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INTRODUCTION 

The project aims at quantifying the physico-chemical mobility of radionuclides in soils. 
and sediments, and the biological transfer to fish. The main focus of the project is on 
radiocaesium from the Chernobyl accident in Nordic (softwater) lakes. Much of the 
project is based on a compilation of data and models covering comparatively large 
scales of time (10 years) and space ( lo6 km2). 

The recovery of Nordic lake ecosystems from contamination by Cs- 137 originating 
from the Chernobyl accident is gradually slowing down. At at the same time as lakes 
vary widely in susceptibility and recovery rates. Accordingly, ecological "half- 
iives" are gradually increasing and cannot be treated as constants, over neither time nor 
space. 

The main purpose of this project is to quantify such "half-lives" in different types of 
landscapes of the Northern countries, and to assess the relative importance of various 
Control mechanisms. Such knowledge is necessary, since empirical knowledge may 
not be sufficient for an efficient radiation protection. For example, although it has long 
been known that the highest concentrations of 0-137 in fish usually are found in 
softwater systems, liming of lakes after the Chernobyl accident did not result in any 
discernible reduction. 

In lake ecosystems, the initial dynamic phase of contamination and equilibration after 
fallout of Cs-137 lasts up to five years and appears to be Iargely ruled by biological 
processes. After that, Cs-137 activities in fish approach a "steady" state, with a slow 
decline that is probably controlled by continuous secondary inputs of 0-137 into 
the lakes and their food webs. The most likely sources are the loss of Cs-137 from 
land to water (external) and the recycling of 0-137 from sediments (internal). 
While fiuxes and abiotic concentrations of Cs- 137 decline, Cs- 137 present in the 
system also appears to become less and less bioavailable. 

Sr-90 is less frequently studied, but more mobile than Cs-137, and will be included in 
our project. Due to the scarcity of data, comprehensive models can only be validated to 
a limited extent by stepwise comparisons with Cs- 137. 

In the following, all subprojects are presented with their background, their main 
achievements 1994-95, and their plans for 1996-97: 

LONG TIME SERIES OF CS-137 IN FISH 
A. MODELS AND MAPS OF LAKE SUSCEPTIBILITY TO FALLOUT 
B. 
C. 
D. 

LOSS OF CS-137 FROM LAND TO SURFACE WATERS 
SEDIMENTS AS A SECONDARY SOURCE OF CS-137 TO FISH 
BIOAVAILABILITY OF PARTICULATE CS-137 TO INVERTEBRATES 

OTHER PLANS 
RELEVANT REPORTS BY THE PROJECT PARTICIPANTS 
DATA SOURCES AND OTHER RELEVANT REFERENCES 
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LONG TIME SERIES OF CS-137 IN FISH 

In order to identify and quantify processes controlling the temporal development of Cs- 
137 concentrations in fish, and to calibrate prognostic models, it is crucial to have 
access to long time series of observational data from differing systems. In this project, 
we are highly dependent on such time series. However, such data are increasingly 
rare, as many authorities have drastically reduced or abandoned their Chernobyl 
monitoring programs since 1990. We therefore urge authorities to continue 
monitoring of Cs-137 in fish in selected lakes that differ widely in biogeochemical 
characteristics, and in lakes where long time series already exist. 

From the few data available, it is evident that a change in the processes controlling the 
contamination of fish has occurred, typically around 1992. One of the possible reasons 
(see also below) may be the depletion of Cs-137 in wetlands, which have constituted a 
major source of Cs-137 to lake ecosystems during several years. Another possible 
reason is the gradual burial of Cs- 137 in lake sediments. 

In order to calibrate our models being developed, we have started to compile available 
data (preferably long time series) on Cs-137 in fish, although this was not included in 
our initial plans. A particular problem is the striking scarcity of available data on the 
contamination of fish in Norway, where freshwater systems are comparatively poor in 
electrolytes, nutrients and organic matter. Accordingly, these lakes differ from the 
forest lakes dominating in Sweden and Finland where wetlands and humic waters are 
common. We will also try to obtain data from Denmark, where freshwaters usually 
are characterized by a strong influence of agriculture and a prevailing sedimentary 
bedrock (high nutrient and particle concentration). 
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A. MODELS AND MAPS OF LAKE SUSCEPTIBILITY TO FALLOUT 

Relatively soon after the Chernobyl accident, it was possible to present a map that pointed 
out areas with a high frequency of lakes that were specially sensitive to high levels of 
radiocesium in fish due to Chernobyl fallout (Håkansson et al., 1988). That early lake 
sensitivity map was based on the empirical negative relationship between ionic strength and 
Cs-137 activity in fish and the geographical pattern was derived from the average ionic 
strength of lake waters. With increased knowledge about the causal processes behind that 
empirical relationship, it is now possible to separate different components and what 
geographical variation they may have. One model that have been developed within the 
frames of IAEA is the VAMP-model, a model that predicts the Cs-concentration in lake 
water and predatory fish using nine components meant to increase the predictive capacity of 
the model. Some of these components are also realistic to use as a base for Nordic maps 
describing the transfer of fallout to fish while others are not. The two components that we 
have put special emphasis on in this Nordic project are the transport of Cs- 137 from the 
catchments to the lakes and the internal loading from sediments, which both are crucial for 
the long-term temporal developmentof Cs-137 in water and fish. At this stage we have not 
focussed on any temperature or food web induced geographical variations in the transfer, 
but such components could be included in a latter stage of this programme. 

According to the plan, we have conducted an overview of accessible data on fallout and 
limnology within the Nordic countries. In Sweden, where a comprehensive database on Cs- 
137 concentration in fish and water already existed, the first maps and related models that 
describe the geographical variation in the transfer of radiocesium from fallout to water and 
fish have been produced. Besides data on fallout and limnological characteristics these maps 
are based on data on soil type and vegetation which have been sampled and compiled within 
the framework of the Swedish National Forest Inventory. The same methodology will then 
be applied on data from the other Nordic countries. 

A problem for the future seems to be that the monitorhg of Cs- 137 in lake water and fish 
has been stopped in many fresh water ecosystems during the last few years, and it is not 
within the economic frames of ECO-2 to continue monitoring programmes. This is a 
problem from a radioecological aspect and will give a lack of data for validation and testing 
of models. However, there are freshwater systems in Finland, Sweden and Norway that 
have continuous data series on Cs-137 in water and fish and some of these results are 
shown in this report. 

Transfer from soil to water 

A database including a broad set of pararneters describing the geographical variation in soil 
and vegetation characteristics and lake water chemistry has been compiled in Sweden. A 
fundamental problem in geographical analysis of such large data sets, is the variable 
distribution for different parameters, basic water chemistry is available for 6000 lakes and 
many soil and vegetation parameters are available for an even denser grid, major chemical 
constitution of mineral soils is analysed in almost 2000 stations, while data on radiocesium 
in water and fish is much less frequently analysed and also unevenly distributed. 

However, Figure 1 illustrates that several, partly overlapping geographical pattems could be 
identified for different parameters of interest, e.g. in large areas of the eastern parts of S .  
Sweden there is a high frequency of soils dominated by clay and silt, a low frequency of 
peaty soils, low C:N ratios in the humus of forest soils and also a high concentration of base 
cations in lake water. The opposite picture for these parameters is observed in the NE parts 
of S. Sweden and the central parts of N. Sweden. 

According to the results from our soil and runoff studies, one possible method to calculate 
how the transfer of radiocesium from soil to runoff water is geographically distributed would 
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be to use the relative frequency of vegetation such as crowberry, wortleberry and heather on 
peaty soils. These species indicate drier conditions typicai of bogs and bog components of 
mire complexes, and thus, a low frequency on mires would indicate fens or fen dominated 
mire complexes. Another approach even more in h e  with our field data was to let the . 
frequency of areas with high transfer being based on the relative frequency of mires and the 
wetness classification in field in 4 classes depending on distance to ground water surface. In 
this way the frequency of mires with wet conditions (WET=ground water level at or close to 
soil surface) and other mires with drier conditions @RY) was calculated for each geographic 
unit (here municipalitites). A simpified model based on the transfer from 3 different soil 
compartments was applied (Eq. i), see next chapter for details on basic theory. 

Based on field data, the Cs-137 inventory on mires in June 1986 was already reduced to 
about 56% of the initial failout deposition (I8606mire = 0.56 401, I(0) = 1). For whole 
catchments, this initial loss can be described as a function of the original deposition and the 
fraction of "wet" and "dry" wetlands: 

The relative loss over time during the following years was calculated as 

based on an annual loss from "wet" and "dry" wetlands and from upland soils of about 
25%, 2% and <0.03%, respectively, and a physical deacay of 2%. The annual loss of Cs- 
137 was calculated for each geographic unit according to Equation (i), using a yearly 
resolution. Figure 2 shows maps of Sweden, giving the resulting relative loss of initial 
fallout at some different points in time. In this approach we have chosen a constant value for 
the loss from mineral soils, 0.3 per mille year-', this value is probably not a constant but 
rather a variable depending on e.g. the clay content of mineral soils and the hydraulic 
conductivity. However, it seems unlikely that the variation in this low loss would affect the 
general loss pattem during the first 10 years after the fallout that could be seen in Figure 2. 
The initial loss during spring 1986 was very high, > 1% in large parts of Sweden and >6% 
in large parts of northem Sweden. Also during the first year, the loss was above 0.5 % in 
many areG that largely is in accordance to the areas with the highest initial loss. The map 
picture is than gradually changing due to that the most easily Ieachable stores have been 
emptied, but still after 10 years the highest areal losses could be found in areas with a high 
frequency of mires. With this geographical resolution (might be locally higher) the yearly 
loss, at the time being, never comprises more than a few per mille of the initial fallout. 

As the deposition is fairly well known, it is also possible to estimate the absolute loss in 
each geographic unit, Figure 3 shows the integrated loss during the period after spring 1986 
until 1993, Most areas have had a loss below 150 Bq m-2 during these years, but the loss 
was above lo00 Bq m-2 in areas that combine a fairly high deposition and a high loss 
capacity. 

In order to verify the generality of our results, we performed a test of our model on data 
from 22 other European catchments where information on deposition, runoff and basic 
catchment characteristics were available and 0-137 in water have been measured for at least 
5 years. All these streams and rivers show a decreasing activity with time but they differ in 
amplitude and dynamics. It was a good agreement between the observed and modelled, time 
integratedloss for the period 1987-1993 in smal1 streams and brooks, while the observed 
loss from 11 larger Finnish catchments (rivers) was significantly lower than model 
predictions. This test clearly verified the importance of mires for the loss but also 
supportsed the value used for the loss from other soils. The overestimation of the loss 
through rivers could be due to a retention within lakes and river pools aiong the river 
course. 
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Figure A l .  Maps showing the geographical variation within Sweden of A/ potassium 
content in mineral soils, B/ carbon in humus layer of forest soils, C/ average concentration 
of Ca+Mg in lake water, D/ relative frequency of peat and peaty humus layers, E/ relative 
frequency of soils dominated by clay or silt. 
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Figure A2 Geographical variation in theloss of (3-137 in relation to fallout during first 
month (A), year 1 (B), year 5 (C) and year 10 (D) after Chernobyl failout. 
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Figure A3. Integrated loss of Cs-137 during the period 1986 to 1993 ( f  irst month 
excluded). 
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Transfer to fish 

The most comprehensive measurements of several fish species within the same system have 
been conducted in Lake Paijiinne and Figure 4 shows the temporal variation for different 
fish species. It is interesting to note that the activity of Cs-137 not only in non-pescivores 
such as small perch, roach and whitefish but also in pescivores seems to have reached an 
"equilibrium level" during 1993 to 1995 from which the mean activity even could increase 
during certain years depending on high runoff. This is a temporal pattem which has been 
observed also in stream water and lake water and which also could be predicted theoretically 
from a combined loss and lake process model. A similar temporal development is observed 
also in trout and Arctic charr from Lake Storsjouten. 

According to Rowan & Rasmussens (1994) interpretation of non-Chernobyl data and the 
range of potassium concentrations in Nordic lake waters, the bioaccumulation factor 
(BAF=Cs-137 in fish (fresh weight):Cs-137 in water) to non-pescivore fish would be in the 
range 1000 to 7000 in most Nordic lakes, while BAF should increase by a factor of 2 for 
each trophic level. Empirical and predicted concentration of Cs-137 in lake waters and small 
perch with a constant BAF (4100) using catchment transfer according to Eq. 1 and a lake 
model based on water retention and sedimentation is shown in Figure 5. Thus, according to 
empirical data from Swedish softwater lakes, the bioaccumulation factor to the mainly 
zooplankton feeding small perch seems to have stabilized around 4000 since 1988/89, while 
the accumulation to pike was about 4 times higher in 1992. Until 1995 the activity in pike 
has probably decreased to a level closer to the activity in small perch but the available data 
are too scattered to draw any definite conclusions. 

The bioaccumulation factor to lake trout and arctic charr was usually ranging between 10000 
and 2oooO without any definite temporal trend during the first 6 years after Chemobyl but 
was occasionally higher or lower depending on food choice and temperature climate. Arctic 
charr has generally lower BAF than the lake trout, but in lakes where these fish species are 
feeding on zooplankton they have BAFc10000, i.e close to the values for small perch, and 
occasionally, depending on food choice the values for trout could be below arctic charr. 

In a statistical approach similar to the one used to obtain the early map showing lake 
sensitivity to Chemobyl fallout, the transfer coefficient from fallout to fish at a certain time 
was calculated. However, not only water chemistxy and lake morphometry were tested, but 
also soil and vegetation parameters. The statistical and graphical analysis were based on 
mean values from a grid (50*50 km) instead of lake mean values. Using this approach, the 
content of potassium in the C-horizon was the parameter that gave the highest correlation 
coefficient (-0.43) with TCfish87. Significantly negative correlations were also obtained 
with the concentration of Ca+Mg in water and total ionic strength. The negative relationship 
between TC and potassium content of soils is well in accordance to the suggested 
explanation of the causal relations behind the statistical correlation of TC to the 
concentrations of base cations in lake water. Namely, that the concentration of base cations 
partly is related to the content of clay minerals, resulting in a larger relative sedimentation of 
radiocesium in the lakes and a higher retention in surrounding soils. The intercorrelation 
between K in soils and other soil paramters affecting the transfer from soils (e.g peat 
frequency) could also contribute to the observed statistical relationship. A positive 
correlatiori between the content of calcium in soils and TC was observed, which supports 
the earlier suggested hypothesis that the relation between ionic strength in lake water and TC 
would not be valid in areas dominated by calcite or dolomite. 

Figure 6 gives an example of a predicted map of the transfer of fallout to fish using a single 
soil parameter (K) for prediction of the transfer (TC). In this case the time integrated transfer 
to pike according to Equation 2. We have not considered any geographical bias in the mean 
hydraulic residence time of lakes which certainly would change the picture, as it is the single 
most important parameter when explaining the transfer of fallout to fish in specific lakes. 
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where Fpike(tmax) is the integated transfer until the time when the maximum transfer 
coefficient TC(tmax)wU reached. Based on the average temporal development of the Cs- 
137 content in pike as related to perch (Andersson et al., 1990 and AnderssontkMeili, 
1994), Fpike(tmm) was formulated as Fpike(tmm) = 2.1 * TCperch87 and Teco = 4 år. 

A more detailed knowledge on the geographical variation in hydraulic residence times of 
lakes would be of great interest for the future as a loss model must be combined to a lake 
model where hydraulic residence time is a key parameter. Such a mixed runoff-lake model 
would make it possible to predict geographical and temporal variation of lake water 
concentration of Cs-137 in much more detail and with higher degree of precision than 
existing models and maps. At this stage it is possible to present map predictions like the map 
in Figure 6 which instead of a statistical relationship could be based on a combined loss and 
lake process model. This can be reached by using geographically constant residence times 
(e.g. 1 yr) or scenario maps, letting each map represents lakes with a certain residence time. 
However, each such map could give a very divergent geographical pattern from the true 
pattern if there exists large differences in hydraulic residence times between different 
regions. 

Concluding remarks and future activities 

An important and interesting question for the future is , how accurate the observed 
geographical variation in lake sensitivity related to Chernobyl fallout would be in another, 
hypothetical fallout situation. It is not possible to definitely answer this question, but it is 
possible to relate the geographical variation to fundamental physical, chemical and biological 
factors that regulates the retention in soil, turnover and retention in lakes and transfer from 
water to fish. Thus, it also seems likely that the major geographical variation in the transfer 
of radionuclides to water and fish due to Chemobyl fallout will be of general validity, even 
if the amplitude of the transfer will depend on the timing and durability of the radioactive 
deposition. 

It seems also clear that a large portion of the Nordic fresh water systems in an international 
perspective is sensitive to fallout of radioactive Cs due to a combination of relatively low 
retention in soils, low sedimentation rates and low concentrations of potassium and other 
base cations in water. Accordingly, it seems of great interest to get a very good description 
of the long-term development of radioactivity levels in water, sediment and aquatic biota in 
Nordic limnic systems with different characteristics in order to improve and validate existing 
models of the transfer of radionuclides. The planned activities within the other limnic 
subprogrammes will contribute to an increased understanding of the mechanisms behind the 
long-term development of radioactivity Ievels in water and fish. These results will be 
incorporated in a Nordic map based on models that describe the transfer of radioactive 
cesium from soils and sediments to water and fish in terms that could be determined from 
available geographical data on soil and lake water characteristics. 
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Figure A4. Temporal development of the concentration of Cs- 137 in different fish species 
in Lake Paijanne and Lake Storsjouten until 1995. 
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Figure A5. Observed and predicted concentrations of Cs-137 in lake water and smal1 
perch during 1989 using the catchment loss model combined to a lake model with a constant 
bioaccumulation factor (4100). 
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Figure A6. Geographical variation in the total transfer to pike as predicted from potassium 
content in mineral soils. 
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B. LOSS OF CS-137 FROM LAND TO SURFACE WATERS 

The tumover of (3-137 and Sr-90 in catchments is studied experimentally and theoretically. 
The experimental phase is carried out in Nordic catchments of of different cmpositions (eg. 
soiltypes, vegetation and topogtraphy) as described below (figure 1). In addition to the 
experimental phase a rewiew of the information on radionuclide discharge from Nordic 
catchments is in preparation and has been submitted as abstract to the International 
Symposium on Ionizing Radiation: Protection of the Natural Environment which is to be 
held in Stockholm in May 1996. An extended summary of this rewiew that so far mainly 
concerns information about Cs-137 is given below. The project is mainly carried out in 
national projects, financed by national institutes (e.g. FOA, LI3 , SSI, Studsvik ECO-safe, 
STUK, UmU). Thanks to a significant contribution from NKS during 1994 to 1995 it has 
been possible to link the national projects together into a forum for common discussions and 
experimental design. 

I. Experimental phase 

The aim of the experimental study is to investigate the significance of Cs-137 and Sr-90 
discharge on the developement of activity concentration in lakes in typical Nordic 
environments. Six different nordic catchments were choosen (figure 1): 

-two within the hemiboreal ecosystem discharging into the lake Hillesjon in cenreal Sweden, 
-one within the alpine ecosystem discharging into lake Heimdalen in central Norway, 
-three in the the boreal forest ecosystem. The first two in the southern part discharging into 
lake Paijanna in southem Finland and the third in the northern part, located in the 
Svartberget experimental forest station in Vindeln, northern Sweden. 

The catchments have partly been caracterized regarding soil types, vegetation, topography 
and runoff (Table 1, and figure 1). 

This field inventory will be completed during the next summer (1996). Water is being 
sampled from at least one stream and location in each area. The positions has been choosen 
to give information about the lossrate from areas vith different characteristics (figure 2). 
Samples will be taken during winter, spring, summer and autumn as well as at low and high 
runoff intencities, if possible. In addition to the water samples a 1 mm filter is used to 
collect coarse particles (CPOM). Runoff intencity is monitored in the streams or taken from 
nearby stations. The water is filtered at 1 rnm and 0.45 microns to give some information 
about carriers and analyzed for Cs-137 and Sr-90. In order to characterize the stream waters 
a few chemical parameters is determined (conductivity, K, Rb, Ca, Sr, TOC, pH, 
absorbance at 420 and 660 nm). In most of the catchments, these samples complete long 
time series that has been canied out since 1986 or earlier and will thus give a data set which 
will be used to calculate and model1 the dynamics and origin of Cs-137 and (to some extent) 
Sr-90 discharge fromNnordic catchments. So far water has been sampled in all catchments 
at least once and in some cases, at several times since the start during the autumn in 1995. 
The results of Cs-137 have been included in the summary below. The results of Sr-90 is so 
far to few to present but earlier and resent measurements in Northern and middle Sweden 
and Finland and Heimdalen is available 
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Figure B1. Location of the studied catchments, 
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Figure B2. The studied catchments (except "Hille syd"). These drawings are preliminary 
and will be completed after the field inventory during the summer of 1996. A: forests on 
mineral soil; B, C: heat vegetation on mineral soil or parent rock; D: arable land or pasture; E 
areas without continuos vegetation cover or snowbed communities on mineral soil or parent 
rock; F: mires temporally saturated by water "dry" type; G: mires with peat saturated by 
flowing water in the top soil "wet" type; H: Lake; O :  location for water and CPOM sampling. 
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II. Summary of a review on the origin and dynamics of Cs-137 discharge 
from land to streams rivers and lakes 

This is rl summary of a review that is intended to be presented in the International 
Symposium on Ionising Radiation: Protection of the Natura1 Environment which is to be 
held in Stockholm in May 1996. Equations, statistics and references has mainly been 
excluded from this version. 

The significance of fish consumption as a contributor to the internal dosis of Cs- 137 to man 
was revealed in the former NKS-project. Empirical data had shown that during a period of 
few years after the Chernobyl accident of maximum concentrations in fish, the activity 
typically decreased exponentially . The dose calculations were based on single effective 
ecological half-life for Cs- 137 in fish of 5 years for Cs- 137 resulting in an infinite time- 
integrated activity of 6.5 (kBq * kg-' * yen) for a hypothetical Scandinavian critical group. 
Later observations (e.g. in lake Paijiinne in Finland and lake Storsjouten cf. chapter 1) has 
shown that the activity levels out and in the mentioned studies the specific activity 0.5 
kBq*kg-' is a good approximation (deposition 10 - 40 kBq*m-'). Under the assumption that 
the future decrease only will be governed by physical decay, the infinite time-integrated 
activity can be approximated to 10 to 20 (kBq * kg-' * year) which then wouId give a 
significant. contribution to the hypothetical critical group. It is thus important to follow the 
time development of Cs-137 in fish, the controlling factors and geographical abundance of 
critical catchments and lakes. 

We believe that, apart from the physical decay, the decrease in fish will be determined by 
various biotic and abiotic factors. Our hypothesis is that a significant secondary contribution 
to the internal dose to man from fish, calculated over long time periods, is possible in: 

- lakes surrounded by terrestrial ecosystems generating Cs- 137 discharge in chemical forms 
that make biological uptake possible 
- shallow lakes generating resuspension of sediments containing (3-137 in available 
chemical forms. 
- lakes with long residence times for the turnover of water and low sedimentation rates 
- lakes with significant combinations of these factors 

The factors mentioned above influencing Cs- 137 in fish are being studied in the Nordic 
project NKS ECO-2.3 and this review concerns loss from catchments. 

Pathways that might contribute to the loss of radionuclides from terrestrial ecosystems are 
resuspension via air, fires, harvesting by man or herbivores and discharge via drainage 
water. The only significant pathway among these for radioactive caesium transfer to lakes is 
discharge via drainage water, either as eroding particles, litter, dissolved organic ligands or 
cat ions. The main pathway for Cs-137 loss is via saturated surface runoff. Loss through 
groundwater has not been shown to give any significant contributions. An effective 
retention in the top organic and inorganic layers of mineral soils has been reported from 
numerous of investigations. Intercalation in clay lattice, effective incorporation into the 
biosphere and chemical binding in abiotic organic compounds in humus has been suggested 
as explanations for the effective retention in mineral soils. 

Discharge areas, with shallow groundwater surfaces is often found in areas of thick organic 
soils. Thus fens and wet part of mire complexes would often be characterised as discharge 
areas. If they are in close vicinity to streams or lakes the saturated surface runoff from these 
areas should be able to generate a high discharge of radioactive caesium. Some 
investigations of interest for this project concerns the deposition of Cs- 137 and Cs- 134 in 
different areas: 

The observed remaining fraction of the deposited Cs- 137 of Chernobyl origin (Bq*mV2) in 
soil is in most cases significantly lower in mires than in the surrounding mors, moulds or 
cultivated soils with mineral sub soils (figure 3, time < 10 years). This is also true for the 
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pre-Chernobyl fraction of 0-137 (figure 3, time >10 years). The range is between 10 - 
90% lower on the mire. Only in one observation, from northern England, the remaining 
deposition is higher in the mire. Apart from the ratio, figure 3 also combines the pre- and 
post-Chemobyl fractions of Cs-137 when data exists. These lines show that the relative. 
remaining fraction of deposition on mires always is lower in the pre-Chernobyl case, for 
which the observations corresponds to a time further from the deposition event than in the 
Chernobyl case. An interpretation of figure 3 is that the decrease in activity on mires is time 
dependent and that at least two phases are involved. One rapid phase that in one case 
(t=0.09 years) seems to last no longer than some weeks, generating an effective decrease in 
the remaining deposition on mires. This rapid phase seems to be followed by a much slower 
phase of decreasing activity lasting for decades. 

The processes behind these ratios might be a more effective scavenging of the fallout in 
forests than on areas sparse in high vegetation (which mires often are), a faster vertical 
migration of caesium in mires than on mineral soils or a more effective loss via drainage 
water from the mires. 

The first assumption was tested during 1990 by Nelin and Nylen in areas of Northern 
Sweden identified as recharge areas. In this investigation no difference in 0-137 deposition 
was found between mature forests and clear cuts. The second assumption might be valid in 
the parts of mires acting as recharge areas. The third assumption has been proved in 
Nyuget by calculations of the loss via drainage water and the remaining deposition in the 
differnt fractions of a mire in a forested catchment (Nyuget). The loss rate in this catchment 
was higher in fractions of the mire that was constantly saturated by water and explained this 
with the higher frequency of saturated surface runoff from these fractions of the mire. 

A typical discharge area constitutes 1 to about 30% of the catchment with a spatial and 
temporal variation depending on topography , vegetation cover and climatic factors. It has 
been shown that the areal contribution to saturated surface discharge reaches its maximum of 
20-30 % during spring and its minimum 1 % during summer in the Nyuget catchment in 
Northern Sweden. If the rest of the catchment only contributes to runoff and the only 
fraction generating Cs-137 discharge is the mires or wetter fractions of these, then the 
activity concentration in the streams should be proportional to the areal contribution of mires 
or fractions of mires lining the streams. Further the change in activity in the stream should to 
some extent reflect the change in the pool of Cs-137 in the discharge areas. Fractions of the 
mires that constantly undergoes saturated surface discharge and are in contact with draining 
streams should empty their pool faster than fractions that only are saturated during snowmelt 
or heavy rainfall or loose its caesium via infiltration during these events. Catchments with 
high contributions of mires with contact to streams should generate higher activity 
concentrations in drainage water than catchments where mires are absent or local outstream 
areas. 

The intensive investigation in the Nyiinget catchment has shown that the initial loss of Cs- 
137 during the snowmelt of 1986 originated in the water saturated mire and that the amount 
was 44% of the original deposition. It has also been proved that the Nyanget mire has two 
fractions of different dynamics: the drier fraction with a loss of on average 2% * year" and 
the wetter fraction that is constantly saturated by water and leaches 30 % * year-'. In 
investigations in Northern Sweden where the positions for the soil samples has been 
described two classes have been identified. Drier fractions of the mire (characterised by 
dwarf shrubs and sphagnum forming tufts) and wetter fractions (destitute in field layer or 
characterised by Cyperious plants on sphagnum or peat). The relative remaining activity in 
these fractions are presented in figure 4. The horizontal line represents the observed 56% 
that remained in the Nyanget catchment after the melting of snow in 1986. This amount can 
be seen as the initial value for the secondary phase of relatively slow changes in remaining 
deposition. It is obvious from the figure that the secondary decrease in remaining deposition 
of caesium is faster in the wetter fractions of the mires. 
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Relative remaining deposition in mires during 1989 and 1991 

80 
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Figure B4. The relative remaining deposition of Cs-137 in mires during 1989 and 1991 
related to the fraction of shrub type or drier mire in catchments of Northern Sweden. The 
horizontal line at 56% represents the remaining deposition on mires after the snowmelt in 
1986. 
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Figure B5. The relative activity concentration in Scandinavian catchment streams. a) inlets 
to Hillesjon (circles) and Salgsjon (filled diamonds) in central Sweden. b) Nyanget (unfilled 
squares and unfilled diamonds) and Gideå (filled squares) in Northem Sweden. c) inlets to 
lake Heimdalen: Lektorbekken (unfilled triangles) and Brurskardsbekken (filled triangles). 
d) surface waters in the region of lake Paijiinne (filled triangles) and five forest streams 
discharging into lake Paijiinne (unfilled squares) in southem Finland. 



Long ecological ha@-lives in limnic systems (Progress Report of NKS Project ECO-2L) page 21 

1 .O00 

7 

(I o. 1 O0 
E 
v - .- > 
o 
m 
.- 
.r 

.- ? 
% - 0.010 
Q) 
U 

0.00 1 

I I I l 

U 

O 20 40 60 80 1 O0 

Runof f (I/s) 

Figure B6. The changes in relative activity (m-') of Cs-137 as a function of runoff rate in 
the forest stream of the Nyiinget catchment at two snowmelt periods: 1986 (Filled circles) 
and 1989 (unfilled circles). The arrows point in the direction of time progression through the 
event. The interval between samplings is 8, 16 or 24 hours. 
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Figure Bi. 7a-c: The relation between relative activity (m-I) of 0-137 and other chemical 
constituents in the forest stream of the Nyanget during the snowmelt of 1986. a) Cs- 137 in 
relation to H' (meq*l-'); b) Cs-137 in relation to K+(meq*l"); c) Cs-137 in relation to total 
organic carbon (TOC, mg*l-*). ). The arrows point in the direction of time progression 
through the event. The interval between samplings is 8 or 16 hours. 7 d) The relation 
between Cs-137 and K (mg*kg-') in Finnish surface waters.If this decrease is explained by 
discharge of Cs- 137 via streams, as proven in the Nyanget catchment, then the 
corresponding activity in streams should follow at least two time dependent phases of 
decreasing activity concentration. 
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To be able to follow and test this hypothesis it is important to have good information about 
the catchments as well as long time series of activity concentration and runoff in the drainage 
streams. The discussion above indicate that, except for an initial decrease controlled by the 
contribution from disctarge areas saturated during the fallout event, one might obseive at 
least two phases of decreasing activity concentration in the streams. The loss from the 
constantly saturated discharge areas (typically some percent of the catchments) followed by 
slower changes in activity reflecting the peripheral fractions of the potential discharge areas 
(mires) leaching via infiltration or occasional surface runoff. In areas without deep organic 
soils lining the streams the base line of activity concentration in streams might also show the 
transport via mineral particles or groundwater. 
At least two phases of decreasing relative activity in addition to a positive influence of 
runoff has been observed in Nordic drainage waters. Figure 5 shows the observations in the 
regions chosen for this study. In the hemiboreal region an important time series exists for 
the inlets to lake Hille and Salgsjon (5a). The relative activity in the inlets to Hillesjon 
(circles) decrease more or less exponentially with some fluctuations during the first six years 
and has not stabilised until the end of the series. In the inlet of Salgsjon (figure 5a filled 
diamonds) the base line seems to be at about 0.005 m-' which is 50 times higher than the 
lowest observation in the Hille streams. The boreal forest stream Nyanget (figure 5b unfilled 
squares) shows an initial decrease from 1 to 0.01 m-' during the first weeks after the 
Chemobyl fallout and an additional decrease with substantial variations in activity. The 
unfilled diamonds shows the samplings from the outiet of the mire. As suspected these 
values are higher reflecting the influence of the mire. Figure 5b (filled squares) show values 
for the near by Gideå catchment (e100 km, not included in this project) which is more or 
less equal in composition as the Nyhget catchment. The inlets to lake Heimdalen (figure 5c) 
have only been sampled at a few occasions. However the levels seems to be in the same 
range as in the other catchments. In Lektorbekken (unfilled triangles) the activity is similar to 
Hille. In figure 5d one of the time series from surface waters in the region of lake Paijanne 
(filled triangles) is included together with the first samplings in five forest streams for this 
project (unfilled triangles). The former are sampled during May and August the five for this 
project in June which might explain the tenfold lower activity. 

One interesting observation in figure 5 is that in regions with higher fractions of mires 
(Salgsjon 39%, Nyhget and Gideå 16 and 20% and Nyanget (diamonds) 54%) the relative 
activity continues to show high values during the period: In fact the activity during the 
spring peak during 1995 in the Nyanget catchment is as high as during the autumn of 1986 
and that in Hille with only about 2% mire the activity seems to decrease exponentially 
through the series. 

In humid climates the runoff intensities varies with a factor 50-100 between summer/winter 
and spring/autumn. As the intensities increases the discharge areas grow resulting in an 
increased transfer of Cs- 137 through the stream water. These events of high transfer occur 
during spring in the northern and alpine parts of Scandinavia. In the southern parts runoff is 
more evenly distributed over time. 

The influence of runoff on the concentration in stream water has bees studied in the Nyiinget 
catchment. Figure 6 shows the influence of runoff at two periods of melting of snow: 1986 
(filled circles) and 1989 (open circles). In both cases an hysteres effect with higher 
concentrations at the rising limb of runoff is evident. This can be explained with a 
decreasing pool of available activity between the rising and falling limb at a fixed runoff rate 
together with changes in the contribution to runoff from the different path ways (surface 
runoff and groundwater flow). The loss during these few days of high runoff constitutes 
the main fraction of the yearly loss in the Nyanget catchment. The values for Nyanget in 
figure 5b can thus be divided into values for high and low runoff. The values for runoff 
intensities higher than half the maximum value recorded during the period shows no 
significant change over the years for t > 1 month while the values at lower runoff rates 
decreases with 18% / year. This support the hypothesis that constantly saturated discharge 
areas has a higher loss rate. The even higher decrease in Hille (figure 5a) has not yet been 
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explained but might be caused by a discharge area of insignificant aerial contribution but low 
Kd (e.g. the streambanks or low fractions of mires). 

Chemical cudogues to Cs- 137 might be used to improve the predictions in between 
samplings or regions. Until now only a few attempts has been done in this direction. 
Caesium in Cumbrian mires has bees shown to be easily exchanged for Calcium by simple 
ion exchange. Data exists for Nordic catchments but has so far not been properly analysed. 
However for the Nyiinget catchment preliminary result comparisons between Cs- 137, K', 
H' and total organic carbon (TOC) in the stream is presented in figure 7a to c showing the 
relation between these during the fallout event and snowmelt period in 1986. Ais0 the 
relation between Cs- 137 and potassium in Finnish surface waters from the former NKS- 
project (figure 7d) is included. This data together with data from the spring of 1989 and 
1990 (Vindeln) together with the new data in this project will be analysed more closely 
during the next period. 

A simple model for the discharge of radioactive caesium from catchments 

Different approaches has been used, among the individual national projects, to model the 
loss of Cs-137 from catchments to lakes including different parameters e.g. environments, 
Kd, through fall and retention from vegetation, average yearly runoff and seasonal changes 
in runoff. In the frame of this project however the model so far is composed by four 
compartments (figure 8). This is to our opinion the limit of reduction. The model does not 
take seasonal changes into consideration. The reason for constructing such a simple model is 
that it can easily be included in a GIS-model (chapter 1) and generate examples of integrated 
yearly loss from different environments. The next step will then be to expand the model so 
that the dynamics of the studied catchments can be properly described. 

Mineral soil Q 
F2 t F1 

I 

Discharge I72 
Figure B8. The reduced model generating yearly loss from catchment with different 
contributions of discharge areas. 

The model is composed by tree terrestrial compartments (tabie 2). The transfer coefficients 
F1 to F3 is taken from the observation in the Nyhget catchment. The recharge areas 
discharging into the streambank with a transfer of 0.0003 year-' which is the detection limit 
for the groundwater measurements in the Nyanget catchment. The drier fraction of mire 
engaged in surface discharge mainly during spring and with a loss of 0.02 year-'. The wet 
fraction of permanent surface saturated overland flow and loss of 0.3 year-I. and the stream 
with a loss of 365 year". The compartments in direct contact with the stream (which is a 
simplification of the real conditions). The surface of the stream is 1.5 permille of the 
catchment. The relative activity in the stream is calculated by dividing the yearly discharge in 
flow F4 with the yearly runoff. the model has been tested on. Existing data and some results 
can be seen in chapter 1 (hiir menar jag A delen). 
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Conclusions. 

- It is important to generate long time series to be able to follow the impact of the slow 
leakage from catchments on the development of Cs-137 in fish. 

- After an initial decrease in activity concentration of radioactive caesium in streams lasting 
for some weeks after the Chernobyl accident the rate in decrease will mainly be controlled by 
the fraction of mires in the catchments. 

- In catchments with high fractions of mires no significant decrease in activity concentration 
have been observed since the summer of 1986 except at low flowrates. 

- A seasonal variation of the transfer of radioactive caesium with high transfer during spring 
in the northern and alpine regions of Scandinavia has been observed. It is of interest to 
investigate the corresponding seasonal changes for the middle and southern parts of 
Scandinavia and link this seasonality to the biotic and abiotic processes in lakes. 

- According to measurements in stream water certain lake systems might generate activity in 
fish that will decrease with a rate that is close to two (physical decay) percent per year. 

Table B1. Characteristics of the studied catchments (table will be completed during 1996). 

Sweden 710 
1 O0 
1 O0 

Table B2. Transfer coefficients for the GIS-model. 
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C. SEDIMENTS AS A SECONDARY SOURCE OF CS-137 TO FISH 

In most Nordic lakes, most radiocaesium (>90%, >99%) is associated with sediments. 
It is thus likely that sedimeiits are an important secondary source of Cs- 137 to the 
lacustrine biosphere. The question is, to what extent, and during how long time. Our 
aims are to determine the relative importance of sediments (versus catchment soils) as a 
secondary source of Cs- 137 in lakes, to quantify long-tern trends, and to evaluate 
potential remedial actions. 

The (abiotic) rnobility of Cs-137 in sediments may be controlled by fundamentally 
different processes: 

Resuspension of particulate radiocaesium, especially in shallow areas (shallow lakes?) 
Diffusion of dissolved radiocaesium, especially in anoxic environments (deep lakes?) 

Sediments can act as a secondary source of Cs-137 to organisms in several ways: 
1) Resuspension of sediments (physical remobilization): 

- equilibration with the dissolved phase in the water followed by direct uptake in 
biota . 

- ingestion of suspended particles by planktonic animals 
2) Direct uptake from sediments (biological rernobilization): 

- assimilation by rooted plants 
- ingestion of contaminated sediments by benthic animals 

3) Diffusion from sediments into the water (chemical remobilization) 
- dissolution and diffusion into the water followed by direct uptake in biota 

The mobility and accessibility of particulate Cs- 137 in contaminated surface sediments 
is controlled in several ways: 
1) Dilution and burial 

- new sedimentation 
2) Vertical mixing of surface sediments 

- bioturbation 
- physical mixing through wind and wave action 

3) Horizontal redistribution of surface sediments 
- resuspension and settling 

In this project, various methods are applied in different lakes and streams: 
Horizontal and vertical (re-)distribution of radiocaesium i lake sediment 
Particulate radiocaesiurn in sediment traps (sedimenting material) 
Physical and chemical speciation of radiocaesium in different sediments and waters 
Diffusion studies in the field and in the laboratory 

Inventories of Cs-137 in lake sediments 

The mean inventory (Bq m-2) varies widely among lakes. The mean inventory appears 
to be conirolled by the water residence time and the sedimentation rate, i.e. by the initial 
retention during the spring flushing in 1986. 

Relationship of Cs-137 inventories with water depth 

Sediment studies show that in shallow lakes, the sediment inventories of Cs- 137 are 
horizontally fairly evenly distributed across the lake. In deep lakes, however, the 
sediment inventory of Cs- 137 is highly correlated with water depth, demonstrating a 
substantial net transport of sedimentary 0-137 from littoral areas towards the 
profundal zone of the lake basin (Fig.). Flux estimates suggest that much of the Cs-137 
has been removed from the shallow areas within the first six years after contamination, 
while the mean inventory in deep areas has increased substantially. 
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i 
100 m 

Fig.: Bathymetric map of Lake Loppesjon (Hudiksvall, central Sweden) showing the 
variation of area-specific total activities of 137Cs (kBq m--2) in the sediment six years 
after the nuclear fallout from the Chemobyl accident. The values are corrected for 
radioactive decay to 1 May 1986. Contour depths in meters. 
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O - - 

Cs-137 inventory (kBq m 

O 10 20 30 
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0 . 0 0  0 
0 

Cs-137 inventory (kBq m -*) 

O 10 20 30 

O 1 O0 200 
Duration of mixing (d yr -’) 

Fig. a: Total inventories of sedimentary 137Cs (kE3q m-2) at different water depths in 
Lake Loppesjon, Hudiksvall, central Sweden in 1992. The values are corrected for 
radioactive decay to 1 May 1986. b: Interpolation of data as a function of depth (bold 
line) together with mean, maximum of 137Cs inventories (dashed verticai lines) and 
changes from 1986 to 1992 relative to the initial deposition (arrows). The probability of 
wind-induced mixing (thin line) is defined as the duration of destratification above the 
sediment. Epilimnetic depth observed during maximum summer stratification is shown 
with a dashed horizontal line. 
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Relationship of Cs-137 inventories with bottom slope 

In the profundal sediments, the amount of Cs- 137 stored showed no obvious 
relationship with slope. In the sediments of the littoral zone, however, an increasing 
dope appears to result in a reduced amount of Cs- 137 stored in the sediment: Cs- 137 
inventories on flat bottoms exceeded the inventories at the steep slopes about fivefold. 
Thus, flat bottoms seem to allow continuous sediment accumulation, even in the 
presence of resuspension. 

30 -3 O 

3 
h 

I 
E 

A 53 rn (epilirnnion) 

O 
0% 10% 20% 30% 

Slope 

Fig.: Relationship between sedimentary 137Cs inventory ( B q  m-2) and bottom slope 
(9%) in 1992 at different depths of Lake Loppesjon, Hudiksvall, central Sweden. 
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Resuspension of Cs-137 

The focusing of sediment Cs-137 towards deep areas can be explained by wind-driven 
resuspension and redeposition of surficial sediments. Cs- 137 activities of settling 
material can be used to trace the source of the accumulating material. Mean activity 
concentrations of Cs- 137 in surface sediments (0.5 cm) from different depth zones 
were all similar, suggesting a deposition of the same material throughout the whole lake 
basin. Moreover, settling material collected in epilimnetic sediment traps was just as 
contaminated as the surficial sediments, even during the period of maximal thermal 
stratification. The contamination of settling material during the summer season, when 
inflow from the watershed is almost absent, strongly suggests that a large proportion of 
the settling material originates from resuspended sediments. 

Primarily in shallow near-shore sediments, mixing processes cany buried contaminated 
particles back to the surface, where they are frequently resuspended. Subsequently , 
they are distributed in the whole water mass and settle at random. This has resulted in a 
pronounced focusing of Cs- 137 towards deeper lake areas. 

The vertical and horizontal fluxes of Cs- 137 caused by resuspension and focusing can 
be quantified from the undisturbed cores taken in the deepest part of some lakes. Such 
cores show a significant secondary deposition of Cs-137 during the years following the 
initial contamination. In at least some sediments, this secondary contamination is 
several times larger than the Cs- 137 input to the lake from surrounding land and must 
be explained otherwise. 

Fig. : Relationship with water depth of specific 137Cs activity concentrations (Bq g-1 
dw) in surficial sediments (0-0.5 cm) 1992 (dots) and in settling material (bold lines 
showing ranges) during thermal stratification in 1993 for Lake Loppesjon, Hudiksvail, 
central Sweden. 
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Resuspension fluxes of Cs-137 

The fluxes of sediment-associated Cs-137 in different parts of the lake can be quantified 
from the losses of Cs-137 relative to a total gross deposition. The areal distribution of 
sedimentary Cs-137 in deep lakes is strongly correlated with water depth, with 
inventories increasing from the littoral zones towards the deep profundal zone. 
Interpolated mean Cs- 137 inventories can be derived for each depth (Fig. above). 
Horizontal and vertical annual fluxes of Cs-137 can be calculated by comparing the 
gross losses to the net losses or increases relative to the mean inventory or the initial 
sedimentation of Cs- 137. Resuspension fluxes to the water column can be estimated as 
the gross losses from the sediment, assuming even distribution of deposition over the 
lake. 

The procedure provides annual net rates of change at different depths, showing a 
transition from losses to accumulation with increasing water depth (Fig. ). Shallow 
areas have lost up to almost 90% of the initial Cs-137 input, while the inventory in the 
deepest area exceeds the lake mean by up to twofold. The water depth where the 
inventory of Cs-137 is equal to the average inventory in the lake (where gross losses 
are balanced by redeposition) often coincides with the mixing depth of the water column 
during s u m e r  stratification. The calculated annual gross losses can reach values up to 
30% in the littoral zone, which indicates a substantial erosion and remobilization of 
sedimentary matter. In the deep areas, substantial gross losses indicate that 
resuspension occurs even in deep waters, but the data also suggest that resuspension 
probability gradually decreases with depth. Accordingly, the gross loss rates of Cs- 137 
from sediments are strongly related to the intensity of water mixing (see above). The 
strong relationship supports wind-driven resuspension to be the cause of the strong 
focusing of sedimentary Cs- 137. 

2 6 10 14 m depth 

Fig.: Vertical fluxes of 137Cs (kBq m-2) to and from the sediment in Lake Loppesjon 
during the first six years after the nuclear fallout from the Chernobyl accident. 



Long ecological haif-lives in limnic systems (Progress Repori of NKS Project ECO-2L) page 33 

A prognostic lake recovery model based on sediment resuspension 

The horizontal and vertical distribution of sedimentary Cs-137 in lake sediments can be 
used to assess the long-term immobilization of Cs-137 emitted by the nuclear accident. 
in Chernobyl in 1986. Observed resuspension fluxes can be projected in order to make 
prognoses about the state of contamination in different parts of a lake ecosystem. Most 
biota live in shallow areas within the warm water layer which is mixed during the whole 
summer. In this zone, which is most exposed to wind-driven wave action, sediment 
resuspension results in a prolonged contamination of the water column. Accordingly , 
Cs- 137 concentrations in fish decrease very slowly, especially in shallow lakes. At the 
same time, shallow areas in deep lakes are gradually cleaned by a net removal of 
contaminated surface sediments, which are deposited in biologically less active zones 
where total contamination is increasing. 

A model was developed to assess the long-term immobilization of Cs-137 and to make 
prognoses about the state of contamination in different parts of a lake ecosystem (Fig.). 
The observed fluxes of sedimentary Cs- 137 and their projection into the future indicate 
that the initial recovery of the sediments is limited to the most shailow area, where 
erosion results in an elimination half-time of about half a decade. Only later, decontami- 
nation progresses towards deeper zones, where contaminated particles are slowly 
buried. 

The long-term removal of Cs- 137 from the water column appears thus to be largely 
controlled by sediment resuspension. This process is likely to delay the recovery of 
many lakes from (3-137 contamination. This suggests that the effects of the Chernobyl 
accident will remain a problem in Swedish lakes for several decades. On the other hand 
the long-term consequence of particle focusing is an eventual accumulation of Cs- 137 in 
the least bio-active areas of the lake. 

Cs-I37 inventory (kBq m-2) 
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Fig.: Chemobyl Cs-137 in a Swedish lake: Observed, estimated and projected values 
of mean sediment inventories at different depths during the years after the nuclear 
fallout in 1986. 
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Diffusion of dissolved Cs-137 in and from lake sediments 

Eight years after the Chernobyl fallout, the distribution of Cs- 137 observed in the 
sediment of a smal1 lake suggests that most of the Cs-137 enteiing the lake was rapidly 
deposited in the sediment. However, vertical profiles in undisturbed sediments show 
that Cs-137 is not irreversibly bound to particles, but slowly remobilized during the 
following years. These profiles show that a large fraction of the Cs-137 inventory is 
confined to a sediment layer of 10.5 cm. Below this peak layer, a tail of Cs- 137 is 
visible to a depth >O. 1 m below the peak (Fig. ). Apparently, part of the radiocesium 
originating from the initial deposition has penetrated deeper into the sediment. 
Discontinuous gradients are evident on both sides around the peak, suggesting complex 
patterns of sorption and desorption. 
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Fig.: Vertical profile of Cs-137 activity concentrations in a lake sediment core 
collected in Loppesjon (central Sweden) 8 years after the Chernobyl fallout in 
spring 1986. The profile is discontinuous, with a distinct peak and long tails. 

The Cs- 137 profile with both a distinct peak and long tails indicates a gradual 
desorption of Cs- 137 from the original deposit and a vertical redistribution caused by 
diffusion in a matrix with different sorption properties. A three-phase model was 
developed that describes slowly desorbing binding sites in the initial deposit by an 
instantaneous equilibration changing slowly over time: 
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Fig.: Vertical profile of log-transformed Cs- 137 activity concentrations in L. 
Loppesjon (central Sweden) from four sediment cores collected about 8 years after 
the Chemobyl fallout in spring 1986. Lines show exponential curve fits (thin) and 
the numeiical solution of a 3-phase diffusion model with two delimiting boundary 
conditions at the sediment surface: Cs- 137 concentration = O and Cs- 137 flux = O, 
respectively. Apart from slight variations in peak depth and in peak shape caused 
by the slicing, most of the variation among data from a given core depth can be 
explained by gamma counting statistics alone. 

An explanation for the observed behaviour of rapid sorption in the water and 
subsequent slow desorption in the sediment can be found in the roughly hundredfold 
difference in Kd between these environments. The solute and particulate partitioning of 
the initial inventory is constituted by the environmental condition prevailing in the lake 
water during the fall-out. Since the conditions in the sediment are different from the lake 
water, the equilibrium ratio of solute and particulate Cs-137 of the inventory may 
successively adjust to the surrounding partitioning ratio. Such a change in Kd can be 
caused by ammonia (NH4+) originating from the decomposition of organic matter. 
Ammonia ions are directly competing with Cs- 137 for sorption sites, causing an inverse 
relationship between Kd and NH4+ concentration, which usually increases with 
sediment depth. A hundred-fold difference in Kd between water and sediment would 
require a similar increase in NH4+ concentration. This is not unlikely, since only 1%0 
of the sediment nitrogen needs to be in the form of NH4+ to meet this condition. 
Equilibration of intact sediment cores from the same site indeed produced NH4+ 
concentrations in overlaying water that were thousand-fold higher than in the surface 
water of the lake. Accordingly, the vertical redistribution of Cs-137 in this sediment can 
be accounted for by ionic diffusion alone. 

The slow desorption can be explained by an inert rather than an instantaneous 
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equilibration with the dissolved phase. This would be in accordance with the Cs-137 
sorption on clay minerals during short-tern experiments, suggesting a slow binding 
with a half-saturation time of only one year, and a subsequent redistribution in minerals 
that was earlier concluded to be irreversible. 

Our sediment profile rather suggests a continuous loss of Cs-137 from the inert to the 
dissolved phase, as indicated by long tails surrounding a sharp peak, and by fairly steep 
tail gradients being maintained after several years of equilibration in a natural 
environment. This chemical remobilization may contribute to the slow recovery of lakes 
contaminated with Cs- 137, especially in lakes with anoxic bottom waters. 

Comparison of secondary inputs of Cs-137: sediments versus soils 

In order to maintain observed concentrations of Cs-137 in the water of typical shailow 
forest lakes, surrounding soils must release O. 1 - 1% of their Cs- 137 inventory every 
year. This is less than the observed loss from wetlands (>i%), but higher than the loss 
from uplind soils (~0.03%). Consequently, at least in lakes with a catchment poor in 
wetlands, sediments are probably the main source of Cs-137 in lake waters and fish. 

A preliminary evaluation of a study of stream sediments in a wetland-rich area indicates 
that these sediments contain several times less Cs-137 than the surface sediments of a 
downstream lake, although water exchange is rather rapid in this lake. Moreover, the 
total inventory of 0-137 in the sediment of this lake has not increased over time. This 
suggests that even in lakes with a significant supply of Cs- 137 from land, the outfiow 
of Cs-137 may be larger than the inflow, andthe Cs-137 concentration on suspended 
and settling particles may be diluted rather than increased by stream input. 

In other words, the relative importance of sediments versus soils in sustaining high 
levels of Cs-137 in waters and fish of Nordic lakes is still unclear. This will be one of 
the main issues in the next project period, since this is a key to both understanding and 
to radiation protection measures. 

Future sediment studies 

compilation and evaluation of sediment and sediment trap data 
field studies to measure changes in sediment inventories of Cs-137 
field studies to compare soils, stream sediments, and lake sediments. 
Experimental studies of the diffusion of Cs-137 in sediments 
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Table C1: Nordic lakes where data on sediment inventories of Cs-137 are available. 

Lake. = sampled more than once over time 
(Lake) = 1-2 cores only 

North-central Sweden 
Blytrasket 
Blåkulltrikket 
Bubergssjon 
Hamstasjon 
Mjosjon 
Ravsjon 
Skavt jh  
V. Långedsjon 

Central Sweden 
Loppesjon. 
Blacksåstj ihn. 
Bottentjhm 
Stensjon 

Alebosjon 
Ecklingen 
Jiirvsjon 

South-central Sweden 
Flatsjon. 
Siggeforasjon. 
Råksjon 
(Ekholmssj on*) 
(Hillesj on.) 

South-central Finland 
Piiijiinne. 
(Ontoj &vi*) 
(Pielinen) 
(Kailavesi) 
(Konnevesi.) 
(Nikij&vi*) 
(Keurusselka.) 
(Py haj &vi*) 

Norway 
HØysjØen 
Øvre Heimdaisvatn. 

Island 
(Thingvallavatn)? 

Denmurk 
(2 
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Table C2: Nordic lakes where data on Cs-137 in sediment traps are available. 

Lake. = sampled over several years and at short time intervals 

North-central Sweden 
? 

Central Sweden 
Loppesjonm 
B lacks fis tj ani. 
Sorsjon 
Bottentj iirn 
Batbosjon 
Ecklingen 
Långsjon 
Tansen 

Hamstasjon 
Herrbodtjani 
Lill-B andsj on 
Lill-Selssjon 
Ravsjon 
S .-Habborn 
Selasjon 
V.-Långedsjon 
V. -Lovsjon 

South-central Sweden 
Flatsjon. 
Siggeforajonm 
Råksjon. 
Ekholmssjon 

1992- 1994 
1986- 1993 

1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 

1993 

1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 
1986-89(92) 

1987-1993 
1987- 1994 
199 1-1993 
1987 

South-central Finland 
Paijhne ? 
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D. BIOAVAILABILITY OF PARTICULATE CS-137 TO INVERTEBRATES 

Resuspended as well as deposited particles are taken up by planktonic or benthic 
invertebrates, which are likely to assimilate associated Cs- 137. Suspended particles are 
taken up by filtering zooplankton, whereby Cs-137 is likely to be transferred to fish. 
Moreover, benthic animals in the littoral sediments, which also constitute an important 
source of food to fish, are exposed to the Cs-137 at the sediment surface. 
Consequently, concentrations of Cs-137 in lacustrine food chains are likely to be 
controlled by the turnover and burial of contaminated sediment particles. Food chain 
transfer of both sedimentary and resuspended Cs-137 may thus substantially retard the 
natural decontamination of lacustrine fish comunities. 

Fieid and laborafry studies 

One of the most important factors in this transfer is the bioavailability of particle- 
associated Cs- 137. This bioavailability is studies in this project by compiling available 
field data of Cs- 137 in invertebrates and the relationship to concentrations in water and 
sediments. In addition, laboratory experiments have been initiated to study the uptake of 
Cs-137 from contaminated lake sediments. Both approaches are in progress, and results 
will be presented in the final report. 

D. OTHER PLANS 

In the near future, we will try to expand our project to include the Baltic countries. 



L m g  ecological half-lives in limnic systems (Progress Report of NKS Project ECO-2L) page 40 

RELEVANT REPORTS BY THE PRO JECT PARTICIPANTS 
(peer-reviewed international publications are underlined) 

pubiished 1994 

Andersson, T. & Meili, M. (1994): The role of lake-specific abiotic and biotic factors for the transfer of 

Nordic Ecosvstem s to Man (ed. Dahlgaard, H.). Elsevier Science B.V., Amsterdam, Studies in 
Environmental Science 62, Chapter 2.4, pp. 79-92. 

Bergman R, Pal0 T, Nylen T, Nelin P. 1994. Influence of herbivory on cesium turnover in a forest 

Bjørnstad, H.E. , Bnttain, J.E., Saxen, R. & Sundblad, B. 1994. The characterization of radiocaesium 

radiocaesium fallout to fish. - In: Nordic~adioecolo~ - The Transfer of 

ecosystem. V al v‘ 157: 301-307. 

transport and retention in Nordic lakes. - In: ~ e c o l o w  - The 
Ihrough Nordic EcosySfZLmS to 
in Environmental Science 62, pp. 29-44. 

Radioecolog - The -fe r of Radiwclides t h r u  Nordic F a t e m s  to Mati (ed. Dahlgaard, 
H.). Elsevier Science B.V., Amsterdam, Studies in Environmental Science 62, Chapter 2.3, pp. 45- 
62. 

Dahlgaard, H., Notter, M., Brittain, J.E., Strand, P., Rantavaara, A. & Holm, E. 1994. General summary 
and conclusions. - In: Nordic Radioecoloq - The Trpuisfer of R a d i m  clides * throuNordic 
E c o s v s m  (ed. Dahlgaard, H.). Elsevier Science B.V., Amsterdam, Studies in Environmental 
Science 62, pp. 7-20. 

Chernobyl fallout 1986. - Abstract and poster presentation at the Intemational CEC Seminar 
(Commission of the European Community): Freshwater and Estuarine Radioecology. Lissabon (P), 

(ed. Dahlgaard, H.). Elsevier Science B.V., Amsterdam, Studies 

Broberg, A. (1994): The distribution and characterization of 137Cs in lake sediments. - In: &mk 

Konitzer, K. & Meili, M. (1994): Redistribution of sedimentary I3?2s in small Swedish lakes after the 

21-25 March 94. 
Meili, M. (1994): Radiocaesium as ecological tracer in aquatic systems - a review. - In: Nordic 

Radioecologv - The b f e r  of R a d b l i d e s  t h r o d  Nordic Fcosvs tw  to Man (ed. Dahlgaard, 
H.). Elsevier Science B.V., Amsterdam, Studies in Environmental Science 62, Chapter 2.9, pp. 127- 
139. 

secondary source of ‘3’Cs in Swedish lakes. - Absiract and oral presentation at the International 
CEC Seminar (Commission of the European Community): Freshwater and Estuarine Radioecology. 
Lissabon (P), 21-25 March 94. 

Meili, M. (1994): The role of sediment resuspension in the recovery of lakes from contamination: the case 
of Chernobyl 137Cs. - Abstract and oral presentation at the 3rd International Symposium: 
Environmental Geochemistry. Krakow (PL), 12-15 Sep. 94. 

Nelin P och Nylen T. 1994. Factors influencing the changes in Cs-137 levels with time in boreal-forest 

Notter, M., Brittain, J.E. & Bergstrom, U. 1994. Introduction to aquatic ecosystems. - In: Nodic 

Meili, M., Konitzer, K., Braf, L., Baines, S.B. & Andersson, T. (1994): Sediments as a long-term 

plants in Sweden. -e of the Total F.nviro- 157: 73-81. 

oecology - The m s f e r  of Radionuclides throt&&!&&cosvs&ms to m (ed. Dahlgaard, 
H.). Elsevier Science B.V., Amsterdam, Studies in Environmental Science 62, pp. 23-28. 

FOA report C 40318-4.3 (in Swedish, pictures and tables in English). 

Transfer of Radiowlides through Nordic Ecosvstems to h h  (ed. Dahlgaard, H.). Elsevier Science 
B.V., Amsterdam, Studies in Environmental Science 62, pp. 63-78. 

1988-1990. Finnish Centre for Radiation and Nuclear Safety, Report STUK-A109. 

Nylen T., Andersson T. and Lunde11 A. 1994. Temporal relations between Cs-137 in catchments and lakes. 

Saxen, R. 1994. Transport of Cs-137 in Large Finnish Drainage Basins. - In: N o r d i c c o l o g y  The - 

Saxen, R, Aaltonen, H. & Ikaheimonen, T.K. (1994 ): Airborne and deposited radionuclides in Finland in 

published 1995 

Aquilonius K. (1995): Long-term distribution of Cs-137 in freshwater ecosystem and the effect of 
bioturbation on leakage of 0 - 1 3 7  from the sediments. Examensarbete 19951 1, Inst system ekologi, 
Stockholms Universitet. 

Norwegian subalpine lake. - 
Hongve, D., Blakar, LA. & Brittain, J.E. (1995): Radiocaesium in the sediments of Øvre Heimdalsvatn, a 

Konitzer, K. & Meili, M. (1995): Retention and honzontal redistribution of sedimentary Chernobyl 13’Cs 

Meili, M., Konitzer, K., Braf, L., Baines, S.B. & Andersson, T. (1995): Lake sediments as a long-term 

* act ivh 27:l-11. 

in a small Swedish forest lake. - W 46: 153- 158. 



Long ecological half-lives in limnic systems (Progress Report of NKS Project ECO-2L) page 41 

secondary source of 137Cs in Swedish fish. - Abstract and oral presentation at the XXVI. 
International Congress of SIL (Int. Assoc. of Theoretical and Applied Limnology): Water as a 
limiting resource: conservation and management. Sao Paulo (Bra), 23-29 July 95. 

Saxen, R., Jaakkola, T. and Rantavaara, A. (1995): Distribution of 137Cs and 90Sr in the southern part of 
lake Paijhne. The fourth Finnish-Russian Symposium on Radiochemistry, St. Petersburg, 11.- 
15.12. 

Weyhenmeyer, G.A., Meili, M. & Pierson, D.C. (1995): A simple method to quantify sources of settling 
particles in lakes: Resuspension versus new sedimentation of material from planktonic production. - 
-water R e s e d  461223-3 1. 

1996- 

Brittain, J.E., Bergstrom, U., Håkanson, L., Heling, R., Monte, L. & Suolanen, V.: Estimation of 
ecological half-lives for Cs-137 in lakes contaminated by Chernobyl fallout. - Int. Symposium on 
Environmental Impact of Radioactive Releases, IAEA, May 1995 (in press). 

transport phases of 137Cs and 90Sr in three contrasting Nordic lakes. - In Proc. Int. Sem. on 
Freshwater and Estuarine Radioecology, Lisbon, March 1994. Elsevier Science B.V.. Amsterdam (in 
press). 

Brittain, J.E., Håkanson, L., Borgstrom, U. & Bjørnstad, H.E.: The significance of hydrological and 
catchment processes for the transport and biological uptake of radionuclides in northern aquatic 
ecosystems. Proc. Northern Res. Basins Conference, Svalbard, August 1994 (in press). 

Haugen, L.E., Bj~rnstad, H.E. & Brittain, J.E. Variation in deposition of radiocesium within a small 
watershed on natural pasture in the mountainous region of southern Norway. - Journal of 
F.nviro-os (in press). 

Håkanson, L., Brittain, J.E., Monte, L., Bergstrom, U. & Heling, R.: Modelling of radiocesium in lakes - 
lake sensitivity and remedial strategies. - Jgurna 1 of F.nvironm e n u a d  ioactivitv (in press). 

Konitzer, K. & Meili, M. (1996): Redistribution of sedimentary 137Cs in small Swedish lakes after the 
Chemobyl fallout 1986. - Else vier Sci ence B. V.. Amsterdm (in press). 

Koulikov, A.O. & Meili, M.: Modelling the dynamics of fish contamination by Chernobyl radiocaesium: 
an analytical solution based on potassium mass balance. - Abstract and poster presentation at the 9th 
Intemational Congress on Radiation Protection (IRPAg), Vienna, 14- 19 April 1996. 

Meili, M., Konitzer, K., Braf, L., Baines, S.B. (1996): Sediment resuspension as a long-term secondary 
source of Chernobyl 137Cs in lake ecosystems: the example of Blacksåstjh (Sweden). - Elsevier 
Science B. V.. m s t e r d w  (in press). 

Meili, M. & Worman, A. (1996): Desorption and diffusion of episodic pollutants in sediments: a 3-phase 
model applied to Chemobyl 137Cs. - Bpplied Geo&gm&y (in press). 

Nylen T. and Grip H. The Origin and Dynamics of Cs- 137 Discharge From a Coniferous Forest 
Catchment. Accepted for publication in Journal o f Hvdrology. 

Brittain, J.E., Bjørnstad, H.E., Sundblad, B. & Saxen, R.: The characterization and retention of different 

. . .  

Andersson .T and Nylen T. 1995. Geographical and temporal variations in the transfer of Cs- 137 to 
freshwater and fish in relation to the relative loss from different types of soils. - Abstract submitted 
to the International Symposium on Ionizing Radiation: Protection of the Natural Environment. 
Stockholm, May 1996. 

Brittain, J.E. & Bjørnstad, H.E. A long-term study of the transport of radiocaesium to a subalpine lake 
from its catchment. - Abstract submitted to the International Symposium on Ionizing Radiation: 
Protection of the Natural Environment. Stockholm, May 1996. 

Koulikov, A.O. & Meili, M.: Physiological modelling of radiocaesium turnover in fish. - Abstract 
submitted to the International Symposium on Ionising Radiation: Protection of the Natural 
Environment. Stockholm, 20-24 May 1996. 

137Cs in lake ecosystems. - Abstract submitted to the International Symposium on Ionising 
Radiation: Protection of the Natural Environment. Stockholm, 20-24 May 1996. 

origin and dynamics of Cs- 137 discharge from land to lakes and residence times of Cs- 137 in different 
terrestrial biotopes. - Abstract submitted to the International Symposium on Ionizing Radiation: 
Protection of the Natural Environment. Stockholm, May 1996. 

Meili, M., .Konitzer, K., Braf, L. & Baines, S.B.: Sediments as a long-term secondary source of Chernobyl 

Nylen T, Andersson T., Aquilonius K., Bjørnstad H., Brittain J. and Saxen R. A Nordic study on the 



Long ecological haif-lives in limnic systems (Progress Report of NKS Project ECO-2L) page 42 

DATA SOURCES AND OTHER RELEVANT REFERENCES 

Aarkrog A, 1994. Doses from the Chernobyl accident to the Nordic populations via diet intake. In: Nordic 
Radioecology: The transfer of radionuclides through nordic ecosystems to man, H. Dahlgaard (Ed.), 
Elsevier Science. pp 433-456. 

Geography, University of Umeå, Sweden, no 18. 

cesium i insjofisk. Slutrapport for cesiumdelen av projektet Kalkning-kvicksilver-cesium. (Remedial 
measures against high levels of radioactive cesium in Swedish lake fish). - SSI Swedish Radiation 
Protection Institute, Stockholm, SSI Rapport 91-07: -1 14 p. 

Andersson, T. & Broberg, A. (1991): Influence of lake specific characteristics on the distribution and 
biological uptake of 137Cs. - In: Radioecology in Nordic Limnic Systems. National Swedish 
Environmental Protection Board, Solna, Report 3949, pp. 5.10-5.17. 

Andersson, T. & Meili, M. (1994): The role of lake-specific abiotic and biotic factors for the transfer of 
radiocaesium fallout to fish. - In: Nordic Radioecology - The Transfer of Radionuclides through 
Nordic Ecosystems to Man (ed. Dahlgaard, H.). Elsevier Science B.V., Amsterdam, Studies in 
Environmental Science 62, Chapter 2.4, pp. 79-92. 

bioturbation on leakage of Cs-137 from the sediments. Examensarbete 19951 1, Inst system ekologi, 
Stockholms Universitet. 

Amtsing, R., Bjurman, B., DeGeer, L.E., Edvarson, K., Finck, R., Jakobsson, S .  & Vintersved, I. (1991): 
Field gamma ray spectrometry and soil sample measurements in Sweden following the Chemobyl 
accident. A data report. - FOA National Defence Research Establishment, Umeå, Sweden, Report D 

Bergman, R., Nylen, T., Palo, T. & Lidstrom, K. (1991): The behaviour of radioactive caesium in a boreal 
forest ecosystem. - In: The Chernobyl Fallout in Sweden (ed. Moberg, L.). Swedish Radiation 
Protection Institute, Stockholm, pp. 425-456. 

Bergman R, 1993. Products from forest and lake: Food resource or exposure problem, after radioactive 
fallout. FOA report C 40315-4.3. 

Bergman R., Nylen T., Nelin P. and Pal0 T. 1993. Caesium-137 in a boreal forest ecosystem: Aspects on 
the long time behaviour. FOA report C 40284-4.3. 

Bergman R, 1994. The distribution of radioactive caesium in boreal forest ecosystems. In: Nordic 
Radioecology. The transfer of radionuclides through nordic ecosystems to man, H. Dahlgaard (Ed.), 
Elsevier Science. pp 335-379. 

separation. Thesis. University of Cambridge, Department of Geography . 

resultater fra undersgkelser i 1987. - NINA, Norsk Institutt for Naturforskning, Trondheim, Norway, 
pp. 15-21 (in Norwegian). 

central Norway. - J. Environ. Radioact. 17:49-58. 

Plynlimon experimental catchments, Powys, UK. - Environ. Pollut. 83: 327-334. 

(3-134, 0 -137  and Ru-106 in a spruce stand. Sci. Total Environ. 78: 77 - 87. 

terrestrial catchments to lake ecosystems. - In: Radioecology in Nordic Limnic Systems. National 
Swedish Environmental Protection Board, Solna, Report 3949, pp. 5.2-5.9. 

Brittain, J.E., Storruste, A. & Larsen, E. (1991): Radiocesium in brown trout (Sulmo tmtta) from a 
subalpine lake ecosystem after the Chemobyl reactor accident. - J. Environ. Radioact. 14: 18 1- 19 1. 

Brittain, J.E., Bjømstad, H.E., Salbu, B. & Oughton, D.H. (1992): Winter transport of Chernobyl 
radionuclides from a montane catchment to an ice-covered lake. - Analyst 117515-519. 

Broberg, A. (1994): The distribution and characterization of 137Cs in lake sediments. - In: Nordic 
Radioecology - The Transfer of Radionuclides through Nordic Ecosystems to Man (ed. Dahlgaard, 
H.). Elsevier Science B.V., Amsterdam, Studies in Environmental Science 62, Chapter 2.3, pp. 45- 
62. 

Chemobyl Fallout in Sweden (ed. Moberg, L.). Swedish Radiation Protection Institute, Stockholm, 

Bunzl K., Schimmack W., Kreutzer K. and Schierl R. 1988. The migration of fallout Cs-134, Cs-137 and 
Ru- 106 from Chernobyl and of Cs- 137 from weapons testing in a forest soil. Z. Pflanzenniihr. 

Andersson, T. (1993): Mercury and radiocesium in Swedish lakes. - Ph.D. Thesis, Dept. of Physical 

Andersson, T., Håkanson, L., KvarnaS, H. & Nilsson, Å. (1991): Åtgiirder mot hoga halter radioaktivt 

Aquilonius K. (1995): Long-term distribution of Cs-137 in freshwater ecosystem and the effect of 

20177 -4.3. 

Bishop K. 1992. Episodic increases in stream acidity, catchment runoff pathways and hydrograph 

Blakar, I.A. (1988): Cs-134 & 137 i sedimentprover i Høysj~en. I: Radioøkologisk forskningsprogram - 

Blakar, I.A., Hongve, D. & Njåstad, O. (1992): Chernobyl cesium in the sediments of Lake Høysjøen, 

Bonnett P.J.P. & Appelby, P.G. (1994): Rates of removal of sediment associated radiocaesium from the 

Bunzl K., Schimmack W., Kreutzer K. and Schierl R. 1989. Interception and retention of Chemobyl derived 

Brittain, J.E., Bjømstad, H.E. & Sundblad, B. (1991): Deposition and transport of radionuclides from 

Broberg, A. & Andersson, E. (1991): Distribution and circulation of Cs-137 in lake ecosystems. - In: The 

pp. ~151-175. 



Long ecologicai half-lives in limnic systems (Progress Report of NKS Project ECO-2L) page 43 

Bodenkd. 152: 39-44. 

Site. Thesis. CTH, Goteborg, Sweden. 

behaviour and reversibility. - Geochim. Cosmochim. Acta 55433-440. 

Carbol P. 1993. Speciation and transport of radionuclides from the Chemobyl Accident within the Gideå 

Comans, R.N.J., Haller, M. & De Preter, P. (1991): Sorpiion of cesium on illite: Non-equilibrium . 

Comans, R.N.J. & Hockley, D.E. (1992): Kinetics of cesium sorption on illite. - Geochim. Cosmochim. 

Comett, RJ., Chant, L.A., Risto, B.A. & Bonvin, E. (1994): IdentiQing resuspended particles using 
isotopic ratios. - Hydrobiologia 284:69-77. 

Davis, R.B ., Hess C.T., Norton S.A., Hanson D.W., Hoagland K.D. and Anderson D.S. 1984. Cs- 137 and 
Pb-210 dating of sediments from soft water lakes in New England and Scandinavia, a failure of Cs- 
137 dating. Chem. Geol., 44: 151-185. 

De Geer L.-E., Amsting R., Vintersved I., Sisefky J., Jakobsson S .  and Engstrom J-Å. 1987. Particulate 
radioactivity, mainly from nuclear explosions in air and precipitation in Sweden mid-year 1975 to 
mid-year 1977. FOA rapport C 40089-T2. 

1986-1993. Swedish University of Agricultural Sciences. 

elements in the environment and their relevance to radioecology. - Sci. Total Environ. 100:105-124. 

Desorbability and transfer of cesium radionuclides in forest soils for various stockings and geological 
substrates. - In: Umweltradioaktivitat, Radiookologie, Strahlenwirkungen (eds. Winter, M. & 
Wicke, A.). Verlag 'I%V Rheinland GmbH, Koln, Publ. Ser. Progr. Radiat. Prot. 25, pp. --• (in 
German, English summary). 

Sweden. Ed. L. Moberg. The Swedish Radiation Protection Institute. pp 47-66. 

variation in postChemoby1 radiocesium in fish from two Cumbrian lakes (north-west England). - J. 

Evans, R.D. & Håkanson, L. (1992): Measurement and prediction of sedimentation in small Swedish lakes. 

Evans, R.D. & Håkanson, L. (1992): Measurement and prediction of sedimentation in small Swedish lakes. 

Evans, S .  (1991): Impacts of the Chemobyl fallout in the Baltic Sea ecosystem. - In: The Chemobyl 

Acta 56:1157-1164. 

Degennark C. (Ed.) 1987-1994. Climate and Chemistry of water at Svartberget, Reference measurements 

Desmet, GiM., van Loon, L.R. & Howard, B.J. (1991): Chemical speciation and bioavailability of 

Drissner, J., Brunclik, T., Biirmann, W., f inner ,  U., Lindner, G., Miller, R. & Zibold, G. (1993): 

Edvardsson K. 1991. Fallout over Sweden from the Chemobyl accident. In: The Chemobyl fallout in 

Elliott, J.M., Hilton, J., Rigg, E., Tullett, P.A., Swift, D.J. & Leonard, D.R.P. (1992): Sources of 

Appl. E d .  29~108-119. 

- Hydrobiologia 235/236: 143- 152. 

- Hydrobiologia 235/236: 143- 152. 

Fallout in Sweden (ed. Moberg, L.). Swedish Radiation Protection Institute, Stockholm, pp. 109- 
127. 

FAOKJnesco. 1981. Soil map of the world, volume V, Europe. 172-173. United Nations Educational, 
Scientific and Cultural Organisation, Paris. 

Forseth, T., Jonsson, B., Næumann, R. & Ugedal, O. (1992): Radioisotope method for estimating food 
consumption by brown trout (Salnto rrutru). - Can. J. Fish. Aquat. Sci. 49: 1328- 1335. 

Forseth, T., Ugedal, O., Jonsson, B., Langeland, A. & Njåstad, O. (1991): Radiocaesium turnover in Arctic 
charr (Salvelinus ulpinus) and brown trout (Sulmo truttu) in a Nonvegian lake. - J. Appl. Ecol. 
28: 1053-1067. 

Forseth, T. & Næumann, R. (1993): Radiocesium tumover in some freshwater invertebrates. - Report to 

Hammar, J., Notter, M. & Neumann, G. (1991): Northem reservoirs as sinks for Chemobyl cesium: 
NKS (in Nonvegian). 

Sustained accumulation via introduced Mysis relicta in arctic char and brown trout. - In: The 
Chemobyl Fallout in Sweden (ed. Moberg, L.). Swedish Radiation Protection Institute, Stockholm, 
pp. 183-205. 

Hammar, J., Notter, M. & Neumann, G. (1991): Radioaktivt cesium i rodingsjoar - effekter av 
Tjemobylkatastrofen. (Radiocesium in arctic charr lakes - effects of the Chemobyl accident). - 
Institute of Freshwater Research of the Swedish National Board of Fisheries, Drottningholm, Sweden, 
Report no 3/91, 152 p. (in Swedish, English summary). 

Helton J. C., Muller A.B. and Bayer A. 1985. Contamination of surface-water bodies after reactor accidents 
by the erosion of atmospherically deposited radionuclides. Health Phys. 48: 757-77 1. 

Hilton, J., Davison, J., Hamilton-Taylor, J., Kelly, M., Livens, F.R., Rigg, E. & Singleton, D.L. (1994): 
Simiiarities in the behaviour of Chemobyl derived Ru-103, Ru- 106 and Cs-137 in two freshwater 
lakes. - Aquat. Sci. 56: 133-144. 

Hilton, J., Livens, F.R., Spezzano, P. & Leonard, D.R.P. (1993): Retention of radioactive caesium by 
different soils in the catchment of a small lake. - Sci. Total Environ. 129:253-266. 

Hilton J. and Spezzano P. 1994. An investigation of possible processes of radiocaesium release from 
organic upland soils to water bodies. - Water Res. 28: 975 - . 

Holm E. 1994. Intercalibration of gamma-spectromehc equipment. In: Nordic Radioecology. The transfer 



Long ecoiogical half-lives in iimnic systems (Progress Report of NKS Project ECO-2L) page 44 

of radionuclides through nordic ecosystems to man, H. Dahlgaard (Ed.), Elsevier Science, pp 335- 
379. 

Norwegian SuSalpine lake. - J. Environ. Radioact. 27: 1- 1 1. 

Fagtjeneste for Landbruket 28: 173-174. 

- Spnnger-Verlag, Berlin, 162 p. 

distributions, trends, models and remedial actions. - In: The Chernobyl Fallout in Sweden (ed. 
Moberg, L.). Swedish Radiation Protection Institute, Stockholm, pp. 239-28 1. 

Håkanson, L. & Andersson, T. (1992): Remedial measures against radioactive caesium in Swedish lake fish 
after Chernobyl. - Aquat. Sci. 54:141-164. 

Håkanson, L. (1991): Ecometric and dynamic modelling, exemplified by caesium in lakes after Chernobyl. 
- Springer-Verlag, Berlin, 162 p. 

Håkanson, L., Andersson, T. & Nilsson, Å. (1992): Radioactive caesium in fish in Swedish lakes 1986- 
1988 - General pattern related to fallout and lake characteristics. - J. Environ. Radioact. 15:207- 
229. 

IAEA (1994): Modelling of radionuclide transfer into lakes. Technical document from the VAMP aquatic 
working group. Manuscript. International Atomic Energy Agency, Vienna. 

Ilus, E., Puhakainen, M. & Saxen, R. (1993): Gamma-emitting radionuclides in the bottom sediments of 
some Finnish lakes. - Finnish Centre for Radiation and Nuclear Safety, Helsinki, Report STUK- 
Al  12,45 p. 

Ittner T., Tammela P-T. & Gustafsson E. 1991. Soil map, area and volume calculations in Onmyrberget 
catchment basin at Gideå, Northern Sweden. SKB Technical Repori 91-29. 

James, W.F. & Barko, J.W. (1993): Sediment resuspension, redeposition and focusing in a smal1 dimictic 
reservoir. - Can. J. Fish. Aquat. Sci. 50:1023-1028. 

Kada, J. & Heit, M. (1992): The inventories of anthropogenic Pb, Zn, As, Cd, and the radionuclides 137Cs 
and excess 2 1OPb in lake sediments of the Adirondack region, USA. - Hydrobiologia 246:23 1-241. 

Kaminski, S., Kienk, T., Lindner, G., Richter, T., Schrtider, G. & Schulz, M. (1993): - In: 
Umweltradioaktivitat, Radiookologie, Strahlenwirkungen (eds. Winter, M. & Wicke, A.). Verlag 

summary). 

gamma-emitting radionuclides in bottom sediments of southem Lake Paijhne, Finland, after the 
Chemobyl accident. - Hydrobiologia 222: 121-140. 

fallout nuclides used as tracers of sedimentation and sediment mixing in four Finnish lakes. - IAEA 
(International Atomic Energy Agency), Int. symp. on the use of isotope techniques in water resources 
development, Vienna, Austna, 11-15 March 1991, IAEA-SM-319110. 

mixing model and radioactive fallout. - Hydrobiologia 243/244:37 1-379. 

Hongve, D., Blakar, LA. & Brittain, J.E. (1995): Radiocaesium in the sediments of Øvre Heimdalsvatn, a 

Hongve, D., Blakar I, A. & Brittain, J.E. (1990): Sediment studies in Øvre Heimdalsvatn. - Inf. Statens 

Håkanson, L. (1991): Ecometric and dynamic modelling, exemplified by caesium in lakes after Chernobyl. 

Håkanson, L. (1991): Radioactive caesium in fish in Swedish lakes after Chernobyl- Geographical 

Rheinland GmbH, Koln, Publ. Ser. Progr. Radiat. Prot. 25, pp. 622-627 (in German, English 

Kansanen, P.H., Jaakkola, T., Kulmala, S. & Suutarinen, R. (1991): Sedimentation and distribution of 

Kansanen, P.H., Jaakkola, T., Seppala, J., Hokka, M., Kulmala, S. & Suutarinen, R. (1991): Chernobyl 

Kansanen, P.H. & Seppala, J. (1992): Interpretation of mixed sediment profiles by means of a sediment- 

Kno11 G.F. 1989. Radiation detection and measurement. Wiley. 
Konitzer, K. & Meili, M. (1993): Sediment movements in a smal1 lake inferred from the lateral and depth 

distribution of Cs-137 six years after the Chemobyl fallout. - In: Proc. 21st Nordic Sediment 
Symposium (eds. Pettersson, K. & Forsell, L.). Uppsala University, Inst. of Limnology, LIU 1993 

Koulikov, A.O. & Ryabov, I.N. (1992): Specific cesium activity in freshwater fish and the size effect. - 

Kozerski, H.P. (1994): Possibilities and limitations of sediment traps to measure sedimentation and 

Kristensen, P., S~ndergaard, M. & Jeppsen, E. (1992): Resuspension in a eutrophic lake. - Hydrobiologia 

Kulmala S, Jaakkola T, Pilvio R, Kansanen P. Fordeining av cesium och några andra gammanuklider i ett 
sjovattensystem efter olyckan i Tjernobyl. Det sjatte nordiska radioekologiseminariet 14- 18 Juni 
1992, Thorshavn, Fiiroama. 

Kulmala S ,  Jaakkola T, Kansanen P. Determination and distribution of gammaemitting radionuclides in the 
Finnish lichen and Lake Paijanne after the Chernobyi accident. II Soviet - Finnish Symposium on 
Radiochemistry, october 199 1, Moskva, USSR. 

Lindner, G. & Drissner, J. (1 993): Charakterisierung von radioaktiven Partikeln mittels Photolumineszenz 
(Characterization of radioactive particles by photoluminescence). - In: Umweltradioaktivitat, 
Radiookologie, Strahlenwirkungen (eds. Winter, M. & Wicke, A.). Verlag l%V Rheinland GmbH, 
Koln; Publ. Ser. Progr. Radiat. Prot. 25, pp. 379-384 (in German, English summary). 

B:7, pp. 15-22. 

Sci. Total Environ. 112:125-142. 

resuspension. - Hydrobiologia 284:93-100. 

228: 101-109. 



Long ecoiogical halflives in limnic systems (Progress Report of NKS Project ECO-2L) page 45 

Lindner, G.., Kaminski, S., Greiner, I., Wunderer, M., Behrschmidt, J., Schroder, G. & Kress, S .  (1993): 
Interaction of dissolved radionuclides with organic matter in prealpine freshwater lakes. - Verh. 
Internat. Verein. Limnol. 25238-241. 

Lundeil, A. (1993): Retention och fordelning av cesium- 137 från Tjemobyl i sjcsediment. En jiimforelse 
mellan fem skogssjoar inom Vindelns kommun, Vbterbottens lan. - FOA National Defence 
Research Establishment, Arbets PM, D 40284-4.3. (in Swedish). 

Lochamy J. C. 1976. The minimum detectable activity concept. NBS SP456. 
Low K. and Edvardsson K. 1960. Content of Caesium-137 and (Zirconium + Niobium)-95 in Swedish 

Malmstrom C. and Tamm O. 1926. The experimental forests of Kulbacksliden and Svartberget in North 
Soils. Nature 187(4739): 736-738. 

Sweden. I. Tamm, O.: Geology, II. Malmstrom, C.: Vegetation. -Skogsforsoksanstaltens 
exkursionsledare XI. 

the Chernobyl accident. - In: The Chernobyl Fallout in Sweden (ed. Moberg, L.). Swedish Radiation 
Protection Institute, Stockholm, pp. 177-182. 

Radioecology - The Transfer of Radionuclides through Nordic Ecosystems to Man (ed. Dahlgaard, 
H.). Elsevier Science B.V., Amsterdam, Studies in Environmental Science 62, Chapter 2.9, pp. 127- 
139. 

radikesium in lacustrine food webs. - In: uioecologv in N F  . National 
Swedish Environmental Protection Board, Solna, Report 3949, pp. 5.18-5.25. 

Meili, M., Konitzer, K., Braf, L., Baines, S.B. & Andersson, T. (1993): Seesedimente als langfristige 
Sekundarquelle von 137Cs in schwedischen Fischen (Lake sediments as a long-term secondary source 
of 137Cs in Swedish fish). - In: Umweltradioaktivitat, Radiookologie, Strahlenwirkungen (eds. 
Winter, M. & Wicke, A.). Verlag Rheinland GmbH, Koln, Publ. Ser. Progr. Radiat. Prot. 25, 
pp. 617-621 (in German, English summary). 

Melin J. and Wallberg L. 1991. Dismbution and retention of Caesium in Swedish boreal forest ecosystems. 
In: The Chernobyl fallout in Sweden. Ed. L. Moberg. The Swedish Radiation Protection Institute. pp 

Meili, M. (1991): The importance of feeding rate for the accumulation of radioactive caesium in fish after 

Meili, M. (1994): Radiocaesium as ecological tracer in aquatic systems - a review. - In: Nordic 

Meili, M., Forseth, T., Nordlinder, S. & Saxen, R. (1991): Radioactivity in fish and tumover of . . .  

467-476. 
Moberg, L. (ed.) (1991): The Chernobyl Fallout in Sweden. - Swedish Radiation Protection Institute, 

Stockholm, 631 p. 
Nordlinder, S., Bergstrom, U., Hammar, J. & Notter, M. (1993): Modelling turnover of Cs-137 in two 

subarctic salmonid ecosystems. - Nordic J. Freshw. Res. 68:21-33. 
Nylen T., Andersson T. and Lunde11 A. 1994. Temporal relations between Cs-137 in catchments and lakes. 

FOA report C 403 18-4.3 (in Swedish, pictures and tables in English). 
Olsen R. 1994. The transfer of radiocaesium from soil to plants and fungi in seminatural ecosystems. In: 

Nordic Radioecology . The transfer of radionuclides through nordic ecosystems to man, H. Dahlgaard 
(Ed.), Elsevier Science. pp 265-286. 

Persson R.B.R. 1970. Fe-55, Sr-9O,Cs-134 and Pb-210 in the biosphere. Radiological health aspects of the 
environmental contamination from radioactive material in northem Sweden. Thesis, Radiation Physics 
Deparunent, University of Lund, Sweden. 

above an accumulation bottom in a stratified lake. - Hydrobiologia 284:43-57. 

Lake Michigan. - J. Geophys. Res. 96:17081-17104. 

scavenging of Chernobyl radionuclides in Lake Constance. - Geochim. Cosmochim. Acta 56:2339- 
2361. 

Rodhe A. 1987. The origin of streamwater traced by oxygen-18. Thesis, Uppsala University, Report series 
A. No 41. 

Rodhe A. 1989. On the Generation of Stream Runoff in Till Soils. Nord. Hydrol., 20: 1-8. 
Rowan, D.J., Kalff, J. & Rasmussen, J.B. (1992): Estimating the mud deposition boundary depth in lakes 

Salbu, B., Bjømstad, H.E. & Brittain, J.E. (1992): Fractionation of cesium isotopes and 90Sr in snowmelt 

Pierson, D.C. & Weyhenmeyer, G.A. ( 1994): High resolution measurements of sediment resuspension 

Robbins, J.A. & Eadie, B.J. (1991): Seasonal cycling of trace elements 137Cs, 7Be, and 239+240Pu in 

Robbins, J.A., Lindner, G., Pfeiffer, W., Kleiner, J., Stabel, H.H. & Frenzel, P. (1992): Epilimnetic 

from wave theory. - Can. J. Fish. Aquat. Sci. 49:2490-2497. 

run-off and lake waters from a contaminated Norwegian mountain catchment. - J. Radioanal. Nucl. 
Chem. 156:7-20. 

Sanford, L.P. (1992): New sedimentation, resuspension, and burial. - Limnol. Oceanogr. 37: 1164-1 178. 
Saxen, R. (1990): Radioactivity of surface waters and freshwater fish in Finland in 1987. - STUK 

Strålsakerhetscentralen Finnish Centre for Radiation and Nuclear Safety, Helsinki, Report STUK- 
A77, Supplement 3 to Annual Report STUK-A74,59 p. 

Saxen R.och Koskinen U. 1992. Radioactivity of Surface water and freshwater fish in Finland in 1988- 
1990. Supplement 6 to Annual Report STUK-A89. STUK-A94: 37 - 45. 



Long ecological hav-lives in limnic systems (Progress Report of NKS Project ECO-2L) page 46 

Saxen R. 1994. Transport of Cs-137 in Large Finnish Drainage Basins. In: Nordic Radioecology. The 
transfer of radionuclides through nordic ecosystems to man, H. Dahlgaard (Ed.), Elsevier Science. pp 
63-78. 

Saxen R, Aaltonen H. & Ikaheimor,er TK. (1994 ): Airbome and deposited radionuclides in Finland in 

Saxen R. & Koskelainen U. Radioactivity of surface water and freshwater fish in Finland in 1991-1994, 

Saxen R, Jaakkola T. and Rantavaara A. Distribution of 137Cs and 90Sr in the southem part of lake 

1988-1990. Finnish Centre for Radiation and Nuclear Safety, Report STUK-A109. 

Report STUK-A (Manuscript). 

Piiijhne. The fourth Finnish-Russian Symposium on Radiochemistry, St. Petersburg, 11.- 
15.12.1995. 

Shand C.A., Cheshire V.M., Smith S., Vidal M. and Rauret G. 1994. Distribution of radiocaesium in 
organic soils. J. Environ. Radioact. 23: 285-302. 

Smal1 S. (1960). Wet and dry deposition of fallout materials at Kjeller. Tellus 12: 308 - 314. 
Smith, J.T., Hilton, J., Comans, R.N.J. (1995): Application of two simple models to the transport of 

137Cs in an upland organic catchment. - Sci. Total Environ. 16857-. 
Sombre L., Vanhouche M., Thiry Y., Ronneau C., Lambotte J. M. and Myttenaere C. 1990. Transfer of 

radiocaesiurn in forest ecosystems resulting from a nuclear accident. In: Transfer of Radionuclides in 
Natural and Semi-Natural Environments. Desmet E., Nasshbeni P. and Belli M. (Eds.) Elsevier. 

Spezzano, P., Hilton, J., Lishman, J.P. (1993): The variability of Chemobyl Cs retention in the water 
column of lakes in the English Lake District, two years and four years after deposition. - J. Environ. 
Radioactivity 19: 213-. 

Sundblad, B., Evans, S. & Bergstrom, U. (1989): The turnover of Chemobyl fallout within two catchment 
areas - Hillesjon and Salgsjon - in the Gavle area, Sweden. - STUDSViK/NP 89/51. 

Sundblad, B. (1991): Radioecological observations during 1986-1991 within the catchments of lake 
Hillesjon and Salgsjon - a data report. STUDSVIWNS 91/89 

Sundblad, B., Bergstrom, U. & Evans, S. (1991): Long term transfer of fallout nuclides from the terrestrial 
to the aquatic environment. Evaluation of ecological models. - In: The Chemobyl Fallout in Sweden 
(ed. Moberg, L.). Swedish Radiation Protection Institute, Stockholm, pp. 207-238. 

Sundblad, B. & Mathiasson, L. (1994): The hunover of cesium-137 within a forest ecosystem described by 
a compartment modelling approach - Gide& study site, Sweden. - Sci. Total Environ. 157: 139-. 

Sundblad, B., Evans, S and Aquilonius, K. Long-term transfer in lake ecosystem. to be published 
Suutarinen R, Kulmala S, Jaakkola T, Kansanen P. Fordelning av cesium-137, cesium-134 och transuraner 

i sjovattensystemet efter olyckan i Tjemobyl. 5.nordiska radioekologiseminariet, augusti 1988, 
Rattvik, Sweden. 

Suutarinen Riitta, Jaakkola Timo and Paatero Jussi. Behaviour of transuranic elements in lake Piiijanne 
after $e Chemobyl accident, Proceedings of the XVth Regional Con- gress of IRPA, 10-14 
September 1989, Visby, Sweden. 

Suutarinen Riitta, Jaakkola Timo and Paatero Jussi. Determination of Pu, Am and Cm concentrations and 
the oxidation states of Pu from aquatic samples. Proceedings of the 6th Intemational Symposium on 
Environmental Radiochemical Analysis, 19.-21.9.1990. Manchester, UK. 

Norway Spruce and Forest Soil and its Incorporation into Spruce Twigs. J. Environ. Radioact., 6 : 
Tobler L., Baj0 S., and Wyttenbach A. 1988. Deposition of 134,137Cs from Chemobyl Faliout on 

225-245. 
UNSCEAR. 1977. Sources and Effects of Ionizing Radiation. United Nations Scientific Committee on the 

Effects of Atomic Radiation 1977. Report to the General Assembly, United Nations. Yew York. 
VintersvedI., Amtsing R., Bjurman B., De Geer L.-E. and Jakobsson S. 1991. Resuspension of radioactive 

Caesium from the Chemobyl accident. In: The Chemobyl fallout in Sweden. Ed. L. Moberg. The 
Swedish Radiation Protection Institute. pp. 85- 106. 

the role of catchment-derived inputs. - Hydrobiologia 235/236:2 19-230. 

- Hydrobiologia 235/236:231-246. 

von Susswasserseen durch biogene Ammonium-Ionen (Redissolution of cesium radionuclides from 
sediments of freshwater lakes by biogenic ammonium ions). - In: Umweltradioaktivitat, 
Radiookologie, Strahlenwirkungen (eds. Winter, M. & Wicke, A.). Verlag Rheinland GmbH, 
Koln, Publ. Ser. Progr. Radiat. Prot. 25, pp. 631-636 (in German, English summary). 

Wailing, D.E. & He, Q. (1992): Interpretation of caesium-137 profiles in lacustrine and other sediments: 

Walling, D.E., Quine, T.A. & Rowan, J.S. (1992): Fluvial transport of Chemobyl fallout radionuclides. 

Wunderer, M., Krinner, U. & Lindner, G. (1993): Rucklosung von Caium-Radionukliden aus Sedimenten 


