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Summary

Measurement and Prediction of radiocaesiwn distribution coefficient (K,r)

The distribution coefficient (Kd) is a fundamental parameter in mathematical models of
radionuclide transport in aquatic systems. Measured values in the literature range from 102
to 105. Because of this wide range the use of an estimated Kd is very prone to error. The
ion-exchange theory of sorption suggests that in the presence of a major competitor the Kd
is given by:

[si tes]
[Mal

where lc is the selectivity coefficient, [sites] is the number of sites in terms of equivalents
per gramme of solid and [M"] is the concentration in solution of the major competitor (with
the same charge as the material of interest) for sites on the solid. For radiocaesium, previous
work has shown that the selectivity of the so-called frayed edge sites (FES) on illite particles
is so high that these sites define the sorption of caesium, even in mixed mineral systems.
Under aerobic conditions IC is the major competing ion for these specific sites and under
anaerobic conditions NH4 competes. Studies in the present programme have focused on the
extension of our understanding of the parameters defining Kd.

Because of the high selectivity of FES for Cs, it is necessary to know the FES if the Kd in
any chemical scenario is to be predicted. In a previous study a complex masking technique
using silver thiourea was developed. As a result of new work by KUL this method has been
replaced by a single measurement of Kd in a defined medium (Ca2*: 100 mM; 5 mM).
Under these chemical conditions all the potassium and caesium will be confined to the FES.
Hence, knowing the IC concentration in solution and the Kd it is possible to calculate the
product K0.[FES]. By measuring this in a series of similar, mixed Ca: K: NH4 or Na
solutions, it is possible to measure K4.[FES] for the ammonium and sodium systems,
respectively. From these constants and a knowledge of the in situ [K], [NH4] and [Na] it



was possible to predict the Kd for a range of soils and sediments to within a factor of 3 in
laboratory experiments where Kd covered the range 50 - 50000 I kg* Using the same
approach, DGA/DPSR were able to predict Kd's of suspended solids and bottom sediments in
field samples to within a factor of 2.

A detailed set of measurements of Kd's in sediment cores taken from a number of locations
has confirmed that the ion-exchange equation is valid over a wide range of ammonia
concentrations: a very good relationship is seen between log ammonium concentration and log
total Kd. A similar plot of exchangeable (i.e. ammonium extractable) Kd, however, which
should according to the fixation theory (see later) be a better estimate of the field Kd , gives
a much lower correlation. This suggests that, contrary to expectation, over the time scale of
years, the total Kd is a better predictor of Cs mobility than the exchangeable Kd.

For caesium there is a general assumption that the concentrations in natural waters are so low
that it is possible to assume the simplifying conditions of trace levels, compared to the major
competitor, potassium. Previously there were very few measurements of stable Cs in the
literature to confirm this assumption. A study by IFE of stable Cs concentrations in 21 lakes
covering a wide range of K and Ca concentrations showed that concentrations range between
1 -13 ng 1-1(0.01 - 0.1 nM) and, unlike Sr, are independent of major ion concentrations. At
these levels, the assumption of trace concentrations is valid. Measurements of Kd made in
the laboratory by the addition of radionuclide containing carrier Cs, however, are likely to be
biased underestimates. The bias will increase with increasing amounts of carrier.

From a study of the properties of sediments taken from rivers in France, CEA showed that
the Cs concentration on the solid was a linear function of the proportion of fine silt and the
percentage organic matter, i.e. the Kd increased with increasing fractions of fine silts and
organic matter. This is a result of a combination of the increased area available for sorption,
relative to the sample weight, for fine silts and the presence of higher concentrations of illites
in the smaller size ranges. The relationship with organic matter is probably a result of a co-
correlation between fine silt deposition and organic matter deposition, since both need slow
flowing waters to deposit. A detailed study of a single river by ENEA suggested that the
total Kd can be predicted from a weighted mean of the Kd's measured on individual size
fractions.

Reversibility of caesium and strontiwn sorption

On the basis of frayed edge site studies it appears to be possible to predict values of
radiocaesium Kd after short equilibration times (24 hours). Following a fallout event,
however, caesium slowly moves to less available sites on the solid phase, a process commonly
known as "fixation". Desorption studies were carried out by DGA/DPSR on sediments spiked
with 'Sr and 137Csand then left for a period of three days. After this time, it was found that
all of the strontium could be removed from the solid by a concentrated solution of a
competing ion (CO, but that only 40-50% of the caesium was removed by one of its
competitors (K*), implying "fixation" of 50-60% of the caesium. Further studies showed that
after 4 days adsorption in solutions containing different competing ions, fractions of n7cs in
the fixed phase were 20-35% in IC solution, 40-55% in Ne, and 60-75% in Ca' solution.
It appears that the poorly hydrated ions competing with Cs for the FES (IC', Nal+) also inhibit
transfers to fixed sites.



Measurements of radiocaesium in the environment, mainly resulting from the Chernobyl
accident and thus aged for around 7 years, were carried out by ECN and IFE. It was found
that in freshwater sediments only 1-10% of the '37Cs could be desorbed by an ammonium
acetate extraction. After removal of all of the exchangeable '37Cs, two of the sediments were
then left in ammonium acetate solution for one year. After this period it was found that a
further 1-2% of the '37Cs was de-sorbed from the solid, implying that there is a slow transfer
of activity from the so-called "fixed" phase back into solution. An approximate rate constant
for the reverse reaction was calculated from these data, giving a half-life for the transfer of
around 80 years.

It appears, then, that the "fixation" of '37Cs is not a truly irreversible process. Short term
(timescale days) laboratory desorption experiments can give a measurement of that fraction
of the radiocaesium which is available for transport and uptake by biota on a similar
timescale. On longer timescales (years-decades), however, it is necessary to take account of
the slow movement of '37Cs to and from "fixed" sites.

Transfers of radiocaesium across the sediment-water intetface

A model based on the advection-diffusion equation has been developed by IFE and ECN to
determine the mobility of radiocaesium in the bottom sediments of lakes and rivers. In many
freshwater systems the bottom sediments act as an important sink for radionuclides since
activiy in the water column accumulates in the sediments via the settling of suspended
particles or direct diffusion across the sediment-water interface. Settling of contaminated
particles is relatively simple to measure using sediment traps, or calculating mass
accumulation of bottom sediments. The direct diffusion process, however, is controlled by
the thickness of the benthic boundary layer, a thin layer of laminar flow water overlying the
sediment. To our knowledge, few measurements of this boundary layer have been made in
lakes. A method has been developed to measure this layer both in situ using gypsum plates,
and by studying the diffusion of ions to sediments in an experimental flow chamber. In situ
measurements in Esthwaite Water, UK gave a value of 0.43 mm for the boundary layer
thickness, of the same order as suggested from a model of radiocaesium removal from Devoke
Water. In the experimental chamber it was shown that boundary layer thickness varied
between 0.27-0.56 mm, and was inversely proportional to the mean velocity of the overlying
water.

Previous work has shown that radiocaesium may be remobilised from bed sediments,
particularly when sediments become anoxic, resulting in high ammonium concentrations. The
model takes account of changes in short-term Kd as ammonium concentrations change down
the sediment profile, and of long term movement of activity to and from "fixed" sites. Model

• predictions showed that remobilisation of activity from Hollands Diep and Ketelmeer
sediments resulted in loss rates of around 2.5% of the sediment inventory per year shortly
after the Chernobyl accident, and around 0.15% per year 30 years after the accident. In
agreement with the experimental studies, it was found that in order to fit the observed field
data, it was necessary to include a rate constant for transfers of activity from the fixed phase.
The model fitted value of this constant gave a half-life for this process of around 10 years,
lower than, but of the same order as the experimentally determined value.



Mechanisms and models of radionuclide transfer in aquaticfood chains

The objective of this part of the project was the study of the kinetics and mechanisms
of radionuclide uptake and accumulation in aquatic plants and animals. Special
attention was given to the effects of environmental conditions on these processes. The
results have been used to construct mechanistic models for the accumulation of
radionuclides by aquatic organisms which can account for the effects of chemical
speciation and ionic composition on the accumulation of the radionuclides in aquatic
organisms. The results reported here are based upon the complementary work
performed by the five groups participating in the biological part of the project. The
work consisted of three work packages which together provided new insights into the
mechanisms of radionuclide uptake and transfer in aquatic ecoystems. Most studies
were performed with caesium or cobalt as model radionuclides. The information
provides the basis for the development of a new generation of models for the
prediction of the transfer of radionuclides in aquatic food chains. Briefly, the work
packages dealt with the following:

1 Development of mechanistic models for the uptake of radionuclides in plants and
animals.Experimental characterisation of the transport systems involved in the
translocation of radionuclides across biological interfaces (RUCA/UMAG)..

2.Determination of the effects of environmental and metabolic factors on the
accumulation of radionuclides by aquatic plants and animals. Special attention was paid
to key factors such as ion composition, complexation capacity and temperature
(DGA/N1NA/RUCA/UMAG)..

3. Determination of the transfer of radionuclides in model food chains to determine the
relative importance of water and food in different environments. Effect of metabolic
activity and growth rate on radionuclide accumulation in top level predators
(CEA/DGA/NINA)..

Radionuclide uptake depends on the biological availabilityof the radionuclides in the
environment and the systems involved in the uptake of the radionuclide by the
organisms. To model the effects of environmental conditions on the chemical
speciation of radionuclides a model was developed which allows the calculation of the
activities of radionuclide species in aquatic environments taking into account the
effects of changes in ionic compositin and complexation capacity on the behaviour of
the radionuclides in the environment. The model has been used to predict the effect of
changes in water composition on the biological availabilityof radionuclides. In general
only the free metal ion appears to be taken up by aquatic organisms. Much of the
variation observed in radionuclide uptake from water is explained when uptake is
expressed on a free metal ion activity scale rather than a total metal activity scale.

Radionuclides do not permeate biological interfaces by simple permeation but require
gating systems which facilitate their uptake. For caesium, potassium channels and for
strontium and cobalt, calcium channels have been implicated to be the major pathways
for uptake of the radionuclides. Within the framework of this project it has been shown
that indeed these channels are involved in the uptake of these radionuclides by a variety
of aquatic organisms. Based upon a fundametal appreciation of the processes being



involved, a model has been developed to account for the effect of environemtal
conditions on the accumulation of caesium and cobalt.

The effects of key environmental conditions on the uptake of caesium was studied in
Riccia fluitans as a model plant and Cwrinus carpio as model animal. As expected
caesium was taken up by a potassium transport system. The results of the
experimental work were used to construct a mechanistic model from which
radiocaesium concentration factors in freshwater plants can be predicted as function of
the potassium concentration in the water. The models considers two systems for the
uptake of potassium. One is opperative under potassium limitation and one when
potassium supply is not a constraint. In the latter case, radiocaesium is accumulated by
plants through potassium channnels. The concentration of caesium in plants reached at
equilibriumis determined by the electrochemical potential gradient which exists across
the membrane interface and can be predicted from the Nernst equation. The cellular
caesitim concentration reaches equilibrium when the Nernst potential for caesium
equals the membrane potential. Thus, the concentration factor of caesium in plants can
be predicted from the membrane potential which in turn depends on the concentration
of potassium in the environment. When potassium concentrations in the environment
are limiting, an active system is invoked which has a higher affinity for caesium then
the channel system. In this case, uptake displays saturation kinetics which can be
described by a Michaelis-Menten type transport model. The same approach has been
used to describe the uptake of caesium and other radionuclides by fish, which present
the highest trophic level. In fish the situation is somewhat more complex since
radionuclides are accumulated from both water and food sources but the principals
remain the same. To model the accumulation of radionuclides by aquatic plants and
animals a clearance constant based pharmacokinetic model has been developed which
uses membrane transport kinetics to describe the fluxes of the radionuclides in an out
of the organisms. The model accounts for the effect of changes in chemical speciation
on the biological availability of the radionuclides and the selectivity of the transport
systems involved in the uptake of the radionuclides.

The effect of environmental conditions such as dissolved organic carbon, water ion
composition and temperature have been determined under a variety of conditions in
experimental food chains. These experiments provided essential information on the
long term accumulation kinetics and relative importance of water and food at different
trophic levels. These food chains include a variety of plant and animal species, i.e.
unicellular algae, insects, crustaceans and bivalves and different fish. The results of the
uptake and accumulation experiments have been combined to construct mechanistic
models from which the effect of environmental conditions on the accumulation kinetics
can be predicted. For each trophic level information is required on the absorption
efficiencies, feeding rates, growth rates and excretion rates. Effects of environmental
conditions on absorption efficienciesfrom water and food are described by membrane
transport models. As such these models provide truely mechanitic descriptions that
can be used to model the long term fate of radionuclides in aquatic food chains under
combinations of conditions that have not been studied experimentally.

For example, experiments conducted concerning the uptake of caesium by

Chondrostoma under different potassium and caesium regimes showed that the model

developed for the interaction between potassium and caesium almost perfectly



described the observed variation in caesium accumulation under the different exposure
regimes. Similar results were obtained for the interaction between calcium and cobalt
to explain the variation in cobalt accumulation by Cyprinus.

In conclusion this joint effort has cumulated in the development and experimental
validation of a set of mechanistic models for the uptake and accumulation of
radionuclides in aquatic organisms of distinct structural and functional organisation.
The results obtained so far provide very evidence that it is possible to integrate the
different models into one robust system that can be used to predict the fate of
radionuclides in entire food chains. Although it has been shown that the approach
works for some plants and fish under a variety of conditions, essential information is
still lacking concerning the kinetics of radionuclide uptake at intermediate trophic
levels to allow the construction of a bottom to top food chain pharmacokinetic model



Head of pmject 1: Dr. J. Hilton

Objectives

To measure the rates of diffusional transport of radionuclides from water to bottom
sediments and the mobility within, and remobilization from, contaminated sediments.

To assess the influence of stable Sr and Cs concentrations on the solids/aqueous
distribution of their radioactive isotopes, and to relate these to the concentrations of competing
ions.

HI Progressachieved including publications

(a) Studies on the sediment/water intelface

The transfer of radioactive pollutants into and out of the bottom sediments of lakes and rivers
occurs both in the solid phase by the sedimentation and resuspension of particles, and in the
aqueous phase, by the diffusion of ions across the sediment/water interface. The importance
of diffusive transfers, however, is not yet well understood. The aim of our work was to
quantify this latter process by measuring the thickness of the benthic boundary layer, a thin
layer in which the flow is laminar or stagnant, so that vertical transport within the layer
occurs only by molecular diffusion. Based on these measurements, a model has been
developed (in collaboration with ECN) for the remobilisation of '37Cs from freshwater
sediments.

The boundary layer has been measured in two ways: the first using the rate of dissolution of
gypsum plates to make an in situ estimate in Esthwaite Water, Cumbria, and the second using
a flow chamber to assess the effects of flow rate on the boundary layer thickness.

Gypswn Plate Method

The gypsum plates were made by heating gypsum (CaSO4.2H20) at 130 °C for 5 hr to form
CaSO4.(1/2H20). This was then mixed with water at a ratio of 5 parts CaSO4.(1/2H20) to 3
parts water (by weight) forming a smooth paste. Small (5.2 cm diameter) petri dishes were
then filled with the paste until a clear meniscus was seen over the.rim of the dish. The dishes
were then dried at 40 °C for 24 hr, then smoothed to a flat surface with coarse sandpaper.
Residual dust was removed by blowing compressed air over the surface of the plates, before
returning them to the oven for a further 24 hr. Apparatus holding 7 plates was constructed
to lower the plates to the sediment surface, a moveable lid being used to protect the plates
during deployment and retrieval of the apparatus. This apparatus was deployed in Esthwaite
Water, Cumbria, the boundary layer thickness being calculated from the rate of dissolution
of the plates over a 50 hour period. Results showed that the mean boundary layer thickness
was 430pm, within the range 370-2000pm obtained by other.workers using both this method
and benthic flux chambers (Santschi et al. 1983; Hesslein 1987; Devol 1987).



Flow chamber studies

An experimental flow chamber (see Fig. 1) has also been used to study chemical fluxes across
the sediment/water interface under controlled conditions (House et aL 1995). Because of
radiation safety regulations, it was not, at that time, possible to use a radioactive element in
this experimental setup, so a stable isotope, the phosphate (HPO) ion was used. A spike of
phosphorus was added to the water overlying the sediment, and aqueous phosphorus
concentrations were measured as the phosphorus was absorbed by the sediment over a 24 hr
period. The experiment was carried out for different flow rates of the overlying water.

The diffusive flux, F, across a boundary layer of thickness z is proportional to the
concentration gradient across the boundary, leading to the following equation for the change
in water concentration over time (House et aL 1995):

= C(0)e- n + (1 - e-kt) (1)

where

(2 )

and C is the water concentration, z the boundary layer thickness, athe mean depth of water,
and Do the diffusion coefficient of the HP02i ion.

Equation (I) was fitted to the measurements of C,„ vs time by varying the unknown boundary
layer thickness, z to give the best least squares fit to the data (Fig. 2). It is clear from Fig.
2 that the flux to the sediments is increased at higher water flow velocities. Fig. 3 shows a
clear linear proportionality (correlation coefficient R2= 93.1 %) between the best fit boundary
layer thickness and the inverse of the flow velocity. The intercept of the regression line is
not significantly different to zero, so we can write:

2500
(3)

where z is measured in pm and v is the mean flow velocity in cm/s.

A further experiment was carried out in order to compare boundary layer estimates from the
phosphorus flux model with those obtained using gypsum plates. Four gypsum plates were
placed in the flow chamber so that their surfaces were level with the surface of the sediment.
The plates were left to dissolve into the flowing water for a period of 98 hrs, then removed
and the loss of gypsum calculated to give a boundary layer estimate of 380 pm, in reasonable
agreement with the phosphorus flux measurements.
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Modelling diffusional removal to bottom sediments.

A simple box-type model has been used to analyse data on aqueous 137Csconcentrations in
Devoke Water, Cumbria for several years following the Chernobyl accident. It was found
that, in the long term (90 days - 6 years) after the accident, the concentrations of '"Cs in the
water column can be explained by measurements of inputs from the catchment (Hilton et al.
1993), and by flushing of the lake. In the initial period, however, there is a significant loss
of dissolved activity to the sediments which cannot be explained by particulate settling alone.
The results suggest that this is due to diffusional uptake by the bottom sediments across a
boundary layer of thickness around 1000 pm, of the same order as that obtained in the
experimental studies.

Modelling remobilisarionfrom contaminated sediments.

Clearly, diffusional fluxes across the boundary layer are not constant with time, but will
change as the concentration gradient across the boundary changes. As 137Csbuilds up in the
sediment pore waters, the diffusional uptake will reduce, and this may lead to remobilization
of activity from sediments back into the water column, particularly during periods where
sediments become anoxic. In collaboration with ECN a model has been developed to predict
changes in '"Cs concentration in aqueous, exchangeable and fixed phases within the sediment,
and rates of remobilisation to the water column.

Let C (Bqcm-3) represent the radiocaesium activity in the aqueous phase, Cs (Bqg-l) the
exchangeably sorbed activity and C, (Bqg-1) the activity which is "fixed" in the mineral lattice
(see Fig. ). The aqueous .:=>exchangeable reaction is believed to be of order minutes, so
that these two phases can be assumed to be in instantaneous equilibrium with distribution
coefficient

It has been shown that the ammonium ion directly competes with '"Cs for exchange sites on
clay minerals. We have therefore assumed that the K varies with depth in inverse
proportion to the ammonium concentration, CNH4:

(x) = 4(0) 	

( )




Cium(X)
(5)

Transfers of activity to and from the "fixed" phase are modelled by first-order rate constants
1(1,kb (s-1)• The final phase is termed "fixed" since on the timescale of most laboratory
sorption/desorption experiments (weeks-months) no reverse reaction has been determined,
although it will be shown that there is evidence to suggest that the reaction is reversible on
a timescale of several years.

The equations describing the transport of trace elements in sediments have been described



elsewhere (Berner 1980). Full details of modelling methods and assumptions can be found
in Smith & Comans (1995), so a brief outline only will be given.

In the coupled aqueous/exchangeable phase, transport occurs both by diffusion in the sediment
pore waters, and by advection as sediment layers accumulate. These processes are described
by:

acea r a 	 ce
atc[(kiwo ax($+(x)

-k+ kbsci - Ace. (6)

where Do is the diffusion coefficient of the free ion in water (1.45 x 10.5cm2s1at 10°C), is
the porosity of the sediment and r the (constant) mean sedimentation rate (cms-'). tv is a
dimensionless factor (< 1) to take account of the tortuosity of path an ion must follow in
diffusing through the sediment. Tortuosity is estimated by

4)2. (7)

The transport of activity in the fixed phase is described by:

	

s
aciac.

-- sr I + k fCe - kbsci - AsCi.

	

atax (8)

For the case of diffusion across the upper boundary, the boundary condition is:

;( 
a ( Ce 	 + rC6(0 t)z (k+Fe(0 , t) = Opo
Lot (I)+sK;

where z is the thickness of the non- turbulent flow "boundary layer" and Ce the concentration
in the water column. For the fixed phase the condition is

Fi (0, t) = rsc1(0 , t) (10)

where Fe(0,t) is the flux of activity to the sediment in the aqueous/exchangeable phase, and
F1(0,t) the flux in the "fixed" phase. The above equations are solved by a simple explicit
finite-difference method. Computer codes were written in FORTRAN and run on a SUN
workstation. Inputs to the sediment from the Chernobyl event were modeled using a
smoothed short duration spike, those from the weapons fallout followed the history of
atmospheric depositions, a smoothed spike corresponding to the relative deposition (corrected
for decay) being input each year. Activities were scaled to the total inventory of each profile.



Fig. 4 Ketelmeer Cs-137. Model fits shown as solid lines.
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Model results

The above model was applied to measurements of '37Cs concentrations in the aqueous,
exchangeable, and fixed phases of the sediments of two Dutch lakes, Ketelmeer and Hollands
Diep. Parameter values were varied to get the best chi-squared fit to the data. Fig. 4 shows
the best model fit to the measurements from Ketelmeer.

The transport of activity to less-exchangeable sites on illites has been demonstrated in many
137Cs sorption experiments and the forward rate constants, kf, estimated by the model fits
(T112=50 and 125 d) are in good agreement with experimental observations of 35-150 d
(Comans & Hockley 1992) and with an estimate of 100d made by Comans & Hockley (1992)
from data obtained by Evans and co-workers (Evans a al. 1983). Because of the very long
timescale on which it operates, a reverse rate constant for this reaction has not been
established experimentally, although exchangeable '37Cs has been found in sediments more
than 15 years after the contamination event (Evans et al. 1983). Using the exchangeability
measurements made by Evans & co-workers (85% "fixed", 15% exchangeable), and a forward
rate constant of half-time 100d, we calculate a reverse rate constant, kb, of half-time around
600 days. This is lower than, but of the same order as, our model estimates of 3000 and
4000 days for Ketelmeer and Hollands Diep respectively.

Values of the boundary layer thickness, z we have measured and obtained from a literature
survey range between 0.37 and 2.0 mm (Santschi et al. 1983; Hesslein 1987; Devol 1987).
Within this range, the remobilisation flux did not vary significantly since, on the timescales
of interest here, remobilisation is limited by diffusion rates within the sediment rather than
across the boundary layer. Using the best-fit parameters, and assuming that C, = 0 (ie giving
a maximum estimate) we have made tentative predictions for remobilization rates resulting
from the Chernobyl fallout event for times between 1 and 30 years after the time (1.5y after
the accident) at which the cores were taken. Remobilization rates, quoted as a percentage of
the core inventory at the time of coring, for Hollands Diep changed from 2.8% per year after
1 year to 0.2% per year after 30 years, and for Ketelmeer from 2.4% per year after 1 year to
0.1% per year after 30 years.

(b) Stable Cs and Sr concentrations in freshwaters in Northern England and their effect on
esthnates of sorption coefficients (Kd ).

When simple ion exchange is the dominant mechanism of sorption, the Kdcan be incorporated
into the standard ion exchange equation by making the simplifying assumption that the
concentration of the sorbing material of interest is very small compared to the competing
major ion concentration, (see Comans et al, in press, for the derivation), so that:

Kd
[Mal

Kc[sites]

where K, is the selectivity coefficient, [sites] is the number of sites in terms of equivalents

per gramme of solid and [M"] is the concentration in solution of the major competitor (with



the same charge as the material of interest) for sites on the solid. A number of studies have
found results in agreement with this equation. For example, Comans et al. (1989) confirmed
an inverse linear relationship between log KdCsand log ammonium ion concentrations in
anaerobic sediments.

If radionuclides in the natural environment were carrier free the assumption of trace status
would be irrefutable. However, almost all radionuclides have stable analogues, naturally
occurring in the environment. Since the concentration of these stable isotopes is considerably
higher than the radionuclide concentration, it is possible that the assumption of trace status
is not entirely valid. Concentrations of stable caesium and stable strontium were measured
in lake waters covering a range of major ion chemistries and the concentrations were
compared with the major ions and with measured Kd .

Surface water samples and sediment cores were taken from twenty lakes in the North of
England. The lakes were chosen to give as wide a range of potassium and calcium
concentrations as possible, in fresh waters. A sub sample of filtrate was analysed for major
cations by atomic absorption spectroscopy using a Perkin Elmer instrument. Further
subsamples of filtrate were acidified and analysed by ICPMS for stable strontium caesium.

Sediment samples were taken using a Jenkin corer (Ohnstad and Jones, 1982). The core was
extruded in the field and the top 1 cm slice was stored in a plastic bag for transport to the
laboratory. A sub sample of each sediment was dried at 60°C and the percentage dry weight
detemined. Kd measurements were performed as follows: 10 mg of wet sediment was
conditioned for 24 hours in 15 ml (e650 mg/I wet suspended solids) filtered surface water
from the same lake. The samples were centrifuged and the pellet dispersed in clean lake water
containing a spike of 25 kBq Cs-134 and 25 kBq Sr-85. Samples were agitated for 24 hour.
The solid and liquid were then separated by filtration through a 0.45 urn membrane filter and
the activity on the solid and in the liquid was determined by gamma spectoscopy on a
Canberra Packard spectrometer. It was not possible to obtain carrier free samples of these
isotopes. Specific activities of the two radioactive isotopes were 431 MBq / mg for Cs-134
and 278 MBq / mg for Sr-85. With the additions used in these experiments, the resulting
additional stable isotope concentrations were 3.87 ug/1 (29 nM) and 6 ug/I (67 nM) for Cs and
Sr repectively.

Stable Cs and Sr concentrations.
Stable strontium concentrations range from 8 - 214 ug/l, which are consistent with values in
the literature. A good linear relationship was observed between stable strontium
concentrations and the sum of Mg and Ca (stable Sr v (Ca + Mg), i.e. Sr = 0.1166 + 0.6438
(Ca + Mg), (R2 = 0.825) where the concentrations of (Ca + Mg) and Sr are in mM and uM
respectively.

Stable Cs levels in the Northern English lakes varied from 1.3 to 13.5 ng/l. The authors
could only locate one publication reporting a value for stable caesium in freshwaters. Seelye
(1975) measured concentrations in one lake using activation analysis and reported values of
a few ng/l. This is consistent with our data. Unlike the situation for Sr, there appears to be
no relationship between stable Cs and any of the major ions or ammonium. A plot of stable
caesium versus potassium is given in figure 5.



The effect of stable isotope concentrations on the Kd
.

If the assumption of trace radionuclide is not made, i.e. Cs or Sr atoms cover a significant
proportion of the exchange sites, then the following equation can be derived (a similar
equation holds for Ca' competition for Sr':

Kc(Cs/ . FES
(12)([K+] +Kc(Cs/ K) [Cs])

From direct measurement De Preter (1990) reported lc - Cs+/K* = 1000 for illite. For the
sampled sites, lc (Cs/K) [Cst ] has been calculated as a proportion of the potassium
concentration. Over the range of ionic concentrations observed in this study stable caesium
contributes no more than about 1% to the variation in Kd. Hence it is reasonable to assume
trace levels in their effect on Kd. Equivalent calculations for Sr' using IS (Sr / Ca) = Kc (Sr
/ Mg) = 1 from a compilation of selectivity coeficients presented by Burggenwert and
Kamphorst (1982) show that the maximum value of Kc (Sr/Ca). [Sr'] is 0.26%. Hence, the
trace assumption for stable Sr in natural waters is also reasonable. However, it is worthy of
note that, because of the high selectivity of the frayed edge sites for caesium, nanomolar
concentrations of caesium are comparable with millimolar concentrations of potassium. In
comparison, uM concentrations of Sr have much less effect as a result of its low selectivity
coefficient with respect to mM Ca concentrations.

Under the laboratory conditions created by the presence of extra stable Sr due to the carrier
(equivalent to 6 ug/1 = 67nM) in the determination of Kd , the addition is relatively small
compared to the naturally occuring conditions (see above) and the trace assumption still holds.
For Cs the high selectivity coefficient relative to K extenuates the effect of carrier Cs (an
addition equivalent to 3.87 ug/l = 29 nM) in the laboratory conditions of Kd measurement.
This additional concentration of Cs in solution {average = 15nM: [Csl /(1+ Kd-soln= [CSIadded
SS), where SS is the suspended solids in the laboratory measurement in kg dry solid 11 is
orders of magnitude greater than the natural concentrations (1-14 ng/1 = 0.01-0.102 nM).
When the dissolved Cs concentration is multiplied by the selectivity coefficient a factor results
which, in many cases, is several times greater than the potassium concentration. As expected
from theory there is a reasonable negative relationship between log [K] and log KdCS(figure
6a) with an R2 value of 0.55. However, inclusion of the stable Cs term at a total additional
concentration of 29 nM raises the R2 for the plot of log Kd versus log {[K] + K (Cs/K).
[carrier Cs],01)to 0.67 (figure 6b). There is an accompanying increase in slope, from -0.69
for potassium alone to -0.87, which is very close to the theoretical slope of -1. About 8% of
the total variability is accounted for by the inclusion of Kd into the right hand side of the
equation, 2% is due to differences in the water content of the wet sediment used in the
laboratory measurements. The other 2% is due to either or both effects and indicates a small
co-varience between the Kd and dry solids content.

In order to assess the influence of any ion, other than the primary competitor, on the Kd it is
necessary to define the Kd in terms of both the primary and the secondary competitors.
Sweeck et al. (1990) proposed a method for achieving this for homovalent competition. An
alternative, simpler, derivation was used to obtain a similar equation to (12) for homovalent
competition and the method was extended to include divalent - monovalent competition.



Manipulation of data from Brouwer et al., (1983) gives: Ic-(M2+/IC ) = 2.445 x I0-'°; K4-
(NalIKI) = 0.015. From De Preter (1990) K4 -N114*/K*= 5.85. The bivalent cation -
potassium selectivity is so low that bivalent cations have no effect on the Kd for caesium.
The concentrations of the secondary competing ions multiplied by the selectivity coefficient
with respect to potassium were calculated as a proportion of the potassium concentration.
Over the range of chemical conditions found in this study, sodium ions should be as important
as potassium in determining the Kd and, even under aerobic conditions, ammonium ions can
be dominant. As shown above log-log plot of KdC5versus potassium has R2 = 0.55.
Regressions of log ammonium concentration and log sodium concentration versus log Kd
separately show weak correlations with R2= 0.21 and 0.26 respectively. When combined with
the potassium concentrations using an extension of equation 1 the regression shows only a
marginal improvement (R2 = 0.57). If the equation includes the additional stable Cs present
in the Kd measurement R2 reduces from 0.67 to 0.63. The implication is that the cumulative
errors attained, at this level of complexity in the model, are larger than the effect itself over
the relative narrow range of secondary competitor concentrations observed here.

In a review of K4values for standard ion exchange sites on soils, Bruggenwert and Kamphorst
(1979) quoted: Kd (K+/Ca21 = 2.04 ; K4 (NallCa2*) = 0.40 ; K4 (NW/Ca2) = 2.04 ;
(Mg2+/Ca2t) = 1.01. The coefficients show a much narrower range than those compared to
K on frayed edge sites and are within about a factor of 2 above and below 1. As a secondary
competitor, Mg follows the simple homovalent equation and contributes about 30% to the
total Kd , and, since K, (Mg/Ca) = 1, the sum (Ca + Mg) can be considered as a single ion.
A plot of log Kt v log (Ca + Mg) shows (figure 7) a very high correlation (R2 = 0.83)
with a slope of 0.59. The slope is a little lower than the predicted slope of I. All three
monovalent competitor ions show much lower contributions than would have been the case
if the homovalent equation had been valid. Ammonia contributes less than 1% to the Kd
compared to Ca. The contribution of K is normally less than 2% and Na is normally
contributes less than 50 % compared to Ca. Na, K and NH4 all show lower correlations
with Kt when plotted on log-log form (R2 = 0.52, 0.32 and 0.26 respectively). Because
of the heterovalent form of the competition between Ca and the three monovalent ions (NH4
, K and Na) it is not possible to develop a simple, single equation to combine all three effects
in the same way as is possible for homovalent competition. However, NH4 and K are likely
to have very little effect on the Kd. A plot of the heterovalent combination of (Ca + Mg) and
Na has much lower R2 (=0.529) than the R2 for (Ca + Mg) alone. This probably results from
the cumulative errors outweighing the effect of Na.

It is clear from this study that the nanogram per litre stable Cs concentrations measured in the
natural environment are 3 - 4 orders of magnitude lower than the microgram per litre
concentrations of stable Sr measured in the same samples. However, because of the large
selectivity of Cs with respect to potassium at the FES, very small quantities of stable Cs can
affect the value of the Kd . Although no effect was observed in the natural environment, up
to 12% in the variability of the measured Kd could be due to this effect under the
measurement conditions used in our experiments, where stable carrier was added with the
radio-isotope. Conversely, stable Sr carrier showed no such effect due to its much lower
selectivity coefficient with respect to Ca at normal ion exchange sites. These data suggest
that, for Cs but not for Sr, the use of non-carrier free isotopes in laboratory measurements can
result in both increased variability and under-estimation of the Kd. In addition, it appears
that, for the range of secondary competitor concentrations covered in this study, the variability
of measured Kd's is much greater than the effect of secondary competition in aerobic samples.
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Figure 6b. Ln( kd -Cs) v. Ln([K] + [carrier Cs])
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1) PHYSICO-CHEMICAL BEHAVIOUR OF RADIONUCLIDES IN
FRESHWATER SEDIMENTS

II. Objectives

Study of the effect of ionic composition, sediment drying and temperature on
radiocaesium fixation in sediments;

Study of the solid-phase speciation of radiocaesium and radiostrontium in sediments;

Characterization of suspended matter (Fratel dam) in terms of relevant parameters
for the short-term prediction of solid/liquid partitioning of radiocaesium.

III. Progress achieved including publications

1. Factors influencing the radiocaesium fixation in sediments

Ionic composition


On the basis of a rather consistent and coherent caesium selectivity pattern in the
frayed edge sites (FES) of the sediments, it was accepted that the FES in the various
sediment systems are essentially similar structures, although this is an
oversimplification considering the erratic and unpredictable irreversibility pattern of
radiocaesium sorption in various systems. Such diversity in behaviour could eventually
be connected, with weathering effects. In the protocols followed before to
radiocaesium irreversibilitystudies, the radiocaesium contamination of the systems was
carried out on the system as such (i.e. in the ionic state as sampled) without
pretreatment. However, it should be considered the effect of the sediment ionic
composition and that of the overlying water column.

Two scenarios were considered:

a) Sediments homoionically saturated with various ions

A comparison was made between the potassium, sodium, and calcium forms of the
sediment, Tejo river (Tl<631.1.m,T2<50011m)and Tejo estuary (A<2121.tm,S<2121.1m)
and their natural conditions. Homoionic systems (1g/10m1)(K 2x1(113M;Na 2x10-3M;
Ca 10-3M)were labelled with radiocaesium in a le M KCI 137Cslabelled solution and
allowed to age for 4 and 52 days. They were subsequently dispersed in 200m1of 10-3M
NRICI containing a dialysis membrane with giese (ammonium copper



hexacyanoferrate) granulate ("Infmite Bath" method). Desorption progress was
monitored by counting the adsorbent (fresh adsorbent is used after each sampling).

Fig.1.1 summarizes the results obtained in terms of a comparison of plateau fixation
levels in the various systems studied for the natural, potassium, sodium and calcium
states and for 4 days aging time. In spite of some minor differences, a very consistent
pattern in the behaviour of all systems is observed. It is seen that, fixation levels
decrease from the natural conditions to the K-state; fixation levels increase in the
sodium state; the highest fixation being found in the Ca-state. It appears that the action
of strongly hydrated ions (Na, Mg, Ca) leads to (structural) configurations unfavorable
for radiocaesium desorption within a very short time scale (days). Possibly, the
presence of strongly hydrated ions in the FES pool may lead to a wedge-effect,
allowing for a deeper penetration of radiocaesium into the solid, resulting in a dramatic
drop in subsequent desorption levels. This may be confirmed by the difference in
fixation behaviour between the freshwater (T1 and T2) and estuarine sediments (A and
S), showing a higher fixation level in the systems with the lower FES capacity.
However, the higher fixation levels are very likely related to differences in ionic
composition. When the various sediments were submitted to an aging time process (52
days) the differences in fixation behaviour become less pronounced and the Ca-
saturated sediments scarcely show any aging effects.
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Fig. 1.1 - Effect of K, Na and Ca ions on radiocaesium fixation for Tejo river

sediments (T1, T2, A, S) and 4 days aging time.

b) Mixed potassium-calcium solutions

The possible effect of ionic concentration was investigated in a homoionic (K) and a
mixed (K-Ca) scenario. For the first case, sediment samples (T2) were preconditioned
homoionically at 4 different potassium concentrations (0.1, 0.5, 1 and 2 meq.14), 137Cs
labelled in the same solutions and aged for 2 and 165 days. They were subsequently
dispersed in 200m1 of 10-3M NI-14C1containing a dialysis membrane with giese
granulate ("Infmite Bath" method). Desorption progress was monitored by counting
the adsorbent (fresh adsorbent is used after each sampling).



For the K-Ca scenario, sediment samples (T2) were preconditioned with three
solutions at the same potassium adsorption ratio (0.08) but increasing total
concentrations. The compositions studied were (in meq.14): K=0.1, Ca=3; K=0.5,
Ca=75; K=1, Ca=300. The systems were 137Cslabelled in these conditions, aged for 2,
129 and 165 days and submitted to the same desorption protocol.

Results are shown in Fig. 1.2 and Fig. 1.3 for the homoionic and mixed scenarios
respectively.
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Fig. 1.2 - Effect of potassium concentrations on radiocaesium fixation for T2 sediment,

at different aging times (2 and 165 days).

For the potassium scenario (Fig.1.2), there are only a very small trend towards fixation
promotion at lower concentration. The fixationlevels increase by a factor of about two
up to 165 days aging, for all potassium concentrations. In the case of the K-Ca system,
the effect of total concentration is more pronounced, particularly at longer aging times
(a factor of about 1.5).
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Fig.1.3 - Effect of potassium-calcium concentrations on radiocaesium fixation for T2

sediment, at different aging times (2, 129 and 165 days).



It is concluded that the cationic composition of the liquid phase (and therefore the
solid) plays a key role in the radiocaesium fixation behaviour: strongly hydrated cations
(Ca, Mg, Na) lead to a pronounced enhancement of radiocaesium fixation in the solid
phases; poorly hydrated ions (K, NH4)have the opposite effect and promote sorption
reversibility.

Sediment drying and temperature


In sediment sampling methodology is important to know if a sediment should be dried
and, if so, at what temperature and what is the possible effect on the desorption
behaviour of radiocaesium. Another question which raises to soils sampling is how
important are aging effects in thy conditions. These issues are being addressed here.

Sediment samples (=lg) were weighted in aluminium plates and contaminated using
2.5ml 10-5MKC1 '37Cslabelled solution. These systems were submitted to 5 drying-
wetting cycles at 25°C using 2.5m1bidistilled water. The entire procedure took 4 days.

Another set of samples were labelled with 137Cs,using the same procedure, dried at
25°C and left to age for 48 days. The effect of temperature was studied by oven-drying
the '37Cscontaminated samples at 110°Cand left to age for 4 and 48 days.

In parallel, reference samples were contaminated with '37Cs and left to age at room
temperature (25°C) in wet conditions for 4 and 48 days.

For the desorption protocol all the samples were dispersed in 200m1 10-3MNH4C1
using the giese granulate in a dialysis membrane.

These procedures were carried out to Tejo river (T1, T2) and Tejo estuary (A)
sediments.

The results obtained are summarized in Table 1.1 in terms of fixation levels as obtained
from the desorption plateaus, for 4 and 48 days aging times.

From Table 1.1 it is seen that, for short aging times (4 days) the wetting/drying cycles
have a limited effect on radiocaesium fixation, except for sediment A, as compared
with the reference samples left to age for 4 days under wet conditions. Submitting the
systems to a drying procedure at 110°Cleads to a significant increase in fixation levels.

In what concerns the aging effects, an increase in fixation levels by a factor of about 2,
for wet systems, was observed. However, the most important is the finding that in the
dried systems, aging leads to minimal changes in fixation levels. It means that, when
sediments (or soils) are air-dried after sampling, aging effects are interrupted and, if
one is interested in studying radiocaesium desorption yields, the picture obtained
relates in fact to the date of sampling. Moroever, these data show very clearly that
drying the system at high temperature should in any case be avoided.

It is concluded that, drying a sediment at room temperature has a very limited effect on
fixation but appears to put a brake on the aging effects.



Table 1.1 - Effect of sediment drying and temperature on radiocaesium fixation for 4

and 48 days aging times.

Aging time


days

Sediments Wet Dry


(25°C)

Dry


(110°C)

4

48

T1

T2

A

TI

T2

A

41.5


41.4


26

75.9


74.7


39.7

44.6 *

54.3 *

47.8 *

49.3

50.7

33.1

66.7

59.6


63

55.5

* 5 wetting/drying cycles

2. Solid-phase speciation of radiocaesium and radiostrontium in sediments

It is commonly thought that the fraction of sediment-bound radiostrontium and
radiocaesium, dispersed in 1M ammonium solutions -the ion exchangeable pool- is
associated with the "regular" part of the ion exchange complex (the planar and easily
exchangeable sites). A study on radiostrontium and radiocaesium sorption reversibility,
covering a range of sediments and desorption agents (complex ions, KC1, NH4C1,
MgC12,CaC12, Sr(NO3)2), demonstrated that radiostrontium and radiocaesium are
associated with different exchange sites in the solid. On the basis of this different
behaviour a sequential ion exchange displacement protocol was developed which
allows the quantitative separation of the ion exchangeable fractions of the two
radionuclides.

Sediment samples (.,--1g)inside dialysis membranes were thoroughly equilibrated with
mixed K-Ca solutions ( 10-5M KC1, 10-5M CaC12)which were double labelled with
137Cs and "Sr. After three days equilibration 137Csradioactivity in the dialysate was
counted by gamma spectrometry and the amount of 137Csadsorbed was calculated. For
"Sr, dialysate samples were counted by beta spectrometry after 16 days (allowing a
stationarystate of the 90Ydaughter nuclide), and 9°Sr radioactivity adsorbed on the
sediments was calculated. Appropriate corrections were made for the 137Cs
interference (maximum energy of 0.51 MeV) in the liquid scintillation counting assays
of 9°Sr(maximum energy of 0.54 MeV).

Radiostrontium desorption was carried out by transferring the dialysis membranes to
50m1 IN SrC12 (end-over-end shaking, 24 hours); 9°Sr and 137Csactivities were
monitored in the dialysate (taking appropriate time delays and corrections as
described). From such measurements, desorption levels of both radiostrontium and
radiocaesium could be calculated. Finally, dialysis membranes were transferred to a



vessel containing 12g (dry) giese granulate in 200m1 I0-3M N1-14C1,and the
radiocaesium desorption was monitored by regular gamma counting of the adsorbent.

In addition, reference desorption experiments were carried out on the various
sediments (using single labelling), applying the IN SrCl2 and the "Infmite Bath"
protocol (10-3MNH4C1,giese granulate).

The results are summarized in Table 1.2 for the studied sediments. Five data series are
shown: the 90Srdesorption levels obtained with IN SrC12(double labelled systems),
137Cs desorption levels in IN SrCl2 (double labelled), cumulative 137Csdesorption
levels (obtained as the plateau values after 11 days of desorption) using the "Infinite
Bath" technique (double labelled), 9°Srdesorption levels in IN SrCl2 (single labelled)
and 137Csdesorption levels (single labelled) with the "Infinite Bath" technique.

It is seen that in all systems (double and single labelled), 90Sr desorption is nearly
quantitative (96-100%), clearly demonstrating complete reversibility. The 137Cs
displacements in the 1N SrC12treatment are quite low (1-3%) showing that 137Csis not
at all present in sites accessible to strontium. The desorption levels obtained for '"Cs,
after having been submitted to a IN SrCl2treatment are seen to be significantly lower
(a factor of about 1.5) than the values obtained in the single labelled systems (no IN
SrCl2 treatment). This effect should be due to the enhancement of fixation, resulting
from the effect of concentrated solutions of strontium, as shown before to calcium.

Table 1.2 - Radiostrontium and radiocaesium desorption yields (%) for T1, T2, A and

S sediments, in the presence of IN SrC12and 10-3MNI-14C1giese ("Infinite Bath"


protocol). Standard deviations are given in parenthesis.

Sed.

Mixed "Infinite Bath"

9°Sr


IN SrC12

137Cs

10-3M Nat

giese

9°Sr '"cs
IN SrC12

137r

10-3MNH4

giese

T1 98.4 (±0.3) 2.7 (±0) 33.4 (±0.5) 95.6 (±0.1) 49.3 (±0.5)

T2 99.3 (±0.2) 3.3 (±0.1) 28.2 (±0.8) 97.3 (±0.6) 46.5 (±0.1)

A 96.4 (±0.2) 1.3 (±0) 39.6 (±0) 96.8 (±0.1) 61.9 (±0.2)

S97.1 (±0.4) 1.3 (±0.1) 40.2 (±0.2) 97.3 (±0.1) 67.5 (±0)

It is concluded that the ion exchangeable fractions of 9°Srand 137Cscan be rather well
separated, the procedure making use of the fact that the radionuclides are associated
with different sites of the solid phase. Radiocaesium is quantitatively associated with
the FES and its desorption is only partially reversible; radiostrontium is quantitatively
associated with the regular ion exchange complex and its adsorption is completely
reversible.



3. Short-term prediction of radiocaesium solid/liquid partitioning to suspended
matter (Fratel dam)

Suspended matter samples (grain size <1061.1m)from Fratel dam (Tejo river) collected
at lm (FU) and 10m (FL) depth, were characterized in terms of cation exchange
capacity (CEC), organic matter content (OM) and potassium and ammonium
radiocaesium interception potential, Kai( and Kamm respectively (Table 1.3). The
results obtained for the various parameters are in good agreement with those obtained
to other freshwater sediments (Madruga, 1993) and show that the two suspended
matter samples have very similar properties.

Table 1.3 - Relevant parameters for the suspended matter samples.

Suspended CEC OM KdmK KdMNH4 iç (NI-14/10
matter meq.100g"I meq.e

FU 39.4 22.8 2.8 ± 0.3 0.73 ± 0.04 3.8

FL 37.8 18.2 3.0 ± 0.1 0.81 ± 0.05 3.7

The solid phase characteristics relevant for the specific sorption of radiocaesium (Kai(
and Kdmmi4)have been determined in the presence of a masking agent (silver
thiourea). However, it is of interest to test if the radiocaesium adsorption is exclusively
confmed to the FES. Such predictions could be confirmed by experimental data for
scenarios in which the entire ion exchange complex is accessible to radiocaesium.

Predictions of the radiocaesium partitioning for field scenarios can be made using the
following equation:

[Ka (Cs).mK
Kd(CS)= 


Ic(NH4 la inNli 4 m K

where the denominator expresses the total competitive effect of K and NH4 ions,
multiplied by its weight factor, obtained from [1Qmx]/[1Qmr.a44]ratios. Taking into
account the values in Table 1.3 and the water column composition (Fratel dam) in
terms of K (69 peq.0 and NH4 (17 Req.1.1) concentrations, the distribution
coefficients obtained are 2.1x104and 2.3x104 for FU and FL respectively. These
values are higher by a factor of two than those obtained "in situ" (1.1x104 ml.g-5. The
same calculations were made to bottom sediments and also based on the predictions, a
higher Kd (6.3X103 ml.g1) than "in situ" Kd (2. 8X103 ml.g-i) was obtained.
Consequently, it may be concluded that in spite of the higher 1C4values the solid/liquid
partitioning of radiocaesium in field scenarios can reliably be predicted on the basis of
sediment laboratory characterizations and column water composition.

The radiocaesium fixation levels at short time period, for the suspended matter were

also evaluated. Suspended matter samples (FU, FL) (solid/liquid ratio=1g/25m1) were

first preequilibrated (three times) with water from Fratel dam. The radiocaesium



adsorbed on the suspended matter was determined after the samples equilibration (one
day, end-over-end shaking) with the same water 137Cslabelled. The labelled suspended
matter samples were dispersed in 1M Nl-LCIshaken and centrifuged at each sampling
time. The procedure was repeated four times and desorption yields expressed in
cumulative terms. The results obtained show fixation levels of about 22%. These
values are lower than those obtained for bottom sediments (about 50%). It can be
concluded that for the same aquatic environment and short aging times the suspended
matter plays a more important role than the bottom sediments in what concerns the
radiocaesium desorption.

Publications

Madruga, M.J. Adsorption-desorption behaviour of radiocaesium and
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journal "Science of the Total Environment".

Wauters, J, Madruga, M.J., Vidal, M., Cremers, A. Solid phase speciation of
radiocaesium in freshwater sediments. Presented on the "International Seminar on
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on the journal "Science of the Total Environment".

2) BIOLOGICAL PROCESSES

II. Objectives

Radiocaesium bioaccumulation shows a large variability in nature, being higher in
oligotrophic lakes, with low potassium concentration, and lower in freshwaters with
high potassium content. More recently, after the Chernobyl accident, very high 'Its
concentrations in freshwater fishes were found, mainly in lakes in Northern Europe,
with large differences from lake to lake.Temperature is another environmental factor,
which is referred in literature as affecting the bioaccumulation of radionuclides by fish.

The objective is the evaluation of the effects of changing eMdronmental parameters
which affect the variability of concentrations and transfer factors.

Under the assumption that it is not only the IC concentration in water that affects
the radiocaesium accumulation by fish, but also the r-ce balance, series of
experiments were programmed to study the effect of the 1C-Cs+ in water, on
radiocaesium accumulation and retention by the Cyprinid fish Chondrostoma polypepis
polylepis.

To study the combined effect of different 1C. concentrations and different
temperatures in water on radiocaesium accumulation by the same fish species.



III. Progress achieved including publications

MATERIALSANDMETHODS

All the experiments were performed in small aquaria with 5 liters of an artificial
freshwater medium, without water filtration system, but with aeration and artificial
light during 8 hours a day, except for weekends (continous lighting). Artificial medium
was composed of distilled water to which some salts were added, in order to get a
basic cationic composition similar to the one found in Tejo River at the site of Fratel
dam. Ca2+,Mg2+,Ne and IC+concentrations were, respectively, 36, 11, 25 and 3.3 mg
r'. Only IC concentration was changed and the values used were 0.35, 3.5 and 35 mg
14.134Cswas in the chloride form, in a solution 0.1 M of chloridric acid, with a massic
concentration of 2 pg Cs+m14.Water was changed once a week and the contaminated
feccal pelets were daily separated by screening, to prevent their ingestion by fish.

Small specimens of the cyprinid fish Chondrostoma polylepis polylepis, aged of about
1 year and weighing about 2g, were used and fed 5 days a week with milled soft parts
of bivalves (containing 0.9 mg IC+per gramme), each meal representing about 5% of
the total fish weigth. Each group was previously acclimated to the artificial medium,
for 2 weeks, before contamination with radiocaesium.

During the uptake phase fishes were fed in separated aquaria, with uncontaminated
media, to avoid fish contamination from the food pathway..

Radioactivity measurements were made on pre-weighed living fishes, anaesthetized in
an aqueous solution of 0.3 g.1-1of MS-222 (Sandoz). To measure 134Csconcentration
in the liquid phase during the uptake, 5 ml samples of labelled water were filtered
through membranes (0.45 gm).

The measuring equipment was based on a well-type NaI(T1)detector, associated with a
multi-channel analyser.

The first set of experiments at the temperature of 20° ± 2°C had the objective of
studying the balance of potassium-stable caesium. Table 2.1 shows the concentrations
of stable ce, lc and also of '34Cs+added during the uptake phase.

Table 2.1 Concentrations of IC , stable CC and radioactive CC in the artificial

medium, at 20°C

(Ppm)
IC stableCs+ radio ce**

0.35 5.8E-04 6.16E-04to 6.28E-04
3.5 5.8E-04 6.16E-04to 6.28E-04
35 5.8E-04 6.16E-04to 6.28E-04

5.8E-04 0.35 6.56E-04to 6.64E-04
5.8E-04 3.5 6.56E-04to 6.64E-04
5.8E-04 35 6.88E-04to 7.04E-04




l.

group 1
group 2
group 3
group4
group 5

group6

** only for uptake phase



The second and third sets of experiments were carried out at the temperatures of
12°±2°C and 5°±1°C, but being the temperature effect the aim of the experiment, the
same three different IC+concentrations were used and stable caesium was kept
constant, 5.8 x 104mg r' . Very similar conditions as described in Table 2.1 for groups
1,2 and 3, were settled.

RESULTSANDDISCUSSION

Data expressed in Bq of fish (fresh weight) are affected by a confidence interval of
0.95. Concentration Factor, CF„ the ratio Bq g"1 (fish) / Bq mr' (water), was
computed considering the mean value of water radioactivity for all the uptake period.
Retention, R„ was computed considering the mean total radioactivity of fishes, so that
data would not be affected by the biological dillution of radiocaesium, due to the
weight increase of fishes. Retention data represent the percentage of the initial
radioactivity of fishes during the elimination phase and is based upon a
multicompartmental analysis. Biological half-life, Tb, means•the time needed for a
retention compartment to loose 50% of its radioactive content.

In order to be comparable, all the uptake kinetic curves are fitted to power functions,
because for the lowest temperature retention analysis could not yet be completed, but
for those already completed the results are also presented according to the treatment
described by Garnier-Laplace (1991) and Badie et al. (1985), where the elimination
rate is taken into account. A

Potassium - stable caesium effect

134Cs concentration in fishes during 4 weeks of direct uptake, has increased in all six
groups without reaching a steady state. Figs. 2.1 and 2.2 show the CF, experimental
data and the adjusted uptake functions for groups 1, 2, 3 and 4, 5, 6, respectively.

Keeping a low stable CC concentration of 5.8 E-04 mg 1d in the artificial medium
(groups 1, 2 and 3), it can be easily verified that the higher the ic+ concentration in
water the lower the radioactive contamination of fishes, Figure 2.1. The Same happens
when, on the contrary, there is a low IC concentration of 5.8 E-04 mg and stable
ce is present as a major cation (groups 4,5, and 6) Fig. 2.2.

Analysisof variance reveals that, for CF, experimental data, variances for groups 2 and
3 are not significantlydifferent at the significance level of 0.95, but both are different
of group 1, while groups 4, 5 and 6 are significantly different. The same analysis
applied to the retention data reveals that groups 1, 2 and 3 are not significantly
different, and the same for groups 4, 5 and 6.

The [1(]/[Cs1] balance appears to be determinant on the 134Csuptake by fishes, and
there seems to be a resemblance of CC and IC. behaviour when their relative
concentrations in medium are inversed.

It is important to enhance that at IC concentration of 3.5 ppm and' at the same
concentration of CC, CFs are quite similar.



T=20•C

CFcos=0,338ILIn

r2=0,995

[K+]=0,35ppm

(K•]=3,5 ppm

[K+35 ppm

CF3.0,7551"" • . •
r2=0,984

"• „

•

a•

./

. - - •
s ----- -

-

r

Concentration

factor

100

10

0.1

0 5 10 15 20 25 30

Days

Fig. 2.1 134Cs uptake by a freshwater fish from water with different Ic concentrations,

at 20°C

Uptake curves based on the treatment used by Gamier- Laplace (1991) and
Badie et aL (1985):

0.35 ppm: CFt = 419 (1-e-0009t)+ 7 (hem 183t)
3.5 ppm: CF = 96 *eon + 0.15 (hem loit)E
35 ppm: CP* = 50 (hem 0131)+ 1.3 (he-0 1141),

T=202C

100

CR.=5,1081°'71°
= 0,945 •

- Ca.=0,959It"'
e =0,989•••• ----- •

•
sCF =0,3831"24

e =0,998
[CS+J=0,35ppm

[Cs+3,5 ppm

ps+1=35 ppm

0,1

Concentration

factor
10 :

5 10 15 20 25 30 35

Days

Fig. 2.2 134Cs uptake by a freshwater fish from water with different ce concentrations,

at 20°C



Uptakecurvesbasedon the treatmentusedby Gamier-Laplace(1991)and
Badieet aL (1985):
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However, the retention curves show that the removal of radioactive caesium by stable
caesium is not as efficient as it is by potassium (Figures 2.3 and 2.4). In fact,
comparing retention functions, all the long term retention components of groups 4, 5
and 6, exhibit longer biological half-lives than their respective pairs, ranging from 139
to 693 days. While at the three IC+concentrations used in water the longer biological
half-life varies from 53 days (at 35 ppm) to 77 days (at 0.35 ppm).

One possible explanation is that practicaly no more exchange is possible between the
radiocaesium in fish and the potassium in water, as in this case it is only in a tracer
amount, and fish must keep constant the internal IC+concentration (homeostatic
regulation).

Potassium concentration and temperature effect

An interesting point to enhance is that the IC concentration effect remains
approximately the same, at the temperatures of 20° and 12°C, Figs. 2.1 and 2.5.
Variance analysis does not reveal for both temperatures (see page 11) significant
difference on radiocaesium uptake kinetics for IC concentations of 3.5 and 35 ppm,
although at 12° C it was observed that these uptake kinetics curves are "inverted",
Fig.25. In fact following the treatment used by Gamier-Laplace (1991) and Badie et al.
(1985), they are superposed, which for the moment can not be explained.

However the elimination at 12° C is much different than at 20°C. Not only the
biological half-lives are longer, what could be expectable (0.35ppm Tb1=17 days,
Tb2=305 days; 3.5ppm fc: Tb1=14 days, Tb2=167 days; 35ppm Tb1=16 days,
Th2=105 days), but the eliminationat 35ppm IC is faster. This fact seems to mean that
the higher IC concentation favorizes radiocaesium elimination.

At the temperature of 5°C, Fig. 2.6, the different le concentations did not affect
differently the radiocaesium accumulation. The three uptake kinetics curves of 134Cs
are not significantlydifferent. (Fishes are not very active and they feed at a very low
rate).

So, it is noticed that at the temperatures of 20° and 12° C, there is actually an inverse
-relation between 1C+concentation in water and radiocaesium concentration factor (CF).
Based on the values at the end of each experiment, the three different values of CF
obtained according to the three potassium concentrations in water, at the temperature
of 20°C, show the following trend:

CF = 70.33 [ 368 R2= 0.92 (1)

At the temperature of 12°Cthe trend is similar, although the correlation is not so good:

CF = 21.15 [ IC]4 444 R2= 0.67 (2)

At the temperature of 5°Cit is not possible to establish such kind of relation.
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These adjusted exponential functions, with only one term, mean very likely that the
accumulation was still far from the equilibrium, in a phase of steep slope, when the
process is very well described by a power function (coefficient correlations are about
0.99), and that might respond to the fast component of the elimination curve. So,
when adjusting the uptake function, according to the retention study (> 250 days), that
first part of the uptake is meaningless and only one exponential term is obtained.

Comparing Figs. 2.1., 2.5 and 2.6 and Cfs equations, it may be seen that: Cfs at
equilibrium,at the lower V concentration, represent 73% and 2.2% of the CF at 20°C,
at 12°C and 5°C respectively. For the "normal" IC concentration, 3.5 ppm, they are
reduced to 25% and 8%, at 12° and 5°C respectively, and at the higher V
concentration they represent 47% and 11% at the same temperatures respectively.

It must be stressed that the retention experiment was stopped at the 35th day because
some deaths occurred and the number of remaining fish was not enough to continue
the experiment.

CONCLUSIONS

Potassium-stable caesium effect

According to the proposed objective, it appears that [V] / [Cs] balance is determinant
on the 134Cs uptake by fishes, and there seems to be a resemblance of CC and IC•.•
behaviour when their relative concentrations in medium are inverted.

The high stable caesium concentrations in the medium cause a decrease in
radiocaesium concentration factor, but at long term the decrease brought about by
potassium is stronger. These results suggest a stable caesium descrimination by fish
physiology.

The elimination of radiocaesium by fish seems to be independent of the external V
concentration (conclusion from an only 50 days experiment).

Potassium concentration and temperature effect

Decreasing temperatures at different V concentrations in water decreases the
radiocaesium accumulation, the pattern being almost the same at 20° and 12° C. At
5°C it is completely different, and it seems possible to say that there is no influence of
the V concentration in water on the radiocaesium uptake. CF equations show that the
highest IC concentration influence on radiocaesium accumulation is at 20°C, where the
Cfeqat 35 ppm IC is 53% of the CFeqat "normal" V concentrations (3.5 ppm).

It was previously concluded, at 20° C, that different V concentrations in water did not
seem to affect the radiocaesium elimination rate, as well as at 5°C, but these former
experiments lasted only 50 and 35 days respectively, while those ones at 12° C lasted
for 250 days. In this case, at higher IC concentration in water, the elimination is faster,
the exchange rate is higher, and the longer biological half-life is lower. Therefore, it



raises the question as to whether a long time experiment influences the goodness of
results.
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Head of Project 3: A. CREMERS

Objectives for the reporting period

Speciation of radiocaesium in freshwater sediments
A simplified procedure of specific site characterization for radiocesium sorption
Prediction of KDfor radiocaesium in sediments and soils
Radiocaesium uptake in microalgae: effect of K concentration
Characterization of sapropell sediments

III. Progress achieved including publications

1. Speciation of radiocaesium in freshwater sediments

In earlier reports, various approaches have been presented for assessing the solid-phase
speciation of radiocaesium in sediments. One of these methods is based on the difference
in caesium sorption selectivity in the Regular Exchange Complex (REC) and the illitic
Frayed Edge Sites (FES) responsible for the very selective sorption of radiocaesium. In
particular, it is well known that the K and NH4 ions are equally competitive with
radiocaesium in the REC; in contrast, NI-I4is about 4-7 times more competitive than K for
Cs sorption in the FES. Theoretical basis and experimentalprocedure have been described
earlier. In short, the method is based on the measurement of the KD(Cs)response to NH4
injection in systems preequilibrated with a mixed Ca-K solution (Ca: 10OrnIVI;K: 10 mM).
If radiocaesium is intercepted in the REC, then KD(Cs) should remain invariant to the
increase in N114concentration. If it is present in the FES, then KD should decrease
according to the equation

KL) (CalK) 

1

KD (CalKIN) K, (N K) MN


MK

in whick KD(Ca/K)and KD(Ca/K/N)refer to KD(Cs)in the Ca/K and Ca/K/NH4 scenarios,
K(N/K) to the N/K selectivity coefficient in the FES and mN/mKto the ratio of N/K
concentrations in the liquid phase. This procedure has been applied to a set of 19
sediments originating from various sources in Europe (Rhône, Moselle, Loire, Vienne,
Meuse, Rhine, Garonne, Seine, Tejo, Po, Ravenglass, Lake Devoke and, Mete Waters
Lake (Belgium). Systems cover a very wide range in textural properties (% clay + fine silt
5-80%), cation exchange capacities (1-26 meq/100g) and specific sorption potentials. The
results are summarized in figure 1 in terms of the averages of KD(Cs)ratios (and standard
deviations) in the two scenarios, KD(Ca/K)/ KD(Ca/K/N) versus rnN/mic. Data can be
described in terms of the linear regression equation:

K D (Ca 1 K) mN—112 + 7.17
KD (Ca/KIN) MK



All individual systems show slopes in the range of 6-8, i.e. the KD(Cs) response for all
systems to increasing NI-14levels is identical to what is found for illite clay, thus
demonstrating quantitative interception of radiocaesium in the FES. This means that
reliable predictions of KD(Cs)can be made on the basis of FES specific sorption potentials
and water composition (see below).

2. A simplified procedure of specific sorption potential for radiocaesium sorption


The fact that radiocaesium is, in the very large majority of field scenarios, quantitatively
intercepted in the FES group, makes the quantitative assessment of this sorption pool of
paramount importance if we wish to make KDpredictions. In the early stages, the specific
sorption potential, defmed as the product of FES capacity and trace Cs to K selectivity
coefficient (formally represented by the symbol [KD.mx]was measured on the basis of an
elaborate silver-thiourea masking procedure. The principle of a new and simple protocol,
eligible for routine applications was introduced in the KD workshop at the 1984 Lisbon
freshwater ecology meeting. It was presented in our 1984 progress report and applied to
a limited number of systems. In short, it is based on a single KD(Cs) measurement in
systems preequilibrated with a Ca/K mixed solution (Ca:100mM); K:.5mM) i.e. a PAR
(Potassium Adsorption Ratio mid qinca) of 0.05. At this low PAR value, K ions are
(nearly) exclusively confmed to the FES. This procedure has now been extended to over
one hundred sediment (and soil) samples of a wide range in textural properties, cation
exchange capacity and organic matter content. Figure 2 shows the correspondance
between results obtained by the masking procedure and the simplifiedPAR protocol. The
agreement is essentially perfect: the linear regression yields

[KD.mic]"AR= - 0.083 + 1.01 LICD.rniclAsTu R2= 0.85

An additional demonstration of the nature of the agreement between the elaborate
masking technique and the PAR protocol is based on a comparison of [Ko.rnic]and
[KD.md values. Figure 3 shows the results.
Both procedures are in excellent agreement in demonstrating the highe competitivity of
NH4 as compared to K. The linear regressions are:

[KD.mdPAR= - 0.11 + 5.12 [Kp.mtc]"AR R2= 0.90
n=105

[KD.mdAgl-u=- 0.065 + 5.70 [1(0.makinj R2= 0.92 n= 116

ucamd mi = - 0.046 + 5.28 [Kolnic]ii
R2= 0.91


n= 221

It thus appears that the sorption characteristic, necessary for making KD predictions is

obtainable from a single measurement using simplelaboratory procedures readily available.



The reliabilityof predictions based on such characterizations is demonstrated in the section
below.

Prediction of KD(Cs)in sediments and soils

Predictive capabilities were tested on a broad range of systems using the following
equation

[K mid
MK + 5.3 niN + 0.02 MNa

in which 5.3 and 0.2 refer to the N/K and Na/K selectivity coefficients in the FES. The
following tests were carried out:(1) fifty freshwater sediments were thoroughly
preequilibrated with a (modal) synthetic river water (mK= 0.15 mM; mN= 0.1 mM, InCa =
2 mM, mmg= 0.5 mM mm = 1 mM) and KD(Cs)measured; (2) twenty-five freshwater
sediments were equilibrated with the (Cs'37 labelled) water described in (a) and KD(Cs)
measured; liquid phase compositions were measured after equilibration; (3) five estuarine
sediments were submitted to tests 1 and to equilibration with synthetic seawater; (4) six
widely different soils (texturally) were subjected to 8 different cationic scenarios (Ca = 3.5
mM; Mg = 1.5 mM) varying the K and NH4 concentration in the range of 0.3 - 2 mM. In
total, some 133 systems (combinations of sediments/soils and water compositions) were
included in the study. Figure 4 shows the nature of the agreement between predicted
KD(Cs) values (KD-pred) and experimental fmdings (KD-exp). It is seen that KD values
cover a range of three orders of magnitude (50 to 50000 Lag) and that the agreement is
reasonably good. In general, predictions somewhat overestimate experimental values but
90% of all observations deviate by less than a factor 3 from predictions. On the average it
is found that

KD (exp)
	 —1.61± a75
KD(pred)

It may thus be concluded that reasonably reliable predictions of KD(Cs)can be made on
the basis of [KD.ind values (obtainable by routine procedures) and liquid phase
compositions (K and N1-14,and in saline scenarios, Na ion concentrations).

Radiocaesium uptake in algae: effect of K concentrations

The main aim of this study was to assess the nature of the competitive effect of K
(covering a range of 0.1 to 10 mM) on TF values for radiocaesium uptake in microalgae
(Dunalliella viridis). In a preliminary stage, efforts were directed at: (a) setting up a
chemostat cultural system; (b) testing the ability of Dunaliella to growcin media of large
differences in K concentration; (c) optimizing counting procedures for TF measurement in
microalgae for marine (high conc.) conditions. It was found that the organism could be
grown in a K conc. range of 104 to 10-2M without significant loss in growth rate and
photosynthetic activity. Ca concentrations could be varied in a range of 2.104 to 2.10-2M
but growth rate and photosynthetic activity were affected. Cs137contents of algae were
measured, using glass-fiber filtration for cell harvesting.

K D (Cs)



K effects on TF were measured in a standard simplified Johnson & Johnson medium
labelled with Cs137.Algae were grown (batch culture) for one week in a growth chamber
at constant temperature and ligth intensity at 10-2, 10-3and 10-4in K. No significant
differences in growth rate were observed. Cs'" activity was measured on fdters (100 ml
suspension for 0.1 g of algae d.w.). The results (averages of three runs) are TF = 0.9(±
0.15) at 10-2M K, 1.1 (± 0.3) at 10-3M and 28.5 (± 1.3) at 10-4M. These data, which are
relevant for scenarios of low K concentration in freshwaters, clearly show that, at low K
concentrations, TF values increase more than proportionally with decreasing K levels.
These findings are in agreement with unpublished data (E. Smolders, ICU.Leuven) for
higher plants indicating high sensitivity of TF (Cs) below K concentration of 0.25 mM.

Characterization of Sapropell sediments

Sapropell refers to sediments containing indigested vegetal and animal residues and which
is available in large quantities in lakes in the CIS, particularly in Belarus and the Ukraine.
Sapropell has been used in recent years as a countermeasure in radiocontaminated soils. A
set of six samples, originating from various lakes in Belarus were characterized in terms of
organic matter (OM) content, CEC, ionic composition of the exchange complex, specific
sorption potential and fixations properties for radiocaesium.
OM content covers a range of 23 to 73% and CEC values range from 27 to 105
meq/100g. Normalizing CEC values to OM content leads to an average value of 1.24
(±0.23)meq/g, showing that exchange capacity is nearly exclusively associated with OM.
In all samples (except one) NH4 levels exceed those of K, sometimes by a factor of 10, as
could be expected from the anoxic conditons of the sediments. [Ko.mic]values cover a
range of 0.1 to 1 meq/g. This is the range commonly found for the soils in the Chernobyl
contaminated area. It follows that the beneficial effect, if any, is not connected with the
sorption properties of those materials. In contrast, its use as a countermeasure for
radiostrontium is predictable, particularly in case of high OM content.
As an experimental test, a series of KD measurements were carried out on sandy soils
originating from the contaminated area with and without sapropell for both radiocaesium
and radiostrontiunn. The effects observed were completely consistent with the relative
sorption properties of soils and sapropell amendment for both radiocaesium and
radiostrontium.

Publications

Submitted (Applied Geochemistry)

Prediction of solid/liquid distribution coefficients of radiocaesium in soils and sediments

Part one: a simplified procedure for the solid phase characterization
J. Wauters, A. Elsen, A. Cremers, A.V. Konoplev, A.A. Bulgakov and R.N.J.Comans

Part two: a new procedure for solid phase speciation of radiocaesium
J. Wauters, M. Vidal, A. Elsen and A. Cremers
- Part Three: a quantitative test of a KD predictive equation
J. Wauters, A. Elsen and A. Cremers
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To be submitted
- The use of sapropell as amendment in radio-contaminated soils (Applied Geochemistry)
E. Valcke, L Moskaltchuk and A. Crenzers
- The influence of particle concentration and fixation on radiocaesium sorption
(Env.Chem.)
J. Wauters and A. Cremers
- Caesium-specific sorption sites on illite-bearing substrates (Env. Chem)
J. Wauters, A. Dierickx and A. Cremers
- Adsorption Kinetics of radiocaesium in aquatic sediments (Env. Chem.-)
J. Wauters, Rampelberg and A. Cremers
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Figure 1. Effect of increasing NH4 concentration on the KD ratios (K-Ca/K-N-Ca scenarios) for
freshwater sediments
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Figure 2. Comparison of [KD.mic]values obtained by the AgTU masking technique and the
simplified PAR protocol.



Figure 3. [KD.my.]versus [KID.mN]for the AgTU masking technique and the simplified PAR
protocol.
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head of project 4: Dr. FOULQUIER

Objectives.

- The Chemobyl accident showed the importance of cesium 137 in aquatic ecosystems and
its fixation in the sediments. In relation with the different source terms (fallout from the
atmospheric weapon tests and the Chernobyl accident, liquid wastes from nuclear plants), a
review of our knowledge about cesium 137 fixation in the sediment of main french rivers is done.

- The importance of radioruthenium was shown in Chernobyl fallout and in the liquid
wastes of reprocessing fuel plants. An experimental work studies the fixation of ruthenium 106 in
an aquatic ecosystem.

Progress achieved including publications

1) CESIUM IN THE FRENCH RIVERS.

French rivers are an intereting investigation field to study the behaviour of cesium in aquatic
ecosystems. Seven rivers are fitted with nuclear power stations (Figure 1): the Rheine with 5
stations (Creys, Bugey, St Alban, Cruas, Tricastin) and the fuel reprocessing plant of Marcoule),
the Garonne with 1 station (Golfech), the Loire with 4 stations (Belleville, Dampierre, Saint
Laurent, Chinon), the Seine with 1 station (Nogent), the Rhine with 1;station in France
(Fessenheim) but under the influence of other stations upstream (Gosgen,',.Beznau, Liebstat,
Muhleberg), the Moselle with Cattenom, the Meuse with Chooz.

Roughly, differences exist between the granulometric composition of the river sediments. Some
like R11E:me,Meuse, Rhine rivers have silty sediment, others like Moselle, Garonne, Loire have
sandy sediments. The percentage of thin particles (lower than 50pm) and the organic matter are
given in table 1:

Table 1. Percentage of thinparticles, and composition of organic matter in sediments of french
rivers.

gissiairellara aifirraTtitfata50MIMIM ri-MitrirtterceicIMMI
Rhóne 30-70% 2.6 - 17.5
Meuse 72-75% 7.1 - 7.7
Rhin 50-54% 3.2 - 3.5
Seine 48-57% 2.9 - 9.1

Moselle 11-36% 5.6 - 6.5
Garonne 21-32% 1.7 - 2.1

Loire 18-37% 4.2 - 9.3

The radiocesium concentrations were studied upstream and downstream from every
nuclear plants. The concentrations of these nuclides in the different rivers sediments from 1989
to 1993 are given in table 2.



Differencesexist between eastern and western rivers which are the consequencesof several
factors:

-fustis that the Chernobylplumeflewmainlyovertheeasternpartsof France.
-otherreasonsare relatedwiththe typeof reactorsand the hydroelectricequipmentof the

rivers.
The lowestvaluesof '37Csconcentrationare foundin the Garonneriver sediments; 134CSwas

not detected.The effluentsof the Golfech1300MWePWRhave a verylow radioactivelevel.
In the Loireand the Seineriversconcentrationsof 137Csare higherbecausethe presenceof 900

MWe PWR (whichdid not retreat their effluentsas wellas 1300Mwe power stations) and the •
graphit-gazreactors(St Laurentand Chinon).

In the eastern rivers like Meuse, Moselle, Rhin, the concentration of radiocesium in the
sedimentsis higher,showingthe effectof the Chernobylfalloutsand of the liquideffluentsfrom
the old reactors(from 1970in Chooz, 1977in Fessenheim).

Table 2. Concentrations of134Csandj37Cs in the different sections of thefrench rivers.

(Bq.kg-1D.W)

.,




Sg.0




Garonne upstreamGolfech - 3.9 ± 3A
downstreamGolfech - 2.8 ± 3.2

Loire upstreamBelleville 1.1± 0.9 13.5± 13.3
Belleville-Dampierre 2.1 ± 1.5 7.8 ± 5.2
DampierreSt.Laurent 1.8±1.1 ,13.4 ± 7.5

St-Laurent-Chinon 2.2± 1.2 12.7± 6.5
downstreamChinon 9.4 ± 7.0 23.3 ± 21.0

Meuse upstreamChooz 1.7 31
downstreamChooz 5.9 ± 1.0 79.5 ± 53.0

Moselle upstreamCattenom - 5.5 ± 39.6
downstreamCattenom 4.8 ± 3.3 16.6± 39.6

Rhine upstreamFessenheim 10.9± 5.0 64.7 ± 22.9
downstream

Fessenheim

9.0 ± 6.5 56.0 ± 28.4

Rill:511e Genevalake 8.0± 5.8 66.5 ± 40.5
Geneva-Creys 1.7J.:1.6 16.6± 15.8
Creys-Bugey 2.1 ± 2.2 24.0 ± 16.2

Bugey-St.Alban 2.8 ± 1.9 .19.0 ± 17.9




St.Alban-Cruas 3.5± 1.6 :1(.11.1± 12.5
Cruas-Tricastin 5.6 ± 5.3 36.8 ± 25.3

Tricastin-Marcoule 3.1 ± 2.5 32.0 ± 21.7
Marcoule-Camargue 28.6± 13.7 253 ± 72

GrandRhône 8.5 ± 5.2 75 ± 33
PetitRhône 11.5± 3.9 195± 91

Camarguedelta 1.3± 0.4 16.1± 7.3
Seine

•
uptreamNogent 1.1± 0.7 13.3± 6.0

downstreamNogent 3.7 ± 4.1 16.0± 18.9



The Rhemeriver presents several aspects. In the lake of Geneva the sediments have 66 Bq/kg DW
of ists showing the characteristic of lakes with large catchment area and slow renewal flux.

In the upper Rhone, the sandy sediments have a concentration of around 20 BqI.kg-i DW.
From Lyon to Marcoule the mts activity is about 30 Bq.kg-1 and 250 downstream from the
reprocessing fuel plant of Marcoule and less in the two arms of the river (Grand-Rhóne and Petit-
Rheme)surrounding the delta of Camargue.

The same comments could be made for '3°Cswhich shows concentrations 10 times lower
than 137Cs.

Radiocesium concentrations are well correlated with sediment thin particles and organic
matter.

Multivariated analysis were done on these field data. For example figure 2 shows a
graphical representation of a Principal Component Analysis (PCA) done with 9 parameters on 26
samples of sediment of upper Rhóne.

The first graph shows the projection of the parameters on the factorial plan constructed -
with the first two axis that represent 70% of the total variability.
The correlation circle shows that the best correlated parameters in the principal plan are '37Cs
(-0,94), thin silts (-0,89), thick silts (-0,84) and thick sands (+0,79)

The parameters having correlations close to the circle (-1, +1) are the best variables
represented on the principle plan. Axis 1 explains 50% of the variability, it could, roughly
represent the sediment granulometry.

When two variables are in the same direction, their evolutions are correlated. So 137Cs is
a function of the percentage of thin particles, and specially silts (and it is in opposite with
percentage of sands).

Axis 2 explains 20% of the variability and it does not give interesting informations.

The second graph shows the projection of the different samples on the factorial plan. One
could see different populations:

- on the left are the samples characterised by a high percentage of thin particles ; they are
the sediments on the dam reservoirs, and two samples downstream from Lyon.

- on the upper part of the diagram are the samples from Bugey area, where sandy
sediment is found. - the last population is composed by the sediments sampled between the
Geneva lake and the area of Creys, with sandy sediments.

When several parameters are in the same direction it is possible to draw the regression graph
between them. For example figure 3 shows the relation between the percentage of thin particles
and the cesium concentration in the sediments from upper Rhóne.

In conclusion, this study shows that the concentration of radiocesium in river sediment can be
related whith the different source terms and with the granulometric characteristics of the
sediments.

2) RUTHENIUM106EXPERIMENTALTRANSFERMODEL.
A research program was undertaken on evaluation, modeling and analysis of m6Rutransfer in a
fresh water trophic net. The reason was that m6Ru was found in Tchemobyl fallout and
constituted 95% of liquid wastes of the reprocessing fuel plant of Marcoule. It was the subject of
Frangoise Vray PhD. Her thesis defence occured on november 24th 1994. 72 experimentations



studying the transfer of m6Ruin a freshwater ecosystem including 2 abiotic compartments and 10
species from 3 trophic levels were done.

The CEC-DG XII cofmanced a part of the experimentations concerning the following
components:

- Water sampled in the Rhône river, upstream from the Cruas power station.
Primary productors, which are two species of algae abundant in freshwater ecosystems

(Scenedesmus,Chlorella). These two species present differences in morphology, size, and
digestibilityby their consumers.

First order consumers, (Daphnia magna) which is a planctonic crustacea important in
fish diets.

Second order consumers (Gambusia) which is chosen because its small size, used as a
food for young trouts.

- Third order consumer (Salmo trutta) which is a ichtyophagus fish.

Experiments are done in plastic tanks (1 to 10 liters, according to the size of the
organisms), temperature is fixed at 18°C, oxygenation is made with air pumps. For the direct
transfers from water, contamination with m6Ru(RuC13,in HCI) is realized in a single time, one or
two days before introducing organisms. For the trophic transfers, food is previously contaminated
and rinced in inactive water before it is given to predators. Sampling and radioactive measuring is
done regularly. For water, samples of 5 and 10 ml are taken, part is measured non filtered, an .
other one after filtration at 0.45 pm.
Algae are sampled by filtration on 0.45 gm membrane, biomass is evaluated in a Malassez cell.
Daphnids are sampled by filtering the water on a nylon sieve. They are rinced in inactive water
then dried on blotting paper.
Fish are sampled with a spoon net, they are anesthetized, then put in plastic tubes. Radioactivity is
measured by gamma spectrometry on a Nal cristal.

2.1 TRANSFER FROM WATER TO ALGAE.
The contamination of the two species was done at several ages of the population (0, 6, 13, 26
days).
Figure 4 shows the simulation of the concentration factor evolution for a contant concentration
of water and without cellular divisions.

The transfer of 1°6Ruto phytoplancton is characterized by an intensive accumulation
(FC#800). It is influenced by the morphology of the cells, or by physiological characteristics
(mucus). 1°6Rudoes not seem to go inside the cell but only adsorbed on the membrane.
Depuration is slow in relation with the biological dilution. So, algae are an important vector of
contamination for their predators.

2.2 TRANSFER FROM WATER TO DAPHNID
Uptake and depuration were realised for two different levels of contamination (70 and 370 Bq.mr
1 ). Figure 5 shows accumulation and depuration curves of daphnids concentrations. The CF is
120 to 140 at the steady state (11 days). Eliminationis characterized by two biological half-lives :
4 hours and 48 hours.



2.3. TRANSFER FROM ALGAE TO DAPHNIDS.
After 14 days of culture, algae were contaminated with 500 Bq.m14 of m6Ru.After 3 to 5 days,
algal cells were filtered and given to daphnids as one meal a day. The radioactivity of food was
estimated by comparison of filtered and unfiltered culture medium and numeration of algae.
The parameters computed were the trophic transfer factor (TTF) which measures the
bioaccumulation of ruthenium during accumulation phase (concentration in
daphnia/concentration in algae) and the retention factor (R) in depuration phase (Cr/Co).

Figure 6 shows the transfer of ruthenium to daphnids via Scenedesmus and Chlorella.
The growth of daphnids and the transfer of ruthenium are higher with Scenedesmus than
Chlorella. In fact the concentration of 1°6Ruin daphnids is in relation with the concentration in
algae and with the number of cells absorbed.

The elimination curve is similar with the two species of algae (figure 7). The transfer
factor is 0.21 with Chlorella and 0.23 with Scenedesmus.

2.4. TRANSFER FROM WATER TO GAMBUSIA.
14 fish were put in the contamination tank for 40 days. No weight growth was observed as they
were adult fish, in spite they were fed. Figure 8 shows the m6Ruconcentration in the water and in
the fish. The medium was renewed twice (12 and 26 days). The activity of 1136Ruwas between
500 and 300 Bq/ml. Figure 9 shows the depuration : gambusia lost 58% of their losRu
concentration after 14 days.
Figure 10 shows simulations for adult gambusiae in a steady water concentration and the

retention of the nuclide when contamination stops. The concentration factor reaches 1.1 after 120
days ; 2 biological half lives exist in depuration phase, respectively 16 hours and 21 days .

2.5. TRANSFER FROM WATER TO TROUTS.
Trouts were fed with midge larvae ; the fish weight increased from 5 to 8 g during the 49 days of
experimentation. Figure 11 shows the i°6Ruconcentration in filtered water -which was renewed
every week- and in the fish. Figure 12 shows the simulation of the trout concentration factor for a
steady water concentration and the nuclide retention when contamination stops. The
concentration factor reaches a value of 1.4 at 140 days. Depuration shows 2 biological half lives
of 2 and 36 days.

2.6. TRANSFER FROM GAMBUSIA TO TROUTS.
Trouts were fed with Gambusiae in order to have a rapid growth. The concentration of

1°6Ru in the food shows very important variations. The concentration in predators is proportional
to this of preys. The depuration of the m6Rufrom trout is going through 14 days. The simulation
of the trophic transfers from food to trouts for a constant feeding rate and a steady concentration
in food is shown on figure 13. The trophic transfer factor at a steady state is 4.1.10-3 . The
retention factor after 60 days is less than 0.5%.



2.7. CONCLUSION.
This table shows the values of all the 1°6Rutransfer parameters obtained from the several
experimentations :

laareriniehlkarigM 495Fa 2 Ffl'i EgitTh Hint MA TUN=
water-chlorella 710 - 220 j -

water-Scenedesmus 830 - 100j




water-daphnia 170 - 4 h 2 j
algae-daphnia - 0.2 15 h




water-Gambusia 1 - 16 h 21 j
water-Salmo 1.3 - 2 j 36j

Gambusia-Salmo - 0.004 6 h 24 h

Experimental results were expressed mathematically so they could be included in a global model
which was tested in two different situations with the shell-fishcalled Dreissena and the carp. The
comparison of the available data concerning the in situ measured concentrations to the
corresponding computed values validated the procedure (Vray, 1994).
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Fig 1. Installationsnucléairesfrangaises

Fig.1. French nuclear facilities
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Fig.2:A.C.P. surles sedimentsdu Haut-RI:OneFrancais

Fig.2 : P.C.A. onfrench upperRhone sediments
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Fig. 4 : Simulation de l'évolution du facteur de concentration (FC) du w6Rupar les algues en

l'absence de divisions cellulaires et pour une concentration du radionucléide dans l'eau constante.

Fig.4 : simulationof algae m6Ruconcentrationfactor evolutionfor a constantwater
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Fig. 5 : transfert du w6Rude l'eau aux daphnies (accumulation et elimination)

Fig 5 : transfer of 1616Rufrom waterto daphnids(accumulationand depuration).
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Fig 6 : transferof 1616Rufrom algae to daphnids
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Fig 7 : elimination du 106Rudes daphies aprés leur contamination par la nourriture


Fig 7 : depurationof daphnidsafter their contaminationwithfood
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Fig 9.: elimination du 1136Rupar les gambusies


Fig 9 : depurationofm6Rufrom gambusiae
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Fig 10 : simulation de l'évolution du facteur de concentration (FC) du m6Rupar des gambusies
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Fig 10 : simulationof gambusiae1616Ruconcentrationfactor evolutionfor a constant water

concentration(A)and retentionof nuclideinfish after contamination(B)



Fig. 11 : transfert du 106Rude l'eau aux truites


Fig. I I : transfer: ofw6Ru from water to trouts

Fig. 12 : Simulation de l'évolution du facteur de concentration (FC) du m6Ru par la truite pour une


concentration dans l'eau constante (A) Retention du radionucléide al'arrét de la contamination (B)

Fig. 12 : Simulation ofw6Ru concentrationfactor (CF) evolution for trout

in a steady water concentration (A). Retention of the nuclide when contamination stops (B)..
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Head of pmject 6: Dr. Umberto Sansone, ANPA, Italy

H. Objectives

The main objective of this project is to study the role of particulate phase of a spring river in
the transport of radiocaesium. In particular the study was focused on the distribution of
radionuclides between solid and liquid phases because this is one of the most important
parameters involved in the migration and fate of radionuclides in surface waters.

The experimental activities were carried out on a spring river (Stella river) located in the Friuli-
Venezia Giulia region (north-eastern part of Italy). This site was selected because during our
researches in the earlier EC contract, relatively high caesium concentration was observed in the
sediments at the Stella mouth and this fact seemed to be in contrast with the regimen of the river
(spring river) 1. In fact the solid solid flow of this river has been always considered scarce
owing to its spring characteristics. For this reason time series of solid measurement are lacking.

111.Progress achieved including publications

In the Friuli Plain, all the rivers with a mountain drainage basin loose their water discharge after
a few kilometres due to the gravelly deposits of the high plain. Downwards the spring-line, in
low plain characterized by sandy and silty deposits, rivers receive waters from ground-water
table. Only during main floods, particularly in spring and autumn, waters flow all along the river-
bed, from mountain area to the sea.
The Stella river (47 Km length) is the most important river flowing into the Lignano basin, the
westernmost basin of the Marano lagoon. Its source is formed by a large number of springs
located southward the spring-line.
The Stella river slighty erodes the silty-clayed soils of the plain, producing a wide and flat
depression, recognizable as far as the lagoon border.
From 1926 until 1950, an average annual discharge of 33.6 m3 s-I, was calculated. A similar value
(32.6 m3 s'') was provided during the 1966-1974 period. The monthly average discharge of Stella
is quite regular through the year: the minimum value seldom falls under 25 m3 s, while the
maximum value is about three folds the average discharge.
By examining and comparing the daily discharge with the rainfall data, it can be noted that the

former increases for one or two days after heavy rains (over 25 mm), owing to a rapid drainage.

In order to provide a complete set of enviromental data to characterize such a complex
environment, different field activities where carried out from 1992 to 1994.
To assess the exchange processes between river and lagoon environment, the total suspended
matter concentrations were measured by filtering 1 dm3 of water, sampled by means of a Niskin
bottle, on a Whatman GF/F fibreglass filter (0.8 pm pore size, 47 mm filter diameter).
Elemental particulate organic carbon and nitrogen analyses were performed by combustion in
pure oxigen atmosphere, using helium as entrainer by means of a Perkin Elmer 2400 CHN
Elemental Analyzer.



The grain-size analyses of the suspended matter were performed by means of a Coulter Multisizer
Analyzer, with an orifice tube of 140 pm.
The mineralogical composition was performed on a Siemens D 500 diffractometer, using CuKa
radiation; scanning interval ranged between 2° and 35° of 2 Co, pitch 0.1°, 2 seconds of
computation per pitch. Quali-quantitative computation of the mineralogical phases were done
using the diffractogram height of peaks.
Samplings of water and suspended matter for radiocaesium determination were carried out at the
same depth (about 1 m from water surface) using two device capable of performing size
fractionation of suspended solids using cartridge filters of 40, 10 and 0.45 pm porosity and
filtering large amount of water (more than 500 dm3). Each system was equipped with resin
columns (ammonium exocyanocobaltferrate, NCFN) to fix radiocaesium dissolved in water. To
determine the efficiency of the resins, two resins columns (diameter of 20 mm and height of 160
and 80 mm respectively) connected in series were used. '37Csconcentrations were determined in
samples by gamma-spectrometry using high purity Germanium detectors (HPGe).

Results

rt.
The mean grain size distribution of the total suspended material concentrations in the Stella river,
from 1985 to 1993, show that the most frequent concentrations range between 5-10 mg dm-3;
whereas concentrations between 10 and 30 mg diii3 are observed in more than one third of cases.
Concentrations higher than 60 mg dm-3,measured only during flood tide, can be considered
exceptional.

The following table reports the mean elemental particulate organic carbon and nitrogen content
on suspended particles performed by means of a Perkin Elmer 2400 CHN Elemental Analyzer
on samples collected during the contract period.




pg,A sd

C (n=5) 436 43

N (n=5) 43 12

C/N (mol) (n=5) 12.4 3

The average mineralogical composition of the Stella river suspended material results as follows
(in percent): calcite (14 ± 3), dolomite (50 ± 9), quartz (18 ± 10), feldspar (3 ± 1), illite (7 ±
4), kaolinite (2 ± 2), clorite (6 ± 3).
Dolomite is the most important mineral, followed by quartz and calcite. The sum of clay mineral
percentages can reach 15 %; illite and chlorite content are almost equal, kaolinite is lower.
Montmorillonite or other expandable clay minerals were not detected.



Following are reported the values of the main ions measued in the water of the Stella river.

Ca (mg/0 Mg (mg/I) K (mg/I)

70.3 24.6 0.94

In the following table are given the mean "in situ" Kd values for suspended material from the
Stella river measured from 1992 to 1994. The partitioning of '37Cs between soluble and
particulate phases is here defined as the ratio of 137Cssorbed in the particulate phase to the
concentration of this radionuclide in solution.

The table reports the mean '37CsKd evaluated for the the different grain size of suspended
particles and the totat Kd (40+10+0.45 pm) assessed considering the '37Csconcentrations in the
different fractions of suspended particles as follows:

Total Kdo0+10+0 45pm) = RE C, a,) (Ea,)1 —ecate,.

where C, is the '37Csconcentration in suspended particles with size i;
a, is the concentration of this size of particles in water and
Cwaterrepresents the '37Csdissolved in water.

FilterSize

pm

Mean "'Cs Kd
lig

Coefficient of Variation
%

40 (n=5) 151.±29 19

10 (n=5) 169±51 30

0.45 (n=5) 243±73 30

(40+10+045) 166±-36 22




0.45 (n=12) 151±51 34

In the same table is reported the mean value of the total '37Cs "in situ" Kd evaluated filtering
the water only with 0.45 pm size filter.



Discussion and conclusions

The data of elemental particulate organic carbon and nitrogen content on suspended particles
allow to define the relations between the suspended material and the surrounding environment
(predominance of the detrital component over the living one).
Molar ratios of C/N less than 5 indicate that metabolic phenomena are established due to the
presence of bacteria responsible of a more rapid degradation of the organic carbon. Values
ranging around 6 are characteristics of living phytoplanktonic communities. Higher C/N values
are found when the organic detrital component are prevailing over the living component, or
when there is a remarkable contribution of eroded material. The suspended material collected
in the Stella river shows a C/N mean value of 12.4±3 and indicates the presence of material
derived from erosion processes.

The '37Csconcentration in the water of the Stella river was quite uniform from 1992 to 1994,
since it ranged between 4 1 x 10 and 12.0 x 10-4with a mean of 8 x 104 Bq 1-'. A low
variability it is also observed in the '37Csconcentrations measured in the suspended material
collected in the same period.

The '37Cs"in situ" Kd values evaluated for the different grain size of suspended particles show
higher values for the grain collected on filter of 0.45pm size. The values are higher (about one
order of magnitude) if compared with measurements carried out by other Authors [2] in
laboratory experiments. Our values could be explained considering the presence of significant
concentrations of clay minerals (about 15 %) in particles transported by the Stella river. The
Stella river in fact slighty erodes the silty-clayed soils of the plain located southward the spring-
line. The high Kd values could be attributable to the aging effect of Chernobyl caesium. In this
case, the long time elapsed from deposition has as result a partially irreversible binding of
radiocaesium in the clay minerals. The high. '37CsKd values are also in agreement with the low
amount of K found in the water of the Stella river (0.94 mg/I).

The total '37Cs Kd (40+10+0.45 pm) assessed considering the 137Csconcentrations in the
different fractions of suspended particles (166±36 l/g) and the mean value of the total "in situ" -
'37CsKd evaluated filtering the water only with 0.45 pm size filter (151±51I(g) are in agreement.
This confirm, that the devices developed by ANPA to perform size fractionation of suspended
particles on large amount of water, do not influence, with regards to radiocaesium, the
distribution between liquid and solid phases.

Finally, combining the average suspended matter concentration with the average annual discharge
of the Stella river, it is possible to evaluate the amount of suspended material and 'Cs
transported into the lagoon. Assuming a mean concentration of suspended matter of 10 mg dm-3,
the corresponding annual amount cannot be lower than 10000 ton y-1,leading to an input of 108
Bq yl of '33Csdischarged into the lagoon. In contrast with the regimen of the Stella river (spring
river), the transport of suspended material cannot be considered negligible. The relatively high
radiocaesium concentration found in the sediments at the mouth of the river is attributable to the
continuous deposition of materials eroded from the silty-clayed soils of the plain.
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Head of project 7: Dr. Blust

IL Objectives:

Development of mechanistic concepts and models for radionuclide uptake in aquatic
organisms based upon a fundamental appreciation of chemical and biological
processes. The research focused on the effect of environmental conditions on the
uptake of radiocaesium and cobalt using the carp, Cyprinus carpio as a model
organism. The results obtained have been used to construct a pharmacokinetic model
for radionuclide uptake by aquatic organisms that can be used to predict the effect of
changes in water composition and radionuclide speciation on accumulation kinetics.

HI. Progress achieved including publications:


Radionuclide speciation analysis and modelling

In aquatic systems, radionuclides do not occur as single entities, but as a set of
different chemical species distributed among soluble, colloidal and solid reservoirs. The
biological availability of a radionuclide is largely determined by the chemical
speciation of the metal in the environment. Since the speciation of a radionuclide is one
of the most important factors to consider when assessing the environmental impact of a
radionuclide, it is evident that accurate assessment requires knowledge of both its
concentration and speciation. While methods to measure concentrations are well
established,methods for speciation analysis are still being developed. .

The speciation of radionuclides in solutions strongly depends on the composition of the
water. Inorganic species such as chloride, carbonate and phosphate that can interact
with metals are easily measured and their interactions with the metals characterised.
Organic ligands, however, present a different situation. They occur in an almost infmite
variety and can interact with the metals in a multitude of fashions. Natural sources
contribute the bulk of the organic matter present in most surface waters. Humic and
fulvic acids, which are important complexing agents for metals, constitute the majority
of the organic matter.

The speciationof a metal in solution is represented most simply by a set of equilibrium
expressions, (M+nL=ML,nand K=[Mln]/[M][Ljn). A number of values are needed to
characterise these relationships. The concentration of the metal ions, the
concentrations of the ligand, the stoichiometry of the reactions and the corresponding
stabilityconstant. The concentration of the free ligand in the solution is referred to as
the complexation capacity. For multi-ligand systems the measured stability constant
will not be that for a single ligand but an average value which is the result of the
overall extent of complexation. The measured stability constant is actually a
conditional stability constant. That is, the constant is measured under a set of limiting
conditions (hardness, temperature, hydrogen ion activity), which makes the value
different from the thermodynamic stability constant. The thermodynamic stability
constant can be calculated provided that the dependence of the equilibria on the
conditions are known.



One of the most promising methods for chemical speciation are metal-ligand
competition solvent extraction equilibration procedures. The extent of complexation of
the metal depends on the concentration of the ligands normally present in the system
and an added ligand used as a competitor. The competitor forms complexes with the
radionuclides which partition between the aqueous and organic phase. If the
partitioning of the radionuclide between the aqueous and organic phase is measured at
different metal and competitor concentrations, then the stability constants and
concentrations of the natural ligand can be calculated. The technique is based on the
thermodynamic rather than the kinetic properties of the reactions considered. The
method is thermodynamically well characterised and involves a minimum of
operationally defmed conditions. The results of these measurements have been used as
input in a newly developed chemical speciation model to calculate the chemical
speciation of radionuclides in aquatic systems (SOLUTION).

Pharmacokinetics of radionuclide uptake byfish

The design of most radionuclide uptake and elimination experiments with aquatic
organisms assumes constant exposure regimes. Constancy of exposure greatly
simplifies analysis of uptake kinetics and enables simple estimation of steady state
concentrations. However, constant exposures are rare in the real world and often
difficult to realise in the laboratory. Clearance constant-based pharmacokinetic models
are unique in that model parameters represent discrete physiological processes, i.e.
absorption, metabolism, excretion, whereas model parameters in the more conventional
rate constant-based models can be a function of more than one physiological process.
Thus, it is possible to gain insight into absorption rate-limiting processes from the
magnitude of the absorption clearance constant. Additionally, the model-predicted
pharmacokinetic parameters can be used to make predictions regarding the
bioconcentration factor and the expected concentration in the fish at steady state.
Pharamacokinetic analysis indicated that in the most simple form the fish could be
treated as a one-compartment open model for uptake of radionuclides with changes in
the rate of radionuclide uptake by complexation and loss to container walls (see
appendix). The models developed can be used to analyse data involving non-constant
exposure to radionuclides in natural environments. In more complex situations a two
compartment model should be used but the principals are the same. The clearance of
radionuclides depends on a number of factors which can be related to 1) the
concentration and chemical speciation of the radionuclide in the water and other
sources and 2) the kinetics and selectivity of the transport systems involved in the
uptake and elimination of the radionuclide by the organism. A convenient model to
describe these effects and incorporate them in the pharmacokinetic model is the
Michaelis-Mentenmodel for enzyme kinetics. Instead of a single parameter describing
clearance two parameters are required, Clearance—Vmax/(Km+S)in which S is the
concentration of the radionuclide in the environment and Vmax and Km are the
maximal uptake rate and Km is the dissociation constant.

The uptake of radionuclides is a mediated process in which the radionuclide interacts
with the transport systems to form a temporary association. In its most simple form
this process can be presented by the following model:



k2
Sout +T<====> ST >T+Sin

Where k1 and k..1 are the rate constant for the forward and reverse complex formation
reactions and k2 the rate constant of the irreversible translocation reaction. The
kinetics of the uptake process can be described by the Michaelis-Menten equation:

V=Vmax*S/(Km+S) with Km=(k_l +k2)/kl

where Vmax is the maximum uptake rate, S the radionuclide concentration, and Km
the half-saturation constant. This is the concentration of the radionuclide at which
V=1/2Vmax. When the concentration of the radionuclide is small relative to Km then
the transport kinetics are first order:

V=Vmax*S/Km

Values of Vmax and Km have been determined by measuring uptake rate for carps
exposed to a wide range of caesium and cobalt concentrations. The concentration of
potassium in freshwater environments is a critical factor determining the uptake of
137Cs by aquatic organisms. The uptake of caesium decreases with increasing
potassium concentration in the water, which results from the competition of potassium
and caesium for the same transport system. Similar interactions account for the effect
of calcium on cobalt uptake. These interactions can be described by a competitive
inhibitionmodel:

V=Vmax*S/(Km*(1+i/Ki(+S))

where Km is the Michaelis constant of the uninhibited process and Ki is the
dissociation constant of the inhibitor-transporter complex. The effect of a competitive
inhibitor is therefore to decrease the apparent affinity of the radionuclide for the
transporter. The latter equation substitutes for the uptake rate (k1) in the kinetic model
for radionuclide accumulation. This results in a new model that accounts for changes in

-water composition on radionuclide uptake.

The effect of organic complexation on the uptake of cobalt by carps has been studied
in chemically defined environments with ligands of different thermodynamic stability.
Complexation decreases the uptake of the radionuclide which is in agreement with the
general view that the availability of metals to aquatic organisms depends on the activity
of the free metal ion in the solution. There is no evidence that the direct uptake of
complexes is of any significance.This means that the effect of chemical speciation on
the uptake of cobalt from the water can be described by one single variable, the free
metal ion activity in the solution. This means that radionuclide uptake does not depend
on the concentration of the radionuclide in the water but on the activity of the
radionulide species that are taken up by the organisms, i.e. the free metal ion.



A clear decrease in cobalt uptake was also observed with increasing calcium
concentrations, but not with magnesium concentrations is observed. The effect of
calcium in the water of acclimation is significantbut much less than the direct effect of
calcium in the exposure water. Since uptake kinetics of both cobalt and calcium show
similarresults for influx in body, gills and blood, and both elements inhibit each others
uptake, the effect of calcium on cobalt uptake is due to a direct interaction at the
membrane translocation system. An increase in ionic strength reduces cobalt uptake
and this effect is fully explained by the effect of ionic strength on the activity
coefficient of the free metal ion.

As an illustration the pharmacokinetic model for the uptake of radionuclides by carp
has been used to model the accumulation of caesium and cobalt by carp in different
potassium and calcium regimes, respectively (Fig 1-4). In the examples given the
concentrations of the radionuclides in food have been fixed to better show the effect of
water composition on the relative importance of water and food in radionuclide
uptake. In the natural environment however this will not be the case and food
contamination will also change with exposure conditions. As expected the model for
caesium predicts that the uptake of caesium from water is of minor importance and
only becomes a potential concern in very low potassium regimes. For cobalt the
situation is more complex, since both water and food are important sources of the
radionuclide, water being the main source in soft waters and food the main source in
hard waters. In general these models explain more than 90 % of the variation observed
under experimental conditions.

Conclusions

The research on the effects of environmental conditions on the uptake of radionuclides
by carp has cumulated in the construction of a general mechanistic model for the
accumulation of radionuclides in aquatic organisms. The key feature is the linkage of a
chemical speciation model to a model for the transport of radionuclides across
biological interfaces. As such it has been proved possible to model the effect of
changes in the ionic composition and complexation capacity of the environment on the
accumulation of radionuclides by biota. The models are much more robust than the
ones being used today to predict the fate of radionuclides in aquatic ecosystems since
processes are described in terms of mechanismsrather than correlations. The research
has also identified many major gaps in the fundamental understanding of radionuclide
accumulation in food chains. In general there is a lack of good quality data which can
be used to construct mechanistic models for the effect of environmental conditons on
radionuclide transfer. The major problem which remains is the lack of information on
the uptake of radionuclides at lower trophic levels, especially invertebrates, which
make it difficult to model the concentration of radionuclides in the food of predators in
a variableenvironment.
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Fig I: Accumulation of 137Cs by carp from solution and food in a 0.01 mM K+ environent. The

water contains 1Bq.r1 and the food 100 Bq.kr1 of 137Cs. The food ration equals 5 % of the body
weight per day.
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Fig 2: Accumulation of 137Cs by carp from solution and food in a 0.1 mM K+ environent. The water
contains 1Bq.r1 and the food 100 Bq.kr1 of 137Cs. The food ration equals 5 % of the body weight
per day.



Fig 3: Accumulationof 60Coby carpfromsolutionandfoodin a 0.1 mM Ca2+environent.The

watercontains0.1Bqr1 andthefood100Bq.kg4of 137Cs.Thefoodrationequals5 % ofthebody

weightperday.

Fig 4: Accumulationof 60Cobycarpfromsolutionandfoodin a 1mMCa2+environent.Thewater

contains0.1Bq.rl andthefood100Bq.kg-1of 137Cs.Thefoodrationequals5 % ofthebodyweight
perday.
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Appendix:

One-compartment open model for uptake of radionuclide by fish with loss to container walls.

Rate of change in the amount of radionuclide in the fish

dXf/dt=CLa(Cw-Cf) (I)

CLa--absorption clearance constant

Cw—concentrationof radionuclide in water

Crconcentration of radionuclide in body water of the fish

The apparent volume of distribution (Vd), is the proportionality constant that relates the amount of
radionuclide in the body to its concentration in the body water of the fish.

dXficlt—CLa(Cw-XfiVd) (2)

Rate of change in the concentration of radionuclide in water:

dCw/dtr-(CLa W/V0).[(Xf/Vd)-C,a]-(kf Cw) (3)


FW--inean fish weight

Vo=volume of water in tank.

Integration of (2) and (3) gives:

Xr[(CLa.Cw°)/(13-cc)]eca+RCLa.CwOka-13)1C13t (4)

Cw=[Cw°((CLa/Vd)-a)/(0-a)1Cat+[CwO((CLaNd)-J3)/(a-43)le-13t (5)


Cw° is the initial concentration in water.

a and 13are hybrid rate constants that are defined in terms of model parameters.

a+0=CLaNt(CLa.FW)/Vo+krx (6)

a.13—(CLak)Nd=y (7)

Equations (4) and (5) are fitted simultaneously to the experimental data to obtain values for the model
parameters CLy, yd and lq. Estimates for the hybrid rate constants were obtained as secundary
parameters by using the quadratic solution to: a2-xa+y)

Input required to model the system:

Cw° is the initial concentration of radionuclide in water.

Cw is concentration of radionuclide in water at time t.

FW is mean fish weight.

Vo is volume of water in tank.

Xf amount of radionuclide in fish.

t is time of incubation.



Head of project 8: Dr. Fernández

H. Objectives
The objective of this project was to study the mechanisms of uptake and accumulation
of radiocesium in freshwater plants, taking Riccia fluitans as plant type. The initial
hypothesis was to consider the mechanisms of transport and accumulation of
potassium as the possible ways for transport and accumulation of radiocaesium in
aquatic plants. Once these mechanisms were investigated, the influence of some
selected environmental variables was studied in order to define the major control
variables influencing the mentioned processes. The data obtained were used to define
a mechanistic kinetic model that could be of general application in the most
conspicuous freshwater plants. Finally the kinetic parameters obtained were integrated
in a general mathematical model to predict the flow of radiocaesium through
freshwater ecosystems.

ILLPmgress achieved including publications

Depending on the concentration of potassium in the environment, freshwater plants
incorporate potassium in two different ways (Fernández et al., in press; Sanders et al,
in prep.). Under potassium sufficiency (plants growing at an overall external potassium
concentration around 0.1 mM), potassium is transported at plasmalemma level through
potassium channels. This transport system is diffusive, the driving force being the
electrochemical potential gradient for potassium at both sides of the membrane:

ApKIE= z (Em-E: ) Eqn. 1

where z is the charge of potassium, Em is the membrane potential, and ENK is the
Nernst potential for potassium.
The diffusive constant for such a transport is defined by the membrane permeability
for potassium. This intrinsic membrane characteristic is roughly uniform for most
freshwater plants, and is accounted for the abundance, activity and conductivity of the
potassium channels in the plasmalemma. Potassium channels in plants are not perfectly
selective for potassium (Bentrup, 1990). There is a series of positive monovalent ions
that enters the cells through potassium channels. Ordered from the most permeable ion
i.e. potassium, to the less permeable one, caesium, a general series for freshwater
plants could be: IC>R134>NW>Na+>Li+>Ce.Being the relative permeability of Cs'
with respect to V around 0.6 in the case of R. fluitans (Fernández et al. in press).
Under potassium deficiency (plants growing at an overall potassium concentration
around 0.01 mM), R. fluitans, and probably most freshwater plants exhibit an active
transport system for potassium (Sanders et al. in prep.). This system has higher affinity
for potassium (1(5=25pM) and exhibits a Michaelis-Menten type uptake kinetic,
compared with channel transport that exhibit, over the concentration range assayed,
a lower affinity and a linear uptake kinetic. Cytoplasmic pH (pHc) measurements
performed by using pH sensitive microelectrodes (for a complete description of this
technic see Felle and Bertl, 1986), indicate that a transient acidification of pHc takes



place upon the addition of micromolar amounts of potassium or caesium (figure 1).
These results suggest that potassium and caesium enter the cells in a proton
cotransport, the driving force being the electrochemical gradient for protons. Such a
gradient being generated by the operation of a proton pump present in the
plasmalemma of green plants. As expected, this system does not work in the presence
of inhibitors of dark respiration as CCCP, azide, cyanide, or in the presence of
inhibitors of the proton pump as vanadate or eritrosine b.
Radiocaesium is transported by means of both mechanism. In the figure 2, the uptake
kinetics for caesium in R. fluitans plants, submitted to potassium sufficiency (linear
kinetic) and deficiency (Michaelis-Menten kinetic). The transport efficiency of the
active system being ten times higher than the efficiency of the passive (diffusive)
system. In addition both system exhibit a different capacity for radiocesium
accumulation (figure 3). Channel transport, in plants submitted to potassium
sufficiency, yields a CF for radiocesium of 51±2 (n=8), in contrast, active system for
potassium yields a CF for radiocesium of 1329±128 (n=5).

Plants submodel.
Kinetic data obtained in the experiments mentioned above were used for building up
a tentative mathematical model, to predict the CF for radiocesium in freshwater plant
as a function of the most conspicuous variable affecting to the processes of
radiocesium uptake and accumulation. Since caesium uses the same transport systems
than potassium for entering the cells, uptake rate and CF for caesium are dramatically
affected by the external concentration of potassium at two levels: instantaneous,
because potassium compete with caesium for the transport system and the integrated
effect of the overall external potassium concentration during the life of the plant.
For modelling purposes we assumed a threshold of 0.1 mM of external potassium
concentration to define plants submitted to potassium sufficiency (plants living at
potassium concentration equal or higher than 0.1 mM) and plants submitted to
potassium deficiency (plants living at external potassium concentrations below 0.1
mM). This figure can be used as the threshold to predicting CF from the kinetic
parameters obtained for the diffusive transport or from those obtained for the active
transport of radiocaesium.
Potassium sufficiency
Under potassium sufficiency, radiocesium is accumulated in plants through potassium
channels. The amount of caesium accumulated in the equilibrium, can be expressed
as a millivoltage by using the Nernst equation,

ENCs= RT/zF . In Cs+./Cs+1 Eqn 2.

where R is the gas constant, T the absolute temperature, z the electrical charge of
caesium, F the Faraday constant, ce0is the concentration of caesium in the water and
Cs; is the concentration of caesium inside the cells. Since ce/cs.. is the
concentration factor (CF), equation 1 can be expressed as

ENCs= RT/zF . In CF1 Eqn 3.

Caesium reaches equilibrium when the Nernst potential for caesium (ENcs)equals the

membrane potential (Em) thus, by knowing Em, and additionally the response of Em

to some fundamental environmental variable, as the potassium concentration in the



water, it is possible to predict CF as a function of Em and additionally as a function
of potassium concentration in the water.
For a well known freshwater green plant as Riccia fluitans, the relationship between
Em and the external potassium concentration has been determined. This relationship
can be defined by the equation,

Em E0 + p RT/F . ln Eqn 4.

where EDis the membrane potential for a potassium concentration in the water of 1
mM, p is the selectivity of potassium channels for caesium over potassium, and for
this plants takes the value 0.73, and Kc is the concentration of potassium in the
water. The fitting of this equation to experimental data is Em = -105 + 18.45 In IC„,
(r=0.98, n=23).
Since CF can be predicted from Em,

CF = 1 / EXP [ EmzF / RT] Eqn 5.

and Em can be predicted, according to Eqn 4, from the potassium concentration in the
water, it is possible to predict CF as a function of the concentration of potassium in
the water,

CF 1 / EXP [ (EgF / RT) + p In IC% Eqn 6.

In the model, CF is assessed by equation 6 when plants are not under potassium
deficiency, i.e. when plants grow at a potassium concentration in the water of 0.1 mM
or higher. This equation reflects that under these conditions, the only transport
mechanism operating in the membranes are potassium channels. Figure 4 shows the
agreement between experimental figures (closed circles) for CF obtained for plants
submitted to potassium sufficiency at different external potassium concentrations and
the prediction of the model (line) based in the Nernst equation approach.

Potassium deficiency.
It is generally accepted that green freshwater plants are submitted to potassium
deficiency when they grow under potassium concentrations in the water clearly below
0.1 mM. In these cases, potassium is incorporated actively by plant cells. The uptake
mechanism proposed is a cotransport, in which the driving ions are either protons or
sodium. These transport systems are also sensitive to caesium, but they exhibit an
higher affinity and produce an higher CF than potassium channels. In this case, the
uptake kinetic is a Michaelis-Menten type and the selectivity of the transport system
is a function of the relative affinity of caesium over potassium for the carrier. Uptake
rate (V) can be computed from

V = Vmax . Csw/ [ Kscs . (1 + / KsK)]+ Cs Eqn. 7

where Vmax is the maximum rate of transport for caesium, Cs„, is the concentration
(total) of caesium in the water, Ksc, is the half saturation constant for Cs* transport
and Ksicis the half saturation constant for potassium.
Elimination has been defined as a function of an average biological half life (BHL)
for phytoplankton,



k elimination = In 2 / BHL Eqn 8

In the model, the change of the concentration of caesium in the plants (dC/dt) is,

dC/dt = k uptake . Cs - k elimin . Csp Eqn. 9

where k uptake is V times Cs., and k elimin times Csp(the concentration of ce in the
plants) is the elimination rate.
Concentration factor of these plants is computed as the concentration of caesium in
the plants divided by the concentration of caesium in the water when the model
reaches equilibrium. In the figure 5, it is shown a good agreement between
experimental data obtained with plants submitted to potassium deficiency (closed
circles) and the predicted values of CF as a function of the external potassium
concentration (line) by using the kinetic parameters from the Michaelis-Menten
approach.

Plants submodel has been developed in collaboration with Dr. Rudie Heling (KEMA,
Holland) and integrated in more complex mathematical models used to predict the fate
of radiocaesium in lakes of Europe in the VAMP program framework.
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Figure 1.- Continuous recording of membrane potential (Em)
and cytoplasmic pH (pHc) in cells of the aquatic liverwort
Riccia fluitans submitted to potassium deficiency. Addition
of 1 mM of KC1 is marked by an arrow.
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Figure 2.-Dual uptake kinetic of caesium-as a function of
the external total caesium concentration in Riccia
fluitans, submitted to potassium deficiency (closed
circles) and potassium sufficiency (open circles).
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Figure 3.- Time course of the variation of radiocaesium
activity in the water, corrected by the biomass of Riccia
fluitans used in the experiments. Open and closed circles
denote plants submitted to potassium sufficiency and
deficiency respectively.
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Figure 4.- Comparison between the values of concentration
factor for radiocaesium (CF) obtained experimentally in
plants submitted to potassium sufficiency (closed circles)
with the values predicted by the Nernst equation as a
function of the external potassium concentration (line).
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Head of project 10: Dr. R.N.J. Comans

H. Objectives for the reporting period

I. To test the general validity of the in-situ KD(InCs)/NH: ion-exchange relationship
and its power to predict radiocaesium mobility in (and remobilisation from)
freshwater sediments.
Determination of "exchangeable" in-situ radiocaesium-KD's, in addition to "total"
in-situ radiocaesium-KD's, by multiple extraction of the sediment with NH:-
solutions and subsequent preconcentration/low-background measurement of the
extracted-1"Cs.
Search for possibilities (method) to measure the reverse rate constants of
radiocaesium sorption (remobilisation) on natural samples, to be included in kinetic
models for radiocaesium sorption

III. Progress achieved including publications

Investigation of in-situ Ko-values for radiocaesiunz

Since the Chernobyl accident, it has become clear that the mobility of radiocaesium is
controlled by a highly selective interaction with the frayed particle edges of illitic clay minerals
(Cremers et al., 1988), and that competition for these binding sites by the high levels of
amrnonium in anoxic sediments may partly remobilise sediment-bound '"Cs (Comans et al.,
1989). Within the framework of this project, we have investigated a number of widely
different W. European freshwater sediments, both in the laboratory and in-situ, focusing on
the two major factors controlling radiocaesium mobility: the quantity of selective binding sites
and the competition for these sites by other cations.

Five sediment profiles from four different freshwater lakes in The Netherlands and the UK
(Table 1), which differ widely in their chemical and mineralogical properties, have been
carefully sampled and analysed in our laboratories. Sediments were collected in October 1987
(Hollands Diep), November 1987 (Ketelmeer, both prior to the programme), April 1991 and
August 1992 (Esthwaite), and February 1992 (Devoke). Sediment collection, slicing at
different depths, pore-water extraction, and ultra-low-background '"Cs-counting were done
following the strategy outlined in Comans et al. (1989). The treatment of Esthwaite and
Devoke sediments was slightlydifferent in that a Mackereth type corer was used and that pore
water was separated using high-speed (20,000 x g; 30 min.) refrigerated centrifugation. The
in-situ distribution of radiocaesium between the sediment particles and the pore water was
measured, together with the pore water concentrations of potentially competing major cations
as described in Comans et al. (1989). The highly selective binding sites for radiocaesium were
measured on the same sediments by Wauters (1994).
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Compilation of all in-situ KD-values,measured within the framework of this project to date in
Figure 1 (Comans et al. 1994), reveals a single relationship between the radiocaesium KDand
the pore-water ammonium concentration. This observation is in agreement with ion-exchange
theory in that, among the major ions that compete with caesium for binding sites on illite clays,
NH4+outcompetes K+in anoxic sediments as it reaches higher concentrations and is about five
times more selectively bound. Hence radiocaesium in sediments binds to frayed edge sites
(FES) on illite according to the ion-exchange reaction:

Kc Cs/N144


FES-NH4++ Cs+ <-4 FES-Cs+ + NH4+

It can be shown that under natural freshwater conditions, with negligible stable caesium
concentrations, the radiocaesium KD (= [FES-Cs+]I[Cs1) is related to the dissolved NH4+
concentration, on a log-log basis, according to the linear relationship:

logKD = - log[NH4+] + log ( Iccs'NE"[FES])

in which [FES] is the frayed edge site capacity of the sediment (meq/g) and K4c-sThm4the
selectivity coefficient that describes the preference of the FES for Cs+relative to NE14+.Figure
1 shows the logKD- logNH4+ plot of the in-situ data for the sediments which have been
studied in this programme (Table 1;Comans et al., 1994), which clearly indicates that the data
follow a straight line with a slope close to (but significantly steeper than) -1. The vertical
variation in the plot is about one order of magnitude or less in KD and suggests that the
product of the selectivity coefficient and the concentration of the caesium selective (frayed
edge) sites in all of these European sediments would also show a limited variation.

Table 1. Sediments studied for in-situ radiocaesium mobility, with sampling dates and values
for the product of the selectivity coefficient and the concentration of caesium-specific sites,
i.e. the "radiocaesium interce tion otential"
Sediment Sampling date K,Csimbl[FES],megig
Hollands Diep, NL
Ketelmeer, NL
Esthwaite, UK
Devoke, UK

21 October 1987
12 November 1987
10 April 1991 & 17 August 1992
28 February 1992

0.65
0.23
0.64
0.24

The intercept Iccsim"[FES] can be independently measured when the FES are "isolated" by
blocking all other exchange sites in sediments with AgTU. Using this procedure, Wauters
(1994; KU-Leuven) has measured IC,cilinFES] for all sediments in Figure 1. The results of
these measurements are included in Table 1 and show that the values vary indeed by no more
than a factor of 3.



We conclude from the above that '37Csobeys ion-exchange theory and thus allows its solid-
liquid distribution coefficient (KD) in radiological assessment models to be predicted from
environmental variables, rather than to be erroneously treated as a constant. The radiocaesium
KD in freshwater sediments can be predicted, within acceptable limits, on the basis of the
quantity of highly selective exchange sites and the pore-water NH: concentration. Figure 1
and Table I show that the variation in the former property is limited for widely different W.
European sediments indicating that, in situations directly following a nuclear accident, a first
estimate of the radiocaesium KD can be deduced solely from the pore-water ammonium
concentration.

Exchangeability of sediment-bound radiocaesiurn

We have shown earlier (Comans et al., 1991; Comans & Hockley, 1992) that radiocaesium
migrates slowly into the interlayers of illite from which it is difficult to displace. This apparent
fixation proceeds faster at low levels of competing cations, i.e. at high KD-values.The same
process effectively increases [FES] over time. The effect of this process is apparent in the
logKD- logNH: plot of the in-situ data (Comans et at, 1994) in that the in-situ KD-valuesare
generally higher than the values predicted on the basis of (short-term) laboratory
measurements of IccsiNH4[FES].Moreover, the faster migration into clay interlayers in high-Ks
(i.e. low-NH.4)environments may also be reflected in the slope of the data in Fig. 1, which is
significantlysteeper than -1 -1.4). We also note that the Esthwaite and Devoke sediments,
which have relatively low ammonium in their pore waters, deviate more from the predicted
KD-values than the Hollands Diep and Ketelmeer sediments, which have pore-water NH4
concentrations in the millimolar range and have in-situ KD's which are quite close to the
predicted values.

The exchangeability of sediment-bound radiocaesium has been investigated by extraction of
the sediments with 0.1 M NFL-acetate.These extractions have been performed on all sediment
cores that have been studied to date within the framework of this project (Table I). The
sediment samples have been stored frozen (-20 °C) since the pore water separation directly
after sampling. Each sediment slice was extracted three times sequentially, each step for 24
hours, with 0.1 M NFL-acetate at a liquid/solid ratio of 10 L/kg. For each sample the NI-14-
acetate from the three extractions was combined. It appeared necessary to remove the
ammonium ion from the solution prior to the preconcentration of the radiocaesium on
ammoniummolybdophosphate (AMP) as only low recoveries (< 20%) were reached when
radiocaesium was preconcentrated directly from the 0.1 M NI-14-acetatesolution. Therefore,
the extracts were boiled at pH > 10, to remove ammonium as NH3(g) and the volumes
reduced to about 100 mL by evaporation. Radiocaesium preconcentration and measurement
by ultra-low background y-spectrometry was performed as described in Comans et at, 1989).

Results of the exchangeable 137Csmeasurements are given in Table 2. The amount of 137Cs
that can be released by the three sequential NIL-extractions from the more mineral sediments
of Hollands Diep, Ketelmeer and Esthwaite is very low; on average 2, 3, and 7%, respectively.
The more organic-rich sediments of Devoke show a much higher exchangeability of 16%. The
values for the three mineral sediments are low if we compare them, for instance, with those of
Evans et al. (1983), who have measured '37Csexchangeabilities (also in 0.1 M NFI4+)of 10-
20% in the sediments of the Par Pond reservoir, 15-20 years after contamination. These



authors attribute their relativelyhigh exchangeabilitiesto the high kaolinite content of the Par
Pond sediments. Western European sediments generally contain illite as the major clay
mineral, which likely causes the strong fixation of radiocaesium that has been observed in the
HoHandsDiep, Ketelmeer and Esthwaite sediments. Devoke apparently behaves more like the
Par Pond sediments in that similar amounts of '37Csare exchangeable.

If we accept that radiocaesium in all four of the above sediments is bound solely to frayed
edge sites on illitic clays in the sediments, the up to one order of magnitude differences
between the exchangeable fractions of radiocaesium in these sediments is unexpected. The
differences are clearly not related to the different contact times of radiocaesium with the
sediments, as the lowest values are found for the sediments sampled only 1.5 years after the
Chemobyl accident (Hollands Diep and Ketelmeer). Admittedly, the latter sediments have only
recently been extracted, but the cores had been stored frozen at -20 °C since the pore water
separation directly after sampling. We do not expect caesium migration into the clay
interlayers to have progressed much further under those storage conditions.

"Exchangeable" ICD-values for radiocaesium in the sediments, calculated from the
exchangeable rather than total amount of '37Csin the sediments, are included in Figure 1. We
would expect "exchangeable" KD's to correspond better with values predicted on the basis of
(short-term) laboratory measurements of Kccsam4[F.Es]than the total KD's. Although this may
be the case for the Devoke sediments, total and exchangeable Ks-values for Esthwaite
correspond about equally with the predictions, whereas the "exchangeable" KD's for Hollands
Diep and Ketelmeer deviate much more from the predicted values than the total Ks's. These
observations strongly suggest that the short-term exchangeability measurements of
radiocaesium, especially in the more mineral sediments, underestimate the amount of the
radionuclide that is actually taking part in ion-exchange with the pore waters and, hence, is
available for remobilisationby high concentrations of ammonium.

The low overall activities of mCs in the Hollands Diep and Ketelmeer sediments and in the
extractions in particular, have led to large counting errors on the exchangeability data. These
sediments contain high levels of NI-I4in their pore waters. The kinetic ion-exchange model
(Comans & Hockley, 1992) would predict radiocaesium to be taken up more slowly by clay
mineral interlayers under these conditions of high competition, which is inconsistent with the
fmdings above. New measurements on fresh (non-frozen) and larger samples (higher absolute
activities) from sediments with high pore-water NH4 are needed to investigate whether there
are significantdifferences in the long-term exchangeabilityof radiocaesium in sediments with
high and low levels of competing ions. It is also still uncertain what role (the high content of)
organic material plays in the relativelyhigh exchangeabilityof radiocaesium in de sediments of
Devoke. This issue clearly needs further investigation because the kinetics of interlayer
migration controls the amount of sediment-bound radiocaesium that may be remobilised on the
long term. Moreover, knowledge of this process may provide "tools" that allow us to
influence the "availability" of particle-bound radiocaesium in order to reduce the bioavailability
and risk of remobilisationfrom sediments.



Table 2. Total and exchan eable radiocaesium in the di erent sediment cores.
Sediment Depth

[cm]
total 137Cs
[Bq/kg]

exchangeableinCs
[Bq/kg]

exchangeable 137Cs
[fraction of the total]

Hollands Diep 0.5 249.15 0.85 0.003




1.5 269.79 0.69 0.003




3.5 83.05 0.55 0.007




6.5 5.00 0.50 0.100




9.5 17.90 •- -




16.5 46.31 0.51 0.011




24.5 47.96 1.36 0.028




31.5 21.31 5.01 0.235




40.4 21.70 - -




average'±s.d.: 0.022 ± 0.038

Ketelmeer 1 115.46 10.06 0.087




3 124.73 4.33 0.035




5.5 224.23 5.33 0.024




8.5 59.07 0.27 0.005




11.5 37.466 0.76 0.020




18.5 64.41 0.61 0.009




25.5 51.79 14.89 0.288




31.5 9.44 2.94 0.312





average' ± s.d.: 0.030 ± 0.030
Esthwaite 0.5 214.80 13.60 0.063




2.5 330.73 22.12 0.067




4.5 545.61 32.31 0.059




6.5 474.14 38.44 0.081




8.5 353.43 24.93 0.071




10.5 345.36 18.06 0.052




12.5 325.69 21.99 0.068




14.5 266.41 20.31 0.076




16.5 164.03 15.03 0.092




18.5 42.73 9.329 0.218




20.5 21.59 4.791 0.222





average. ± s.d.: 0.070 ± 0.012
Devoke 0.5 1813 343.78 0.190




1.5 1860 401.78 0.216




2.5 2142 345.69 0.161




3.5 2598 375.72 0.145




4.5 3096 363.83 0.118




5.5 2579 270.93 0.105




6.5 1524 208.66 0.137




7.5 1023 237.20 0.232




8.5 848 174.72 0.206




9.5 727 181.78 0.250




10.5 644 140.63 0.218




11.5 653 44.73 0.068




12.5 719 108.70 0.151




13.5 685 94.97 .0.139




14.5 588 81.80 0.139




15.5 392 58.42 0.149




16.5 244 103.70 0.426




17.5 146 81.32 0.558




18.5 130 68.18 0.523




19.5 106 56.20 0.531





average* ±s.d.: 0.164 ± 0.050
averageand s.d valuesexcludethe (unexplained) high exchangeabilities in the bottom sections of

each core (indicated in italics)

II



Slow (reverse) migration of radiocaesiumfrom clay-mineral interlayers into solution

In the kinetic model we have developed previously on the basis of laboratory sorption
experiments of radiocaesium on illite (Comans & Hockley, 1992), we were unable to consider
a reverse process of radiocaesium remobilisation from interlayer sites. The equilibration times
of up to 4-weeks were too short for the reverse process to become apparent. Nevertheless, the
fact that radiocaesium in sediments is still exchangeable to a certain extent after more than 20
years of contact with sediments (Evans et al., 1983), indicates that such a reverse process must
exist.

Because of its relevance for the long-term availability of sediment-bound radiocaesium, we
have investigated the long-term release of particle-bound radiocaesium in more detail. The
primary objective of this part of our study is to estimate the existence and magnitude of a slow
remobilisation (reverse rate) of radiocaesium from clay mineral interlayers during contact with
a high concentration of competing ions. After the three sequential 0.1 M NE14-acetate
extractions, the sediments have been resuspended for a fourth time in a fresh 0.1 M NH4-
acetate solution and have been allowed to equilibrate for more than one year (400-560 days).
Ammonium has been removed from the solution and radiocaesium preconcentrated on AMP
and counted on the ultra-low background y-spectrometer as described above.

Table 3: Average fraction of exchangeable-H7Cs in sediments after 3 sequential 24-hr NH4-
extractions and the additional fraction mobilised after a 4th 4001560-d extraction. A reverse rate
constant and halve-life for the slow remobilisation of '37C'sfrom the sediments has been calculated
on the basis of the 4'hextraction assuminR a first order process .

Sediment exch. '37Cs after 3x
24-hr extraction
[fractionof the total]

additional exch. '37Cs after
400/560-dextraction*
[fractionof the total]

reverserate
constant
[3(1]

tIn


[31
HollandsDiep 0.022± 0.038 0.0089± 0.0050 0.0082 85
Ketelmeer 0.030± 0.030 0.0095± 0.0030 0.0087 79
Esthwaite 0.070± 0.012 (still equilibrating) - -
Devoke 0.164± 0.050 0.0380± 0.0355 0.0220 31
equilibrationtime4Wextraction= 400daysforHollandsDiep& Ketelmeer,560daysfor Devoke.

Table 3 shows the average fraction of exchangeable-'37Csin sediments after 3 sequential 24-hr
NH4-extractionsand the additional fraction mobilised after the 4th,long-term (400/560-days)
extraction. Assuming that (1) all (rapidly) "exchangeable" radiocaesium had been removed by
the three prior extractions, and (2) a first order remobilisation process, we can roughly
calculate the reverse rate constant that describes the slow remobilisation of '37Cs from the
sediments, which we interpret as the slow release of radiocaesium from the interlayer sites (see
Comans & Hockley, 1992). Table 3 indicates that the half-life of this reaction is of order 30-
80 y-1. Independently, and using a model that includes radiocaesium sorption kinetics to
simulate radiocaesium in each of three phases in sediment profiles: aqueous, exchangeably
bound and slowly reversible (often termed "fixed"), Smith & Comans (1995) have found
evidence for a reverse reaction from the slowly reversible sites of order 10 years. These
findings are in fairly close agreement and suggest that radiocaesium on interlayer sites, which
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is generally referred to as being "fixed", is not truly immobilised but can, at least partly, be
very slowlyremobilised.

General conclusions from this study

The in-situ KD-valuesthat have been measured in this study have successfully been related to
fundamentalproperties of the sediments: the concentration of highly selective binding sites for
radiocaesium —frayed edge sites on illite— and the concentration of the major ion competing
with radiocaesium for these sites —the ammoniumion—. Our results show that the mobility
of radiocaesium in sediments follows ion-exchange theory and allow the in-situ radiocaesium
distribution coefficient to be predicted beyond the conditions under which the measurements
were made.

The exchangeability of radiocaesium,measured by 3 sequential rapid (24-hr) extractions is low
for the more mineral sediments of Hollands Diep, Ketelmeer and Esthwaite; 2-7% of the total
amount in the sediment. For the more organic sediments from Devoke, the exchangeability is
significantly higher, 16%. These results would imply "exchangeable" Ks-values for
radiocaesium to be down to almost two orders of magnitude lower than the total KD-values.

Long-term extractions with NH4, after having first removed the rapidly exchangeable amount,
have given evidence for a slow remobilisation of radiocaesium from clay mineral interlayers
and indicate that the term "fixed" is not truly appropriate for that particular pool of
radiocaesium in sediments. We have been able to estimate a half-live for the slow
remobilisation of radiocaesium of 30-80 years. "Exchangeable" Ks-values for radiocaesium in
environments where the radionuclide is in contact with (high concentrations of) competing
(NH4) ions for many years would, therefore, be higher than the values measured by short-term
extractions.

The good correspondence between total in-situ ICD'sand values predicted on the basis of ion-
exchange theory and the observation that radiocaesium can, after removal of the rapidly-
exchangeable amount, still be slowly released from sediments that have been in contact with
this radionuclide for up to 6 years, suggest that the amount of radiocaesium in sediments
which is available on the long-term is, therefore, likely to be larger than is generally believed.
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Dynamics of radiocaesitunturnoverin brown trout:model predictions

NINA, Nonvay

Aim: To model how environmental and metabolic variables determine radioactivity in brown
trout.

The Model
The model is structured by five tiers of equations, each feeding parameters into above levels (Fig.
1). The core equation describes the changes in fish radiocaesium body burden with time. At the
level below, equations for radiocaesium excretion and intake provides the input parameters to this
equation. Next, a series of equations is given for radioactivity of prey animals and absorption
efficiency, feeding rates and growth rates of brown trout that provide parameters for the
radiocaesium intake equations. Growth rates determine the body size of brown trout which is an
important parameter for feeding rates and radiocaesium excretion. Growth rates are used to
quantify feeding rates at levels below maximum feeding. At the lowest level, equations for
ambient temperature in lakes provides data necessary for estimating growth rates, feeding rates
and radiocaesium excretion rates.

To test the model predictions in a natural setting we compared predicted and measured 137Cs-
radioactivity from age-2 to age-4 for the 1985, 1986 and 1989 year-classes of brown trout from
the Norwegian Lake Hoysjoen. Model performance was evaluated for the period 1987-90, shortly
after the Chernobyl fallout when radioactivity in fish and prey declined quite rapidly, and for the
period 1991-3 under steady-state-like conditions without major changes in fish and prey
radioactivity. Model predictions were made for the dynamic conditions during the first two years
after a fallout, and for the subsequent steady-state-like conditions. Predictions for three different
lakes with different temperature regimes (data source: temperate: Lake Liavatnet, 59°N, 6°E, 40
m above sea level; boreal: Lake HoysjØen: 63°N, 11°E, 222 m above sea level; and sub-Alpine:
Lake Aursjo: 61°N, 8°E, 1085 m above sea level) were made.

Model predictions
Maximum radioactivity attained in brown trout after a fallout is influenced by lake type, time of
fallout, fish growth and feeding rates, and fish size. Peak radioactivity is predicted to be
considerably higher in the temperate and boreal lakes than in the sub-Alpine lake (Fig. 2). Peak
radioactivity increases with increasing feeding and growth rates of the fish. The effects of high
feeding rates on caesium accumulation is especially pronounced in the temperate lake where an
increase in growth rate, and the accompanying feeding rate, from 80 to100 % of the maximum
nearly doubled peak radioactivity. In all lakes a fallout during spring when water temperature is
increasing, gives the highest peak radioactivity. In the temperate and boreal lakes a much higher
peak radioactivity is predicted for a spring than a summer fallout. Although fallout date is
important for peak radioactivity, its influence on the long term development in fish radioactivity
for different fallout dates is within 20% of each other.

The relationship between specific radioactivity (S. Bq g.') and fish size (W, g), S = aWb, changes

with time. Shortly after the fallout, the caesium accumulation rate is highest in the small fish with



b-values at approximately -0.2 in all three lake types. After peak radioactivity is reached, the b-
values gradually approaches zero. Finally, the relationship between specific radioactivity and fish
size became positive with b-values at 0.10-0.15. For the temperate and boreal lakes the
relationship changes from negative to positive in the spring one year after the fallout, whereas
for the sub-Alpine lake the model predicts that positive b-values occur later during the second
summer. Thus, irrespective of lake type radioactivity should increase with fish size in the second
year, not decrease as in the year of contamination.

At steady state the model predicts a seasonal variation in biomagnification, with minimum values
in late spring and maximum in the autumn. In the temperate and boreal lakes the predicted
biomagnification is higher and the seasonal variation more pronounced than in the cold lake. The
biomagnification (13,,,)at steady state depends on fish size (W, g): Bm=aWb. For the three
temperature regimes modelled, there is a negative relationship between fish size and the
biomagnification factor at the autumn maximum. The relationship is the most negative in the
warmest lake. On the other hand, this relationship is slightly positive at the late spring minimum
in the temperate and boreal, but not the sub-Alpine lake.

The model (Fig. 1) where used to develope a quantitative model for biomagnification of
radiocaesium in brown trout under steady state conditions. Due to non-linear relationships
between maximum biomagnification, body size and growth rate (G, % of maximum growth), we
used a polynomial model: Bm = A (b0 + b1W + b2W2+ b3G + b4G2+ b5G4) where A is the
absorption efficiency of radiocaesium. Coefficients were estimated for the three different lake
types by multiple regressions for brown trout weighing from 5 to 500 g, growing at rates between
20 and 100 % of the maximum at 100% absorption efficiency (A=1).

Biomagnification is highest for small fish in the temperate lake growing and feeding at maximum
rates (Fig. 3). At growth and feeding rates below this maximum, the maximum biomagnification
is reduced. This reduction is most pronounced in the temperate and boreal lakes, and when the
growth rate decreases from 100 to 80% of the maximum.

Model generality
The present model gave reasonable predictions for the radioactivity of brown trout in the Lake
Hoysjuen, Norway. This holds true both during a period with declining radioactivity after the
fallout, and in a period with steady-state-like conditions. Different absorption factors were used,
however, in the two situations. To be general, the model should be applicable for brown trout in
a wide range of ecological systems, as this species have a wide geographical range. The model
application depends strongly upon the generality of the sub-models, which in this case is chiefly
based on established, bioenergetic knowledge about brown trout. Experiments have been
performed to establish absorption efficenecy and excretion rate (including the size and
temperature dependecy) for Arctic charr (Salvelinus alpinus, two poulations), bream (Abrcunis
brama), whitefish (Coregonus lavaretus) and Atlantic salmon (Salmo salar, two populations), and
the present model may be further developed to be valid for freshwater fishes in general.

There is a growing appreciation for bioenergetically baied models in eco-toxicology, as they

describe the actual mechanism at work in contaminant accumulation. This approach is most

valuable for radiocaesium contamination, and we feel that it is applicable for other cantaminants



as well, given that the rates of intake and excretion can be defined.

List of Figures

Fig 1. Model structure: five tiers of equations (A-D), each feeding parameters into above
levels: A: The core equation describing the changes in radiocaesium body burden with time.
B: equations for radiocaesium excretion and intake which provides the input parameters to the
core equation. C: equations for radioactivity of prey and the brown trout feeding rates,
providing parameters for the radiocaesium intake equations. D: the equation for brown trout
growth rates. Growth rates determine the body size of the fish which is an important
parameter for feeding rates and radiocaesium excretion (at level B). Growth rate are used to
quantify feeding rates at levels below maximum feeding. E: equations for ambient water
temperature in lakes providing parameters for estimating growth at level D, feeding rates at C
and radiocaesium excretion rates at level B.

Fig. 2. Predicted effects of fallout date (from 1 May to 1 August) and fish growth and
feedingrates on peak radioactivity of brown trout in different lake types. Results are shown for
brown trout weighing 100 g 1 May.

Fig. 3. Predicted biomagnification of 137Csin brown trout at different growth rates and body sizes,
in a situation with stable radioactivity in prey animals. Results are shown for three different lake
types and an absorption efficiency at 0.45.
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