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Introduction

The Chernobyl accident caused significant long-term consequences to the environ-
ment, public health, and economic status of Belarus. The contamination from short-lived
radionuclides, in particular m I , was so high that the subsequent exposure of millions of
people has been termed ''iodine shock". During the first days of the accident, the majority
of the dose of radiation received by the residents of Belarus was to the thyroid gland. This
will affect the health of the population for a long time to come. The resulting epidemic of
childhood thyroid cancer is the first indisputable health after-effect of the Chernobyl
accident. Thyroid cancer morbidity among children increased more than 10 fold in the
post-Chernobyl period. Maps of B7Cs, which has a half life of 37 years, have been published
by Belhydromet, but it is evident, that the distribution of thyroid cancer morbidity differs
from the known distribution of Caesium-137 in soil. This is particularly evident in Mogilev
region. Territorial distribution of thyroid cancer morbidity, however, is often compared to
distribution of Caesium-137 in the soil. This practice is inaccurate but often utilized since
no maps of '"1 contamination exist, due to its short half life of 8.04 days. Reconstruction
of the spatial distribution of short-lived isotopes, such as ' " I , in the first days after the
accident, could clarify the impact of radiation on human health and allow for a spatial and
temporal prognosis of the development of the cancer epidemic, particularly, thyroid cancer.

Due to the unfortunate fact that the measuring equipment was inadequate to prop-
erly monitor the scale of radiation exposure during the early period of the accident,
detailed direct information on the deposition of the short-lived radionuclides and the doses
to the population has been irretrievably lost. Now the only way to reconstruct the dynamics
of the radioecologic situation of the initial period of the Chernobyl accident is to make a
retrospective assessment of radiation exposures related to the short-lived radionuclides.
This can be done by means of processing extensive empirical information on radiology,
meteorology and epidemiology and inter comparison and validation of the data.

Brief review of the methods of I 3 I I reconstruction

Although all radioactive iodine released into the environment from Chernobyl de-
cayed long ago, the consequences of iodine exposure continue to damage human health.
Practically the whole dose load on the thyroid gland was from u l l released during the
initial period of the Chernobyl accident. Those doses were the most significant input into
radiation induced pathologies of the thyroid gland. Today, 11 years after the accident, no
reliable maps of short-lived radioisotopes and "4 contamination over the Belarus territory
exist. There are also no maps of dose loads to the population during the first few days of the
release as well as annual doses in the post-Chernobyl period.

Since the detailed direct measurements of radioactive iodine distribution in soil and
doses on thyroid gland were never carried out during that time, several attempts have been
made since to reconstruct the dynamics of iodine releases. A map of reconstructed I3II soil
contamination for the date of 10 May 1986 was created at Belhydromet [ 1 ]. It was based
on an empirical approximate correlation between l37Cs and m I on the date of 15 May 1986
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[2]. The measurements of L"Cs were from northern regions. Data on milk contamination
available for the same period was also utilized to draw a correlation. The resulting map
looks like the map of contamination with " 7Cs.

Figure 1 presents a map of exposure, which was measured by standard dosimeters on
10 May 1986 and a map of ;<7Cs soil contamination based on measurements taken in 1992.
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Figure 1. a) Exposure dose measured by standard dosimeters on May 10 1986. Data locations
presented as symbols over the geostatistical estimation, ordinary kriging b) IJ7Cs soil contamination in

1992, ordinary kriging estimation.

This report brings the results of processing data on 137Cs food contamination obtained
into the framework of a geostatistical approach. The use of the geostatistical methods seems
to be the best way of processing radiological and epidemiological data. Geostatistics pro-
duces reliable results and allow one to determine errors of estimations. In addition to being
able to construct isopleths and isolines, one can produce maps of estimation error of and
the maps of probability that the variable exceeds the chosen threshold [3| . All databases
were processed and visualized using the GIS MapStudio [4,5].

Figures la and 1b are maps of radionuclide contamination over the territory of Belarus
for a time period prior to 10 May 1986. The map in figure la was created based on 114
points only (and most of the data comes from the south of Belarus near Chernobyl nuclear
power plant). The map in figure lb was created using 16036 data points, and this map looks
more clustered than the map in figure la or any of the other maps presented in this article.

In the pre-Chemobyl eraanetworkof meteorological stations equipped with accred-
ited standard dosimeters DP-5 existed throughout the territory of Belarus. These dosimeters
commenced regular measurements immediately after the accident. These measuring sites
provide the most reliable data, due to the simplicity of the measuring equipment used.To
reconstruct both soil contamination and doses from radioactive iodine, experimental do-
simetric exposure measurements based on information of the dynamics of exposure dose at
30 locations starting from April 27 1986 (in some points the measurements were begun
with some delay) were used in [6]. These data described the relative changes in gamma
background registered since the accident. Daily observation data were divided into three
parts: unknown long-living components, l 3 ' l , and unknown radioisotopes with a half-life
similar to that of ' " 1 . It is suggested that combined daily releases of " ' I and other radionu-
clides between 26 April and 5 May 1986 were known. Calculations of I ! 1 I in the soil
matched actual measurements of radioactive iodine in soil for the early days (April 1986)
of the accident.

Another method of reconstructing the distribution of I 3 II which seemed, at first, to
be promising, was to use the isotopic ratio of I 3 II to I W I , a much longer lived radionuclide.
It is known that during the time of the accident the ratio 1 3 1 I/ I 2 ' I in the active core was IOK
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to 1, thus the levels of i29I were negligible compared to those of "'I. This means that even
the most sensitive modern analysis methods allow one to determine only the high activity
fall-out of I29I. Fallout of 129I took place only near the nuclear plant and these data are of no
use in determining the distribution of 129I over the whole Belarus territory. Additional
doubts arise in connection to the extreme mobility of I29I. It is unlikely that eleven years
after the release, the distribution will follow the release pattern of the early period.

In this article we conduct a retrospective assessment of radiation exposures related to
short-lived radionuclides by processing and generalizing a great body of empirical informa-
tion collected since the Chernobyl accident. The large size of these data sets requires the use
of adequate statistical methods, but also requires a deep understanding of radioecology and
of the meaning of measurements taken.

Reconstruction of radionuclides soil contamination and internal and external dose
loads on population in the first week after Chernobyl accident.

Radioisotopes from the nuclear plant released from April 26 to May 5 1986 were
transferred and deposited over the territory of Belarus in a substantially irregular pattern.
For the purpose of dose assessment, one must consider the day-to-day structure of radio-
active releases in different directions, starting from April 26. For example, over the terri-
tories to the west of Pripyat, the former residential community of the Chernobyl nuclear
plant, the main clusters of the short-lived radionuclide contamination were formed during
the period of 27 to 30 of April 1986. After 5 May 1986 short-lived radionuclides did not
contribute significantly to the population dose in Belarus.

• To correctly assess the contribution made by short-lived radionuclides to popula-
tion received doses, it is necessary to take into account numerous processes, starting with
the spectrum of the released activity. To prepare data for further analysis using GIS and
geostatistics, we based on the data set of 114 exposure doses measurements made in May
10 1986, see figure la and took into account the following:

• estimating the reliability of the experimental data as well as calculations of differ-
ent authors/researchers;

• taking into account the passage of the radioactive cloud and analysis of deposition
of fuel particles of different nature (aerosols, hot particles, molecular compounds, etc) in
different weather conditions;

• summarizing the released activity spectrum versus distance (five intervals) and
time (average value for first 15 days after the accident);

• accounting for correlation between different isotopes as a function of distances
(five intervals) and directions (three intervals);

. extracting 18 radionuclides (23'Np, "Mo, l32Te, 131I, 140Ba, 141Ce, 103Ru, «"Sr, 91Y,
95Zr, H4Ce, l06Ru, 134Cs, 90Sr, 137Cs, 132I, 95Nb and '""La) from the experimental dosimetric
exposure measurements;

• establishing dependence between activity in air and soils;
• comparing the calculated and measured doses and soil contamination for differ-

ent radionuclides;
• comparing the obtained results with epidemiological studies for thyroid cancer

in children after the accident.

Internal exposure due to radioactive iodine was estimated by modeling the radioac-
tive iodine transfer from grass to cow milk, as proposed in [7]. The thyroid dose was then
estimated from the time-integrated concentrations of radioactive iodine in the thyroid
gland, according to [7] and taking into account consumption of contaminated milk and
leafy vegetables.
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Figure 2 presents the results of calculations of internal and external daily doses at
three cities. Ne/hin (south direction from Chernobyl). Mogilev (north) and Pinsk (west).

External Dose Comparison Internal Dose Comparison
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Figure 2. Estimation of daily dose loads on population at cities laying in three different directions

approximately ci/iiidistantly from Chernobyl, a) Gamma dose, h) Internal exposure dose from milk for
adult population.

It is apparent that dynamics of internal and external exposures are very different.
External gamma doses, as seen in figure 2a, were continuously rising during the initial
period of the disaster under investigation (9 days). Gamma doses at the east of 13rest
province (Pinsk) were higher in those days than in Mogilev province, which finally
occurred to be contaminated by radiocesium to the most extent. Similarly laid out are the
internal exposure doses from drinking milk. See figure 2b. Internal doses to the adult popu-
lation in the few first days after the accident from radioiodine contaminated milk were
higher in the west. This is a probable reason for the higher number of thyroid cancer cases
observed in Brest province, which is substantially less contaminated Hum Mogilev prov-
ince, which has a lower level of internal doses, see figure 5b below.

In areas, where no measurements were taken, information has been extrapolated
and interpolated from the neighboring areas. Such a task is very complicated, due to the
existence of se\eral very high peaks of activity near Chernobyl. We used Geographical
Information System MapStudio |4 .5 | . which allows one to use different approaches for
data analysis, including deterministic methods of data interpolation, geostatistics and arti-
ficial intelligence. In the current investigation ordinary and indicator kriging were used for
risk mapping.

Results
Figure 3 presents the results of reconstruction of i ? 7Cs distribution over the Belarus

territory on May 5 1986 and the results of the comparison between estimated values and
measured values made in 1992 at 80 Belarus settlements, see also figure Ib. Our model
overestimated small values and underestimated large values. Л linear regression resulted in
a correlation coefficient old.946.
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Figure 3. a) "7Cs soil contamination on May 5 1986, ordinary kriging estimation, b) Comparison

between the results of estimations and measurements made in 1992 at 80 Belarus settlements.
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Such good correlation between the values of 137Cs soil contamination estimated from
dosimetric measurements by applying knowledge of physical processes and the values of
137Cs soil contamination obtained in actual measurements allows one to suggest that recon-
struction of others radionuclides would be successful also. We also compared our estima-
tion for '"Sr and found a good correlation. In regards to direct measurements of 131I soil
contamination and soil contamination of certain other radionuclides of interest, we have
no data for comparisons as those presented in figure 3b.

Figure 4 presents results of the reconstruction of the soil contamination of the Belarus
territory by m I on April 29 1986 and on May 5 1986.

a) b)
Figure 4. a) '•"/ soil contamination on April 29 1986. b) '-"I soil contamination on May 5 1986.

Ordinary kriging estimations.

In the left top corners of the figures 4a and 4b we presented a three-dimensional view
of the estimated map of radioactive iodine contamination in the rectangle circumscribed
around Belarus administrative boundaries. This enables the viewer to envision the process
of radioiodine deposition. In the very first days after the accident radioactive clouds cov-
ered practically all the territory of Belarus. Some clusters with high contamination were
then formed. The pattern resembling the sign "?" in the figure 4a appeared as a result of one
of the series of geostatistical calculations. We decided to include this map in this article,
because this pattern represents the area in Belarus where the health status of the population
has declined most significantly. It should be noted here that we have a little information
about direct radioecological measurements taken during the very first days after the acci-
dent in this region, because the focus for most researches and government entities were to
Moscow (northeast) and Kiev (south).

Figure 5a presents results of the reconstruction of the thyroid dose loads from 13II,
based on consumption of contaminated milk by adult population by between April 26,
1986 and May 5, 1986. Figure 5b presents a map of the estimation of thyroid cancer risk
for children between 1986 to 1994. It is presented as the specific probabilities that a pre-
defined threshold of one case of the disease per 10,000 children was exceeded.

Figure 5. a) Thyroid dose loads for adult population from April 26, 1986 to May 5, 1986. Ordinary
kriging estimation, b) Conditional probabilities that the risk of thyroid cancer in children is higher that

1 per 10,000. Soft indicator kriging estimation.
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The epidemiology database utilized to prepare the map in figure 5b includes 429
cases of thyroid cancer from 1986 to 1994 among children, who were all less than 14 years
old at the time of the Chernobyl accident. The cumulative incidence for each 117 districts
of Belarus was considered as a spatially distributed variable, and maps were drawn with
help of indicator kriging. The biggest problem with analyzing the spatial distribution of
thyroid cancer over the Belarus territory is that the population varies significantly from
one district to another. The average number of thyroid cancer cases in children is about 2
per 10,000 over the post-Chemobyl period. The incidence rate, therefore, is correctly
described for districts with population more than 100,000. When the district population is
less than 100,000 the average incidence becomes incorrect (there are about 30 districts
having less than 30,000 inhabitants). One must consider the initial data structure, which is
binomial, and the number of children living in the district under investigation. For this aim
we have used modification of the indicator kriging method based on fuzzy logic relations [8|.

Visual spatial correlation between thyroid dose loads on the population from 131I and
thyroid cancer morbidity is apparent. It is possible to use more reliable models of dose to
the thyroid for both adult and children, but prior to this it is desirable to collect more
radioecological information for the territory along the west radioactive clouds passage in
the very first days after the accident.

More information about the spatial dynamic of thyroid cancer in adult and children
can be found in [9,10]. Unfortunately, medical institutions of Belarus have collected reli-
able information only for children, who were less then 14 at the moment of diagnosis.
Quite probably in 1999, therefore, we will not see new cases of thyroid cancer in children and
international programs addressing the public health effects from Chernobyl may be terminated.

Nevertheless, for analyzing this or other types of cancer as well as non-cancer
diseases, reliable information about dose loads during the initial period of the Chernobyl
accident and current dose loads from external irradiation and from contaminated food are
important. The spatial structure of the internal doses on the Belarus population in the post-
Chernobyl period carried out in [11] was based on an analysis of 53,207 records of l37Cs
contents in 83 types of food products. These data were obtained in 1993 from rural settle-
ments in Belarus. We are, therefore, now in such position that it is possible to develop an
advanced, professional system for decision making in the area of public health, based on
epidemiological and environmental information supported by GIS and modern spatial
statistics routines.
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