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Summary

Lysimeter studies of the migration of radionuclides from a contaminated water table and their subsequent
uptake by plant roots have been undertaken using two distinct soil types and varying crop regimes. An
eight year multi-disciplinary research project (funded by Nirex) has concentrated on the upward migration
of contaminants from near-surface water tables, and their uptake by winter wheat and perennial ryegrass
crops. Experimental data are presented for the movement and uptake of radiocaesium 137Cs. These data
show significant movement in the unsaturated zone during the first year of dosing, followed by
progressively reduced availability in subsequent years. A suite of physically based hydrological and solute
transport models has been developed to model radionuclide transport in the unsaturated zone. Model
simulations, based on a conventional advection-dispersion representation incorporating linear sorption
processes, were unable to describe adequately the distribution of radiocaesium within the soil profile.
However, the introduction of root storage and translocation processes provided significantly improved
results.

1. Introduction

Traditional studies of radiochemical transport in vegetated soils have been concerned
with surface contamination due to atmospheric fall-out. A programme of work funded
by Nirex has considered the effects of the movement of radioactivity from a contaminated
near-surface water table. In this paper, the data from two lysimeter experiments designed
to investigate the movement and subsequent crop uptake of 137Cs are described together
with model simulations of the radionculide behaviour.

2. Materials and methods

Experimental system

The experimental system comprises two sets of eight lysimeters all employing an
automated water table control system to provide a constant near-surface water table. The
design and operation of the lysimeter facility is described in detail by Burne et al. (1994).
The first set of lysimeters contains a sandy loam soil from Berkshire in Southern
England (referred to as Orchard soil), and are cropped with winter wheat (Triticwn
aestivum cv. Pastiche); these lysimeters are divided into two classifications of 'deep1

(soil depth of 70 cm) and 'shallow' (soil depth of 40 cm). Data from deep lysimeters
only are presented here. The second set are all 'deep' lysimeters containing either
Orchard soil or a sandy clay loam from Cumbria in Northern England (referred to as
Longlands soil); all these lysimeters are cropped with perennial ryegrass (Lolium
perenne cv. Profit). The soil was packed within the lysimeters above a layer of geotex
material, which in turn rests on an inert substrate of polythene beads. In each lysimeter a
constant water table is maintained at 5 cm above the geotex layer. Radionuclides are
introduced into the inert substrate below the geotex layer. The concentration of
radionuclides present in the substrate is monitored on a fortnightly basis by the analysis
of solution held within the substrate. In the Spring of each year it is necessary to replace
radionuclides that have been lost from the lysimeter system due to flushing by winter
rainfall or removal of the crop. The subsequent transport of radionuclides through the
lysimeter soil profile and uptake by a winter wheat or ryegrass crop is monitored.
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The growth and development of the crop is followed by taking measurements of canopy
height and Leaf Area Index. Rooting depth and density determinations are made in situ
using "Perspex" access tubes into which a rigid fibreoptic endoscope ("Borescope")
may be inserted. There is also a comprehensive database of meteorological conditions
and hydrological measurements, including soil water potential, storage and lower
boundary fluxes.

Analysis of soil and plant material

Individual wheat plants were harvested annually in late summer by excision of the tillers
approximately 2 cm above the soil surface. The wheat collected from each lysimeter was
divided into grain, chaff, leaf, rachis and stem. Ryegrass was cut to a height of 5 cm
above the surface at 4 weekly intervals to simulate an agricultural grazing regime.
Vertical core samples of soil were taken immediately after harvest of the wheat crop in
late summer and at set times during the summer when a ryegrass crop was grown.
All plant material was dried at 60°C and homogenised prior to radiochemical analysis.
The soil cores (diameter 38 mm) were divided into 10 cm depth sections with the bottom
10 cm further divided into 2 cm sections. All soil samples were homogenised and then
compacted to a standard geometry. The 137Cs content of each sample was determined
using high resolution lithium drifted germanium detectors and Gamma Vision (EG&G
Ortec) software. Analysis provided information on the vertical distribution of
radionuclides within the soil profile.

Modelling

A suite of physically based hydrological and solute transport models has been developed
to simulate observed contaminant transport and root uptake. The hydrological model is
based on a Darcy-Richards formulation which includes a consideration of plant root
uptake. The solute transport model utilises an advection-dispersion approach which
incorporates, adsorption, radioactive decay and root uptake and release processes. The
details of the models are given in Tompkins el al. (1994).

3. Results and discussion

The complete vertical distribution profiles of 137Cs within the Orchard and Longlands
soils with a ryegrass crop and within the Orchard soil with a wheat crop are shown in
Figures la,lb and lc, respectively, with a logarithmic scale on the abscissa. The figures
show the mean concentrations from four replicate lysimeters. Figures la and lb show
three consecutive monthly harvest dates during 1995 and Figure lc shows the annual
mean concentration for 1990-1993. In all cases we observed that the movement of the
majority of 137Cs was restricted to the bottom 2 cm of soil (below the water table).
However, the first harvest date in July was only four weeks after the initial dosing of the
lysimeter system and shows considerable rapid migration of a small amount of 137Cs up
the soil profile to the soil surface for both soil types. The Longlands soil in particular has
a very consistent 137Cs profile above the water table, with concentrations maintained
between 0.05 and 0.10 kBq/kg (fresh weight). Figure lc shows that once this initial
profile is established it remains relatively constant for the duration of the experiment.
The concentration of 137Cs in the Ryegrass from both soil types at the four harvest dates
in 1995 is given in Figure 2. Values are the mean concentrations from four replicate
lysimeters + one standard deviation. The highest concentrations of *37Cs were found in
ryegass from the Longlands soil at the first harvest date, with a decline in concentration
to the final harvest date.
Figure 3 shows the concentration of 137Cs in four of the crop tissue categories analysed
during the experiment (1990 to 1993). Values reported are the mean concentrations from
four replicate lysimeters + one standard deviation. During the first harvest in 1990 a
high transfer of 137Cs occurred into all parts of the wheat crop. In successive years a
decline in *37Cs concentration was observed.



Figure 1 Depth Distribution of Cs-137

70n

60

(a) (b) (c)

Orchard Soil, Ryegrass Crop Longlands Soil, Ryegrass Crop Orchard Soil, Wheat Crop
1990 Harvest

1991 Harvest

1992 Harvest

1993 Harvest

20-

10-

70-

60-
_ _ _ July Harvest

August Harvest

September Harvest^"

40-

30-

20-

10-

10'3 10'2 10' 10° 10' 102

Radionuclide concentration (kBq/kg)

_ _ July Harvest

August Harvest

___. September Harvest

60-

40-

30-

20-

10-

10* 10'2 10 ' 10°
1
10'

0-
10'3 102 10' 10" 10' 10



Figure 2
Concentration of 137£s j n Ryegrass Harvested During 1995

Figure 3
Concentration of 137Cs in Wheat From 1990-93 (Orchard soil)
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Figure 4

Cs-137 Specific Activity Depth Profile at JD90207
Average of j)eep lysimeters (A,B»E,F)
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Simulated and Observed 1990 Cs~137 Crop Activities
Figure 5 Deep Lysimeters (kBq/m2)
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Model application

The model was applied to the wheat data for the experimental period. The use of a high
sorption value (Kd) prevents the movement of 137Cs up the full height of the profile and
initial simulated uptake by crops was limited. Consideration, within the model, of root
uptake and subsequent redistribution of 137Cs within the plant and release back into the
soil profile enables the observed, higher near-surface concentrations to be reproduced.
Figure 4 shows the observed and simulatedl990 profiles for a generic deep lysimeter. It
can be seen that the inclusion of root redistribution within the model enables the
simulation of the key features of the data.
Figure 5 shows the simulated and observed uptake for the wheat crop at the 1990
harvest The 1990 uptake is well reproduced; however, the simulated values remain at a
similar level for the subsequent years, whereas the observed crop activities decrease.
This is because the simulated uptake is determined principally by the high near surface
soil concentration. In reality the observed background profile may well be static after the
first harvest root release as the radiocaesium becomes trapped in the clay component of
the soil matrix and thus inaccessible for uptake.

4. Conclusions

Results have been presented describing the behaviour of 137Cs in two different soils and
two different crop regimes. As expected 137Cs is highly sorbed in the soil and the
majority of 137Cs becomes immobile upon introduction into the lysimeters. However,
there is an initial rapid upward movement of 137Cs. In reality the observed background
profile is essentially static after the first month of the experiment, but the radiocaesium
becomes progressively trapped within the clay minerals and thus inaccessible for root
uptake. The 137Cs profile within the soil is influenced by the presence of plant roots
which provide a biological translocation pathway for 137Cs. For the Longlands soil the
residual concentration observed in the profile is higher than that for the Orchard soil.
This is probably due to the higher clay content providing more Cs-sorption and fixation
sites (Livens et al. 1996). The initial availability of 137Cs at depth has led to very high
initial crop uptakes.
A simple consideration of advection, dispersion and linear sorption cannot reproduce the
observed background profiles and hence underestimates the uptake values. The inclusion
of a biological translocation mechanism into the model enables the salient trends in the
observed solute profile and uptake values to be reproduced.
The results of model simulations for 137Cs demonstrate that a root uptake model using
realistic root densities, accurate soil water fluxes and taking into account biological
translocation can describe the variability in observed contaminant crop uptake and soil
profile distribution without recourse to a large number of model parameters.
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