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This paper reviews studies on environmental americium, ' Am, in Finland. There are two
sources of americium in the Finnish environment: fallouts from nuclear weapons tests
in the 1950s and 1960s and from the Chernobyl accident in 1986, the former constitut-
ing around 98% of the total environmental load. The weapons test fallout was distributed
more or less uniformly over Finland, while the Chernobyl fallout was deposited on a sector
from southwestern coast to northeast. The total deposition of ! Am in Finland is approxi-
mately 20 Bq m~ and the amount is still somewhat increasing due to decay of 2*'Pu. In this
paper, the distribution and migration of americium in forest and aquatic environments is
described. Americium concentrations in natural waters, sediments, soils, vegetation and
fishes are given. In addition, the behaviour of americium in the food chain from lichen via
reindeer into man is discussed. Radiation doses to humans due to the environmental ameri-
cium in Finland are of no practical importance.

Introduction

Americium is an artificial actinide element
formed in nuclear reactors and in nuclear explo-
sions. The most important radionuclide of ameri-
cium, >'Am, is an alpha emitter with a half-life
of 433 years. It is formed by beta decay of **'Pu,
which is the most prevailing plutonium nuclide
in fresh fallout from nuclear explosions and acci-
dents. Americium is a highly radiotoxic element
that together with plutonium forms most of the
alpha activity in fallout situations.

This paper reviews the studies on americium
in the environment and in the food chains in Fin-
land. These studies started in the early 1970s at
the University of Helsinki. Two other important
Finnish institutes in the research of environmen-
tal transuranium elements have been the Finn-
ish Authority for Radiation and Nuclear Safety
(STUK) and the Finnish Meteorological Insti-
tute. The sources of americium in the Finnish

environment have been fallouts from the nuclear
weapons tests and the Chernobyl accident, the
former constituting around 98% of the total envi-
ronmental americium.

In this paper, I (1) describe sources and dis-
tribution of americium in Finland, (2) explain
behaviour and distribution of americium in
aquatic (sea and lake waters, sediment profiles as
well as in fishes) and terrestrial (forest soil hori-
zons, forest plants as well as in the food chain
from lichen via reindeer into man) environments.
For comparison, corresponding data on pluto-
nium in most cases and on cesium in some cases
will be given as well.

Nuclear and chemical properties
of americium

Americium is a transuranium element formed in
nuclear fuel and in nuclear explosions. Ameri-
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Fig. 1. In-growth of 2#/Am from 24'Pu as a function of
time.

cium has altogether thirteen isotopes, of which
*'Am is the most important. The lighter ameri-
cium isotopes are short-lived while the heavier
ones, some of which having rather long half-
lives, are not formed to such a high extent as
2 Am. The half-life of *'Am is 433 years. It is
formed by neutron absorption and beta decay
from **°Pu in the following way:

ZPu +n — *Pu + n — *Pu (f) > *'Am

The half-life of ?*'Pu is rather short, 14.4
years, and thus the in-growth of *! Am is accord-
ingly rather rapid (Fig. 1). At the year 73 the in-
grown activity of >*' Am equals that of *'Pu, after
which the activity of **!Am starts to decrease
gradually. >*'Pu is the most abundant plutonium
nuclide in spent nuclear fuel and in the fallout of
nuclear explosions. In spent fuel, the abundance
of >*'Pu, and thus also the activity of **'Am, is
higher because there is more time for the succes-
sive neutron captures than in explosions. **'Am
decays by alpha mode to *'Np. There are alto-
gether five alpha emissions, of which the most
intensive have energies of 5.486 MeV (86%)
and 5.442 MeV (13%). *'Am also emits 59.5
keV gamma radiation with 36% intensity. **' Am
emits also conversion electrons and X-rays.

Americium is the seventh member of the
actinide series for which filling of the 5f orbital
is chemically characteristic. The preceding acti-
nides (Th, Pa, U, Np and Pu) behave in a
transition metal manner, having several oxida-
tion states and forming strong complexes. From
americium onwards the actinides behave lantha-
nide-like: their prevailing oxidation state is +3
and their compounds are ionic in nature. Also
americium has several oxidation states, but in
environmental conditions +3 is the only one
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present. In natural waters at neutral and slightly
basic pH ranges americium forms complexes
with carbonate and hydroxide: Am(CO,) *** and
Am(OH) **. Am* is also readily adsorbed by
mineral and humics surfaces in waters, soils
and sediments. In acidic media, where carbon-
ate and hydroxide are absent, americium forms
complexes with other inorganic ligands and the
strength of these complexes decreases in the
order

F->H,PO,”> SCN-> NO,"> CI- > ClO,".

In the lanthanide series, the closest homolog
is europium, which can be used as an analog in
americium studies. Using europium as an analog
is necessary when macro amounts are needed,
for example, in spectroscopic speciation studies.
The amount of americium in environmental sam-
ples is so low that no direct analysis of ameri-
cium species is available.

Sources and distribution of
americium in Finland

There are two sources of environmental amer-
icium in Finland: atmospheric nuclear weap-
ons tests and Chernobyl accident. As will be
described below, the former is far more important
than the latter. The share of releases from Finnish
nuclear power plants (NPP) to ' Am contamina-
tion in the environment is negligible. For exam-
ple, in the years 1995-1996 the Olkiluoto NPP
on the west cost of Finland released annually
only 6100 Bq of *!Am into the air and 27 000
Bq into the sea (Ilus et al. 2003). In order to get
a rough estimate of the total release, we assume
that both nuclear power plants release this much
every year. By multiplying 2 x (6100 + 27 000)
Bq by the average years of operation of these
plants (28), we get the total release of 2 x 10°
Bq. This is only one millionth of the amount of
americium present in the environment from the
nuclear weapons test fallout.

Fallout from nuclear weapons tests

About 500 atmospheric nuclear tests were car-
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ried out from the 1940s to 1970s, the most active
years being 1958 and 1962. These tests created
global radioactive fallout that polluted Finland
in the same manner as other countries. Salminen
et al. (2005) calculated the total >**' Am deposited
in Finland from the nuclear weapons tests to be
2.1 x 10" Bq. This calculation was based on the
observed ' Am/*?*Pu ratio of 0.107 in lichen
samples from the years 1963—-1965 (Jaakkola et
al. 1981). It is, however, somewhat questionable
whether all *’Am from those years was from
direct deposition. It is probable that a fraction of
!Am in the lichen samples originated from the
in-growth from *'Pu deposited from earlier tests
during the 1950s, since about 60% of the atmos-
pheric tests had been done already in 1958 and
before. Due to the lack of data on airborne and
rainwater concentrations of *’Am from those
years, no definite conclusion on the direct depo-
sition from the nuclear weapons tests can be
drawn, but we can assume that the value of 2.1 X
102 Bq might be a slight overestimation.

Calculated from the total **'Am deposition
value given above (2.1 x 10" Bq) the deposi-
tion of *!Am in the mid-1960s was on average
6.2 Bq m™2. Today, i.e. in the first decade of the
21st century, the deposition of **' Am in soils and
sediments is about 22 Bq m~, which means an
increase of about four-fold in about forty years.
Outola (2003) gives an average value of 19
Bq m™ in Harjavalta soils, Ikdheimonen et al.
(2006) provide a value of 22 Bq m™ in Mintti
soil, I (with collaborators) found a value of 25
Bq m™ in Inari soil, and M. Lusa (unpubl. data)
gives a value of 20 Bq m in Piijénne sediment.
Inari is situated in the northernmost part of Fin-
land, while the other three sites are in southern
Finland. As can be seen from these results, **' Am
deposition from the nuclear weapons tests was
rather evenly distributed over Finland. In general
this has already been known for a long time and
experimentally verified in the case of '’Cs depo-
sition. In all cases, only a minor fraction of *' Am
is from the Chernobyl accident, which will be
discussed in the next section. The ' Am/**?*Pu
ratio has increased from the value of 0.11 in the
mid-1960s to the value of about 0.44 today: 0.43
in Harjavalta, 0.43 in Minttd, 0.44 in Inari and
0.44 in Pidijénne.
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Fig. 2. Concentration of 2#'Am (Bg m=) from the Cher-
nobyl accident in Finland (source: Salminen et al.
2005).

Fallout from the Chernobyl accident

Salminen et al. (2005) determined the **'Am
distribution in Finland from 62 peat and 9 lichen
samples taken from various locations in Finland
immediately after the accident in 1986. They
found depositions ranging between 0.00115 and
9.32 Bq m~ (Fig. 2). Unlike in nuclear weapons
tests fallout, the distribution was very uneven.
The highest deposition took place in the sector
from the southwestern coast to northeast, which
correlates with an air mass trajectory associated
with the initial release of radionuclides from
Chernobyl (Polldnen et al. 1997). The deposi-
tion pattern of *!Am resembles those of other
refractory nuclides, such as plutonium isotopes
%7r and '"“Ce (Arvela et al. 1990, Reponen et al.
1993, Paatero et al. 2002).

Salminen et al. (2005) also calculated that
the total deposition of >’ Am in Finland from the
Chernobyl accident was 3.7 x 10" Bq, which
is only 1.7% of the total americium deposited
in Finland, the rest originating from the nuclear
weapons tests. This is an average value and in the
most Chernobyl-contaminated areas the Cherno-
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Fig. 3. Concentration of 2'Am in lichen (Cladonia alp-
estris) in Lapland in 1964—1975 (source: Harva 1977).

byl fraction was higher but still below 10%. From
the total **! Am released from the Chernobyl reac-
tor 0.8% was deposited in Finland.

In the Chernobyl fallout, the fraction of **'Pu
in the total plutonium deposited was consider-
ably higher than in the weapons test fallout. The
2#1py/?9249Py ratio was 95 in the former and 15
in the latter (Jaakkola et al. 1981, Paatero et
al. 1994). This also means that the Chernobyl-
derived fraction of *'Am in the total transura-
nium pollution will be higher than in nuclear
weapons test fallout. Due to ongoing decay of
2'Pu the amount of **!Am in the environment is
still increasing. In 1986 the **!'Am/*°?**Pu ratio
in the Chernobyl deposition was 0.37 (Salminen
et al. 2005). Now, in 2007, it is 2.3 and in 2059
it will have a maximum value of 2.8. Thus, in
the Chernobyl-derived transuranium contamina-
tion, americium is the main component. In the
overall contamination, plutonium still forms the
major fraction, since the Chernobyl contami-
nation was so low compared with that of the
weapons tests. The overall ' Am/***°Pu ratio
is currently 0.44, and by taking into account the
fraction of Chernobyl-derived americium and
present 2*'Am/?°2*Pu ratio in this fraction, we
can calculate that in the weapons test fraction the
2AmM/*249Py ratio is 0.41, only slightly lower
than the overall ratio. This ratio will still increase
to a maximum value of 0.43 by the mid-2030s.

2 Am was detected in the air over Finland
during two weeks following the Chernobyl acci-
dent (Sinkko et al. 1987). On 28 April 1986
the ground-level air in Nurmijérvi in southern
Finland contained 10-19 xBq m™ of americium
but the concentration decreased very rapidly
already the next day. Still in the first half of May
americium could be measured in concentrations
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ranging from 0.09 to 0.22 yBq m™, but at the
end of May it was already undetectable. In a later
measurement in 1988, americium in the air was
undetectable but in deposition samples it could
be determined with the monthly-average amount
of 0.4 mBq m™ (Saxen et al. 1994).

Americium in the food chain
lichen—-reindeer—-man

In the 1960s, a special food chain from lichen via
reindeer into reindeer-herding Sami people was
intensively studied at the Department of Radio-
chemistry, University of Helsinki. It was found to
heavily enrich radioactive cesium. In the 1970s
we started the study of transuranium elements
plutonium and americium in this food chain.

Lichen

The highest concentration of **'Am in lichen
(Cladonia alpestris) in Lapland being 1.5 Bq kg™
was measured in 1964, which was followed by a
more or less systematic decrease (Fig. 3). The
calculation of the effective half-life of ameri-
cium in lichen from this curve is not possible.
We can, however, conclude that this half-life is
considerably shorter than that of plutonium (two
to three years see Jaakkola et al. 1981), since
the 2*' Am/>**?*Pu ratio decreased systematically
from 0.37 in 1965 to 0.19 in 1974 (Harva 1977),
even though the in-growth from **'Pu gener-
ated increasing amounts of americium in lichen.
Compared with concentrations of other radionu-
clides, the >*'Am concentration was fairly low.
In 1964 the »*?2Pu concentration was 5.5 times
higher, >*'Pu concentration 80 times higher and
1¥7Cs concentration about 1500 times higher than
that of ' Am (Jaakkola er al. 1981).

After the Chernobyl accident in 1986-1987,
2Am concentrations were determined from
lichen samples taken from thirteen locations in
southern, middle and northern Finland (Paatero
et al. 1998). *' Am concentrations varied widely.
The highest concentration was found in the
southern Finland in Uusikaupunki (1.8 Bq kg™)
and in the middle Finland in Sotkamo (1.6
Bq kg™) in 1986. These sites are located in
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the high deposition sector (Fig. 3). The lowest
values were found in Inari in Lapland: 0.04
Bq kg and 0.12 Bq kg™'. It is rather surprising
that highest values of > Am in lichen after the
Chernobyl accident were at the same level as in
the peak years 1963-1964 of the weapons test
fallout period, although the Chernobyl fallout
was considerably lower.

Paatero er al. (1998) calculated the eco-
logical half-life of >*' Am in lichen in 1986-1988.
i.e. after the Chernobyl fallout. They obtained
the value of 0.88 years, which is a rather low
value compared with those for other radionu-
clides ("¥'Cs, '¥Cs, '%Ru, """"Ag, 123Sb and '“Ce)
(Lehto et al. 2008). Since the physical half-life
is so long, this value represents also the effective
half-life.

In the Chernobyl fallout, the variability of
activity results was high even in samples col-
lected close to each other, which complicates the
evaluation of the results. This is because large
radioactive particles with higher activity concen-
trations, the so-called hot particles including fuel
fragments, were more abundant in the Chernobyl
fallout than in the weapons test fallout.

Reindeer

In the 1970s, a systematic study on plutonium in
various reindeer organs and tissues was accom-
plished, but the data on *'Am are much more
limited. *’Am was determined from reindeer
liver, bones and lungs (Jaakkola et al. 1981).
In 1976, the **'Am/**?*Pu ratio in liver was
0.18, while in lichen the corresponding ratio was
higher (0.25). This indicates that americium is
not accumulated in liver to such a high extent as
plutonium is. In bone, however, the ratio was 1.0,
which indicates the americium buildup in bones.
The same ratio in lungs was 0.51, which was
expected to indicate a higher residence time of
americium as compared with that of plutonium
in the lungs of reindeer (Téhtinen et al. 1977).
After the Chernobyl accident, a more thor-
ough study on americium absorption and distri-
bution in reindeer was carried out (Paatero et al.
1998). Reindeer samples were taken in the next
year following the accident from Kuhmo, which
is the southernmost reindeer-herding district in
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Fig. 4. Distribution of 2*'Am, 2¢24Py and '*’Cs in rein-
deer tissues and organs (sources: Rahola et al. 1975,
Jaakkola and Paatero 1991, Paatero et al. 1998).

Finland. Kuhmo is located at the eastern border
of middle Finland and belongs to the heavy
transuranium fallout sector (Fig. 2). > Am depo-
sition in this area from the Chernobyl accident
was 0.6 Bq m™ and that of »?#°Pu was 1.5 Bq
m~. Lichen concentrations were 1.04 Bq kg™
for *!Am and 2.09 Bq kg™ for **?*Pu. Figure 4
shows the distribution of americium in various
tissues and organs of reindeer. For comparison,
the same data for plutonium and cesium are
given as well (Rahola et al. 1975, Jaakkola and
Paatero 1991).

Americium is accumulated mainly in bones
and in meat, while cesium is accumulated more
or less entirely in meat and plutonium in liver
and bones (Fig. 4). Paatero et al. (1998) also cal-
culated the transfer factors and absorption coef-
ficients for americium. The transfer factor from
ground contamination into reindeer meat was
found be 7 x 10~ m™ kg, while the correspond-
ing value for plutonium was more than 100 times
lower. The transfer factor for '’Cs in turn was
100 times higher than that of americium. The
absorption coefficient from the gastro-intestinal
tract into reindeer meat was calculated to be 7.5
x 10 for americium and 3.0 x 107 for pluto-
nium. Thus, we can conclude that americium is
much more efficiently absorbed into reindeer
meat than plutonium, but compared with cesium
its absorption and accumulation in reindeer meat
is rather low.

Man

No studies have been done on americium absorp-
tion and distribution in humans in Finland. In
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order to get a rough picture on the dose from the
ingestion of americium-bearing reindeer meat,
I performed the following calculation. In the
Kuhmo region right after the Chernobyl accident
the ' Am concentration in the reindeer meat is
0.0035 Bq kg! (Paatero et al. 1998). The human
absorption coefficient for americium is 0.0005,
so from each kilogram of ingested reindeer meat
1.75 uBq of ' Am was absorbed. The dose con-
version factor for americium is 2 x 10”7 Sv Bq™!
and thus from each kilogram of ingested reindeer
meat we get a dose of 3 X 107" Sv. We assume
that the '¥’Cs concentration in the reindeer meat
was at the same time 1000 Bq kg™'. The human
absorption coefficient for cesium is 1.0 and the
dose conversion factor is 1.3 x 10® Sv Bq™.
Thus, from each kilogram of ingested reindeer
meat we get the dose of 1.3 x 107 Sv, which is
4 % 107 times higher than the dose from ameri-
cium. In conclusion, we can say that the dose
from ingestion of >*! Am is negligible.

Americium in the forest
environment

Before the Chernobyl accident no studies on
americium and plutonium in forest soil and their
transfer from soil into plants were done. These
studies started only recently in the late 1990s.
Outola (2003) studied plutonium and americium
in pine forest soil in Harjavalta in the southwest-
ern Finland. The objective of the study was to
find out the effect of air emissions from a copper
smelter on the behaviour of radionuclides in
soil and on their transfer from soil into natural
plants. In that area the amount of *'Am was 19
Bq m™ and the **'Am/****Pu ratio 0.43. Only
3% of plutonium originated from the Cherno-
byl accident and the same is probably true for
americium as well. Soil and vegetation samples
were collected from increasing distances (0.5, 2,
4 and 8 km) from the smelter. The 22-cm-deep
soil cores were divided into four fractions: litter,
organic layer and two mineral layers (elluvial
and illuvial horizons). At the reference site (8 km
away) assumed not to have been affected by the
smelter, most of the americium activity (about
75%) was in the organic layer, 5% in the litter
and 10% in both mineral layers. When going
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closer to the smelter, the fraction in the litter
increased to 65% at the distance of 0.5 km, while
the fractions in the other horizons decreased
accordingly. This was explained by the inhibi-
tion of bacterial activity by the airborne pollu-
tion from the smelter, which in turn decreased
the decomposition of litter. At distances between
two and eight kilometres, the concentrations of
Am in plants did not vary much. They were,
on average, 1.0 mBq kg™ in lingonberry twigs,
2.1 mBq kg™ in crowberry twigs, 7.5 mBq kg
in mushrooms, 10.1 mBq kg™ in reindeer lichen
and 5.4 mBq kg in iceland lichen. The aggre-
gated transfer factors did not depend in a clear
way on the distance from the smelter. The trans-
fer factors of americium were, however, clearly
higher than those of plutonium, indicating a
better bioavailability of americium.

Ikdheimonen et al. (2006) determined **'Am
in soil in Miénttd in southern Finland. They
found 22 Bq m™ of americium in a 15-cm-
deep soil column and the *'Am/**?*Pu ratio
was 0.43, indicating that the main source was
nuclear weapons test fallout. Both americium
concentration and the *'Am/***Pu activity
ratio were very close to those obtained by Outola
(2003) in Harjavalta. The peak concentration
of americium was at the depth of 3 cm, which
probably was the organic layer. They also stud-
ied the concentrations of americium in several
plant species. In birch leaves and wild ber-
ries, including fruit, twigs and leaves, americium
was undetectable. They could, however, find
americium in ferns and Cantharellus mushrooms
(concentrations were 0.11 Bq kg™ and 0.03-0.10
Bq kg, respectively). In ferns the average activ-
ity concentration of *?*Pu was three times
lower than that of americium. In another study
by Ikidheimonen et al. (2004) they found **'Am
in Parmelia physodes, an epiphytic lichen grow-
ing on tree stems, in concentrations varying
between 0.03 and 0.08 Bq kg™'. The study was
carried out in 2001 close to the Loviisa nuclear
power plant on the south coast of Finland and its
objective was to find radionuclide-enriching bio-
indicators in which the contamination could be
found and measured.

In 2001, I (with collaborators) collected
soil and plant samples from Inari in Lapland
and measured their americium, plutonium and
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cesium activities (see Fig. 5 for the fractions of
the radionuclides found in five soil horizons).
Soil samples were taken from pine forest where
the soil is of stratified podzolic nature, the same
type as in the study by Outola (2003).

Most of the >*'Am activity (76%) could be
found in the organic layer. The value is more or
less identical with that obtained by Outola (2003)
in Harjavalta. Americium behaves in a very
similar manner as plutonium in soil. Only about
3% of these two elements were in the litter and
their concentrations in mineral layers decrease
when going deeper into the soil. *’Cs, however,
behaves quite differently. A large fraction (17%)
was found in the litter, which probably indicates
recycling of cesium into surface via root uptake
by the plants. In addition, larger fractions of
cesium have been migrating into mineral layers
due to the higher solubility of cesium as com-
pared with those of americium and plutonium.

The americium concentrations in plants in
Inari were very low: in blueberry and lingonberry
fruit they were on average 2.1 mBq kg™, in their
twigs they were 5.2 mBq kg™' and the aggregated
transfer factors were 0.0001 and 0.0003 m? kg™',
respectively. These values are somewhat higher
than those obtained by Outola (2003). In Russula
mushrooms the americium activity was below
the detection limit.

Americium in the aquatic
environment

Americium in the Baltic Sea

In 1980-1981, S. Leskinen (unpubl. data) col-
lected several seawater samples from three sites
in the Baltic Sea: the Gulf of Finland between
Helsinki and Tallinn, the Gulf of Bothnia north
of Aland and Baltic Proper between Gotland
and Latvia. Water activities of > Am and *****Pu
varied in a rather narrow range, being on aver-
age 1.36 and 4.48 mBq m™, respectively. The
241 Am/?°240Py ratio was thus 0.30, which is a
typical value in fallout at that time. The parti-
cle fraction (>0.45 ym) contained an average
of 16% americium and 11% plutonium. The
2 Am/>?240Py ratio in the particle fraction was
higher than in water phase: 0.50.
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Fig. 5. ¥Cs, #%29Pu and 2*'Am in soils horizons in
20-cm-thick soil profiles from Inari collected in 2001
(source: Lehto et al. 2008).

A few years earlier somewhat different data
on americium and plutonium concentrations in
seawater from four locations in the Gulf of Fin-
land were obtained by M. Lax (unpubl. data). The
average concentration of »??*°Pu in filtered (0.45
pm) water was approximately the same as those
detected by S. Leskinen (unpubl. data), being 5.2
mBq m~, but the *'Am concentration of 4.1 +
1.5 mBq m™ was considerably higher than that
measured by S. Leskinen (unpubl. data). Thus
the 2! Am/?**2?*Pu ratio in water was 0.79, which
was clearly higher than the 1980 fallout ratio that
can be estimated to be then about 0.3. The par-
ticulate fraction (> 0.45 ym) contained 5% of the
total americium and 11% of the total plutonium,
and the *Am/**?*Pu ratio in the particulate
fraction was 0.35. So, the ' Am/>*2%Pu ratio in
the water and particulate phases had an opposite
order in these two studies.

Siteilyturvallisuuslaitos 1982, 1983, 1984,
Ikdheimonen et al. 1988, Saxen et al. 1989, Ilus
et al. 1993 provide data on the concentrations
of *Am in surface waters of the Baltic Sea in
the 1980s (Fig. 6). The average concentration
in the years 1981-1983 was 1.7 mBq m~ (range
0.7-3.1 mBq m™), which increased to about
5 mBq m™ (range 2-14 mBq m™) in 1986. In
1987-1989, the concentrations were between
3 and 5 mBq m™. Although the number of data
points was limited (24 in total) and their varia-
tions were considerable, especially in 1986, it
looks reasonable to assume that the Chernobyl
accident increased the americium concentration
in the Baltic Sea by a factor of two to three.
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Fig. 6. Annual concentrations of *'Am in the Baltic
Sea. The values are averages of two to six determina-
tions from surface water samples taken from various
parts of the Baltic Sea (Baltic Proper, Gulf of Finland
and the Gulf of Bothnia) (sources: Sateilyturvallisuuslai-
tos 1982, 1983, 1984, Ikdheimonen et al. 1988, Saxen
et al. 1989, llus et al. 1993).

In 1981-1983, water samples were taken also
from the vicinities of the nuclear power plants
in Loviisa and Olkiluoto. Compared with the
water concentrations in the other parts of the
Baltic Sea (average 1.8 + 0.7 mBq m™), the
americium concentrations (2.3 + 1.4 mBq m™)
in the vicinities of the nuclear power plants were
not elevated. When comparing the values given
by Siteilyturvallisuuslaitos (1982, 1983, 1984),
Ikdheimonen et al. 1988, S. Leskinen (unpubl.
data) and M. Lax (unpubl. data), those of the first
five studies (i.e. Siteilyturvallisuuslaitos 1982,
1983) are very close to each other regarding the
americium and plutonium concentrations but the
data of M. Lax (unpubl. data) differ from these
considerably.

The distribution of americium in sediment
profiles from two sites in the Baltic Sea in 1982
are given by Siteilyturvallisuuslaitos (1983).
One of these sites was Teili in the northern part
of Baltic Proper and the other one was in the
Gulf of Bothnia north of Aland. At the former
site, the total americium activity in the sediment
profile was 20 Bq m and at the latter one it was
76 Bq m™. At both sites, the peak concentration
was found in the 5-10-cm layer but only at the
latter site americium could be found deeper in
the sediment, even below 20 cm.

Americium in lakes
Only a few data exist on americium in lakes in

Finland before the Chernobyl accident. Hakanen
et al. (1979) reported that the top 10 cm of a
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sediment core taken from P&djérvi in southern
Finland contained 10.4 Bq m™ of *'Am and
52 Bq m™ of #?2°Pu. These values are in good
agreement with the amounts obtained in later
studies when taking into account the increase of
2 Am due to decay of >*'Pu.

After the Chernobyl accident, Suutarinen et
al. (1989, 1993) studied the behaviour of plu-
tonium and americium in Lake Piijinne. This
lake is located in southern Finland and the study
was important because Pidijinne is the water
source for the Helsinki metropolitan area. One
year after the accident, the *’Am concentra-
tions in water varied in the range from 3.7 to 22
mBq m=. No time trend can be drawn from the
given americium data, but the plutonium concen-
trations showed a very low, if any, decrease in
the water phase during the two years time after
the accident. In the particulate phase (> 0.45
pm) the activity was 1.6 mBq m™ in 1986 and
decreased to half of that (0.8 mBq m™) in the
following year. In August 1986, the maximum
activity in the particulate phase was seen at the
depth of 30—40 metres in a 50-m-deep basin.
Also, in August 1986 the l-cm top layer of
sediment samples collected from depths varying
between 19 and 51 metres contained on average
1.0 £0.4 Bq m? of ' Am. No data on americium
distribution between water, particles and sedi-
ment were given, but in the case of plutonium
the fractions in August 1986 were 24%, 3% and
73%, respectively. We can thus conclude that
most of the plutonium and americium activities
were deposited into the bottom sediment rather
rapidly, but that the soluble fraction had a rather
long residence time in the water phase.

In 2007, M. Lusa (unpubl. data) collected
water samples and sediment cores from the same
Suutarinen et al. (1989, 1993), and determined
their plutonium and americium concentrations
(see Fig. 7. for the distribution of *°?*Pu and
21Am in the sediment cores). In the unfiltered
water phase the concentrations were 4.9 mBq m~
(**%Pu) and 4.1 mBq m= (*' Am). It is quite sur-
prising that the decrease in the activities in twenty
years has been rather small. In 1986 the average
total concentration of **?*°Pu in the water phase
was 149 mBq m~ and in 1987 it was 10.6
mBq m~ (Suutarinen et al. 1989). Ikidheimonen
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et al. (2002) reported the ' Am concentration of
8 mBq m™ in Piijinne water 1986-1988.

The peak activities of both #*?*Pu and ' Am
in sediment could be found at the depth of
about six centimetres, which represent weapons
test fallout. The total amounts of plutonium and
americium in the cores were 45 and 20 Bq m™
(M. Lusa unpubl. data), respectively, which are
typical values for weapons test fallout, as is also
the obtained ! Am/?**?*°Pu ratio of 0.44. The frac-
tion of »°?*Pu from the Chernobyl fallout was
calculated from the ***Pu/?**?*Pu ratios in various
layers and was found to be 1.0 Bq m? (2.2%),
which is a typical value for this area (Paatero et
al. 2002). From the ' Am/*?%Pu ratio we can
assume that this is approximately the case for
americium as well. The fractions of plutonium
and americium in the water from their total
respectively. In the water phase the **' Am/>?*°Pu
ratio (0.84) was twice as high as in the sediment
phase (0.44), which probably reflects the higher
solubility of americium compared with that of
plutonium. Another point indicating higher solu-
bility of americium was that the **'Am/>?**°Pu
ratio in the top 1-cm sediment layer was 0.26,
while deeper in the sediment (2—10 cm) it was
clearly higher at 0.47 (M. Lusa unpubl. data).

Ikdheimonen et al. (2002) carried out an
extensive study on plutonium, americium,
curium and cesium concentrations in freshwater
fishes from 17 lakes in southern and middle Fin-
land. The fish samples were taken in 1986—-1988.
The concentrations were determined in flesh,
liver and spawn. In flesh, the concentrations of
239290py and **' Am were approximately the same:
< 0.6-3.3 and < 0.6-2.6 mBq kg!, respectively.
The concentration factor, i.e. the ratio of concen-
tration in flesh to that in water, was on average
2.7 times higher for americium as compared with
that for plutonium. Furthermore, much higher
americium than plutonium concentrations could
be found in liver and spawn. In liver, the **! Am
concentrations were 8.7-140 mBq kg™ while in
the case of 2*?'Pu they were < 3-6.9 mBq kg™'.
In spawn, the corresponding values were 5.4-29
mBq kg and < 3 mBq kg'. All this indicates
that the uptake of americium by fish is con-
siderably higher than the uptake of plutonium.
The highest concentrations of plutonium and
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Fig. 7. Distribution of #°2°Pu and 2*'Am in sediment
cores from Pédijanne in 2007. The curve represents
average values from four cores from the depths of 30 m
and 50 m (source: M. Lusa unpubl. data).

americium were detected in lakes in the high
fallout sector from the southwest coast to north-
east, while in Lake Saimaa in southeastern Fin-
land the concentrations were below the detection
limits. Ik&dheimonen (2003) estimated that the
consumption of freshwater fish in Finland in the
peak activity year 1987 created an annual dose
of 0.05 uSv due to all transuranium elements,
including americium, and 60 uSv due to 'Y'Cs.
Even the latter one is rather small but the former
is more or less negligible.

Summary and conclusions

There are two sources of environmental ameri-
cium in Finland: fallouts from atmospheric
nuclear weapons tests and from the Chernobyl
accident. The former constitutes 98% of the envi-
ronmental contamination and the latter the rest.
Releases from the Finnish nuclear power plants
are negligible compared with these two sources.
The total amount of americium in Finland is
2.1 x 10" Bq and it is still somewhat increas-
ing for a few decades due to decay of *'Pu.
The 2*'Am/>*?Pu ratio is currently 0.44 and it
will increase to 0.46 in a few decades. Deposi-
tion of americium is about 20 Bq m~. Nuclear
weapons test fallout was distributed over Finland
in an even manner, whereas Chernobyl fallout
was distributed into a sector from the southeast
coast to northeast. Since the Chernobyl fallout
of americium was low, it has not considerably
affected the total deposition, not even on the
most Chernobyl-affected area. In water systems
most of the americium is now in sediments at the
peak depth depending on the local sedimentation
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rate. Water concentrations are very low, only
a few millibequerels per cubic metre, but the
decrease rate is very low. In forest soils, most of
americium is now in the organic layer where it is
available for the root uptake by plants. The trans-
fer from soil to plants is, however, very low and
the concentrations of americium in forest plants
are minimal. Radiation doses to humans due
to ingestion of americium-containing foodstuffs
are negligible as compared with natural radio-
nuclides, such as uranium, radium, polonium
and lead, and even as compared with the most
important pollution nuclide '¥’Cs. So, there are
no health effects on humans due to environmen-
tal americium.

Although in Finland during the last 35 years
quite a good picture on environmental americium
has been obtained, new information is needed to
understand its behaviour from a scientific point
of view. First of all, long-term data are needed to
understand the development of americium pro-
files in soils and sediments. Leaching by water
and the effect of humics and low molecular
weight organic acids from the organic layer into
mineral layers are important factors in under-
standing transfer mechanisms in soils. Another
important problem in soils to be studied is the
possible uptake of americium by plant roots. In
sediments the interesting factors are the diffu-
sion of americium in the sediment phase and the
possibility of remobilisation of americium from
sediment back to water.

All these problems are very difficult to study
because the concentrations of americium are so
low and the processes are complex. Also, the low
concentrations of americium in the environment
do not enable direct speciation of its chemical
forms. However, not even indirect methods, such
as sequential leaching techniques, have so far
been applied for americium speciation in Finnish
environmental samples. Studies on the behaviour
of the closest chemical analog europium could
shed more light on the behaviour of americium.
Naturally-occurring europium in real systems or
model systems with added europium could be
studied. Using macro amounts of such an analog
would also enable the use of modern analytical
techniques for direct speciation. Deeper insight
into the chemical forms of americium and trans-
fer mechanisms cannot be attained with classical

Lehto + BOREAL ENV. RES. Vol. 14

radiochemical and radioanalytical methods, so
new methods and collaboration with experts from
other disciplines are needed. In addition, model-
ling of americium transfer processes in the envi-
ronment would be needed to obtain an adequate
general view on the behaviour of americium.
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