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Summary

Investigations are currently being conducted at Imperial College into the upward

migration of radionuclides from a contaminated water table and their subsequent uptake

by plant root systems. This programme includes both experimental studies and related

mathematical modelling. Previous work has been primarily with lysimeters. However,

these experiments are expensive and somewhat lengthy and the alteration of key features

is difficult Therefore, an experimental research programme using smaller scale columns

where conditions can be readily altered has been set up under a NERC studentship. This

paper presents both the observed and simulated results from some preliminary column

experiments involving the movement of two different radionuclides. It will be shown that

physically-based mathematical models developed for field scale problems are readily

applicable at the scale of the experimental columns. Work is currently in hand to

demonstrate the validity of the column experiments for determining parameters

associated with various soil, plant and radionuclide types.

1. Introduction

Traditionally, investigations into soil-to-plant transfers of radioactivity have concentrated

on the effects of surface contamination. By contrast, there has been little research

undertaken into the upward migration of radionuclides from contaminated water tables.

However, this is an important problem which is particularly related to the impacts of

underground disposal of radioactive waste.

Experimental studies at Imperial College into the effects of upward migration have been

undertaken using lysimeters containing a sandy loam soil and supporting a winter wheat

crop (Triticum aestivum cv. Pastiche). A constant water table is maintained in the

lysimeters and hydrological monitoring takes place using programmable data loggers (as

described by Burne et al., 1994 and Wadey et al., 1994). These experimental studies have

been of great value in providing data which can be used to develop and validate

mathematical models designed to describe radionuclide movement and uptake in

vegetated soils (Butler and Wheater, 1995).

The lysimeter experiments seek to replicate 'real life' situations, whilst simultaneously

allowing a degree of control. They are, however, expensive, somewhat lengthy to carry
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out and the alteration of key features is difficult The work described here has therefore

concentrated on small scale columns, which allow a large number of experiments to be

conducted simultaneously. These columns are able to provide results fairly rapidly (i.e. a

few months). They can also be easily modified in order to obtain the various data

required for modelling investigations, an approach which would be too time consuming if

the data were to be obtained from lysimeter experiments alone. It is recognised,

however, that the results from the column experiments need to be assessed in the context

of the larger scale lysimeter experiments, since they can not be regarded as an adequate

simulation of the 'real life' situation taken on their own.

2. Materials and Methods

Experimental Studies

Figure 1 shows the column design which replicates as far as possible that of the

lysimeters.

Figure 1: Column Experiment Design
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Each column was constructed from a 16cm diameter PVC pipe 50cm long, which was

cut in half longitudinally and then sealed with silicone rubber to facilitate sampling at the

end of the experiment. The soil used was a local sandy loam. To maintain a constant bulk

density throughout the column the soil was firmly packed down with a plunger after the

addition of each aliquot of soil. The same mass of soil was added to each 500cm3

volume of column to produce a dry bulk density of 1.4g/cm3. The columns were placed

in a reservoir to give a fixed water table 10cm above the base of the column. The water

table was maintained using an inverted bottle. The bottom of the column was sealed to
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the reservoir with silicone rubber. In order to ensure free access of water from the

reservoir, the bottom 4cm of the column was filled with polyethylene beads and small

holes were drilled at regular intervals. The beads were covered with a layer of geotextile

which was selected because of its low sorption properties. Two different solutions were

used to maintain the watertable, one contained caesium-134 and the other chlorine-36.

These represent radionuclides previously used in the lysimeter studies with highly

differing transport and uptake properties.

Measurements taken throughout the experiment included evaporation, soil moisture

content, soil moisture potential and redox potential. Evaporation losses from the column

were obtained indirectly by measuring the amount of water entering from the inverted

bottle. This is a reasonable approach since the change in water storage in the column

over the duration of the experiment is small compared with the total evapotranpiration

losses. Soil moisture contents at 5cm intervals starting 5cm above the water table were

obtained using Time Domain Reflectometry. The matric potential of the water in the soil

was also monitored at the same locations using tensiometers connected to either a water

or mercury manometer. The manometers indicate the suction or negative pressure of the

water in the porous cup which is in equilibrium with the water in the soil. Although the

majority of the manometers were water filled, it was necessary to have the manometers

for the two tensiometers nearest to the surface filled with mercury, since suctions likely

to occur under dry conditions would be too high to be measured using a water

manometer. The redox potential was assessed at 5cm intervals using platinum probes

connected to a potentiometer.

At the end of the experiment the column was split into two halves longitudinally and the

core was then divided into sections. To determine the distribution of radionuclides

throughout the profile the soil was sectioned into 5cm deep slices down to a depth of

35cm and 2cm deep slices from 35cm to 45cm. Each layer was assessed for bulk density,

soil gravimetric moisture content, ammonium content and specific activity.

Modelling Studies

The mathematical models consist of integrated hydrological and solute transport models

and are used to simulate contaminant movement and subsequent uptake by plants.

The hydrological model is based on Richards equation for the transport of water through

soil in response to the forces of gravity and water pressure. Richards equation relates the

change of soil moisture content to the hydraulic flux divergence. It assumes that water

flow can be represented by Darcys law whereby the flux is related to the product of the

hydraulic head gradient and a non-linear hydraulic conductivity parameter which depends

on the moisture content of the soil.
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q = -K dh/dz q = soil water flux

K = hydraulic conductivity

h = hydraulic head

z = elevation

The change in soil moisture content is related to the divergence of the hydraulic flux

minus any uptake by the plants and this follows the law of conservation of matter.

30/dt = 3q/dz - Uw 6 = soil moisture content

w = water uptake rate

Modelling the movement of solutes through soil is carried out through the use of the

advection-dispersion equation where the rate of change of contaminant stored within a

unit volume is related to the divergence of the advective flux due to bulk water motion

(Jq) and a dispersive flux (Jd) resulting from the combination of molecular diffusion and

mechanical dispersion.

3(9c + S) / 3t = 3(Jd+Jq) / dz - Us - T

c = activity of contaminant stored in solution

S = activity of sorbed contaminant

Us = root uptake

F = radioactive decay

The contaminant stored in the soil is partitioned between the solute and sorbed phases.

The sorption of contaminant onto the surface of the soil is assumed to be represented by

a linear partition coefficient (Kd) according to the following expression.

S = Kdc

The uptake of solute by the plant root system is represented using a linear form of

Michaelis-Menton rate kinetics as described by Nye and Tinker in 1977.

Us = 27Cpraocca Us = uptake by the plant

a = root sorption coefficient

ca = concentration at the root boundary

pr = root density

a = root radius



148

It assumes that concentrations at the root boundary are small, that uptake efficiencies for

any section of the entire root system are identical and that the concentration at the root-

soil boundary is equal to the mean soil water concentration

3. Results and Discussion

The column experiments carried out to date comprise bare soil columns and soil columns

with a wheat plant for both chlorine-36 and caesium-134. Model simulations of these

experiments have been undertaken and two examples are given below.

The first example involving chlorine-36 is taken from a bare soil column. The

hydrological model was used to simulate the movement of water in the column. The

simulation provides outputs of time varying soil moisture contents with depth. These can

be compared with the soil moisture contents measured in the column experiments. Figure

2 shows both sets of results plotted against depth at the end of the experiment.

Figure 2: Moisture Content Profile
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Results from the hydrological simulation are then used to drive the solute transport

model which provides outputs of radionuclide activity with depth over time. Figure 3

shows the observed and simulated specific activities of chlorine-36 down the column at

the end of the experiment
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Figure 3: ChIorine-36 Activity Profile
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The simulation shows very good agreement with the observed values using a Kd of 0.05

and dispersion coefficients obtained from previous simulations of the lysimeter data. The

low Kd value is commensurate with the poor sorption properties of chlorine-36 in a

sandy loam soil.

The second example involving caesium-134 is from a wheat column. The solute transport

model is used to simulate both the activity in the soil profile and the activity taken up by

the plant. Figure 4 shows simulations of caesium activity in the column using partition

coefficients of 40 and 1.

Figure 4: Caesium-134 Activity Profile
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It can be seen that a very low Kd of 1 is required in order to reproduce the activities

found in the column experiment This is lower than the range of Kd values stipulated for

caesium by Shepperd and Thibault in their compendium of Kds in 1990 which ranged

from 200-4000 for different soil types. A low Kd was, however, also found to be

required when simulating the behaviour of caesium in the bare soil column. This could

therefore be related to a time-dependant effect in the sorption of caesium to the soil

matrix. The total activity in the wheat plant was 0.21 Bq and it was found that a root

uptake parameter (a) value of 2.25 E-16cm.s"1 was required to reproduce this effect

given the root densities observed in the column at the end of the experiment Further

experimentation is needed to determine whether this is a reproducible value.

In summary it is believed that this modelling approach, which embraces an understanding

of the underlying physical processes, can be applied over a range of scales and

conditions. The scale range is illustrated by the column experiments which prove to be

capable of simulation in the same way as the larger scale lysimeter experiments. Further

column experiments are currently being undertaken using a different soil type with a

perennial ryegrass. These experiments are replicating those used in the second phase of

the lysimeter experiments.
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