
534

MODELLING CONTAMINANT TRANSPORT IN SATURATED AQUIFERS

By

Dr. V. Lakshminarayana, Professor
and Tej Ram Nayak, Former Student
Department of Civil Engineering

Indian Institute of Technology, Kanpur,India.

ABSTRACT

With the increase of population and industrialization the problem of pollution
of groundwater, in addition to other forms of pollution such as air pollution,
has become critical. The present study deals with modelling of pollutant
transport (the words contaminant and pollutant are used interchangingly in
this paper, though a contaminant becomes a pollutant only if its
concentration exceeds the acceptable limit) through saturated aquifers. Using
this model it is possible to predict the concentration distribution, spatial
as well as temporal, in the aquifer. The paper also deals with one of the
methods of controlling the pollutant movement namely by pumping wells. A
simulation model is developed to determine the number, location and rate of
pumping of a number of pumping wells near the source of pollution so that the
concentration is within the acceptable limits at the point of interest such as
a city which gets its water supply from groundwater.

INTRODUCTION

The sources of groundwater pollution can be divided into four major groups:
environmental, domestic, industrial and agricultural. All groundwater
contains salts carried in solution, which are added to groundwater by
rainwater, irrigation water, artificial recharge, soluble rock materials,
fertilizers etc. Accidental breaking of sewers and percolation from septic
tank may also increase the pollution. When radioactive waste is deeply
buried, there is a likelihood of groundwater getting contaminated.

There is a large amount of published material in the field of contaminant
transport. Guymon et al. (1970) and Nalluswami et al.(1972) used the finite
element method (FEM) based on the variational principle for the solution of
the dispersion problem in a rectilinear flow field. The method was found to
be applicable to dispersion dominant transport only. Smith et al.(1973)
compared the variational approach with the Galerkin method and concluded that
the latter was more versatile. Pinder (1973) used the Galerkin method to
solve the two-dimensional groundwater flow and dispersion equations in
cartesian coordinates and applied the model to simulate the movement of a
plume of chromium-contaminated groundwater of Long Island, New York. The
scope was, however, limited to non-adsorbent porous media and non-radioactive
inert tracers in a rectilinear flow field. Prakash (1976) solved the equation
for the transport of a radioactive tracer through an adsorbing porous medium
in the cylindrical polar system of coordinates by the Galerkin FEM. Guvansen
and Volker (1981) employed the Galerkin FEM with special provisions to allow
for the moving water table. This method was limited to the small change in
free surface only. Hamilton et al. (1985) selected three representative
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models for field comparison and concluded that the analytical models are easy
to use and very inexpensive to run for uniform flow in homogeneous, infinitely
extensive aquifers. Abriola (1987) has reviewed the work on the modelling of
contaminant transport in saturated groundwater systems. Anderson (1987) has
described the field studies on three-dimensional groundwater systems. David
and Stollenwerk (1987) presented a summary table that references the various
kinds of models studied and their applications in predicting chemical
concentrations in groundwater.

In the present study a model is developed to predict the movement of
contaminant in saturated aquifers. Both 1-D and 2-D flow field for pollutant
movement are considered. The pollution concentration usually gets modified
while moving with groundwater due to the effect of mechanical dispersion,
advection, diffusion, adsorption and radioactive decay. A model is also
developed for control of pollutant movement by suitable location and pumping
of a number of wells.

MATHEMATICAL MODEL

Movement of pollutant in ground water is mainly due to advection and
hydrodynamic dispersion. It is also affected by various chemical reactions
and radioactive decay phenomena during movement. The governing differential
equation for solute transport in saturated homogeneous isotropic porous medium
including the effects of dispersion, adsorption and radioactive decay can be
written as

3 T -i d dC r "I
— nC + (l-n)S - nDij ^ C + X nC + (l-n)S - qC* - 0
dt L J d'X-i 3xj L -J

(1)

in which, C is the concentration of the dispersing mass in liquid phase, i.e.
the mass of solute per unit volume of solution (ML"3);S is the
concentration of the dispersing mass in solid phase, i.e. the mass of solute
adsorbed per unit volume of the porous medium (ML"3); n is the porosity of the
porous medium (L3L"3); Dtj is the hydrodynamic dispersion tensor (L^" 1); \i± is
the component of the Darcy velocity vector in the 1th direction (LT"1) ; X is
the radioactive decay coefficient equal to the reciprocal of the half life
time of the radioactive solute tracer (T""1); q is the volumetric fluid
injection rate of the source fluid per unit volume of the medium (T"1); C* is
the concentration of the source fluid (ML"3) . In the above equation the first
term presents the rate of change of total dissolved and adsorbed mass; the
second term denotes dispersion and advection; the third term is the mass
change due to the decay; and finally the term qC* represents the injection or
withdrawal rate.

For radioactive tracers, the radioactive decay constant, X is inversely
proportional to the half life, th of the particular isotope and is defined by
the relation,

e • - - (2)
2
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in which th is the time required to reduce the concentration of the isotope
by half due to radioactivity alone.

Equation (1) is a single equation in two state variables, C and S. We need an
additional relationship between C and S. Freundlich (1926)has suggested the
following equation,

S - (3)

where k1 and k2 are constants. For k2 equal to one and replacing the constant
kj by more commonly used constant kd, the above equation reduces to

S - kdC (4)

known as the linear equilibrium isotherm, where kd is distribution
coefficient. A comprehensive treatment of adsorption isotherm is presented by
Helfferich (1962), who provides detailed information on many important types
of isotherms in addition to the Freundlich isotherm. Substituting S in
equation (1),
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R is called the coefficient of retardation. It is assumed to be a constant
for a given homogeneous porous medium. The above equation (5) is the general
form of the equation describing the process of solute transport in porous
media.

In the Cartesian coordinate system, equation (5) can be written in an expanded
form for the case of two-dimensional dispersion in two-dimensional flow field
as:
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Figure (3) shows the results with adsorption. It is seen that with adsorption
the concentration at any given distance is lesser than that without adsorption
at any time.

In the studies described above the contaminants considered were
non-radioactive. However, there are many pollutants which are radioactive and
also subjected to adsorption. Some of these pollutants are Sr-9O, Br-83 and
Br-84. For the parameters given in Table 2 the results are shown in figure 4.
As seen from the figure, the isotope Sr-90 experiences less decay but Br-84
undergoes increasing radioactive decay. The effect of linear equilibrium
adsorption with kr - 0.375 on the Br-84 isotope in a medium of 20% porosity is
shown in the figure (5)• the substantial reduction in the spatial
distribution of concentration caused by adsorption can be seen the figure.

Table 2: Properties of some radioactive pollutants

Dispersion and Adsorption Radioactive Parameters

Dispersion Coefficient 0.093 cmz/sec Isotope th sec"1

Pore fluid velocity 0,3285 cm/sec Br-84 1.8 min 3.64x10"*
Porosity 0.20 Br-83 2.4 hrs 8.03xl0"5

Distribution Coeff 0.375 Sr-90 28.9 yrs 7.61xlO10

TWO-DIMENSIONAL CASE

For two-dimensional case, a rectangular domain of 305 X 244 m is considered,
which is shown in figure (6). Two grid Peclet numbers 10 and 500 are used,
which are the same as those used by Gureghian et al. (1980). A time step of
five days was chosen to compare the results given by Gureghian et al. The
concentration distribution at time, t-178 days is also computed. The initial
and boundary conditions imposed are:
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A Gaussian line source is located along the left boundary and centered at
(x-0, y-122 m). The results of the analytic, the four-noded FE and the
eight-noded FE solutions for Peclet number 10 and 500 are shown in figure (7)
and (8) respectively. For both Peclet numbers the figures show clearly that
the eight-noded FE solution are much closer to the analytical solution than
the four-noded FE solution.
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The initial condition used for transport equation is given as

C(x,y,O) - Co (x,y)

where Co is the initial concentration in the domain. The boundary conditions
commonly encountered in field applications of contaminant transport models
are:

(a) Dirichlet type (i.e. essential) boundary conditions where the
concentration Co is specified on S1 part of the boundary.

(b) Neumann type (i.e. natural ) boundary conditions where flux is specified
on S2 part of the boundary. Note that the total boundary S is Sx + S2.

SOLUTION METHOD

The above problem is solved both by the Finite element and the Finite
Difference method. A general computer program is developed to predict the
movement of contaminant front in 1-d and 2-D saturated aquifers. The
rectangular FE mesh shown in figure (1) is used for 1-D solute transport
problem. The initial and boundary conditions chosen are

C(x,0) - 0.0 ppm 0 < x < 100 m
C(0,t) - Co - 10.0 ppm t > 0 ; x - 0 m
C(100,t) - 0.0 ppm t > 0 ; x - 100 m

No-transport boundary conditions are imposed along the top and bottom
boundaries, thereby making the solute transport problem 1-D. The
longitudinal flow velocity u, - 0.1 m/day and the longitudinal dispersion
coefficient D^ - 1.0 m2/day are assumed. Figure (2) shows the solute
distribution along x-direction of the mesh, for two different time steps. It
is observed that for given D n, u,, n and R the quadratic polynomial basis
functions give more or less the same solution as analytical solution. This is
because the convective-dispersion equation is of the second order.

It is well known that many pollutants such as phosphorus are adsorbed by the
soil matrix while being transported by groundwater. Mansell et al. (1977)
have determined and given the physical and chemical properties important to
phosphorous transport in soils. Some representative values are given in Table
1.

Table 1: Properties relevant to phosphorous transport in soils.

Physical Properties of soil Other Physical Parameters

Dispersion Coef. 39.36cm2/hr
Pore water vel. 25.00 cm/hr
Porosity 0.46
Distribution coef. 0.23

Sand
Silt
Clay
O.M.

97.0%
1.6%
1.4%
0.0%
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CONTROL OF POLLUTANT MOVEMENT

One of the ways to control movement of pollutants is through pumping wells .
Let us illustrate it by assuming pollution from a refuse dump leakage from
which reaches groundwater table. The natural groundwater flow is assumed to
be towards a drain. The situation is shown in Figure 9. The city shown in
the figure gets its water supply from the groundwater. It is required to see
that the contamination of groundwater near the city is kept within acceptable
limits. One of the methods to achieve this is to have certain number of wells
near the source of pollution and pump them heavily so that the cone of
depression reverses the natural water table gradient and thus prevent the
pollution reaching the groundwater resource near the city. The problem then
would be to determine how many wells are to be used, where to locate them and
at what rate they should be pumped to minimize the cost of pumping subject to
certain management constraints such as the groundwater quality is within
desired range, the water table does not go below a certain level, etc. Thus
the problem can be formulated as an optimization problem. However, this
optimization problem is usually non-linear and hence leads to problems
associated with solution of non-linear optimization problems.

A second method that can be used for management of groundwater quality is the
method of simulation. In this method several configuration of well locations
and rates of pumping are tried and the best among the alternatives tried is
selected. This method is used in the present study. As the effect of rate of
pumping on concentration distribution is obvious it is not reported in the
paper.

A concentration magnitude of 6 x 106 mg/m3 is assumed at the source. A
constant regional groundwater flow with x and y components of velocities, Vx -
0.1 m/day, and Vy - O.Olm/day are assumed. Figure 10 shows the distribution
of concentration because of groundwater flow with no wells. The effect of
locating three wells A,B and C near the source and pumping them on the
distribution of concentration at the end of 120 days is shown in figure 11.
The situation at the end of 270 days is shown in figure 12. If we increase
the number of wells to 5, the distribution of concentration would be different
as shown in figures 13 and 14. It is clear from the figures that the location
of the two wells added, D and E, is not appropriate. The two extra wells
should have been more towards the source of contamination than away frou it.
Thus the rate of pumping, the number of wells and their location are important
in determining the concentration distribution.

SUMMARY

With the increase of population and industrialization the problem of pollution
of groundwater, in addition to other forms of pollution, has become critical.
The present study deals with modelling of pollutant transport through
saturated porous media. Using this model it is possible to predict the
concentration of pollution distribution in aquifers. A simulation model is
also developed to control the movement of pollution. The method involves
determination of the number, location and rate of pumping of a number of
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wells near the source of pollution so that the distribution of concentration
is within acceptable limits at the point of interest such as a city which
gets its water supply from the groundwater.
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