
SE9700158

Long-term distribution of Cs-157
in freshuater ecosystem and the

effect of bioturbation on leakage
of Cs-137 from the sediments

Karin Aquibnius

Examensarbete 1995:11

VOL 2 8 Nf 1 6



Long-term distribution of Cs-137 in
freshwater ecosystem and the effect
of bioturbation on leakage of Cs-137

from the sediments

Karin Aquilonius

Degree project thesis in Systems Ecology

Supervisor: Hans Cedervall

Dept of Systems Ecology
Sockholm University

S-106 91 Stockholm, Sweden
Juni 1995



Abstract
This study was done as a honours thesis in the undergraduate biological studies at the Department of
Systems Ecology, University of Stockholm, Sweden. The study was completed at Studsvik Ecosafe,
NykOping, Sweden.

The first aim of the project was to make a literature compilation regarding Cs-137 in freshwater systems.
Secondly in order to follow up the long-term behaviour of Cs-137 in Lake Hillesjon sediment and water was
sampled with respect to Cs-137. Finally an experiment was done with chironomids, with the aim to assess
the impact of bioturbation on the leakage of Cs-137 from the sediment, since this is one of the factors
contributing to the uncertainties in radioecological models.

Some aspects of long-term distribution of Cs-137 in freshwater lakes is discussed. In lake Hillesjdn the pool
of Cs-137 in sediments (225 kBq/m2, 1993) has gradually increased since the Chernobyl accident, and now
exceeds the initial deposition (100 kBq/m2). The effect of bioturbation on the leakage from the sediment to
the water could not be clarified in this experiment, but is discussed.

This work was finacially supported by the Swedish Radiation Potecuon Institute (SSI).
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1 Background
Since the world-wide spread of radionuclides it from the nuclear bomb tests in the sixties and

the development of nuclear technology, has their environmental fate been the subject of a lot
of research. The nuclear accident in Chernobyl, April 1986 renewed the interest in
environmental distribution of radionuclides in ecosystems. Among the radionuclides Cs-137 is
one of the most hazardous to man and other organisms. This is due to its long half-life (30.17
years), its metabolic resemblance to potassium, its potentially high solubility and its
accumulation in food-chains.

The consequences to man of accidental and continuos releases of radionuclides to the
environment is estimated by radioecological models. Models calculating the distribution of
Cs-137 and other radionuclides in different ecosystems have been developed, with the aim to
predict doses and risks in systems which receives depositions of radionuclides.

To have confidence in model prognoses it is essential to assess the uncertainty in the results,
these uncertainties arise from several steps in the modelling process, such as description of the
scenario, conceptual modelling, parameter values and the human factor. By testing model
results against independent observed data sets (validation of the model), reasons for
discrepancies between results of the model and observed values may be identified and
consequently the model will be improved.

Studsvik Eco & Safety AB, has since the middle of the 1970ties developed models for
predicting distribution and doses of radionuclides in the environment. This degree project was
done as a part of one of these projects, which involves Cs-137 in freshwatersystems. Emphasis
has been put on bioturbation in lake sediments, since this process has been shown to
contribute to uncertainties in models and since its effect on Cs-137 in sediments is not well
known.

This report will deal with the fate of Cs-137 in freshwater systems, such as lakes. The other
deposited nuclides are of less importance from an environmental point of view, since their
half-life is comparatively low.

The objectives of this study was:

1 To make a literature compilation concerning the time evolution of Cs-
137 in lake ecosystems and the role of bioturbation.

2 To determine the distribution of Cs-137 in the sediment of Lake
Hillesjdn.

3 To determine experimentally how bioturbation affects the leakage of
Cs-137 from the sediment.
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2 Cs-137 in freshwater ecosystem

2.1 Introduction
The Chernobyl accident caused radionuclide deposition over large areas in Europe, and
especially the Nordic countries received high depositions of radionuclides, which was
deposited over large areas of northern and central Scandinavia.

The fallout reached Scandinavia as two plumes, they were in the form of dry and wet
(rain/snow) deposition. The nature of the fallout affects its mobility and accumulation in
aquatic systems. For example if the fallout is in aerosols or paniculate form, e.g. wether the
deposition is wet or dry and the type of isotope it has.

At the time of the fallout the northern parts of the areas subjected to deposition, was covered
with snow and in the more southern parts the lakes were still ice covered. In connection with
the melting of snow and the ice break large amounts of Cs-137 were transported to the lakes.

The fallout reached the lakes via two routes: direct deposition on lake surface (primary load)
and leakage from catchment area (secondary load). Radionuclides deposited on lakesurface
and catchment will be redistributed and/or fixed depending on catchment and lake specific
characters, such as chemical and physical properties and water retention time of the lake.

After leaking from catchment and removal from water column, the sediments will ultimately
contain the largest pool of the radionuclide due to processes like adsorption and
sedimentation. From the sediment then there are other processes, such as resuspension,
bioturbation and bacterial activity, affecting the leaking from the sediment to the water which
makes it available for uptake in biota and incorporation in foodchains. This makes the
sediments a source of contaminants. The chemical properties of the element influences these
processes.

This study is focused on the behaviour of Cs-137 after settling to the sediments.

2.2 Processess

2.2.1 Catchment
After deposition on lake surface and catchment, the transport of Cs-137 from the catchment
occurs either by runoff water from catchment, in soluble form or adhered to organic or
inorganic paniculate matter, or by leaking down to the groundwater, which then is
transported out in to the lake. The transport to the lake will be greater if the deposition on the
dischargearea is greater than the deposition on the rechargearea (Nylen et al, 1994).

The characteristics of the catchment is important in determining to what degree the
radionuclide will leak. The soil composition of the catchment affects Cs-137 mobility. Cs-137
has a strong affinity for inorganic matter like clays and minerals (Meili, 1994).

Cs-137 acts as a major cation in the environment and sorbtion of cations increases with pH.
Systems with high pH will exhibit a low mobility of Cs-137 (Andersson et al, 1992).

In temperate terrestric ecosystem with comparatively high rainfall, the major loss of nutrients
from the catchment, is through transport with drainage water. This transport of nutrients from
for example forrest land could give important contributions to the production in a lake.
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A similar mechanism probably regulates the mobility of Cs-137 and other radionuclides in
temperate lake systems (Nylen et al, 1994)

2.2.2 Lake water

After deposition on the lake surface Cs-137 can be removed from the water column to the
sediment by several mechanisms. Sedimentation of detrital particles, adsorbtion on inorganic
compounds (e.g. clays, carbonates, hydroxides), sedimentation with humic matter, uptake by
algae and other plants on surficial sediments and adsorbtion on surficial sediments (Brobcrg
&Andersson, 1991).

Inflowing surface water will bring Cs-137 to the lake and outflow of water will removen some
fit. This makes the water retention time an important factor for determining the retention of
Cs-137.

Nordic lakes have generally low ion concentrations and since Cs-137 accumulates in fish
muscle due to resemblances with Potassium, this is of importance (Dahlgard, 1994).

The Cs-137 is transferred between water and sediment in the lake through processes such as
sedimentation, resuspension, bioturbation, diffusion, bacterial activity (Meili et al 1989) and
ion exchange (Kaminski, in press, Comans, 1989).

2.2.2.1 Sediment
Once deposited to the sediments of the lake, ion balance and oxygenation of the sediment is
affecting the leaking of Cs-137 from the sediment, and the availability to biota. Ion exchange
with NH« mobilizes Cs-137 from the sediments to anoxic porewater, which returnes Cs-137 to
the water column (Comans, 1989).

The chemical and physical character of the sediment, clays and organic substances, affect the
vertical distribution of Cs-137 due its binding affinity. Other factors affecting the vertical
distribution are: sedimentation rate, bioturbation, resuspension and diffusion. Horisontally Cs-
137 will be distributed with enhanced levels in the deeper and more calm areas, were
accumulation of particles is bigger than resuspension. This is eased by the fact that
resuspension mainly affects the least heavy particles, which also have, the greatest binding
capacity for contaminants (probably due to a larger relative surface area). In plume sediment
at inlets to the lake enhanced activities will also be found (Kansaanen et al 1991).

Different processes are of major importance, in different lakes. In shallow lowland lakes
resuspension is very important for the maintenance of Cs-137 in biota and lake water, but in
lakes situated in mountains the inflow from catchment area is more important (Bergstrom et
al 1994).

Resuspension will cause higher levels of Cs-137 in biota partly because of direct uptake of
resuspended caesium and partly because this is followed by a higher degree of oxygenation to
the sediment, which increases the mineralisation process which in turn raises the
bioavailability, due to the fact that Cs-137 in ion form crosses biological membranes easily
(Hammare/a/1991).

In those lakes were the pool of Cs-137 does not decrease through outflow, burial and mixing
with new less contaminated particles is the only way in which Cs-137 eventually will be lost
from the lake ecosystem (Meili, 1994).
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2.2.2.2 Kd
Kd is an often used parameter of the lake and catchment affecting the mobility of Cs-137. Kd
has traditionally been used for modelling transports and retention of Cs-137 and other
radionuclides in sediments and soils. Kd is the distribution coefficient which quantifies the
partitioning of Cs-137 between solid and liquid phase.
In situ studies have shown that Kd decreases with depth in the sediment. The partitioning of
Cs-137 between liquid and solid phase is regulated by a small number of highly selective ion-
ex-change sites. Univalent ions with low hydrating energy and ionic radius similar to Cs+, like
K+, N H / and Rb+ compete for these sites. In natural waters mainly competition from K+ and
NH4"1" is expected. There is a positive significant linear correlation between Kd values and
N H / concentration in the sediment (Comans, 1989)

2.2.3 Accumulation
In nordic lakes the main exposure pathway of Cs-137 to man is through consumption of
freshwater fish (Dahlgard et al 1994).

The accumulation in sediment and biota is dependending on various variables, e. g. water
retention time, the morphometric character (waves, currents and sedimentation patterns),
chemical and physical composition of the lake, water retention time and hardness of the water
(concentration of major cations) as well as climatological factors like temperature, which
determines the rate of many biological processes.

2.2.3.1 Biota
Uptake of Cs-137 through food is the major way in which fishes accumulate Cs-137,
absorption from water, through gills uptake is negligible. The activity from food depends on
prey abundance, degree Cs-137 absorbed from prey and the degree of Cs-137 absorption in the
prey.

Both excretion and uptake, of Cs-137, depends on factors like, species and individuals, prey
habitat, size, metabolic rate, season, local variations of Cs-137 concentration and temperature.

The greatest accumulation of Cs-137 in fish will occur during periods of rapid growth, or
during periods with long biological half-life of the nuclide (for example due to low
temperature). An important factor for uptake of Cs-137, is potassium concentration, because
Cs-137 accumulates in fish muscle and plant tissue, due to its similarity to potassium
(Kansanen et al 1991, Kaminski in press). In oligotrophic lakes with deficiency of K+ ions,
studies have shown a higher accumulation of Cs-137 in fish muscle (Broberg & Andersson,
1991).

Cs-137 transport mechanism into the plant, is through the K+ channels which is driven by the
electrochemical K+ gradient or carrier mediated. It has been shown that freshwater plants
have higher uptake of Cs+ in external environments with low K+ concentration.(Fernandes, in
press). The pool of Cs-137 in the macrophytes will vary seasonally with growth rate of the
plants. Growing plants have a greater demand for Potassium and in autumn-winter the plant
material is broken down, and Cs-137 is released to the water.

2.2.3.2 Trophic status
The trophic degree of the lake affects the accumulation of Cs-137. It has been shown that,
during periods of high production in a lake, the Cs-137 concentration in the water is higher,
due to that bacterial activity in the sediments is higher and this increases the NR<+ production
in the sediment, which causes ionexchange between N H / and Cs-137 ions on sediment
particles (Kaminski, in press). During conditions like this and a high dynamic ratio of the
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lake there will probably be a greater loss of Cs-137 from a lake with higher production than
from one with lower.

Due to slower production and metabolism, lakes rich in humus and with low productivity will
retain Cs-137 in fishes for long time. In high production lakes there will also be a dilution
effect to the biota (Broberg & Andersson, 1991).

2.2.6 Lake Morphometry
The levels in biota are also affected by morphological features of the lake. In shallow flat
lakes the availability of Cs-137 for uptake and bioaccumulation will be higher than in deeper
lakes, since resuspension and mixing of the sediment occur to a greater extent in shallow flat
lakes (Meiliet. al, 1989).

Flatbottomed lakes and lakes with high sedimentation rate will get a more even distribution of
Cs-137 in the sediment, while lakes with steep slopes will get a focusing effect of Cs-137
towards the deeper parts. In lakes with a more complicated topography no clear patterns can
be seen. Lakes like that also have a great variation in processes like sedimentation and
resuspension within the lake (Broberg, 1994).

Bioturbalkm
Dtffiuion
Bacterial activity
Ion exchange

Figure 1 Different processess affecting Cs-137 distribution within a lake

2.3 Observations

2.3.1 Catchment
The freshwater catchments studied in this survey (Broberg & Andersson 1991, Malmgren &
Jansson 1992, Meili et al 1989, Appleby et al 1993, Kansanen et al, 1991 and Sundblad,
1991) received from 20 to over 100 kBq/m2 after the Chernoby accident. In the first instance
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primary load (deposition on lake surface) is of major importance, but in the long term
secondary load (inputs from the catchment) is of importance for doses to fish and thereby to
man (Bjornstad et al 1994).

The major part of the deposition was rapidly bound to the upper soil layer in the catchment
areas, because the main constituent of the fallout Cs-137 formed strong bindings to inorganic
matter like clay particles etc in the soil. Still, about ten years after the Chernobyl accident,
most of the Cs-137 fallout (both from Chernobyl and bomb fallout) is found in the upper ten
centimeters of the soil. According to an investigation in northern Sweden, in areas with
coniferous forest most of Cs-137 remains in the upper raw humus layer, while in arable land,
due to ploughing and fertilization, Cs-137 has penetrated down to about seven centimeters. In
bog areas the main part is in the upper sixteen centimeters of the soil horizon. The remaining
activity of radionuclide fallout of Cs-137 from Chernobyl, in different types of catchment is as
followes:

bogareas < arable land = podsol

In average 62 % of the Cs-137 deposited on bog areas, have been removed. However, in the
investigation there was a great dispersion and a tendency for drier bogareas to have lost less
Cs-137. A comparison between different areas showed that about 1 % / year has leaked from
bogareas and l%o/ year from other soils of deposited Cs-137 (Nylen, 1994).

Catchment areas, snow-covered at the time for deposition, contributed with a greater inflow of
Cs-137 into the lake, than catchment areas free of snow (Hammar et a/,1991). In some other
Swedish lakes leakage of Cs-137 from catchment areas was calculated to be between 0.6%-8%
of deposition, during the first year, while later in 1990 it varied between 0.007%-0.1% (NKS,
1991, Nyl6n, 1994).

In Lake Hillesjon the leakage during the first year was 0.65 % and in 1990 only 0.01% of
deposition. It has been calculated that the total loss of Cs-137 from the catchment area (1986 -
1991) was 8 % of the deposition (Sundblad et al 1991).

In Finland a correlation between size of bog areas within catchment and leakage to the lake
through inlet water has been found (Saxdn, 1994). This is interesting since peat and bogs are
often regarded as sinks, for other radionuclides e. g. U and Ra,. And catchments with large
areas of bog, have a slower decrease of Cs-137 in lake water and biota than areas with a high
clay content (Bjorstad et al, 1994).

A more rapid loss of Cs-137 in fibrous peatsoils have been found in the UK, while rankers
and amorphous peats loose smaller amounts and podsol the least. The investigator also
suggests that long -term remobilization of Cs-137 is a result of soil erosion and is mainly in
paniculate form (Hilton, 1993). Hilton et al 1993, suggests that all catchment soils with small
content of clayminerals, will give the lakes contributions of Cs-137 about 2.2% / year.

The leakage of Cs-137 from the catchment area varies seasonally. Not only the volume of
water increases during spring flood, but also the concentration of Cs-137 in the water
(Bergman et al 1993, Spezzano et al 1993). It is assumed that the quantitatively most
important transport takes place in the spring, however during autumn, with heavy rain and
decomposition of plant material there is also a significant inflow (Hongve et al 1994).

In UK investigations show that freshly deposited Cs-137 is transported at a higher rate, is
more mobile, from the catchment area than the older bomb fallout Cs-137 (Bonett&Appleby,
1993 and Hilton, 1992).
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The mobility of Cs-137 is also affected by ion concentration in the soil. In soils rich in organic
content, hydrated cations like Ca + and Mg + promote immobilisation of Cs-137 whilst poorly
hydrated cations like K+ or NH4 seem to inhibit Cs-137 immobilization (Walcke 1993).

2.3.2 Water
During the initial months after deposition, the Cs-137 concentration in unfiltered lake water
decreased very fast, with a half-life of about 50 days, compared to a half-life in 1990 of about
1500 days (Kulmala,1992). While the Cs-137 concentration in the water column decreased, it
increased in the sediment. In 1986 55-97% of the Cs-137, depending on the type of lake, was
found in the sediment. Today most of the Cs-137 (over 99% in most cases) is associated to the
sediment.

Water retention time is an important factor for of how much of incoming Cs-137 that will be
retained in the lake. Short water retention time does also affect accumulation in biota. Lakes
with long retention time and/or high hardness (Ca and Mg solved in the water) of water tend
to cause higher Cs-137 concentrations in inhabiting fish fauna (Broberg & Andersson, 1991)

In some lakes no net transport out of the lake has been observed (Meili, 1994). In lake
HillesjOn ten times as much Cs-137 flows out, by surface water, than flows in. In contrast lake
Heimdalsvattnet 45% of incoming activity was retained in the lake. This difference may be
due to different morphologocal features of the lakes like the fact that Lake Hillesjon (a very
shallow lake) has a high incidence of resuspension (BjOrnstad.ef. al 1994).

2.3.3 Sediment
The greatest pool of Cs-137 in the lake is in the sediment. When die deposition of Cs-137
occurred in 1986, it settled quickly to the sediment (Hammar et al 1991). It was mainly
attached to paniculate matter, like detritus and clay minerals (Andersson& Meili, 1994). It
settled with the highest rate in clear water lakes (Broberg, 1994).

In the Norwegian Lake Heimdalsvattnet it was found that Cs-137 in the sediment showed a
positive correlation with percent organic content (Hongve et al 1994).

In one lake, with higher proportion of inorganic paniculate matter in the sediment than the
other lakes, the biota showed lower activity. In this lake the Cs-137 was rapidly "scavenged"
by particles and settled to the bottom (Meili et al, 1989).

In anoxic sediments with high decomposition and high concentration of NH4, a peak in the
winter concentration of Cs-137 in the water has been observed. This seems to be a seasonal
process where, during summer, when the NH4 is used by plants, no peak of Cs-137 could be
seen, while during winter there is a peak (Kaminski in press).

In some of the studied lakes the major part of Cs-137, in 1987 was bound to chemically
instable fractions. Since then the isotope has bocome bound to more stable associations in the
sediment. The highest concentration of Cs-137 is found in the low molecular fraction of the
sediment, which only contributes with 1% of the material that settles. The major part is
associated to the more coarse particles, with lower tendency to resuspension (Broberg, 1994).

The accumulation of Cs-137 in lake sediment, differs in magnitude between lakes. In some
lakes the mean area specific actvity (Bq/m2) of Cs-137 in the sediments has increased during
the years after deposition and now exceeds the amount of Cs-137 deposited on lake surface of
(Ilus et al, 1993, Kansaaneen et al, 1991, Malmgren & Jansson, 1991, This report chapter 3).
However, there are also lakes showing mean area specific activity similar to deposited activity
of Cs-137 (Broberg &Andersson, 1991, Meili et al, 1991).
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In some Scottish lakes, the sediments inventory of Cs-137 has also increased significantly
during a 5 year period after the Chernobyl accident. It has not exceeded the estimated
atmospheric fallout on the lake surface though. These lakes appear to have a fairly constant
sediment accumulation rate (Appleby et al, 1993).

The geographical location of the lake does seem to affect the accumulation of Cs-137 within
the aquatic system, with higher accumulation in lakes situated at higher latitudes (Figure 2).
The size of the catchment area is also an important factor for accumulation in sediments.
When comparing inventories of Cs-137 in lakes normalized to initial Chernobyl deposition
(Figure 2), Lake Oretrask, with greatest catchment area has the highest normalised inventory
of Cs-137.

In Lake Eastwaite and Round Lake of Galloway in United Kingdom the normalised sediment
content of Cs-137 is much less than in the Nordic lakes (Appleby et al 1993). This implies
that there is a slower transport of Cs-137 to the sediments in lakes situated further south.

Normalized

inventory

Lake Vesijaryi

Lake Paijanne

Lake Siggeforasjdn

Lake Flats)

3 Normalizec

inventory

64

20

10
Longitude

Lake Eastwaite

Figure 2
Comparison between the normalised inventory (mean sediment inventory Bq/m2 / mean
estimated initial deposition Bq/m2) 1989 of the lakes, Hillesjon, Flatsjo'n, SiggeforasjOn,
Ekbolmsjon, Vesijarvi, Paijanne, Oretrask (1991), Round Lake of Galloway and Lake
Eastwaite related to their geographical site.
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2.3.4 Biota
The inflow of Chernobyl Cs-137 occurred at a time of circulation and high production in the
lakes, which contributed to the rapid uptake in biota. In the beginning of the deposition, large
amounts of Cs-137 were accumulated by phytoplankton, zooplankton and plankton feeding
fishes, today transport of Cs-137 by detritus, benthos and predatory fishes dominates
(Hammar et al 1991).

Organisms at lower trophic levels reached their highest concentration of Cs-137 during the
first growing season after deposition, while fisheating species reached their highest value one
or two years later (Meili et al, 1989, Hammar et al 1991).

2.3.4.1 Fish
Studies have shown a positive correlation between the initial transfer of Cs-137 to fish and
water retention time. Factors like hardness of the water, potassium concentration and ion
strength have shown a negative correlation, but to a lesser extent (Andersson & Meili 1994).

In spite of this connection between potassium in the water and uptake of caesium, in vitro
experiments with roach showed no difference in caesium uptake depending of the
concentration of potassium in the water (Hammar et al, 1991).

Fish who feed on plants, zooplankton and benthos did all reach their maximum values of Cs-
137 in the year of the deposition. After 1986 the concentration declined, to 9-42% of the
maximum value in 1990 (Hammar et al, 1991).

The smallest perch, whose dominating food is zooplankton, reached their maximum values of
caesium already in July-August 1986, followed by a rapid decrease to 23-31 % of maximum
values at the end of 1987. Following years the decrease was slower, and in 1990 the
concentrations of Cs-137 was 7-17% of the maximum (Broberg & Andersson 1991).

Medium sized perch, which mainly eat benthic fauna, reached their maxima in August-
November 1986, the followed by a decrease to 17-27% in 1990 (Broberg & Andersson 1991).

Large perch, their main food being other fishes, had a maximum in May-August 1987 and in
1990 the concentration of caesium in fish muscle was still 38-46% of the maximum value
(Broberg & Andersson 1991).

The top predator, Pike, obtained maximum concentrations during June 1987-April 1988. The
values of pike were only 60-80% of the maximum values obtained in big perch. The decrease
in the largest pikes (> forty centimetres) was slow. Still in 1990, 56-68% of maximum values
remained (Broberg & Andersson 1991, Hammar et al 1991).

In Norway a similar pattern has been reported. All fish species showed a rapid increase in Cs-
137 concentrations during 1986, but while Roach and small Perch had concentrations that
slowly decreased during 1987-1988, big Perch and Pike kept high concentrations and obtained
maximum values in 1988 (Bjornstad et al, 1994?)

2.3.4.2 Benthos
Living benthic organnisms constitute of the smallest compartments of Cs-137 in lakes, The
major Cs-137 compartment is particles. Among the benthic fauna the highest measured levels
of Cs-137 were found in Asellus aquticus (Broberg & Andersson 1991).
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2.3.5 Plants
In May and June of 1986 macrophyte parts, in direct contact with water, had the highest
levels of Cs-137, partly due to uptake in the plant and partly to high levels in detritus and
algae on the plant surface. In one investigated forest lake the total activity in macrophytes was
less than 0,1% of the total deposition pulse. In another lake the total activity in macrophytes
constituted of 1,7-2,2% of total Cs-137 deposition. This difference could be due to different
dominating plants, which showed different activity. The plants also grew in different sediment
types, something that could also be of importance. In 1990 the levels in macrophytes had
decreased to 5% of maximum values (Broberg & Andersson 1991).

Transport of Cs-137 in plant derived coarse paniculate matter (CPOM) is of major concern in
Nordic lakes. Trough CPOMs rapid accumulation in the invertebrate foodiink it is a major
source of Cs-137 in lakes. In mountain- and forest lakes the transport of CPOM is greater
than in lowland lakes (Dahlgaard et al 1994).

Biogenic calcite formation, covering macrophytes inhabiting a lake, will also accumulate Cs-
137. In a Dutch lake it contained of 3-5 % of the Cs-137 pool within the lake (Kaminski, in
press).

2.3.5.1 Plankton
After deposition Cs-137 was rapidly associated to the plankton, but the concentrations were
yet only a tenth of the levels in dissolved matter. The concentration of Cs-137 in plankton
declined quite fast to a stable low level, with a slower decline in more humus rich and shallow
lakes. Plankton levels of Cs-137 in lakes with the smallest deposition were 7-8% of the
maximum value and 16-19% in lakes with the biggest deposition Broberg &
Andersson.1991).

2.4 Conclusions
The lake type most sensitive to radioactive fallout will be a lake with high incidence of bog in
the catchment, low pH of the catchment soil, smaJl incidence of clay mineral, long water
retention time and low productivity. Deep lakes with high sedimentation rate, low mechanical
or biological mixing, high proportion of inorganic matter in the sediment and catchment, will
have the lowest concentrations of caesium in biota.

The most common Swedish lake, the nutrient poor forest lake, characterised by low
productivity, will probably obtain higher Cs-137 concentrations in predators and preys
compared to clear water lakes and eutrophic lakes. Higher nutrient concentration will give a
more rapid growth at all trophical levels, which could lead to a biological dilution and lower
the concentrations of Cs-137 in the organisms. Despite lake type, the upper links of the food
chains within lakes, that is predator fishes like big Perch and Pike, will retain high
concentrations of Cs-137 for the longest time and have the slowest decrease. Increased
eutrophication will also contribute to a decreased uptake in biota, because a greater part of the
Cs-137 will be bound to detritus, from which fish only take up about 3% (Hammar et al,
1991).

The fact that bog areas are responible for the major leaking of Cs-137 from catchments to
lakes has been explained by Nyl6n (1994). His hypothesis suggests that Cs-137 in the water
reaching the lakes during the later phase of a fallout, will vary depending on which aquifer
engaged at the moment. During the period when the upper soil horizon (with higher levels of
Cs-137) is saturated with water it will contribute to the leakage, and during dryer periods
when a deeper aquifer is engaged they would not be in contact with contaminated soil and
therefore contribute less to leaking of fallout.
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3 Bioturbation
The circulation of contaminants from a benthic ecosystem to other parts of the aquatic system
is ruled by the following processes (Reynoldson, 1987):

Bioaccumulation
Trophic transfer
Migration of organisms between contaminated and
uncontaminated areas.
Biodegradation
Bioturbation

Bioturbation is defined as mixing of sediment through activity of digging organisms. Even the
digging of big decapodes, some fishes and birds could be included in bioturbation. In lake
sediments it is mostly invertebrates like oligochaetes, larvae of insects, crustaceans and
bivalves, which are responsible for the bioturbation. Several other organisms will also take
part but to a lesser degree (Petr, 1977).

Bioturbation by macrobenthos will play an important role, through their burrowing, feeding,
locomotion and excremental activities, in mediating both physical and chemical processes
near the sediment-water interface. In freshwater environments tubificid oligochaetes and
chironomids are important agents of bioturbation by their life habit, widespread distribution
and high population densities. Tubificids eat the deep sediment and excrete it on the
sediment-water interface. Chironomids are mainly filterfeeders and will dig channels in the
sediment, in which the walls are covered by a fibrous secretion. (Matisoff et al, 1985). These
channels will increase the surface of sediment.

Bioturbation will affect the sediment/water in the following ways:

Transport of sediment particles
Transport of pore- and overlaying water
Changing of sediment structure
Adding of reactive substances

These activities increase the diffusion rate in the porewater and overlaying water, increase the
oxygenated depth in the sediment and increase mineralisation (Petr, 1977).

Chironomids have been shown to speed up the release of ammonia, phosphate. Lithium,
silicate, Cupper, Iron and Manganese from lake sediment to the water (Matisoff et al, 1985
and Krantzberg & Stokes 1985). Through their burrowing activities and pumping of water
they increase the redox potential of the sediment. Through their respiratory movements they
increase the contact between pore water with higher concentration of dissolved substances and
overlaying water with lower concentrations, which speeds up the diffusion rate. They will
increase the turbidity of the overlaying water (Petr, 1977). Their flushing of the water will
also increase the release from the sediment of high molecular acids (like fulvic and humic)
which, results in increased pH (Kratnzberg, Stokes, 1985). Some species of Chironomids eat
sediment and thereby increase the mineralisation rate (Graneli, 1979).

Bioturbation will maintain the exchange between contaminated sediments and overlaying
water, which means that it will delay the recovery of contaminated freshwater systems
(Robbins, 1982).
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Experimental studies
Lake Hillesjon, is used as a reference lake when developing models of long-term transfer,
risks and doses of radionuclides in aquatic ecosystems..

4.1 Material and methods
Besides sampling of sediment for analysis of Cs-137 and the bioturbation experiment
(described later), the density of chironomid larvae was determined through sieving (0,5 mm
sieve) of sediment collected with a Kajak corer, diameter=84 mm. Lake water was sampled
and the Cs-137 concentration was determined after concentrating the water wolume through
boiling (Cs-carrier was added to the water while sampling).

4.1.1 Description of lake Hillesjon
Lake Hillesjon is situated in the middle of Sweden, in the Gavle area. The lake has been
sampled for fish-, sediment-, water-, etc since the Chernobyl accident in 1986. This area
received one of the the highest depositions reported, about 100 kBq/m2. It is a small lake
surrounded by a catchment mainly consisting of coniferous forest and partly by open land and
bogs.

Lake Hillesjon is a shallow eutrophic lake with most of its bottom covered with vegetation like
watermilfoil, reed and waterlilies. The fish community is dominated by Roach, but Perch,
Pike and others are also common. The sediments have an average chironomid population
density of 530 ind/m2.

Table 1 Geographical data of Lake Hillesjon.

Parameter
area
mean depth
max depth
volume
max length
dynamic ratio of the water
longitude
latitude

Value
1.6 km1

1.7
3.1
2.7 Mm3
3.4 km
0.74
17.12E
60.45 N

4.1.2 Distribution in sediment of Cs-137

4.1.2.1 Sampling
Sediment cores were sampled, with a Limnos corer (figure 3), at tree different sites, station 3,
station 2 and station 2B (figure 1) (two cores at each site ) in lake Hillesjon. The sediment was
sliced into two centimetre segments, down to a depth of 28 cm. The content of Cs-137 were
analysed at SLU, Uppsala, Sweden.
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Figure 3 Limnos Corer

4.1.3 Bioturbation
Chironomids were chosen for the bioturbation experiment, since they dominate the benthic
fauna in lake Hillesjon.

4.1.3.1 Chironomids
Chironomids are members of the Diptera, Nematocera and their closest relatives are the
mosquitos. This chironomidae are wide spread all over the world, mainly with its larval stages
in the aquatic environments. The main part of their lifecycle consists of the larval phase. This
may last from a couple of weeks to over 2 years in some Nordic species. The adult phase,
which only mission is to reproduce and spread the species, lasts from a few days to a couple of
weeks. The adults do not eat and all energy to complete the lifecycle comes from the larval
phase. Most of the temperate species have one or two generations per year. The eggs are laid
on the water surface and the larvae develop on the lake bottom. After 4 changes of larval
stage, they will pupate and leave the lake as flying adults (Mccall, Tevesz)."

Chironomid larvae can be either deposit feeders, grazers, predators or scavengers. Their final
size is mostly between 1-2 cm and the population density may vary between
10-10* 104 /m2. They are sedentary but could be mobile. Their activities does mainly take
place below the sediment surface (Berton Fischer). Chironomids have been found as deep as
lm in the sediment of a lake, but the density below IS cm is in most cases negligible. Often
they tend to be distributed in the uppermost 5 cm of the sediment (Petr, 1977).

4.1.3.2 Sampling
From the same site (Station 3, see fig 1) in Lake HillesjOn , 10 sediment cores were collected
with a Kajak-corer. The sediment was kept in the Plexiglas cores and frozen to kill all living
organisms. Five of the sediment cores were incubated, with mixed Chironomid larvae, of the
taxa Chironomine and Tanypodine, in different amounts: 5,10, 30, 50 and 100. The
Chironomids were collected in Lake Trqbbofjarden. The other five cores were incubated
without larvae.
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4.1.3.3 Experiment
During the incubation the sediment cores were kept at about 6 C, and supplied with aerated
tap water with a temperature around 12 C. The flow of water was about 30ml/min in each
core. After 33 days of incubation all cores were sliced in 1,5 cm slices, weighed and the
number of surviving Chironomid larvae was determined through sieving of the sediment
through a 0,5 mm sieve. After sieving, the sediment was dried at 105 C for about 48 hours
and the sediment was analysed for Cs-137, at SLU, Uppsala.

4.2 Results

4.2.1 Depth distribution of Cs-137
Cs-137 remains in relatively high concentrations in the upper (5 cm) layers of the sediment.
There also appears to have been a significant redistribution of the sediment (and Cs-137),
within the lake, with a focusing effect towards the outlet (figure 4 & 5).

N

Figure 4
The sample stations in Lake Hillesjon, inlets and outlets.
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Table 2
Concentration of Cs-137 in sediment at the different sample stations in lake HiUesjon.

Station Mean kBq/m2 s.d.

3
2b
2

159
203
312

95
56
28

Station 3 Station 2b Station 2

Dtflh .

10

IS

20

25

25

Depth cm Depth cm

1 =159 kBq/m' I =203 kBq/m1 £ =312 kBq/m'

Figure 5
Depth distribution of Cs-137 in the sediment at the sample stations in Lake Hillesjon, sampled
with a limnos corer, two cores at each station.

There seems to be a increase of the Cs-137 content of the sediment over the years from 1986
to 1993 (figure 6). This increase could not be explained by the concentration of Cs-137 in
inflowing surface water, because there is a net loss of Cs-137 from the lake through
outflowing water (figure 7).
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Figure 6
The mean inventory/year nonnalised to mean deposition 1986 of Cs-137 in lake Hillesjon
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Figure 7
The total amount Cs-137 in Bq/year, arriving and leaving through inlet and outlet water, in
lake Hillesjon.

The limit within the sediment below which 50% of the Cs-137 is situated seems to have
varied since 1986, at the same station (figure 8). This indicates that the sediments of Lake
HillesjOn to a great extent is subjected to redistribution.
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Figure 8
Changes of the depth at which 50 % of the Cs-137 is distributed over and beneath, at station 3
in lake HillesjSn.

4.2.3 Bioturbation
Only 6 of the 10 sediment cores could be used for analysis. The small sample size makes it
hard to draw any conclusions and the material is not big enough to be analysed statistically.
However, all sediment cores, in the experiment, show a loss of Cs-137 compared to sediment
sampled at station 3 in Lake Hillejon (table 4). The loss of Cs-137 seems to be greater in cores
with chironomids compared to the controls especially in the uppermost centimetres (figure 9
and table 4). A student -t test gives a P value of 0,06 and indicates that there is a tendency for
greater loss of Cs-137 in cores with chironomids.

The depth distribution of chironomids in the sediment cores showed no clear pattern (table 3),
except that in the core with the largest number of Chironomids they had the deepest
distribution, probably caused by overcrowding.

Table 3
Distribution with depth, in percent, of the chironomids in the different sediment cores.

Depth cm

0-1.5
1.5-3.0
3.0-4.5
4.5-6.0
6.0-7.5
7.5-9.0
9.0-10.5

Core 1 <400/m2)

50.0
50.0
0.0
0.0
0.0
0.0
0.0

Core 2 (1000/m2)

33.3
0.0
0.0
0.0
33.3
0.0
33.3

Core 6 (3000/m2)

31.3
31.3
18.8
18.8
0.0
0.0
0.0

Core 10
(7200/m2)

15.8
5.3
23.7
15.8
18.4
13.2
7.9

Karin Aquilonius/95-6-19



18

Table 4
Inventory and loss of Cs-137 in the sediment cores of the bioturbation experiment (Sampled
with Kajak corer) compared to the sediment at station 3, mean values and standard deviation.

Station 3*

Control

Core 1
Core 2
Core 6
Core 10

Sample
size
2

2
1
1
1
1

Inv. of Cs-137 down
to 10 cm (kBq/m2)

136±60

82±27
50
53
67
58

Chir.
larvae/m
-

0
400
1000
3000
7200

Total loss of
Cs-137kBq/m2

-

55±27
87
83
70
79

Loss of Cs-137
kBq/ m and day
-

l,7±0,8
3.9
2,5
2,1
2,4

* Sampling with a Limmnos corer

4000
Bqlm^day Larvae/m2

8000

control Corel Core 2 Core 6 Core 10

Fi
gure9 2

Loss of Cs-137 /m , day and larvae/core.
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The distribution of Cs-137 in control cores looks different from the cores with chironomids in
(figure 10).
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Sin 3
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Figure 10
The distribution of Cs-137 with depth (down to 10 cm) in sediment cores used in experiment
compared with Cs-137 at station 3.
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5 Conclusion
There is great horizontal variation in the sediments of Lake Hillesjon and most probable in all
other lakes as well. This makes budget calculations etc, based on sampling which does not
cover the whole lake very hard to interpret, since the sampled stations not are representative
of the lake sediment. The bottom of lake Hillesjon is subject to resupension and transportation
of sediment which causes an activity gardient towards the outlet

There seems to be an increase of Cs-137 in the sediments (figure 6), despite the fact that there
is a greater outflow of Cs-137 than inflow (figure 7) in studied surface water (Bjornstad ei at
1994). Since the concentration and volume varies seasonally (Bergman, 1993, Spezzano et al
1993,), the time for sampling could be critical when making calculations for the whole year.

Studies of Cs-137 from the bomb fallout in the sixties implied that after about ten years from
deposition there is an increase in the leakage of Cs-137 through ground water (Bergman,
1993). The inflowing groundwater in lake HillesjOn has not been sampled during recent years.
To understand its impact on Cs-137 levels in the lake has to be thoroughly studied. Since the
Cs-137 content seem to increase in the lake sediments there could be some unknown source of
Cs-137 leakage into the lake.

In the bioturbation experiment, sediment cores from the same sample station (station 3) were
used, despite that, there was a great variability in Cs-137 content which made any results very
uncertain. However there was a significant loss of Cs-137 from all cores, between 60 kBq-112
kBq/m2 with higher losses from cores with larvae (P=0,06, t-test), but further studies are
needed to confirm the effect on increased leakage of Cs-137 from sediment to water due to
Chironomids.

The release of phosphorus and organic nitrogen from lake sediments have been shown to
increase linearly up to Chironomid densities of 1100-2200/m and phosphorus release decrease
with higher densities (Fukuhara, 1987). This could be the explanation for the decreasing loss
of Cs-137 with chironomid densities over 1000. In lake HillesjOn the density of chironomids is
of the size that it could contribute to the leakage of Cs-137 from the sediment, but further
experiments are needed. However since there is no decrease of Cs-137 in the sediments of
lake Hillesjon the loss due to bioturbation is probably neglible.

The differences in distribution patterns of the Chironomids in the cores, could be due to that
two different taxa where used (Chironominae and Tanyponiae). Competion between taxa may
induce that they prefer different depths, unfortunately the taxa was not determined when
sieving for the Chironomids in the sediment slices.
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