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Introduction

My presentation deals with the experiences gained in the field of environmental behaviour of
radionuclides from global fallout while working at the Department of Radiochemistry, University of
Helsinki since 1964.

Testing nuclear weapons in the open atmosphere began to arouse world-wide concern in the middle
of the 1950s. Worrying news concerning high radioactivities in precipitation and surface air came
especially from Japan and the United States. Nuclear testing period was strongly in progress and
hydrogen bomb detonations were carried out in the Soviet Union and by the USA in the Nevada
and Pacific Ocean test sites. As early as in 1956 W.F. Libby from University of Chicago published
in Science a study of the occurrence of radioactive strontium in global fallout as a result of nuclear
detonations (1). The 90Sr isotope has later been widely used to describe the distribution of
radioactive fallout from the atmospheric nuclear weapons testing as a function of the latitude. The
90Sr analysis from soil revealed that the maximum fallout was found at the latitude 400-500 N. In
Finland (600 - 700 N) the level of radioactive deposition was about 60 percent of maximum level.

The nuclear weapons tests have been the major source of global radioactive fallout. During the
period of 1945-1998 altogether about 2000 tests have been made in the atmosphere, underwater and
underground. The nuclear weapons test-ban agreement signed by the United States, United
Kingdom and the Soviet Union early in 1963 eliminated further testing in the open atmosphere by
the three signatory powers. Only France and China have conducted some tens of small-scale nuclear
tests in the atmosphere after the year 1962. The total number of the underground tests performed is
about 1500 and the frequency since 1963 up to late 1980s has been about 50 underground tests per
year. However, if we are considering the global radioactive fallout the most significant atmospheric
nuclear weapons tests were conducted during the period of 1945 - 1962 and especially during the
years 1961 and 1962 (Table 1).

Table 1. Estimated yields of atmospheric nuclear weapons testsa.
Estimated yield (MT)

Period No. of tests Fission Total
United States 1945-1962 193 72 139
USSR 1949-1962 142 111 358
United Kingdom 1952-1953 21 11 17
France 1960-1974 45 11 12
China 1964-1980 22 13 21
Total 423 218 547

aFrom UNSCEAR (1982) (2)
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The estimated total explosion yield from the atmospheric weapons tests during the period 1945 -
1980 has been some 550 MT out of which about 520 MT originates from the tests carried out before
the year 1963 (2).

Other significant sources of global radioactive fallout have been the re-entry of the navigational
satellites carrying to atmosphere a radioisotope power generator (SNAP 9-A) and the reactor
accident of the Chernobyl nuelear power station.

Radioecological studies in Finnish Lapland

After the first observations of global radioactive contamination from nuclear weapons testing
numerous projects were started to elucidate the behaviour of radionuclides in environment and
especially their transfer to man. The volume of radioecological studies was the highest in the United
States where the first national symposium on radioecology was organised at Fort Collins, Colorado,
in 1961 (3).

At the end of the 1950s several preliminary investigations were carried out on the 90Sr and 137Cs
contents of foods and feeds in the Finnish Lapland. The results showed that the concentration of
these radionuclides were quite high, especially in lichens, which grow slowly, and in reindeer,
whose principle feed is lichen during the main part of the year. A relatively high 137 Cs-content was
observed in cow's milk and lake fish in Lapland, too. It was evident that in Finnish Lapland and
also in other similar arctic regions exceptional food chains of long-lived radionuclides exist.
Therefore, detailed investigations of such food chains were started.

At the first part of these studies a dietary survey of the Finnish Lapps was performed at the
beginning of 1960s. These studies showed that the contribution of reindeer meat and liver in the
diet of the Sami population is 80 - 90 % and that of the fish about 10 % (4). In 1960, a regular
collection of plant and animal samples for analysis of 90Sr and ' 37Cs was also started.

Determination of body burden of 137CS

K. Liden in Sweden performed the first measurements of the body burden of I37Cs in reindeer
herders. The three Lapps measured contained 30 to 40 times more 137CS than the Swedes on an
average. Prof. Liden understood the importance of this result and developed in the summer of 1961
a semiportable whole-body counter which was used in the determination of 137Cs body burden in
about 150 Swedish Lapps at Jokkmokk in Northern Sweden in September 1961.One month later (in
October) 180 persons were counted at Inari, Finland, with the same equipment as a Finnish-Swedish
co-operation.

Due to the new period of nuclear weapons tests that started in 1961 a mobile whole-body counter
was installed at the Department of Radiochemistry by a grant obtained from the Finnish Atomic
Energy Commission. This mobile counter consisted of a 512-channel analyser, which was one of
the first analysers manufactured by the Finnish Cable Works, NaI (TI) crystal and massive lead
shielding. In this counter a chair geometry was used (5). With this mobile wholebody counter 250
persons of the Sami population were measured in the Finnish Lapland in May 1962. The study was
carried out in three Lapland counties, Inari, Utsjoki and Enontekio. The group investigated were
selected from church registers by a random sampling method. The '37Cs body burden of this group
has been determined up to the year 1997. The results for the male reindeer herders of Inari are given
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in the Figure l.The maximum average body burden of 137Cs 55 kBq was observed in 1965 two
years after the maximum of the 137Cs fallout. After the Chernobyl accident the corresponding
average value increased from 5 kBq just before the accident to 14 kBq in 1988.

I started as a researcher and teaching assistant at the Department of Radiochemistry in fall 1964.
My task in the field of radioecology was to develop radiochemical separation methods for
determination of extremely low concentrations of radionuelides in environmental samples. As my
research topic for the PhD degree I started the studies on behaviour of the 55Fe, produced as an
activation product in the atmospheric nuclear weapons tests, in the Finnish Lapland. This research
was financed by the grant from the US Atomic Energy Commission to Professor Jorma K.
Miettinen. In addition, I got acquainted with the atomic absorption spectrophotometry that was
quite a new method to determine the trace concentrations of elements in different materials.
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Figure I. The mean body burden of 137CS in male reindeer herders of Inari.
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Other radionuclides studied in Finnish Lapland

The radionuclides and food chains studies are indicated in the table 2.

Table 2. The transfer of radionuclides along foodchains to man in Finnish Lapland. The
radionuclides investigated are given in parenthesis.
1. Lichen - Reindeer - Man

(Cs-137, Sr-90, Fe-55, Pu-238, Pu-239,240, Am-241, Cm-242, Pb-210, Po-210)

2. Lake water - Fish - Man
(Cs-137, Fe-55, Pb-210, Po-210)

3. Lake water - Sedge and horsetail - Cow's milk - Man
(Cs-137, Sr-90)

4. Seawater - Plankton - Fish - Man
(Fe-55, Cs-137)

90Sr

90Sr in reindeer is nearly solely in the bones that are not eaten by man and therefor there is a break
in the chain. However, in the bone of the Lapps two times higher 90Sr concentrations have been
found than in the bone of southern Finns.

5 5Fe

At the first phase of the 55Fe studies a method for determination of low concentrations of 55Fe from
environmental samples was developed. In this method iron was separated from dissolved samples
by liquid extraction and cation exchange and electrodeposited onto a copper plate from which the

Fe concentration was determined by means of a thin-windowed proportional counter (10). The
maximum amount of iron to be electroplated onto copper plate was about 10 mg. The low
background liquid scintillation counters equipped with a pulse shape analyser that allows
discrimination between alpha and beta pulses offer at present the best method for the radioassay of
55Fe. By liquid scintillation counting the samples containing up to 100 mg stable iron can be
counted.

The body burden of 55Fe in the male Lapps was 3.3 - 6.3 kBq and in females 3.7 - 5.9 kBq in 1966.
Over 98 % of 55Fe in the diet of reindeer herding Inari Lapps originated from reindeer meat, liver
and blood, but 6 -15 % of 55Fe in the diet of the fishing Utsjoki Lapps was derived from salmon of
the river Teno and from cod caught in the Arctic Ocean. In the Sevettijarvi Skolt Lapps the specific
activity of 55Fe (Bq/mg Fe) in blood was in women of fertile age about twofold compared to that of
men in the same age group (Figure 2). This is a consequence of the increase in the rate of iron
absorption from the diet caused by the iron loss during menstruation. The results of 55Fe studies are
presented in the first doctoral theses made at the Laboratory of Radiochemistry in 1969 (10).

210Po and 210Pb

12



Studies on natural radionuclides of the uranium decay series by Kauranen and Miettinen indicated
that the arctic food chain lichen-reindeer-man maintains higher 210Po concentration in soft tissues
of reindeer herding Lapps than in those of the southern Finns. The 210po concentration in reindeer
meat varied between 3.2 - 12.4 Bq per kg wet weight and ratio of 210po to 210Pb from 11 to 42. In
reindeer hver the corresponding values were 37.7 - 174 Bq/kg wet wt. and 3.1 - 5.8 for 210po
concentration and the 210po /21 Pb ratio, respectively (11). Rahola and Miettinen estimated in 1969
the total radiation dose received by the present generation of the Lapps between 1956 and 1985
(12). They found that the two nuclides, 137Cs and PlOPo, completely dominated the dose to the whole
body and genitals. The dose commitment for the natural radionuclide 210po was estimated to be in
Lapps' gonads 2.5 rem/30 yrs and in their hver 5 rem/30yrs (12).
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Figure 2. Concentration of 55Fe in the Sevettijarvi Skolt Lapps as a funetion of age in March 1966
(10).

Radioecological Symposium in Stockholm, 1966

This large international symposium on "Radioecological Concentration Processes" was important
for the radioactivity studies carried out in Lapland. A big delegation from the Soviet Union in this
conference was the first one ever attended an international radioecological conference. Thus, it was
possible for the first time to compare the behaviour of 13 7Cs along the food chain lichen-reindeer-
man in the whole arctic zone; in the arctic regions of the USSR, in Alaska and in Lapland. The time
of the meeting was very suitable because there was plenty of data available from the maximum
period of the global fallout, 1962-1964. The Swedish and Finnish results of the 137Cs body burden
in the Lapps decreased in spring 1966 for the first time after the heavy nuclear testing period 1961 -
1962. The decrease from the year 1965 to 1966 varied in different studies from 15% to 25%. About
100 papers were presented and almost 60 % of the papers dealt with 90Sr and 1 37CS. At that time no
studies on plutonium and americium in the environment were presented. Instead, there was one
paper dealing with "Biochemical food chains of uranium in aquatic and terraneous organisms" (6).
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In three papers the transfer of 55 Fe along the food chains to man was studied. B. Persson and T.
Jaakkola had investigated the 55Fe in the food chain lichen-reindeer-man in Swedish and Finnish
Lapland (7,8). The body burdens of the 55Fe in Sweden and Finland were 3.7 and 5.9 kBq for males
and 7.4 and 9.6 kBq for females, respectively. For natives of Bethel, Alaska who eat large quantities
of salmon H.E. Palmer and T.M. Beasley reported the average body burden of 55Fe 25 kBq. In one
person the body burden of 54 kBq was found (9).

As a result of the discussions with colleagues from the Soviet Union in Stockholm scientific co-
operation between the Institute of Radiation Hygiene in Leningrad and Department of
Radiochemistry, University of Helsinki, started. The proceedings of the Stockholm symposium can
be regarded still today as one of the basic books in radioecology.

The studies of the transuranic elements in 1973 - 1986

The studies on the transfer of transuranium nuclides along the food chain lichen - reindeer - man
started at the Department of Radiochemistry in 1973. From the very beginning plenty of work has
been devoted to developing radioanalytical method for determination of plutonium and americium
in different biological materials. Due to the high number of samples to be analysed a fast and
reliable method had to be developed. For plutonium a method based on one anion exchange step
and electroplating onto platinium or stainless steel dise was developed (13). The determination of
extremely low concentrations of 24'Am from environmental samples was very laborious due to
difficulties to separate americium from three valency lanthanides and other cations. Separation
method of americium used includes several ion exchange steps, liquid extraction and one or two
coprecipitation steps.

Pu in air and plants

The maximum concentration of 239240Pu in ground air at Helsinki, about 900 aCi/m3 (33 jiBq/m3)
was found in the spring of 1963. The level in Finnish Lapland was about 20 % lower. In the 1960s
and 1970s the radioactivity ratio of 239'24 0Pu/' 37Cs in the ground level was on the average 0.013
(Figure 3).
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Figure 3 239,240Pu concentration in ground level air at Helsinki, 600 N (blue) and at Utsjoki, 600N
(red) during 1962-1977.
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Plutonium in plants and reindeer

Plutonium concentrations of plants in 1960 - 1977 are presented in figure 4 (15).
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Figure 4. 2 3 9'24 0 PU in lichen (Cladonia alpestris), beard moss (Alectoria species), in grass and in
birch leaves in Finland during 1960-1977 (15).

In reindeer, about 60 % of the plutonium content was in liver, from 10 % to 40 % in the skeleton
and about 10 % in muscle tissue. The average concentration 239 "140Pu in reindeer liver was 0.56
Bq/kg dry wt. in 1967-1968. The value of 4.0 x 10-5 was calculated for the gastrointestinal traets
absorption of plutonium in reindeer.
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Plutonium in man

The plutonium content of the Lapps and southern Finns has been determined by analysing the
autopsy tissue samples (Table 3, Figure 5) (14). The 210Po results in the table 3 confirm the
accumulation of plutonium in soft tissues of Lapps observed by Kauranen and Miettinen in placenta
samples in 1960s (11).

Table 3. 239P240pU, 137CS, 2'OPb and 210po in liver of male Lapps and southem Finns. The results are
.iven as pCi/kg wet wt. (14)
Case 23Y9,24 0PU 137 CS 21oPb 2 1 0 opø

NO
Lapps

lE/77 1) 0.27 500 3.5 44.2
2V/77 1) 0.15 3800 8.0 62.2
3A/77 0.29 100 3.0 10.8
4P/78 1.00 3100
5S/79 0.39 3300

Mean 0.42 2160

Southem 2)
Finns 0.32 (48) <50 7.37 (7) 15.4 (7)
1) The liver and this case was fatty degenerated
2) The number of persons is given in parenthesis
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Figure 5. 239240Pu in liver of southern Finns in 1976 as a function of the person's age (14).
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Using the concentration of plutonium in air and tissues of reindeer the ingestion and inhalation
intake of 239' 240Pu for the period 1945 - 1978 has been estimated. The inhalation intake of the males
Lapps has been about 0.5 Bq and that of male southern Finns 0.7 Bq. The corresponding values for
the ingestion intake was 20 Bq and 1.3 Bq, respectively. Using these values and a lung model, the
calculated fractional absorption factor of plutonium in human GI-tract was the order 7 x 10-4 and in
lungs 8 x 10-2.

The studies after the Chernobyl accident in 1986

The nuelear power plant accident at Chemobyl on April 26, 1986 resulted in several new
radioecological projects even in many institutions not earlier involved in this field. Just after the
accident it was important to determine the concentration levels of radionuclides in deposition, soil,
water, plant, animals and especially in foodstuffs important in human diet to estimate the possible
countermeasures needed in view of the radiation protection point. The studies of the fallout from
Chernobyl have produced new information on many radioecological aspects for which only modest
knowledge has been available. Such aspects have been formation and behaviour of hot partieles,
occurrence of some radionuclides (e.g. Cm) in environment on which only limited data exist and the
role of chemical form and oxidation state as well as the fixing mechanisms on the migration of
radionuclides in the environment.

Based on the experience of 25 years in the field of radioecology the research of Department of
Radiochemistry was focused after the Chemobyl accident on four topics: 1) Determination of
distribution of Chernobyl-derived plutonium deposition in Finland. 2) Continuation of the studies
on behaviour of radionuclides in the food chain lichen-reindeer-man in Finnish Lapland, 3)
Occurrence of curium in terrestric and aquatic environment, 4) Behaviour of radionuclides in the
southem part of the lake Paijånne, at Asikkalanselkå.

1) The research topic one has been performed in co-operation with the Finnish Meteorological
Institute and STUK Radiation and Nuclear Safety Authority. Based on plutonium results of
lichen, peat, precipitation and surface soil samples a deposition map of plutonium was
produced (16). The plutonium deposition in Finland was very unevenly distributed. Even in
most contaminated areas the plutonium deposition was only some 10 percent of that in the
global fallout from the weapons tests.

2) The studies on lichen-reindeer-man include the continuation of the determination of 137CS

body burden of the same Sami population group selected in 1962. After the Chernobyl
accident this study was carried out in co-operation with the Radiation and Nuclear Safety
Authority. The results are given in figure 1. Plutonium, americium and curium have been
analysed in the tissues of reindeer of the southernmost reindeer-herding district, Halla,
where the highest fallout from the Chemobyl accident in the reindeer-herding area in
Finland was found (Figure 6).

3) New information of behaviour of curium in environment has been received by analysing the
242Cm isotope having the highest activity concentration of the alpha-emitting radionuclides
from Chernobyl fallout. The 242Cm isotope has been analysed in plant, sediment and
reindeer tissue samples (17,18).

4) Since the year 1992 the studies on migration of 137Cs and 90Sr in the aquatic ecosystem at
lake Påijånne have been performed in co-operation between the STUK Radiation and
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Nuclear Safety Authority and Laboratory of Radiochemistry. Asikkalanselka, the southern
part of the lake Påijånne, is located in the area with the highest radioactive fallout in Finland
from the Chernobyl accident. The investigation on behaviour of the fallout radionuclides in
Asikkalanselka is important because this basin is via about 100 km long Paijånne tunnel, the
main source of raw water for about one million inhabitants in Helsinki area. The most
important radionuclides studied have been '37 Cs, '3 4Cs and 90Sr. The results indicate fast
removal of radio-cesium from water phase to sediment. In 1987 over 90 % of the fallout
radio-cesium was found in sediment (Figure 7). The residence time of strontium in water is
much longer that that of cesium.

In 1997 the aim of the study was to analyse some additional water, sediment and soil
samples to yield complementary time depending transfer parameters for the model
describing the transfer of 90Sr and 137 CS through the aquatic pathway (19).

The work as scientist in the field of environmental radioactivity and radioecology since the first half
of the 1960s has been interesting and challenging all the time. The development of the counting
techniques and radiochemical separations methods opened possibilities to increase the number of
radionuclides studied in the environment and also lower detection limits for many radionuclides.

Plutonium in reindeer liver
after the Chernobyl accident
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Figure 6. Plutonium in reindeer liver in Finland at southernmost reindeer herding district Halla, in
1986.

The volume of radioecological studies is significantly decreased compared to volume of 1960s and
1970s and the main topics are changed, too. The reasons for this was the cease of the nuclear
weapons tests and also the wide information already obtained from the previous radioecological
research programs which have improved our knowledge in this research field.
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The Chernobyl accident proved the need of internationally sufficient research capability in the field
of radioecology. The accident proved also usability of studies on radioactive food chains carried out
in Finnish Lapland that helped to minimise the disturbances in the life of reindeer-herding
population and in markets of reindeer meat.

The good international contacts between the researchers have always been characteristic for
radioecology not least in the Nordic countries. In the period of 1959 - 1969 five symposia on
"Radioactivity in Scandinavia" were organised and now we are participating "the Eight Nordic
Seminar on Radioecology".
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EM sediment seston water

120

110

100

90

,g 80

t 70

60
_ 50

U/)
-6 40

30
20
10

0
8/86 6/87 8/87 3/88 6/88 3/89 6/89 3/90 8/90

time (month/year)

Figure 7. The distribution of 137 Cs between water, seston and underlying sediment at the
Asikkalanselkå basin, Lake Paijånne in 1986-1990 (19).
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