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Abstract

THE MODELLING OF 2-D MIGRATION PATTERNS OF SOLUBLE WASTE IN SOILS.
A novel approach to the modelling of two-dimensional migration patterns of soluble waste in

soils is presented. This approach, albeit very simple and straightforward, was found to be powerful
enough to simulate several aspects of the migration of conservative tracers in non-sorptive soils. In
brief, the finite-difference technique is adopted for the solution of the two-dimensional
advection-dispersion equation. Since the simulated data were to be verified against experimental data
obtained through the use of radioactive tracers, the numerical model was modified to take into
account the corresponding experimental aspects, with special regard to the attenuation of radiation
through the soil mass. The introduction of this correcting factor rendered the simulation quite faithful
to the experimental data, thus suggesting the feasibility of the proposed approach for the
two-dimensional analysis of waste migration.

1. INTRODUCTION

The generation of waste is certainly one of the least agreeable by-products of
civilization. In recent years, this most undesirable aspect has been the focus of intense
scrutiny, augmented by the disproportional attention given to radioactive releases. Now, in
the public inquiries prior to the approval of a nuclear installation, the management and
disposal of generated waste, although very small quantities are actually produced, are the
subj ect of heated discussion.

This popular fear is understandable, but at the same time unfounded. Despite fairly
recent accounts of tragedies or near-tragedies associated with poorly-planned waste
repositories, waste management has evolved dramatically in the last few decades. It is still not
possible to design and build an eternal repository, but much is known about the behaviour of
waste in soils to allow the adoption of convenient, both technically and economically
speaking, engineered barriers. The recently commissioned repository at Abadia de Goias, in
Brazil, which received the waste generated in the cleaning-up after the 137Cs accident in
nearby Goiania, is a good example.

The rationale behind the final disposal of toxic waste is that it should be really 'final',
i.e., never to reach living organisms, especially man. Since sending it to outer space would be
utterly unethical and, for the moment, unacceptably dangerous, the standard way to dispose of
waste involves the age-old practice of burial, either just below the surface or in deep caves or
other openings. This is not exactly fail-proof, as geologic convulsions, such as earthquakes
and volcanoes, would expose huge quantities of dangerous waste. These are, however, very
unlikely occurrences, as planners would never place repositories near to volcanoes or in
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regions prone to earthquakes. Therefore, buried waste can only be displaced significantly
when dissolved in groundwater, a scenario generally known as groundwater intrusion [1].

Once in solution, waste components will spread through an aquifer by advection and
dispersion. This spreading, however, can be checked by the set of physico-chemical reactions
between the solute and the soil solids collectively known as sorption. In practice, sorbed
solutes are retarded relatively to the solvent, and the corresponding retardation coefficient is
related to the affinity between solutes and the soil solids.

Despite the complexity of the phenomena involved with the movement of soluble
components in saturated soils, this migration can be adequately described by the well-known
advection-dispersion equation. In three dimensions and cartesian co-ordinates it has the form
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where R = retardation factor (R = 1 if sorption is assumed negligible)
C = concentration of solute at the time t at the point P(x,y,z)
Dj= dispersion coefficient in the i-direction
vx = seepage velocity, taken along the x-axis

Solutions to (1) will depend on the prevalent boundary conditions. It must be stressed,
however, that even in one dimension, closed-form solutions are never easy to obtain [2], so
that numerical approximations, either by finite elements or finite differences, are usually
preferred. For this reason, validation of the advection-dispersion equation and its boundary
conditions are in many cases undertaken by means of 1-D experiments.

In the present paper, an innovative finite-difference approach to the solution of the
advection-dispersion equation is discussed. The numerical data thus obtained were calibrated
against the results of two-dimensional migration experiments with radiotracers. In order to
facilitate the comparison, conservative tracers were generally used, so that sorption was
insignificant.

2. EXPERIMENTAL ASPECTS

2.1. The 2-D advection-dispersion equation

The basis for the advection-dispersion equation is Fick's second law, to which an
advective term is added. In two dimensions, this is represented as

D a 2 c a 2 c _ a 2 c BC

The longitudinal (in the direction of flow) dispersion coefficient is commonly taken as

DX = D ; + X v x (3)

where Dx = diffusion coefficient of the solute in the soil
X = dispersivity
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Dispersivity is in length, and it varies from a few millimetres for well-controlled soils
to a few metres for fractured rock. Nevertheless, as the product X.v is generally several orders
of magnitude greater than Dx*, it can be safely said that Dx equals A.vx.

In the direction perpendicular to flow, dispersion happens in response to the
longitudinal dispersion. As there is no flow in this direction, what occurs in practice is lateral
diffusion, with the diffusion coefficient incorporating the contribution of longitudinal
dispersion. There is no particular equation, such as (3) above, for Dy, but several studies have
established the relationship between longitudinal and lateral dispersion coefficients for a wide
range of migration velocities [3,4].

2.2. The finite-difference approach

The application of differential equations by finite differences involves the substitution
of approximate difference formulas for the derivatives. These can be central-difference,
forward-difference or backward-difference, and the application of each will depend on the
conditions of the problem. In the present approach, central-difference formulas were used to
approximate the spatial derivatives, whereas a forward-difference formula replaced the time
derivative.

The finite-difference technique is an iterative process in which each new result, or
node, is obtained from the ones 'above' it. In order to guarantee the stability of the algorithm,
the iteration usually requires the adoption of very small increments, so that the process is
quite slow. The increasing availability of faster computers has made it feasible to use
increments as small as necessary.

Well-known methods exist for the solution of two-dimensional differential equations
through finite differences [5-7]. The experimental aspects inherent in the process under study
called for the adoption of a different approach, which was shown to be successful in one-
dimensional studies [8]. This was justified by the fact that soft gamma ray emitters were used
as tracers, and that radiometric data were collected by non-collimated Geiger tubes. That
meant that each tube received information from the whole plume of tracer, whereas the
corresponding result from the numerical model would be the tracer concentration at the point
where the Geiger tube was located.

In the model described herein, the entire soil mass is 'sliced' into a number of thin
1-D columns parallel to flow lines, which in accordance with the experiment are assumed to
be vertical. Tracer concentration along any of these vertical columns is assumed to vary only
in the vertical direction. The application of the finite-difference technique to this 2-D problem
is done in the following steps:

1. Once the starting nodes are entered in the numerical model in accordance with the
boundary conditions, the first 'line' of nodes, one for each vertical column, is obtained
by applying the finite-difference solution to the 1-D advection-dispersion equation.

2. This line of nodes is then treated as a horizontal column, and the 1-D diffusion
equation is applied to it, with the same time increment chosen for step 1; each new
data for this column becomes the new node for each original vertical column.

3. These new nodes are then used to generate another line of nodes, and the steps are
repeated until it is observed that the tracer has reached the bottom of the soil mass.

The code for this solution was written in Quick Basic for use on a PC. The output of
the code has the same format as the output from the experiment. Sets of data from both the
experiment and the simulation were converted into concentration contours by means of a
commercial graphics software.
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2.3. The soil model

The soil model used in the experiment has been previously described in detail [9]. The
diagram of the experimental set-up is shown in Fig. 1. For the purpose of the present study, it
suffices to say that it was an aluminium box with internal dimensions of 950mm (L) x
150mm (W) x 375 mm (H). The box was filled with pea gravel to a height of 50 mm, then
with silt-size silica flour to a height of 340 mm. A continuous flow of distilled water was
maintained through the soil mass for the duration of the experiment, so that saturation flow
conditions were prevalent. Due to the fine soil used, the water flow was accelerated by means
of a geotechnical centrifuge. The tracer was introduced in the perspex box at the top when
steady state flow conditions had been attained; this information was supplied by the three
miniature pore-pressure transducers inserted in the soil. This box was pierced to simulate a
faulty repository. The evolution of the tracer in the soil, once it had abandoned the perspex
box, was monitored by several miniature Geiger tubes inserted in the soil. Readings were
taken every two minutes, until the tracer reached the base of the model.
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FIG. 1. Schematic diagram of soil model.
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3. RESULTS

3.1. Treatment of data

It can be seen from Fig. 1 that the arrangement of the Geiger tubes in the soil included
a column of detectors in the middle of the box. As the perspex box was centred, this meant
that the centre of the plume would travel along this column. The arrival of the plume at the
depth corresponding to a centre-line Geiger tube was therefore marked by a sharp increase in
the observed count rate. The readings of the other Geiger tubes for that same instant were
used to generate the concentration contours for that depth. As the tracer would decay during
the experiment, all readings were corrected accordingly and normalized to a maximum of
1000. This correction was unnecessary for the simulated data, but these data were also
normalized to a maximum of 1000 for the sake of comparison.

3.2. Centre-line curves

Fig. 2 shows the experimental (solid) and simulated (dashed) centre-line count rate
curves for one migration experiment. The depths selected correspond to detectors Al, A3, A7
and Al 1 in Fig. 1. The effect of dispersion is clearly visible, with the curves being 'flattened'
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FIG. 2. Experimental and simulated centre-line concentration curves for migration test using 99m j
a tracer. Seepage velocity: 2.3 mm/min.
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FIG. 3. Experimental and simulated contours for a migration test using 99m j c Qg a tracer. Input
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as the tracer progressed through the soil bed. As a constant hydraulic head was imposed on
the model throughout the experiment and the distance between Geiger tubes was known, a
seepage velocity of 2.3 mm/min was calculated. A heuristic approach was adopted to estimate
the longitudinal dispersivity as 0.7 cm and the radiation attenuation coefficient as 0.8 cm*1.
These parameters were entered in the numerical model, and the simulated curves were
obtained.

3.3 The concentration contours

Two sets of concentration contours, one for the experimental data and the other for the
simulation, are shown in Fig. 3. In both cases the contour lines were drawn at intervals of 100
units, the outermost curve corresponding to a relative concentration of 100. Once again the
dispersion effect is evident, with the peak concentration diminishing as the plume reached
greater depths, and the curves themselves becoming more spaced. For the simulation, all
parameters determined above were entered, plus a figure of 0.07 cm for the lateral
dispersivity. This figure was estimated from curves correlating the longitudinal and lateral
dispersions for a wide range of seepage velocities [3,4].

4. CONCLUSIONS

The following conclusions may be drawn:

— The numerical model presented herein, despite its simplicity, is powerful enough to
simulate the important patterns of 2-D solute migration in soils.

— Since 2.3 mm/min is by any standard a high seepage velocity, it can be safely
assumed that the model itself will be stable for the range of velocities usually
found in actual soils.

— As a suggestion for further work, the introduction of a retardation factor can be
attempted, so that the model can be generalized for the simulation of sorptive
conditions.
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