10 years after)
Costs (ECU/m2)

Roofs

2.9

6.4

0.3

1.2

2

Walls

1.8

1.2

0.5

1.3

1.7

Trees

5.9

30.2

0.3

3.9

7

Soil

65.2

45.5

23.1

69.4

0.5
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From Table 3 it is clear that although the trees will play a very important role in the
beginning, due to the very high deposition velocity, a decontamination of trees will be less
important regarding the accumulated dose over 70 years, due to the rapid weathering. The
costs of cutting trees are also rather high.

The dose contribution from roofs will be comparatively large in the beginning, but due to
weathering the roofs will soon become less important to decontaminate.

It is clear that the grassed areas will play the major role, and as the cost of tripple digging is
relatively small, clean-up of grassed areas would be given first priority in a clean-up strategy
for this scenario. Even if 10 years go by before the garden is dug, it is still possible to
reduce the total accumulated dose by one-fourth by this simple method. However, it is
clear that in urban areas with smaller garden areas, the other surfaces will be much more
dominant. It is therefore important to tailor a strategy for use in a specific type of area.

S. Conclusions

Typical initial contamination patterns have been observed after the Chernobyl accident.
Some of these relations were found to be in-line with results of recent in situ measurements
in the former USSR. The weathering effects in urban areas of Russia were investigated in
1994 and it was found that the caesium contamination level on roads and pavements had
decreased by a factor of 4-50, depending on the traffic. In the Halch area, the highest soil
radiocaesium concentration was found at a depth of about 3 cm. As much of the
radiocaesium has now reached considerable depths, decontamination by removal of a thin
top soil layer would no longer be possible. Various methods for decontamination of urban
surfaces have been investigated in situ, and the currently most effective have been described
in detail. An example of strategical decontamination planning has been given.
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