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1. INTRODUCTION

After the reactor accident in Chernobyl radionuclides carried by airstreams reached Finland on
April 27, 1986. The radioactive cloud spread over central and southern Finland and to a lesser extent
over northern Finland. In Helsinki the maximum radionuclide concentrations in air were measured in
late evening of April 28. The radioactive cloud remained over Finland only a short time and within
a few days the radionuclide concentrations in the air decreased to one-hundredth of the maximum
values. Most radionuclides causing deposition were washed down by local showers, resulting in very
uneven deposition of radionuclides on the ground. In a addition minor amounts of radioactivity were
deposited on May 10-12 [1-3].

The radioactive cloud reached Finland during early spring, when the soil was still partly covered
by snow. People first became contaminated by inhaling airborne radionuclides. Contamination by
ingestion later became the only important consideration when radionuclidcs were transported via
various foodchains to man. This was important because the growing season had not yet begun or was
about to begin during early May and because it was recommended that dairy cattle should not be let
out to pasture before May 26. It was also recommended to avoid consuming leafy vegetables grown
in the fields. More than 30 radionuclidcs were found in the fallout; with respect to internal conta-
mination the most important were 137Cs, mCs, 90Sr and m I [2,3].

For internal and external dose estimations Finland was divided into five fallout regions (1-5)
according to the increasing l37Cs surface activity. At first, the short-lived radionuclides as well as
m C s and l37Cs contributed to the external dose rate. Only the long-lived isotopes, IMCs and especially
137Cs, later determined the external dose rates. The regions and corresponding dose rates and
deposition categories on October 1, 1987, are shown in Fig. 1 [1,3].

To estimate the total dose of the Finnish population from the radionuclides originating at Chernobyl
the effective external and internal doses were calculated; the external doses were estimated using the
data given in Refs. 2-4. Groups of Finnish people representing the five fallout regions were whole-
body counted annually during 1986-1990 [5-8]. The results of these measurements and those of the
reference group were used to estimate the internal body burdens and radiation doses from 134Cs and
137Cs to the population.

2. MATERIAL AND METHODS

2.1. Whole-body counters

The radionuclide content in the body was measured using two whole-body counters, IRMA 1 and
IRMA 2 [9]. The IRMA 1 counter, installed in an iron room, uses a multidetector scanning technique.
The scanning length is 170 cm and the measurement time usually 30 min. The minimum detectable
activity (MDA) for ]34Cs and 137Cs is about 30 Bq when the nuclidcs were measured separately and
that for IJII about 20 Bq. In addition to the total activity, the profile distribution spectra of
radionuclides in the body could also be detenuined.
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Fig. 1. Distribution of
October 1, 1987 [1].

137Cs (kBq m'2) deposition and external dose rates (uSv h"1) in Finland on

The mobile IRMA 2 is a modified chair geometry device with a high-purity germanium detector,
and is installed in a lorry. The background shield is made of lead and consists of two pieces: the chair
and the detector shield. The measurement time was 1000 s and the MDA for 13<Cs, 137Cs and IJII
approximately 50 Bq.

Quantitative calibration of the whole-body counters was performed using phantoms filled with
known amounts of appropriate radionuclides. The calibration factors as a function of weight of the
phantom were calculated separately for each radionuclide. The calibrations were verified by
participation in intercomparison and intercalibration exercises [10].

2.2. Population groups measured

Two groups, the Helsinki reference group and the population group, were whole-body counted.
The reference group consisting of 26 adults has been measured two to four times annually since 1965
and four times annually since the Chernobyl accident.

In 1986, mainly in May and June, about 160 persons (mostly from the Fallout Region 1) alarmed
by the Chernobyl accident were measured. To obtain more comprehensive knowledge of the 134Cs and
137Cs body burdens of the Finnish population, a special study was begun in November 1986, in which
380 persons from different regions of Finland were invited for measurements. These persons were
chosen by the Research Institute for Social Security at the Social Insurance Institution using stratified
random sampling, the strata being the number of people in the provinces and the sample size self-
weighting. Participation was voluntary; approximately half the persons invited attended, of which 96
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persons were measured during November and December of 1986. In 1988, an additional sampling
consisting of 180 persons from the Helsinki region was performed. The Helsinki region was excluded
in the first sampling because it belonged to Fallout Region 1, which was already well represented, and
because the situation here was well known, as the Helsinki reference group had been whole-body
counted since 1965. In 1990 a new sampling consisting of 500 persons from throughout the country
was made to ensure that a sufficient number of people could be measured every year. The ages of the
measured persons varied 5-65 years and those 5-14 years were classified as children. The number of
persons measured annually varied from 96 to 323 [5-8].

These people were measured either with the IRMA 1 in Helsinki or with the mobile IRMA 2 in
other regions of Finland in connection with measurements of larger local groups. Most annual
measurements were done during November-April.

2.3 Calculation of the mean body burdens of m C s and U7Cs

Only people chosen by random sampling were included in the calculations when the mean body
burdens of persons residing in different fallout regions were estimated. The mean body burdens of
137Cs and m C s were calculated separately for children, women and men for each fallout region. All
results of these subgroups were normalized to the end of the year to enable comparison of body
burdens regardless of the time of measurement. Normalization was made by assuming that the relative
temporal change of individual body burdens in the subgroups followed the mean temporal change of
the body burdens which occurred in the Helsinki reference group The mean radiocaesium body
burden for a population residing in a certain fallout region was then calculated by weighting the mean
body burdens of the subgroups of children, women and men before summation by the relative number
of children, women and men in the entire Finnish population. The weighting factor in the calculation
for children was 0.195, and it was assumed that the number of adult men and women was equal.

The mean body burden of radiocaesium for the entire population was estimated by summing the
regional mean body burdens. The regional mean values were multiplied by weighting factors before
summing. The relative number of people residing in the respective region was used~as the weighting
factor.

3. RESULTS OF WHOLE-BODY COUNTER MEASUREMENTS

The first I3II thyroid contaminations were detected on April 30 but after May 30 no 13II was
found. The people reporting for whole-body counting measurements at that time lived in the Helsinki
area and represented Fallout Region 1. The results of the whole-body counter measurements indicated
that the I31I contamination of thyroid remained below a few hundred becquerels.

The internal contamination of 134Cs and l37Cs originating from the Chernobyl accident could first
be detected in the measurements of the reference group in June 1986. Further measurements of this
group showed that the body burdens of radiocaesium began to increase and that the maximum body
burdens were attained during the summer of 1987 and thereafter began to decline. The respective
maximum values expressed as the mean of men and women in the reference group were about 900
Bq l34Cs and 2200 Bq I37Cs. Due to radioactive decay the l34Cs body contents in the reference group
decreased to below the detection level in 1994. The temporal variations of mean body contents of
l34Cs and 137Cs in the reference group during 1986-1994 are shown in Fig. 2.

Table I shows the mean body burdens of different subgroups from Fallout Regions 1-5 and the
weighted mean values for the entire population in the five fallout regions and throughout the country
at the end of 1987. The data in Table I demonstrates the variation in "7Cs levels as a function of 137Cs
deposition levels. The mean body burden of l3JCs in the entire population group was then about 33%
of that of l37Cs. During the summer of 1987 ihc maximum mean values of l57Cs were about 20%
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Fig. 2. Variation of body burdens of l34Cs and "7Cs in Helsinki reference group during 1986-1995.
The values given are expressed as the mean of the female and male groups (Bq).

Table I. Mean body contents of n7Cs (Bq) in Finnish people at the end of 1987, estimated from
whole-body counter measurements of the population group chosen by random sampling.

Group

Men

Women

Children

Weighted mean

1

1700

740

420

1100

2

2100

1400

660

1600

Fallout

3

3400

2200

1300

2500

region

4

3900

2500

1400

2800

5

5400

3200

1400

3700

Weighted
mean for
entire
country

2800

1700

920

2000

higher than those given in Table I. In 1987 the highest individual body burdens were 3200 Bq for
n4Cs and 9600 for l37Cs and as measured in a male subject from Fallout Region 5. The corresponding
maximum values were found in Fallout Region 4 for females (1800 and 5200 Bq) and for children
(480 and 1400 Bq), respectively. In general, the individual minimum values in a subgroup were
approximately two times less and the maximum values two or more times higher than the mean value
of the subgroup.

The mean radiocaesium content of children was about 20-40% and those of women 50-60% of
the corresponding values of men. Figure 3 displays the mean body burdens of 137Cs for the entire
population group and, for the subgroups representing each of the five fallout regions each at the end
of each of the years 1986-1990.

200



4000

3000

2000

1000

Bq

1986 1987 1988 1989 1990

Fig. 3. Mean body burdens of niCs for population groups of the five fallout regions (1-5) and the
entire country (F) at the end of each of the years 1986-1990.

4. RADIATION DOSES

The internal effective doses from m I and 90Sr were very small compared to those from radioca-
esium. Based on the 13II concentration measurements of milk, the effective total dose was estimated
at 0.003 mSv [2]. A rough estimate of the effective dose from inhaled activity might increase the dose
from I31I by a few microsieverts. The increase of annual of 90Sr intake after the Chernobyl accident
was estimated on the basis of annual countrywide foodstuff surveys [11,12]. The annual effective dose
from *°Sr originating from the Chernobyl accident was estimated to be less than one microsievert.

The effective dose for 137Cs was calculated using the dose factor 2.5 x lC'Sv per (Bq a kg"1) as
given in UNSCEAR Report 1988 [13]. The corresponding dose factor used for 134Cs was 3.6 x 10"*Sv
per (Bq a kg"1) [6]. The activity time integrals were calculated assuming that the relative temporal
change of the individual body burdens (Bq kg'1) in the population subgroups followed the mean
temporal change in body burdens which occurred in the Helsinki reference group. The doses were
calculated separately for children, women and men. The annual mean doses were calculated using the
weighting method described in Section 2.3. The annual mean doses from radiocaesium delivered to
the Finnish population were 0.057 mSv in 1986, 0.13 in 1987, 0.086 in 1988, 0.063 in 1989 and 0.044
in 1990. The internal dose calculated from the results of the population group measurements was thus
about 0.4 mSv by the end of 1990. The doses of men were highest, while those of children were of
the order of 50% and those of women of the order of 70% of the doses of men.

During 1991-1994 it was assumed that the internal doses of the population group changed
relatively in the same manner as those of the reference group. The doses after 1994 were calculated
using an effective half-life of five years. The half-life was estimated on the basis of the decrease rate
of 137Cs body burdens of the reference group after 1990. The observed effective half-life was 4.3 years.
The value chosen was thus slightly conservative. Using the dose estimation method described the
internal effective dose from radiocaesium for the 10-year period after the Chernobyl accident for the
Finnish population was estimated to be 0.52 mSv. The committed effective dose (50 years) from
internal radiation from radiocaesium was estimated to be about 0.67 niSv. The estimate also included
small contributions from 90Sr and m I .
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The mean external effective dose for the Finnish population was estimated to be 0.10 mSv in
1986, 0.15 in 1987, 0.031 in 1991 and 0.025 in 1994; the doses were based on extensive field
measurements [2-4]. By use of these values and interpolation, the total external dose during 1986-1990
can be estimated to be 0.4 mSv, which is approximately equal to the internal effective dose. By
assuming that the external dose rate decreases with a half-life of 21.7 years [2] after 1994 the external
dose estimated for the 10-year period after the Chernobyl accident is about 0.54 mSv and that for the
50-year period 1.1 mSv. The calculated total dose during the 50-year period after the Chernobyl
accident is then 1.8 mSv, of which the internal dose is about 40%.

5. DISCUSSION

The radiocaesium levels in the reference group have been monitored since 1965. The
measurement results of this group showed that the maximum body burdens of 134Cs and l37Cs were
attained during the summer of 1987. The similar behaviour of radiocaesium body burdens could also
be deducted from the measurement data of persons belonging to the population group. The result is
in agreement with expectations when the biological retention and accumulation of radiocaesium in the
body and the changes in radiocaesium concentration of the foodstuffs consumed are taken into
account. Although the mean deposition of '"Cs in the Helsinki area was about 40% of the population-
weighted mean deposition of 10.7 kBqm : for the entire country the mean body content of 137Cs in the
reference group was during 1987-90 about 80-100% of that in the entire population group. The results
of the Helsinki reference group could thus be used to predict internal doses from radiocaesium for the
entire population in Finland.

The differences in radiocaesium deposition levels in the five fallout regions were reflected in the
radiocaesium levels of the measured population subgroups as seen in Fig. 3, as was most clearly seen
in 1987. The relationship is not linear, however, which can be seen if the deposition levels (Fig. 1)
and the mean body contents of the different subgroups (Table I) are compared. Within a certain fallout
region, the relative variation in individual body contents of 137Cs is greater than the variation of the
l37Cs deposition in that region.

One reason for the variation in radiocaesium body burdens is the differences in composition of
the diet and the activity concentration of the foodstuffs. The latter reflects the deposition level in the
food production area. Foodstuffs may be consumed in the area in which they are produced or may be
transported and consumed in another fallout region. This ensures that the radiocaesium body burdens
do not linearly depend on the amounts of radiocaesium deposition and that the variation of the
individual radiocaesium body burdens in a certain region is greater than could be expected on the basis
of the amount of radiocaesium deposition.

Another explanation for the body burden variations lies in the different amounts of freshwater
fish, game, wild mushrooms and berries consumed by people residing in the different regions of the
country. The activity concentrations of radiocaesium in the wild produce tend to be much higher, and
decrease more slowly than those in the agricultural products. The intake of radiocaesium from
freshwater fish and wild terrestrial produce was approximately equal to that from agricultural products
in 1987. Since 1988 the intake from wild produce has been dominant [11,12]. Additional variation is
caused by the availability of wild terrestrial produce which depends on the from year-to-year variation
in meteorological conditions.

For economical and practical reasons the number of people measured by whole-body counting
was limited. On the other hand, the whole-body counter measurements of radionuclides in the body
take into account the changes in diet caused by officially recommended or voluntarily taken
restrictions of foodstuff consumption with high concentration of radiocaesium. In whole-body counting
the body burden is determined by the actual intake and metabolic parameters such as biological half-
life, which seem to be shorter in the Finnish population [14,15] than the value given in ICRP
Publication 67 [16].
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The mean internal dose was caused mainly by n4Cs and 137Cs, and the contribution from 131I and
90Sr was negligible; the maximum dose was obtained in 1987. The mean annual internal doses were
10-30% greater than the mean external doses during 1987-1990. Due to the contribution from the
short-lived radionuclides, however, the mean external dose was about three times higher than the mean
internal dose in 1986. As a result, the total doses from external and internal radiation were each about
0.4 mSv during 1986-1990. When the total dose is calculated for 1986-2036, however, the contribution
from the external dose is about 60% and that from the internal dose about 40%. The difference is
mainly due to differences in the values of the effective half-lives used in the dose predictions. Both
the internal and external dose predictions may be conservative due to the lengths of the half-lives
chosen.

In Finland the annual mean total effective dose is 4 mSv from all radiation (natural and artificial)
sources. The total radiation dose during 50 years following the Chernobyl accident thus represents
about half of the dose received annually If the risk factor, 0.05 Sv"', given by UNSCEAR is used, the
number of fatal cancers among the Finnish population from the radiation dose received during 50
years after the Chernobyl accident would be approximately 450 A more detailed analysis of the risk
is presented in Ref. 17
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