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RADIONUCLIDE MIGRATION IN THE UNSATURATED ZONE WITH A
VARIABLE HVDROLOGY

Mark Elert, Marie Collin, Birgitta Andersson and Maria Lindgren
KEMAKTA Konsult AB, Pipersgatan 27,112 28 Stockholm, Sweden

ABSTRACT

Radionuclide transport from contaminated ground water to the root zone of a soil has been modelled considering
a variable hydrology. Hydrological calculations have been coupled with radionuclide transport calculations in
order to study the influence of variations in flow rate and saturation, dispersion, and sorption. For non-sorbing
radionuclides important seasonal variations in the root zone concentration were found. The dispersivity
parameter proved to be very important for both sorbing and non-sorbing nuclides. In addition, some comparison
calculations were made with a simple steady-state compartment model.

INTRODUCTION

In biosphere modelling compartment models are often used to describe the transport of radionuclides
from the deep soil to the surface soil. The major transfer process is assumed to be solute transport with
the flowing water, advection. The upward and downward water flow between the deep and the surface
soil is calculated using water balance estimates. In most cases the hydrology is simplified, e.g. no
consideration is taken to the varying degree of saturation over the year and that the upward and
downward flows occurs at different degrees of saturation. The saturation influences a number of
important transport processes, e.g. diffusivity, dispersion, and for some nuclides also sorption, due to
the effect of saturation on the redox conditions.

The purpose of this study is to evaluic»the effect of seasonally varying water flow and saturation in
the unsaturated zone on the upward' i -s oort of radionuclides from a contaminated groundwater using
mathematical models. In a previo1 j( ly [Elert et al., 1988] it was found that the conditions in the
unsaturated zone may be of great - ; T cance for the concentration of radionuclides in the upper soil.
Recent studies have indicated the : \J ,ient hydrological conditions may have an important effect on
the downward transport from a sit a< i contamination [Russo et al. 1989].

Hydrology calculations are made f . a simple case with a one meter soil column where infiltration and
evapotranspiration varies on a n rthly basis. The resulting time and space dependent water flow and
saturation are used co provide i .put for the radionuclide transport calculations, i.e. dispersivity,
diffusivity and capacity.

The radionuclide transport calcu- 'tions are taking into consideration varying water flow and also the
variation of diffusion and disper. jn with saturation. The influence of sorption is studied by varying
the Kd-value, simulating the tranr 5 ort of non-sorbing and slightly sorbing radionuclides. The average
concentration in the root zone as a function of time and the concentration profile of the radionuclide
in the pore water are calculated. These results are compared with results from calculations using an
annual average water flow in order to determine the importance of the varying water flow for the
radionuclide transport.



A simple case relevant for the study of radionuclide
transport from an underground repository was defined.
The geometry of the case is presented in Figure 1. It is
assumed that radionuclides have contaminated the
groundwater, to a constant concentration of 1 Bq per
cubic meter. The groundwater table is assumed to be at a
constant depth of one meter. The root zone is assumed to
comprise the upper 0.3 meters of the soil. The removal of
radionuclides by plant uptake and subsequent harvest is
assumed to be negligible. Thus, transfer of radionuclides
from the groundwater to the water in the soil occurs only
by advection, dispersion or diffusion. The water flow
above the groundwater table is assumed to be vertical,
enabling the use of a one-dimensional geometry when
modelling the soil cover. Surface run-off has been
neglected.

precipitation
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Figure 1 The geometry of the studied
case.

In the studied case an upward flow prevails during the
summer, but a downward flow during the rest of the year. The annual average flow is directed
downward from the surface to the groundwater table. This means that the upward transport of
radionuclides can only be modelled by explicitly considering the variable hydrology If an annual
average of the water flow is used, the upward radionuclide transport must be described as a dispersive
process.

HYDROLOGICAL CALCULATIONS

In order to describe the radionuclide transport in the soil, information is needed on the water flow and
saturation and how it varies in time and space. Experimental data could be used, but we have chosen
to derive these values by hydrological modelling, in order to have data with a temporal discretization
suitable for the radionuclide transport calculations.

The computer code TRUST [Narasimnan, 1975] was used. This code solves the saturated and
unsaturated flow equations using the integrated finite difference method. The basic input data needed
to describe the soil characteristics are the porosity, the capillary potential curve and the hydraulic
conductivity as a function of saturation. Also, data describing infiltration, precipitation and the
geometry of the studied soil column are needed. Furthermore, boundary conditions at the top and at
the bottom have to be provided.

The soil moisture characteristics or capillary potential curve was taken from experimental values for
a Swedish till s">il [Andersson and Wiklert, 1972]. Since no measured values of the saturated hydraulic
conductivity were provided for the chosen sample, it was estimated to be 110"6 m/s, based on the
particle size distribution. In unsaturated porous media water flow occurs only as long as continuous
pathways for water exists. Since the largest pores which have the smallest flow resistance will be
emptied first, the hydraulic conductivity will decrease rapidly with decreasing saturation. The
hydraulic conductivity as a function of saturation degree has been calculated from the experimentally
determined capillary potential curve using the method proposed by Green and Corey, [1971]. The data
used in the calculations are shown in Figures 2 and 3.

The boundary condition at the top is provided by the infiltration and evapotranspiration data varying
on a monthly basis. The precipitation data are taken from the weather station in Stalldalen, compiled
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Figure 2 The capillary potential as a function of saturation degree.

by Rasmuson and Lindgren, [1989]. In most parts of Sweden the ground is frozen at least some parts
of the winter. This will affect the water transport in two different ways. Firstly, the frozen soil water
will not be mobile and secondly, a substantial amount of the precipitation will not infiltrate but
produce surface run-off at the time of snow melt. In order to simplify the calculations no frost in the
ground is assumed and furthermore no accumulation of snow.

The evapotranspiration is based on data from Eriksson [1981]. and is assumed to be evenly distributed
throughout the 0.3 meter thick root zone. In order to avoid excessive drying of the soil, the evapotrans-
piration rate is reduced below a capillary water potential of -50 meters and is assumed to stop below
the wilting point, -150 meters.
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Figure 3 The hydraulic conductivity as a function of saturation degree.
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Figure 4 Top boundary condition. Case A: Total precipitation and evapotranspiration. Case B:
Net infiltration.

Two variations of the top boundary condition were made, see Figure 4. In Case A, the precipitation
gave the inflow through the top surface and the evapotranspir?tion was modelled as a homogeneous
water removal in the root zone. In Case B, the inflow througn the top surface is taken as the positive
net infiltration, i.e. the precipitation minus the evapotranspiration. The net infiltration is positive during
the spring and autumn. The negative net infiltration during the summer is modelled as a water removal
from the root zone. The bottom boundary condition was given by the constant level of the groundwater
table.

The calculations were made for a two year period after which a semi-stationary condition was reached,
i.e. the results at the end of the year were equal to those at the start of the year. Figure 5 shows the
saturation in the soil column on a monthly basis. It can be seen that the top soil is dried out from May
to September. For Case A the drying is greatest at a depth between 0.2 and 0.3 meters. For Case B the
drying is greatest in the uppermost decimeter of the soil. In Figure 6 the water flow rate in and out of
the top and bottom of the soil column is shown as a function of time for Case B. During the period
May to September an upward flow from the groundwater will prevail due to capillary suction from the
root zone. During the rest of the year the flow will be directed towards the groundwater.

In Case C stationary hydrological conditions were assumed. The annually averaged water inflow at
the top surface was used as boundary condition at the top surface. This results in a stationary saturation
profile in the soil column, which corresponds to the saturation profile obtained for March in Case B,
see Figure 5 The water flow will in this case be directed downward at a rate of 210 mm/a.
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Figure 5 Monthly variation in soil water saturation. Upper: Case A. Lower: Case B.
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Figure 6 Water flow in (+) and out (-) of the top and bottom of the soil column.

RADIONUCLIDE TRANSPORT CALCULATIONS

The computer code TRUMP [Edwards, 1972] was used to solve the advection-dispersion equation.
The code can take into consideration interaction between solved species and solid surfaces by linear
or non-linear sorption. For unsaturated conditions and linear sorption the advection-dispersion equation
in one dimension can be written as:

where c is the concentration in water, t is time, x is the distance, c is the porosity, Kd is the sorption
coefficient, p is the bulk density of the soil, 5 is the saturation degree, DL is the saturated dispersivity,
and u is the water flow rate.

The water flow rates and the saturation degree from the TRUST calculations are transfonned to a
suitable form by an automatic procedure [Collin and Rasmuson, 1990]. Dispersion can be due to
molecular diffusion in the fluid, velocity variations within a flow path or velocity variations between
different flow paths. The two last processes are often referred to as hydrodynamic dispersion, which
is a complex function of water velocity, saturation and the structure of the material. The dispersivity
for a saturated material can be def ned as:

where
a is a material specific dispersion length [m]
u is the water flow rate [m3 m"2 s'1]
Dm is the molecular diffusivity [m2 s"1]



A collection of experimental evaluations of the dispersion length in unsaturated media has given a
range between 1 mm and 0.7 meters [Gelhar et al.. 1985J. A dispersion length of 0.35 meter was
chosen as the base case for this study. The molecular diffusiviry has been estimated to 2-10 m~/s,
and was found to be of minor importance compared to the hydrodynamic dispersion. In the present
calculations the variation of dispersivity with flow rate has been neglected. Instead the average flow
rate has been used, giving a dispersivity of 2.6-10 9 m2/s. The same dispersivity was used for the case
with constant hydrology.

The Kd-values were varied in order to study the influence of different sorption properties. In the base
case a Kd-value of 0 was used to simulate the transport of a non-sorbing radionuclide. In the variations,
Kd-values of 0.005 and 0.01 m3/kg were used. These values corresponds to estimates for slightly
sorbing radionuclides such as Technetium, or Iodine in soils with low organic content.

The calculations were performed until a semi-stationary condition was reached in the soil column. This
limited the size of the Kd-values that could be used, due to the long times needed for the radionuclides
to reach the semi-stationary condition. This takes roughly 5 years assuming no sorption, around 60
years with a Kd-value of 0.005 m /kg and around 120 years with Kd-value of 0.01 m /kg.

Case B Year five
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Figure 7 The variation of radionuclide concentration in the pore water for Case B.

The variation of the radionuclide concentration in the pore water during the year for Case B is shown
in Figure 7. During the summer and early autumn a considerable build-up in concentration is obtained
in the root zone. This is mainly due to the removal of pore water through evapotransp^ration. If instead
the radionuclide concentration per soil volume is studied a smaller increase in the root zone is
obtained.

In Figure 8 the bulk soil concentration in the root zone during yne year with no sorption is shown for
the Cases A, B and C. The results of the two cases with ?. variable hydrology are very similar. Case
C gives a stationary profile and a constant concentration through the year. The cases with a variable
hydrology shows a large seasonal variation, with a great increase towards the end of the growing
season. This could be of great importance when considering the uptake of radionuclides by plants.
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Figure 8 The bulk soil concentration in the root zone with no sorption.

However, the average concentration over the year are very similar for all three cases, when using the
same saturated dispersivity.

Figure 8 also shows the bulk soil concentration for Case B with a Kd-value of 0.005 m3/kg. If sorption
is included, the same type of seasonal variation in root zone concentration will be found, but to a much
lower extent. In this case a large part of the radionuclides are bound to the soil and will not easily be
affected by variations in the water flow. In the case with sorption, Case C gives a 50% higher bulk soil
concentration in the root zone than Case B, using the same saturated dispersivity.

The root zone concentration is very sensitive to the value chosen for the dispersivity. In Figure 9 the
bulk soil concentration in the root zone is given as a function of dispersivity both with a constant and
a variable hydrology. An increase in the dispersivity from 210"9 m:/s to 4-10"9 m2/s gives a more than
four times higher root zone concentration. With a constant hydrology the root zone concentration
reaches extremely low values for low dispersivities. This is expected since dispersion is the only
process which can give an upward transport of radionuclides for the case with constant hydrology.
With a variable hydrology the upward flow during the summer will be an important transport process.

A comparison with a simple steady-state compartment model has also been performed. Two alternative
divisions of the soil have been made. The first contained two compartments, one for the root zone and
one for the deep soil. In the seconn, three compartments were used, one for the root zone and two for
the deep soil. The radionuclide transfer between the compartments was assumed to occur only by the
flow of water. The transfer constants were derived from the hydrology calculations for Case B, by
adding separately the upward flow and the downward flow. With the two compartment model a bulk
soil concentration in the root zone of 0.020 Bq/m3 was obtained. This is in good agreement with the
average value of 0.024 Bq/m3 obtained in Case B. However, using three compartments a concentration
of 0.004 Bq/m3 was obtained, indicating that the size of the compartments is very important. This can
be explained by the fact that dispersion is to some degree inherent included in the compartment
model by the assumption of instantaneous mixing in the compartment. The radionuclides entering thr
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Figure 9 The bulk soil concentration in the root zone as a function of dispersivity for the case
with the variable and constant hydrology.

bonom of the deep soil will be spread over the entire volume and can thus immediately be transferred
to the root zone. The magnitude of this inherent dispersion will depend on the size of the compartment.
For the case with two compartments this inherent dispersion seems to be of the same magnitude as that
used in Case B, while using three compartments leads to a smaller inherent dispersion.

Dispersion has also been explicitly modelled with a compartment model by adding a dispersive term
to the transfer constant. However, the upward transport of radionuclides will in this case be very
sensitive to the dispersivity value chosen. If the same dispersivity as in Case B is used, the two
compartment model gives a concentration in the root zone of 0.082 Bq/m3 and the three compartment
model a concentration of 0.052 Bq/m .

DISCUSSION

The effect of considering a variable hydrology when modelling the transport of radionuclides from a
contaminated groundwater to a soil has been examined. The study has focussed on the effect on the
radionuclide concentration in the root zone. The influence of the sorption coefficient and the
dispersivity has also been studied.

The effect of a "."••»able hydrology may potentially be of great importance for non-sorbing
radionuclides. It has been shown that the concentration of the radionuclide in the root zone may vary
substantially over the seasons and that the maximum period occurs towards the end of the growing
season. This may have an effect on the uptake of radionuclides by plants. This variation is even more
pronounced for the concentration of radionuclides in the pore water. These may also be the
radionuclides most easily accessible for the plants.

For sorbing radionuclides this effect will be much reduced since the major part of the radionuclide is
bound to solid surfaces and the variation in water flow will only affect the part dissolved in the pore
water. The seasonal variation of the radionuclide concentration in the pore water will also be less



prominent than in the ci'se with no sorption. because of the interaction with the solid surfaces. If the
concentration increases in the pore water due to an upward flow of contaminated groundwater. a major
fraction of the iadionuclide will quickly be sorbed on the solid surfaces. However, it must be taken
into consideration that in the present study an instantaneous sorption is assumed in the entire soil
matrix. In many cases soils will have an aggregated structure where a large part of the sorption
capacity is in the aggregates. The water inside the aggregates is largely immobile and radionuclides
must first diffuse from the larger pores into the aggregates in order to sorb on the solid surfaces. This
introduces a time delay in the sorption which, if it is large enough, may decrease the sorption during
the temporary concentration peaks. If that is the case a considerable seasonal van .on in the pore
water concentration could be expected also for sorbing nuclides. Other reasons for t me delay could
be kinetic effects in the sorption reactions.

The choice of dispersivity is very important for the concentration of radionuclides in the root zone.
Dispersivity is a lumped parameter taking <nto account a number of processes. In the case with a
constant hydrology it will also take into account the spreading caused by the changes in flow direction.
Using very small dispersivities will give a great underestimation of the root zone concentration in
comparison with the result obtained with the varying hydrology. For higher dispersivities the root zone
concentration is higher than what is obtained when assuming constant hydrological conditions. This
is due to the fact that the dispersion will be lower during the very dry parts of the season, something
which not can be considered when assuming constant conditions. It should also be noted that in this
study monthly averages of infiltration are used, in realitv the flow may vary on a much shorter scale.
This could give rise to an increased dispersion.

Another situation where a variable hydrology may be of importance is for the transport of redox
sensitive radionuclides. The saturation degree will be of importance for the chemical conditions in the
soil and thereby also for the radionuclide mobility. For radionuclides that are more mobile during
oxidizing conditions the mobility may be increased, since the upward water flow mostly occurs during
the summer when the soil is drier and oxidizing conditions may prevail.
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