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This report describes the contribution of ECNt with the University of Utrecht as subcontractor, to the 
project "Modelling the transport of radionuclides through the freshwater environment", as part of the 
CEC Radiation Protection Programme, for the period 1990-1992 The project was designed to identify 
areas of our understanding of the transport of radionuclides through aquatic environments and uptake 
by fish which limit the general applicability of the present generation of mathematical models The initial 
programme concentrated on four areas: 

1. Chemical processes underlying adsorption onto particles 
2 The processes involved in the enhanced transport of radiocaesium from some catchments 
3 Processes of remobilization in sediments and at the seavrater/freshwater interface 
4 Effects of water chemistry and the ecology of aquatic organisms on the uptake, storage and 

excretion of radionuclides 
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Head of project 10: Dr. R.N J. Comans 

II . Objectives for the report ing per iod: 

The project has the following objectives: 
- to study the mechanisms of radiocaesium mobility in freshwater sediments using a combined 

laboratory and field approach 
- to optimize a procedure to measure in-situ KD-values for radiocaesium 
- to relate in-situ KD-values for radiocaesium in sediments, and their variation with pore-water 

concentrations of competing ions, to sorption mechanisms of radiocaesium studied in 'he laboratory 
at the microscopic level 

III. Progress achieved including publ icat ions 

Introduction 
Since the Chernobyl accident, the interaction of caesium with soils and sediments has been given 

renewed attention Although significant progress has been made in laboratory studies of radiocaesium 
mobility, in-situ studies in the environment are hampered by the very low activities in aqueous 
compartments soon after the accident. Because it is our ultimate goal to predict the transport of 
radiocaesium through the environment, in-situ measurements of this radionuclide and its mobility 
controlling parameters are necessary to verify our predictions and to indicate additional factors aifecting 
radiocaesium transport that should be considered in our models 

The present study focuses on the solid/liquid distribution coefficient, or KD , of radiocaesium This 
parameter quantifies the interaction of the radionuclide with the solid compartment in sediments and 
soils and controls, therefore, its mobility. The KD-value for radiocaesium varies not only between 
different sediments and soils, which has been attributed by Cremers et al. (1988) to the availability of 
illitic frayed edges, but is also subject to chemical changes within these environments Post-
depositional changes in the pore water chemistry of freshwater sediments may, therefore, result in a 
partial remobilization of sediment-bound radiocaesium (Comans et al., 1989) The extent of such a 
possible remobilization depends on the reversibility of the caesium-sediment interaction and is of great 
importance for the establishment of the radiological consequences of nuclear accidents This study 
includes, therefore, an in-situ investigation of radiocaesium mobility in freshwater sediments, as well as 
an investigation of the mechanisms affecting caesium sorption reversibility 

Measurements of m-situ KD's for radioactive and stable caesium m Esthwaite sediment 
In collaboration with the Institute of Freshwater Ecology (Windermere, UK} and ihe University of 

Utrecht, Dept of Geochemistry (The Netherlands), 9 cores of 7 cm diameter were collected from the 
sediment of take Esthwaite in the English Lake District The cores were sliced in a glove box under a 
nitrogen atmosphere at 1-2 cm intervals over the top 17 cm of the core and at one 4 cm interval from 
17-21 cm The pore water was separated from the individual slices, using a filtration procedure, in a 
separate glove box j.ider a high purity nitrogen atmosphere (0 ? < 0 003%) to prevent any oxidation of 
the anaerobic samples The pore water from each three cores was combined and analyzed for major 
elements and nutrients As the pore water chemistry showed no major jifferences between identical 
intervals in the three subsets, the remainder of the pore water from each depth-interval was combined 
to a volume of approximately 200 m L After preconcentration on ammoniummolybdophosphate (AMP), 
dissolved l37Cs was measured using an ultra-low-background anti-coincidence y-counting facility. 
Counting times varied from three to ten days per sample Both l34Cs and 137Cs were measured in the 
sediment In- -itu KD's for '37Cs were calculated from the activity in the solid and the pore water from 
each sediment slice 

The sediment profile for ,34Cs and 137Cs is shown in Figure 1. The distinct maximum for both 
isotopes at a depth of 3-4 cm is related to the Chernobyl accident The 134Cs/137Cs ratios of 
approximately 0 5 are characteristic for the Chernobyl fallout (0 5-0 6) A second and broader signature 
with a maximum around 7-9 cm and 134Cs/137Cs ratios far below 0 5 is probably related to the nuclear 
weapons tests in the 1950s and 1960s The levels of '37Cs rn pore water appeared to be extremely low, 
-3-30 mBq/L and could only be measured with a very large uncertainty, despite the counting times of 
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up to 10 days per sample In-situ 
KD's calculated from these values 
are of the order of 104 105 UKg No 
significant relationship was observed 
with sediment depth. Pore-water 
concentrations of ions competing 
with caesium for illitic exchange sites 
were very low (K*= 30-50 umoles/L 
N H / * 60-190 pmoles/L) and 
changed only slightly with depth. 
These conditions and the relatively 
high clay mineral content of the 
sediments (concentration of illitic 
frayed edge sites % 20 peq/g, as 
determined by Cremers and 
coworkers) cause the observed very 
high KD-values and. as a result, low 
dissolved radiocaesium levels 

Figure 2 shows the relationship 
between the total in-situ KD for 
radiocaesium and tne pore-water 
ammonium concentrations in 
sediments from three European 
freshwater systems; Ketelmeer 
(Comansetal, 1989). Hollands Diep 
(Comans. in prep.) and Esthwaite 
The concentrations of illitic frayed 
edge sites in the sediments from 
these lakes, as measured by 
Cremeis and coworkers, are fairly 
similar. The negative slope in Fig. 2 
reflects the competition of 
ammonium and caesium for the 
same exchange sites. The slope of 
= -1 is consistent with ion-exchange 
theory, if ammonium controls the 
radiocaesium K-j in these anoxic 
sediments 

Esthwaite sediment 
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Figure 1. Sediment profiles of t37Cs and 134Cs in Lake 
Esthwaite (Cumbria, UK). Activities are decay-corrected to April 
1986 
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Figure 2. Relationship between 137Cs in-situ KD and pore-water 
N H / concentration in sediments from Ketelmeer, Hollands Diep 
(Comans. in prep.) and Esthwaite. 

Diffusion-tube experiments 
ft is well known that KD-values for 

trace elements are dependent on the 
liquid/solid conditions (or particle concentration; see e.g. overview by Honeyman A Santschi, 1988). It 
is generally observed that KD's decrease strongly with increasing particle concentration. KD-values 
obtained from b£ 'ch laboratory experiments, using particle concentrations far below those in sediments, 
are therefore difficult to reiate directly to values measured in-situ. As an alternative to batch 
experiments, a radiotracer diffusion-tube procedure is being used and further developed at ECN to study 
contaminant partitioning under liquid/solid conditions similar to those in sediments or soils. The 
procedure is briefly outlined in Figure 3. One half of a small tube (typically a few centimetres) is packed 
with sediment which has been thoroughly mixed with a radiotracer spike. Subsequently, the second half 
of the tube is carefully packed with the same sediment, but without radiotracer spike. The ends of the 
tube are sealed and the system is left to equilibrate For anoxic sediments, all handling is done in a 
glove box under a nitrogen atmosphere. The radiotracer diffuses slowly from the labelled into the non-
labelled segment. After an appropriate equilibration time, the tube is sliced in small segments which are 
y- or (l-counted to construct the diffusion profile. The effective diffusion coefficient of a sorbinp trace 
metal, such as caesium, in sediments or soils is reduced relative to its aqueous diffusion coefficient by 
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a physical (Tortuosity) and a 
chemical retardation factor. 
Tortuosity is calculated from a 
similar diffusion tube experiment with 
3H20. which shows no chemical 
interaction with the solids. The KD is 
then calculated from the chemical 
retardation factor. 

Figure 4 shows a typical diffusion 
profile for radiocaesium in Esthwaite 
sediments. Experiments were done 
with sediment samples from different 
depths (i.e. different ammonium 
concentrations), but the effective 
diffusion coefficients were not 
significantly different, probably as a 
result of the low pore-water NH4* 
levels. The KD-values calculated 
from the diffusion experiments were 
about 100 UKg. and hence more 
than two orders of magnitude lower 
than the values measured in-situ. 
This difference may appear 
surpris.ng. but will be further 
discussed below 

Mechanisms affecting caesium 
sorption reversibility 

When studying radiocaesium 
mobility and the potential risk of 
remobilization from contaminated 
sediments, knowledge of the 
underlying mechanisms of caesium 
sorption on sediments is a 
prerequisite. Especially the 
reversibility of the process, which 
reflects the ability of sediment-bound 
radiocaesium to be released to the 
aqueous phase by changing 
conditions, is pertinent to the 
question of remobilization 

Since it is now well accepted that 
interaction with the frayed edges of 
il'"*ic clay minerals largely controls 
the mobility of radiocaesium in 
mineral sediments and soils, it is 
reasonable to assume ihat the 
reversibility of this process largely 
determines the overall ability of the 
radioisotope to be released from the 
solids Comans et al (1991) have 
showr that the reversibility of 
caesium sorption on iilite was 
strongly affected by slow sorption 
processes and by the nature of the 
major competing cation (i.e calcium 

Diffusion tube procedure 

" V 
labelled 

' non-
'. labelled 

1»T 

Cs 

r ad io t r ace r . ^ ^ 
analysis 

Figure 3. Schematic representation of the radiotracer diffusion-
tube procedure The sediment on the left hand side of the tube 
is labelled with freshly added 137Cs 
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Cs-137 diffusion in Esthwaite sediment 
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Figure 4. Diffusion profile of freshly added radiocaesium in 
Esthwaite sediment The sediment on the left hand side of the 
tube was labelled with ,37Cs 
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Kinetics of reversible and irreversible Cs sorption on iltite 
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-igure 5. Time evolution of reversibly and irreversibly sorbed Cs, as predicted by the three-box 
model (Comans & Hockley. 1992), for 5 ug/L total Cs and a particle (illite) concentration of 100 
mg/L 

or potassium) In a calcium environment, caesium sorption was observed to proceed significantly faster 
and to reach much higher KD values than in an environment dominated by potassium The apparent 
reversibility of the process was shown to be controlled by the continuing slow sorption processes, but 
was substantially less in an environment dominated by calcium. Comans et al (1991) have postulated 
that a fraction of caesium migrates slowly to highly selective interlayer sites within the clay mineral from 
which it is not easily released. Caesium apparently moves faster through the expanded edge-interlayers 
in the calcium-dominated system than through the collapsed edges in the potassium system. 

The importance of the Kinetics of caesium sorption on illite for modelling the mobility and potential 
remobilization of sediment-bound radiocaesium made it necessary to develop, partly within the 
framework of the present project, a kinetic model to fully describe caesium sorption and to evaluate the 
development of reversibly and irreversibly sorbed caesium fractions over time A three-box model was 
developed, which includes fast reversible solution on sites which are partly rapidly accessible and in 
instantaneous equilibrium, and partly kinetically controlled. The equilibrium condition of the reversible 
reaction is described by a Freundlich isotherm. Rapid reversible sorption is followed in series by a slow, 
irreversible first-order process. The model is consistent with the above mechanistic hypothesis and 
describes the data of Comans et al (1991) at different caesium concentrations, and a new data set at 
two different particle concentrations, adequately. The rate constant for the slow irreversible process is 
0.0038 d 1 for caesium sorption on potassium-saturated illite and 0.020 d'1 for calcium-saturated illite. 
Further details of the kinetic modelling can be found in Comans & Hockley (1992). At the macroscopic 
level (Fig. 5). the kinetic model predicts that reversible sorption is important over time scales of a few 
days and less and may, therefore, affect radiocaesium transport in the water column. Irreversible 
sorption becomes important over time scales of weeks to months and is, therefore, of greatest 
importance for radiocaesium in sediments. The latter process is especially relevant for estimations of 
the potential amount of sediment-bound radiocaesium lhat may be mobilized under anoxic conditions. 
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Implications of the mechanisms studied in the laboratory for radiocaesium mobility in the field. 
As Figure 5 clearly indicates, the reversibility of radiocaesium decreases substantially with time. The 

above laboratory and modelling results suggest that radiocaesium is slowly immobilized by the 
hypothesized migration into the ilhtic interlayers. There is. however, evidence that still a few percent of 
sediment-bound radiocaesium can be remobilized by enhanced NH4* levels in anoxic pore waters, even 
after many years of contact (Evans et at.. 1983; Comans et a l , 1989) The necessary backwards 
reaction is possibly too slow to be noticed in laboratory experiments of a few weeks, but may become 
important over longer time periods. Combined field work and long-term laboratory sorption experiments 
are necessary to determine the possible reverse rate. 

Irreversibly sorbed radiocaesium contributes to the overall (in-situ) KD and may not. or only after long 
periods of time, respond to high levels of dissolved competing ions. It is, therefore, important to 
establish the fractions of the overall (in-situ) KD related to the (rapidly) exchangeable and to the 
apparently non-exchangeable radioisotope. In addition, it is important to know how this relationship 
changes with caesium/sediment contact time. The two orders of magnitude difference between the 
overall in-situ KD's for Esthwaite and the values measured in the diffusion experiments is possibly 
related to this distinction and would suggest that, five years after the Chernobyl accident, the 
exchangeable fraction is of the order of a percent However, considering the large uncertainty in the in-
situ KD's, this needs further study. Obviously, only truly exchangeable radiocaesium can be remobilized 
and should be considered in transport models. Because the exchangeability is time dependent (Fig. 5), 
kinetic models are needed for an accurate prediction of radiocaesium transport through the aquatic 
environment 
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