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Abstract

For the inhalation dose assessment, reliable estimations are necessary of the average volume
concentration of particle bound radionuclides in the atmosphere specifying the nuclide composition,
the activity distribution in the different particle size ranges and the solubility characteristics of the
nuclides. For that purpose, the analysis of measurement series is presented of the daily average
activity concentrations of 137Cs and 144Ce and their temporal and spatial variability. From 1986 till
1994, samples were taken with high-volume samplers and multicascade impactors; the number
concentrations of aerosol particles and the number concentrations of "hot" particles were
determined for different conditions with an Aerosol Particle Sizer and a Rotating Arm Impactor. The
data demonstrate a decrease the atmospheric concentrations of137Cs and !44Ce with time larger than
caused by radioactive decay alone. A statistical analysis showed a high level of fluctuations in the
concentration of radionuclides in air with maxima exceeding the annual average by 10 to 20 times.
The analysis of 88 experimental radioactivity size distributions at Zapolie and Pripyat for wind-
driven resuspension conditions have shown that the measured distributions are generally very wide
and differ from the log-normal distribution in the most cases. At Zapolie, the mean air concentrations
of'37Cs, discriminated in four size ranges, showed an increasing part of inhalable particles with time
since the accident. In 1993, the inhalable fraction was about 48% of the total concentration. The size
distribution of atmospheric I37Cs particulate activity during these periods of enhanced resuspension
showed a similar common shape with two maxima, the first in the 2-4 jjm range, and the second in the
12-20 jUm range. The estimated radioactive loading of particles showed an enrichment of
resuspended radionuclides compared with soil particles. The highest enrichment factor was found for
large particles, the lowest for fine particles. The investigations on the solubility of the radionuclides
137Cs, 90Sr, 239+240Pu in selected Petryanov air filter samples according standardized tests give first
data of the solution rates and the respective contribution of the fine radioactive particles and the
coarse "hot" particles to the total activity of the samples.

1. INTRODUCTION

After the Chernobyl accident, the 30-km zone is a permanent source of radioactive aerosol,
including hot particles, due to the high level of soil contamination. Knowledge of the
characteristics of the radioactive aerosol will be required for a long time for a more detailed
dose assessment and estimation of processes of redistribution of the contamination of the
surface soil. The results of the measurements of the resuspended radioactive aerosol of the
Chernobyl area were obtained in the three scientific programmes. One was launched by the
Hydrometeorological Committee of the USSR, the second ("Contamination of surface by
resuspended material", ECP1) by the European Parliament, the third by the collaboration
between the two reporting institutes.

In these studies, aerosol measurements are analysed in the surface layer of the atmosphere
generally within the 30-km zone. They were conducted from July 1986 to September 1994
with high-volume samplers in the towns of Chernobyl and Pripyat and with the multicascade
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impactors in the town Pripyat and the village Zapolie. In 1993, agricultural activities and
operations of different trucks were simulated. In these experiments the size distribution of
radioactive particles was measured by a cascade impactor, a Rotating Arm Impactor (RAI),
the mass concentration with a Berner impactor, the number concentration of airborne particles
in the size 0.6-30 |am was measured in a size-resolved manner by an Aerodynamic Particle
Sizer (APS).More details of the measurements sites, instruments and experiments are given in
[1,2].

2. RESULTS AND DISCUSSION

Material, which has been deposited after an accident may be, resuspended by wind only, or by
wind and disturbances at the ground surface by anthropogenic activities, for example,
agricultural activity or movement of vehicles. The data presented in [3] demonstrate a
decrease of the atmospheric concentrations of 137Cs and 144Ce with time greater than due to
radioactive decay alone. There must be further processes which are responsible for the
reduction of the activity concentration in the air, mechanisms for instance which reduce the
source term of resuspension such as vertical migration in soil, run-off with rain or melting
water and snow cover. If the atmospheric concentrations are presented as a rolling mean, any
seasonality and long-term features in the data can be seen more clearly. The atmospheric
concentrations of 137Cs shortly after the accident, averaged over a seven-month cycle,
measured at Chernobyl and Baryshevka (150 km south-east of Chernobyl), are shown in
Fig .1. The figure shows that the atmospheric concentrations decreased in two phases. First,
there was a very rapid fall over a period of a few months. Secondly a much slower decline in
the atmospheric concentrations followed. Overlying these features, there is evidence of
seasonal changes in the atmospheric concentrations and other possible resuspension effects.

A statistical analysis [3] of the series of measurements in the years 1987-1991 of the daily
average concentration of !37Cs and I44Ce activity in air close to the ground showed a high
level of fluctuations in the concentration of radionuclides in the air with maxima exceeding
the annual average by 10 to 20 times. Periods when the concentration exceeded the mean
lasted from 1 to 14 days. During all years, the intensity of fluctuation (determined as the ratio
of the standard deviation to the average concentration) exceeded unity. The strong asymmetry
of the distribution of the 137Cs and 144Ce concentration is reflected by the large ratio of the
average concentration to the median and the values of the skewness. The frequency
distributions of the activity concentrations, which are above the annual average, are not
described satisfactorily by single analytical distributions over the whole period of
measurements.

Apparently, several processes are responsible for the formation of the concentration field of
radioactive aerosol: local resuspension by the wind, transport from a distant area and
anthropogenic resuspension. Accordingly, the observed distributions would result from the
combination of several simple distributions evolving in time. The influence of the averaging
period T on the estimation of the standard deviation a(T2) = CJ(TI) PVTi]-"1 was determined.,
The mean value of the empirical exponent m is 0.33 ±0.08 [3]. The above relation can be used
to compare different averaging periods Ti and T2. It is permitted to estimate the affect of
increasing the internal averaging time by sampling, for example, 3(10) days instead of 1 day:
the standard deviation will decrease to 69% (47%) of the daily value. Therefore, the averaging
period is of importance in the assessment of activity concentrations.
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FIG.l. Rolling seven month mean atmospheric concentrations of Cs-137 at Baryshevka and
Chernobyl (June 1986 to August 1994).

Detailed analysis of the radioactivity size distributions has shown that five typical shapes of
distributions can be distinguished (see Fig. 2). The analysis of 88 samples has shown [4] that
at Zapolie a bimodal distribution of Cs was observed in 91 % of all cases which was formed
by two processes: the local resuspension and the advective transport of radioactive aerosol
from highly contaminated territories, e.g. from the Chernobyl NPP. However, at Pripyat,
which is situated within a highly contaminated area, the shapes of size distributions were
representative for local resuspension with only a weak transformation. The observed
variability of the radionuclide size distributions in the air of the 30 km zone makes it difficult
to calculate resuspension parameters taking into consideration only local processes (e.g., the
estimation of the resuspension factor or the estimation of the airborne concentration using the
radioactive loading of soil particles). During the measurement period the log-normal
radionuclide size distribution was observed in only 3% of all cases in Zapolie. At Zapolie, the
mean air concentrations of Cs discriminated in four size ranges showed an increasing part
of inhalable particles with time since the accident. In 1993 the inhalable fraction was about
48% of the total concentration.

During forest fire, the activity size distribution was measured at a distance of 17 km from the
burning area. The main part of radioactivity was connected to sub micrometer particles with
the median diameters in the range 0.28 u.m-0.50 urn. Anthropogenic enhanced resuspension
was measured during different simulated agricultural activities and operations of different
trucks at the site Zapolie [1,5]. For that purpose two different soil surfaces free of vegetation
were prepared on which several tractor types were driven simulating soil management such as
harrowing. The soil surface strips represented fixed line sources. In a typical experiment, the
tractor started at one end of the strip, passed the sampler at a certain fixed distance, drove to
the other end of the prepared surface and returned. For a certain experiment, the strip was
chosen for which the wind trajectories pass the sampling equipment after crossing the
prepared surface.
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FIG.2. The five most frequent shapes of the activity size distribution in the Chernobyl area.
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Results of the project measurements show that the total airborne radionuclide concentrations
and deposition rates were increased considerably during anthropogenic enhanced
resuspension. Depending on the experimental conditions, the increase was by a factor of
several thousand in comparison to the concentrations occurring during wind resuspension at
distances about 20-30 m from the dust sources and a factor 10-100 at distances of about 100 m
or more [1]. The measurements of the number concentrations of hot particles show an increase
of 3 orders of magnitude, reaching 0.7-1.0 hot particles / m3 with a maximum activity of 1.5-
2.0 Bq / particle. The size distributions of atmospheric 137Cs particulate activity during these
kinds of enhanced resuspension showed a similar common shape with two maxima, the first
in the 2-4 um range, and the second in the 12-20 um range. In the fine particle size range (0.1-
2.0 um) 33% ± 6% of 137Cs activity was found in the mean of all experiments. Measurements
of the coarse particles (particle diameter d > 10 um) have shown that the activity
concentration of 137Cs was not uniform distributed: in the size range 10-20 um 44%, in the
range 20-28 um 10% and in the range > 28 urn 46% of the activity is found. Microscopic
analysis of the samples (d > 20 urn) proved a linear relation between particle number and
activity [6].

An estimation of the airborne plutonium concentrations in two experiments of anthropogenic
enhanced resuspension showed a significant part of activity in the fine particle size range (36-
40%) and in the large particle range (approximately 20%). The measurement of the number
concentrations of particles has shown that the means for large particles (3-10 urn) and giant
particles (10-30 um) are, respectively, 4 times and 2 times larger than the mean number
concentration of fine particles (0.6-1.0 um) during periods of soil management (see Fig. 3).
The increase of the mean number concentration in periods of soil management has been a
factor of about 40 for large and giant particles, but only a factor of approximately 3 for the
fine particles. The variability of the concentration is higher for giant particles. During
anthropogenic enhanced resuspension predominantly large particles are injected in the
atmospheric surface layer. The estimated radioactive loading of particles showed an
enrichment of resuspended radionuclides compared to soil particles. The highest enrichment
factor was found for large particles, the lowest for fine particles [5].

In the scientific investigations of solubility processes, there are only few works devoted to the
study of dissolution of2 +24 Pu, 90Sr, 137Cs from Chernobyl origin in the atmospheric aerosol.
There are investigations of solubility of hot particles from soil and bottom sediments near the
Chernobyl NPP and from the Chernobyl nuclear reactor [7, 8].But these data cannot be
directly used for the inhalation dose assessment.

Generally, the absolute activities in the filter samples are small even in the 30 km zone. Only
our high-volume samplers "Typhoon" (4200 m3h"') gave us the possibility to estimate in vitro
the solubility of the radionuclides 137Cs, 90Sr, 238+240Pu in the Petryanov filters exposed in
1987 and 1988 at Pripyat. Before dividing the filters in equivalent segments for the solubility
study, the filters were tested with an autoradiography method. The nuclide concentration in
the segments was measured by gamma-spectrometry. The segments of the Petryanov filters
were confined within two 0.14 um pore size membrane filters MFA (Dubna, Russia) as a filter
sandwich [9] and exposed a dissolution fluid. The composition of the fluid was according to
the Gamble biological fluid simulated [9].
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FIG. 3. Time record of the normalized particle number concentration in four different size
ranges as measured by an Aerodynamic Particle Sizer during the resuspension experiment on
13 May 1993 at Zapolie. The periods of operation of the big tractor can be identified by the
periods of increased particle concentrations. The increase of large particles is much higher
than the increase of fine particles.

Dissolution data of 137 Cs from five fragments of the Petryanov filter 12.10-13.10. 1987 are
given in Table 1. From the 6-th fragment, an area of (lx 2) cm2 was selected, where the 137Cs
activity was (17.4 + 1.8) Bq after 21 days of exposition into the Gamble solution. The rest part
of that fragment had an activity of (5.36 + 0.54) Bq after the same time period. The 7 and 8
fragments had activities below detection limit. In Table 1 is shown the mean and the standard
deviation of the filter, the solution and the total activities. These data demonstrate the sharp
heterogeneous of the activities at these filter areas (the ratio between max. and min. activity
was 10.5 times). Unlike from filters, the solutions are more uniform. In the last column of
Table 1 the relative 137Cs activity at the filter is shown. The dependence between the total
values of activities and the solution fractions are obvious. The explanation may be the inverse
connection of the activity with the particle size [10].
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In Table 2 the dissolution data of 139+140pu for the same fragments is presented. In spite of the
higher sensitivity of the alpha detection than beta detection by LB 770-PC 10 Channel a -p
Counter, the uncertainty for these solution measurements is much larger.

TABLE 1. DISSOLUTION OF 137Cs FROM FIVE FRAGMENTS OF THE PETRYANOV
FILTER 12.10.-13.10.1987

Number of
fragment
and time for
dissolution
1,28 days
2,28 days
3,28 days
4,25 days
5,7 days

Filter
Activity Time of
Measurement
(Bq/sample) (s)
2.53 ± 0.29
2.64 ± 0.22
5.23 ± 0.43
7.16 ±0.07
26.5 ±0.32

9029
15442
6648
53084
303444

Solution
Activity Time of
Mearsurement
(Bq/sample) (s)
0.73 ± 0.07
0.98 ± 0.07
0.82 ±0.14
0.80 ± 0.05
1.05 ±0.17

79047
85126
28403
146457
12087

Total Relative*
Activity

(Bq/sample) (s)
3.26 ± 0.26
3.62 ±0.19
6.05 ± 0.40
7.96 ± 0.07
27.55±0.32

77.6
72.9
86.4
90.0
99.4

1 Ratio of the filter activity / the total activity in%.

TABLE 2. DISSOLUTION OF 239+240Pu FROM FIVE FRAGMENTS OF THE
PETRYANOV FILTER 12.10.-13.10.1987

Number of
fragment
and time for
dissolution
1,28 days
2, 28 days
3 28 days
4, 25 days
5,7 days

Filter
Activity Time of
measurement
(Bq/sample) (s)
0.064 ± 0.004
0.034 ± 0.002
0.178 ±0.098
0.200 ±0.011
0.610 ±0.031

48160
73199
73034
20922
20922

Solution
Activity Time of
measurement
(mBq/sample) (s)
0.66
4.65
0.28
0.13
0.79

96660
96660
96659
351896
135218

Total Relative*
Activity Activity

(Bq/sample) (%)
0.06466
0.03465
0.17828
0.20013
0.61079

98.9
98.6
99.92
99.94
99.87

* Ratio of the filter activity / the total activity in%.

The contents of 239+240Pu activity in the air filters were two orders of magnitude less than the
137, 90contents of Cs or Sr activity. The available Petryanov air filters contain a wide

radioactivity distribution of aerosol particle sizes. Available experimental methods allow
estimating a contribution to the fine radioactive particles and coarse hot particles too. The
investigations on the solubility of the radionuclides 137Cs, 90Sr, 239+240Pu in selected Petryanov
air filter samples according standardized tests give first data of the solution rates and the
respective contribution of the fine radioactive particles and the coarse "hot" particles to the
total activity of the samples.
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CONCLUSION

The determined variability of the characteristic properties of the resuspended radioactive
material as radionuclide concentration, particle size distribution and solubility in simulated
lung fluid makes it necessary to determine these properties over a long period. Only with
sufficient experimental data of the most significant characteristics, a reliable inhalation dose
assessment will be possible.
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