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A finite layer technique for calculating
three-dimensional pollutant migration in soil

R. K. ROWE* and J. R. BOOKER*?

A technique for the analysis of two- and three-
dimensional poliutant migration through a layered soil
medium is described. An earlier solution for plane diffu-
sion in a single homogeneous layer of soil is extended
using the finite layer method for general three-
dimensional diffusion. Particular attention is focused on
the effects of horizontal advective velocity and coeffi-
cient of hydrodynamic dispersion within the aquifer
together with the thickness of the aquifer. A parametric
study is presented to demonstrate some characteristics
of contaminant migration in a layered soil system,
taking into account the fact that the surface concentra-
tion does not remain constant because of contaminant
transport into the deposit. The advantages of the
approach are most pronounced when attempting to
determine concentrations away from the landfill at
modest to large times.

Dans cet article une technique d’analyse bidimension-
nelle et tridimensionnelle de la migration des pollutions
4 travers un sol multicouches est décrit. Une méthode
pour la diffusion plane dans une seule couche homo-
géne de sol est développée & laide de la méthode des
couches finies pour la diffusion tridimensionnelle géneé-
rale. L'attention est portée plus particuliérement sur les
effets de la vitesse d'advection horizontale et au coeffi-
cient de dispersion hydrodynamique & intérieur de
l'aquifére et a son épaisseur. Une étude des paramétres
est présentée pour démontrer quelques caractéristiques
de la migration des pollutions dans un sol multicouches,
en égard au fait que k2 concentration superficiclle ne
reste pas constante, en raison du transfert des pollutions
dans le dépot. L'avantage principal de la méthode con-
siste en cc qu'elle aide 4 la détermination des concentra-
tions a long ou a court terme.

KEYWORDS: analysis; clays; computation; ground-
water; industrial waste; water flow.
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average plan area of the landfill
concentration of contaminant
initial concentration of contami-
nant within the landfill
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¢, concentration of contaminant
within an aquifer
Cyma. Maximum concentration —ever
reached at a particular point in
the aquifer
c,p concentration of contaminant
within the landfill
D isotropic coefficient of hydrody-
namic dispersion
Dy; coefficient of hydrodynamic dis-
persion in the horizontal plane for
aquifer i
D,; coefficient of hydrodynamic dis-
persion in the vertical plane for
aquifer i
D, D,,. D,, coefficient of hydrodynamic dis-
persion (including diffusion and
mechanical dispersion) in the
three Cartesian directions
f mass flux
f, mass flux into base aquifer
fur mass flux from the landfill into
the soil
h, thickness of aquifer i
H, height of leachate (volume of
leachate per unit plan area)
H, thickness of clay layer i
K distribution coefficient
L width of the landfill parallel to the
velocity v,
n porosity
n, porosity of the base aquifer
v seepage velocity
v, apparent (Darcy, superficial) ve-
locity
v,, apparent (Darcy, superficial) ve-
locity in aquifer i
z distance below the base of the
landfill
p bulk density of the soil solids
INTRODUCTION

The design and subsequent environmental
approval of landfill sites involves ensuring that
the groundwater in regions outside the bound-
aries of the landfill (and any associated buffer
zones) will not be contaminated. In effect, this
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means limiting the concentration of contaminant
species in the groundwater to acceptable levels.
Regulatory authorities often require the use of a
liner which is designed to minimize contami-
nation of the surrounding groundwater. Fre-
quently, these liners take the form of a natural
deposit of clay or a compacted clay liner.

The movement of pollutants through relatively
impermeable clayey soils is quite slow; however,
it is conceivable that significant pollution might
occur in the long term and so it is important that
such disposal sites should be designed to prevent
the possible contamination of the groundwater
system in both the short and the long term.

The main factors which govern contaminant
migration are advection, dispersion, diffusion and
chemical reaction. For many applications, the
advective transport is small compared with that
due to dispersion (e.g. Crooks & Quigley, 1984).
This situation has been investigated using both
analytic and numerical techniques (see Freeze &
Cherry (1979) for the general background and
Anderson (1979) for a detailed review). However,
existing solutions have not considered a number
of important practical situations.

More recently, Rowe & Booker (1985) have
developed a one-dimensional analysis which takes
account of the fact that the concentration of
leachate in the landfill will decrease as leachate is
transported into the clay and which allows for the
possible presence of a more permeable underlying
stratum (aquifer) beneath the clay deposit. This
analysis has been extended by Rowe & Booker
(1984a) to include the effects of several different
soil layers.

The one-dimensional analysis may be adequate
provided that the width of the landfill is large
compared with the depth of the clay layer and
transport is predominantly vertical. If, however,
the plan dimensions of the landfill are compar-
able with the depth of the layer both horizontal
and vertical transport may occur.

In a recent paper, Rowe & Booker (1984b)
have developed a solution for plane diffusion in a
single homogeneous layer of soil. In this Paper,
this approach is extended, using the finite layer
method (Cheung, 1976; Rowe & Booker, 1982;
Booker & Small, 1982a, 1982b) to account for
general three-dimensional diffusion in a horizon-
tally layered soil deposit. A limited parametric
study will then be presented to demonstrate some
of the important characteristics of contaminant
migration in a layered soil system.

THEORY: GOVERNING EQUATIONS
The transport of substances through a saturat-
ed clay can often be approximated by a Fickian-

type law (e.g. Gillham & Cherry, 1982), having
the form

= ncv — nMp Ve (n
MD = dxag (Dxx’ D,yv Dzz)

where f is the flux and ¢ the concentration of the
dispersing substance, n is the effective porosity of
the clay, Mp is the matrix of ‘coefficients of
hydrodynamic dispersion’ (incorporating the
effects of molecular diffusion and mechanical
dispersion) and v is the seepage velocity. The
velocity v, = nv will be used to describe advection
when discussing the results. The quantity v, is
variously called the advective velocity, the super-
ficial velocity, the apparent velocity or the dis-
charge velocity. For simplicity of presentation,
the term advective velocity will be used through-
out this Paper.
Consideration of mass balance shows that

dc
Vif+n—+g=0
s n6r+g

where the quantity g takes account of the possi-
bility of some of the contaminant being adsorbed
on to the clay skeleton. For equilibrium-
controlled ion exchange where the concentration
of the exchange ion is relatively low, the adsorp-
tion of this species may be approximated by a
linear relationship of the form

dc
g=pK E v)

where p is the bulk density of solid and K is the
distribution coefficient. The distribution coeffi-
cient K may often be estimated from the resuits of
a laboratory column test (Rowe, Caers, Booker &
Crooks, 1984) or may be determined indepen-
dently (Griffin, Cartwright, Shimp, Steele, Ruch,
White, Hughes & Gilkeson, 1976). It should be
determined over a representative range of concen-
trations which reflect the likely field variation.

For an isotropic homogeneous layer in which
the pore fluid velocity is uniform, equations (1)
and (2) can be combined to give

0 3
V(Mg V) — v" Ve = <1 + L) L)
n ot

SOLUTION USING INTEGRAL TRANSFORMS
The transport process is governed by equations
(1)+3) together with the boundary conditions and
the condition that any initial background concen-
tration is in equilibrium. For simplicity of presen-
tation, attention will be restricted to the case in
which the seepage velocity throughout a particu-
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Fig. 1. Cross-section through a landfill with average plan
area A ¢

lar layer is uniform and in the vertical direction

so that
T
y = (0, 0, 9!)
n

(Extension of the solution for flow in the x and y
directions is straightforward.)

Suppose now that the soil deposit is horizon-
tally layered as shown in Fig. 1. In a typical layer
m, z,, € £ <z, (p = m + 1), equations (1H3) can
be sxmphﬁed by introducing a Laplace transform

@h= J; (c,f) exp (=st) dt 4

and a repeated Fourier transform

1 @xX <«
(C’ 1'7 =ZF J‘_ Jl (C,f)

x exp [—i(x + ny)l dx dy (5)

The Fourier integral theorem shows that equa-
tion (5) is equivalent to the representation

f) = f f €. P

x exp [i(éx + ny)] d dn  (6)

When the transforms defined by equations (4)
and (5) are applied to equations (1) and (3)

F,=—inD_C (7a)
F,= —innD,, C (7b)
F,=v,C—nD_, &« (7c)
dz
#*C
D,, i (8D, + n*D,,)C

where the properties n, D, D, D.., p and K
are those of the mth layer.

For a local set of co-ordinates with origin at
the top of layer m, it is a simple matter to show
that equation (8) has the solution

Ao ¢ exp (xZ + f) —exp (BZ + 2)

™ exp f —exp «
+C, exp (BZ) — exp («2) o)
exp f —exp %

where C and C,, denote the transformed concen-
trations on the node planes z=z, and z =12,
respecnvely, H=1z,—2,isthe depth of the 1ayer

=z/H,and i = xand 4 = B are the roots of the
equanon

A2—=2Pi+Q=0 (10
with
_ v H
2nD_,
0= c'ZHZD“DZn’H’D,, N < - %> %1_1
so that
=P +(P*-Q)'?
B=P—(P*-Q"

where again the properties H, n, D, D,,, D,,, p
and K refer to those of the mth layer.

LAYER MATRIX

The transformed components of vertical flux F,
and F, for the node planes z=z, and z =12,
rcspccuvcly may be calculated usmg equations
{7}9) and it is found that

A-E e
[—FJ [ | C. ()

where
S(m,_nD,,ﬁexpB—aexpa
"7 H exppf-expa
smaPe__22f
H expf—expa
m__nD“(a—ﬂ)exp(cx+ﬂ)
T H expB-expa
nD,,aexpf—fexpa
S‘H:————————-—

H expB—expa

The matrix § in equation (11) is called the layer
matrix for layer m.
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Assembly of layer matrices

The layer matrix (11) can be used to soive the
general problem for a layered system. To do this,
at the interface of adjacent layers, the concentra-
tion will be continuous and the net vertical flux
entering that particular node plane will be zero.
Thus

SC=F {12)

where C =(Co, C;. ..., Cy)7 is the vector of
transformed nodal concentrations, F ={F,, 0,
..., —F ) is the vector of transformed boundary
fluxes and

0) )
s‘ll SIZ 0
0) () 1) (1)
S = S9Y S+ Sh Si2
(1) o ¢l
S5 + 52

0 s

Equation (12) has to be modified to incorpo-
rate the boundary conditions.

Often, it is found that a given layered deposit
will be underlain by a thin more permeabie
stratpm of thickness h in which the groundwater
flows with a uniform velocity v, in the x direction.
If it is assumed that the concentration in this
stratum is virtually uniform across its width, it
then follows from a consideration of conservation
of mass that

(S vy O
= -t =
e 3.0 L(nbh n, 0x
e ¢
+ Dxxb 322 + Dyyb _a'y_;) de (13)

where c,(x, , t) denotes the concentration in the
underlying stratum, f, = f denotes the flux enter-
ing the base stratum from the clay layer and the
subscript b is used to indicate properties of the
base stratum.

If equation (13) is transformed using equations
(4) and (5), it is found that

FN = XCN
where
x = hnys + ivy + 1y Doy &+ D, ) (14

Suppose now, for simplicity, that the surface
concentration ¢, is specified; then equations (12)
and (14) become

S*C* = F* (15)

where * =(C,,C,,..., Cy)" is the vector of
unknown transformed concentrations, F* =
(=$9C,,0,...,0)7 and

sgesy sy 0
s spesy s
s*=| ;
0 0
0 0

N-1) ) N)
P+ 854y 12
N} N}
21 22 + X

Equation (15) can be used to determine Coreens
C, and hence, using equation (9), the complete
distribution of C. This represents the solution in
transform space. The Fourier transforms can be
inverted by numerical quadrature of equation (6)
while the Laplace transforms can be inverted by
an efficient algorithm developed by Talbot (1979).
This then compietes the solution.

ANALYSIS WHEN SURFACE
CONCENTRATION VARIES WITH TIME

In many practical situations the surface con-
centration of the landfill does not remain con-
stant but will vary because contaminant is being
transported into the layered soil deposit.

To analyse this situation, consider a landfill
occupying a region of plan area A4, ¢ to an equiva-
lent height H, (where H, represents the volume of
leachate divided by the average plan area of the
landfill). For simplicity, it is assumed that the
concentration of leachate in the landfill does not
vary throughout the landfill but may vary with
time.

Now suppose that the total mass of landfill
that has been placed up to time r is M(r); then
from a consideration of conservation of mass

Ape Hee ) = M(0)

- j' (J Judx, y, 1) dx dy) dr (16)
0 ALk

where A is the area of landfill, fi {x, , 7) is the
flux leaving the landfill at the point (x, y) at time
t=r1

Taking the Laplace transform of equation (16),
it is found that

1 .
Gr=Ca———— | fidx, yydxdy (17)
LF A SALFHrL._; LeX, ¥

If equation (17) is solved in terms of the yet
unknown surface concentration ¢, and this solu-
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tior. is used to calculate the transformed sutface
Jux

Fle="¥C (18)

witers ¥ is a known function of ¢ and ; and

Cu—' =0T
1 o
4 ALe

fir= J J exp [i(éx + ny)JF e 44 dn

- -0

.nd so substituting into equation (18)
. Ca
=t 19
CFETEA (19)

where

41‘:2 E £l
A= T*TYP déd
L LT

.i:d the asterisk denotes the complex conjugate.

Equation (19) enables the surface concentration
¢, s to be determined and so the problem may be
solved as outlined in the previous section.

RESULTS

The theory described in the previous section is
applicable for a wide range of practical problems
involving three-dimensional advective—dispersive
:ransport through soil. The major computationai
effort involved is associated with the numerical
inversion of the Laplace and Fourier transforms.
Some care needs to be exercised to perform these
inversions efficiently and accurately; however, the
soproach has significant advantages over alterna-
rive finite element and finite difference approaches
in that it involves minimal data preparation and
uch less computational effort to obtain results
~{ equivalent accuracy. The advantages of the
proposed approach are most pronounced when it
is attempted to determine concentrations away
from the landfill at modest to large times
‘although the proposed procedure is computa-
tionally superior and easier to use for all the cases
examined by the Authors).

The computational effort in this analysis, as
with any other three-dimensional analysis, is
Guite large and makes the performance of a para-
inetric study prohibitively expensive. However,
the general effect of the parameters which would
infisence a full three-dimensional analysis can be
iliustrated by considering a typical two-
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Fig, 2. Problem analysed (the parameters considered are
listed in Table 1)

dimensional cross-section such as that illustrated
in Fig. 2. This figure shows a stratigraphy similar
to that commonly encountered in areas subjected
to recent glaciation. Here the landfill is separated
from a relatively thin underlying aquifer by a
layer of clay or clayey till. The aquifer is under-
lain by a second thicker layer of clay or clayey till
which in turn is underlain by a second sand layer.

In such a situation, the designer is concerned
with the concentration of contaminant in the
aquifers (particularly the upper aquifer) at the
edge of the landfill and at the boundary of the
property. Specifically it is assumed (unless other-
wise noted) that the deposit has parameters given
in Table 1 for a landfill of length 200 m where it
is further assumed that the boundary of the pro-
perty is 300 m from the edge of the landfill (ie.
400 m from the centre of the landfill).

In the analysis of problems similar to that
shown in Fig. 2 (either in two or three
dimensions) the major uncertainty is usuaily
associated with the properties of the aquifer. In
particular, the advective velocity v, and the hori-
zontal and vertical dispersion coefficients in the
aquifer (Dy and D,) may be difficult to determine
and the effect of a reasonable range of these
parameters should be considered.

Figure 3 shows the effect of the horizontal coef-
ficient of hydrodynamic dispersion Dy, on the
contaminant plume within the upper aquifer at a
time 300 years after construction of the landfiil
(given D, = 0-2 m?/year, 0, =1 m/year). For a
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e
Table 1. Parameters considered in the study
Layer Symbol Typical value* Range considered
Landfill L {(m) 200 200-1000
H, (m) 1 1-10
Upper clay D (m?/year) 001 -_
n 0-4
v, (m/year) 00 -
H, (m) 20 -
Upper sand | Dy, (m?/year) 10:0 0-2-200
D,, (m?/year) 02 —
n 03 o
v,, (m/year) 10 0-1-10
h, (m) 10 03-1'5
Lower clay D (m?/year) 0-01 —_
n 04
v, (m/year) 00 —
H, (m) 10-0 —_
Lower sand | Dy, (m?/year) 100
D,, (m?/year) 02 -
n 03
vy, (m/year) 10 -
hy (m) 03 -
* Value adopted uniess otherwise noted.
low value of Dy (Dy= 0-2 m?/year) there is essen- time because it allows more rapid movement of
amination upstream of the landfill.  contaminant away from the landfill.
The maximum concentration in the aquifer is at Figure 3 shows the concentration plume at one
the edge of the landfill (x = 100 m) and the con-  point in time. Clearly the concentration at any
centration decreases with increasing horizontal  point will vary with time as indicated in Fig. 4 for
a point in the upper aquifer beneath the edge of
By comparison, a very high dispersion coeffi-  the landfill (x = 100 m) and at the property line (

cient (Dy, = 200 m?/year) gives rise to contami-  (x =400 m). At both points, the concentration
nation of the aquifer upstream of the landfill. In  increases with time until at some time t., @
this case the maximum concentration is not nec-  maximum concentration is reached at that point.
essarily at the edge (for 1= 300 years the For subsequent times,
maximum occurs approximately 10 m inside the  until, at very large

landfill) and is somewhat less than that obtained  becomes negligible.

the concentration reduces
times, the concentration
The magnitude and time of

for a lower value of Dy,. It should be noted,  occurrence of this peak concentration will depend
however, that the high value of the dispersion on the geometry of the problem and the soil and
coefficient Dy, does give rise t0 a higher concen- leachate properties. In particular, however, it
tration at the property line (ie. x = 400 m) at this depends on the height of leachate H,.
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Fig. 3. Concentration plumes within the upper sand layer
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Fig. 4. Variation in concentration c, in the upper sand layer with
time for two locations (x = 100 m and x = 400 m)

The mass of contaminant contained with the
landfill generally reaches a maximum value at the
completion of the landfill. It may take a long time
for this mass to be leached out of the solid waste;
however, at some relatively short time after com-
pletion of the landfill the groundwater conditions
within the landfill will generally reach a quasi-
equilibrium and the concentration of contami-
nant within the landfill will reach a maximum
value. The volume of leachate at this time may be
represented in terms of the height of leachate H,
which is defined as the volume of leachate per
unit plan area of the landfill.
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Fig. 5. Variation in maximum concentration ¢, ,, in the
upper sand layer with the coefficient of bydrodynamic
dispersioa Dy,

The mass of contaminant is approximately
given by the product of the volume of leachate
and the maximum concentration ¢,. For a given
¢ the greater the value of H,, the greater will be
the mass of contaminant and thus the peak con-
centration of contaminant at any particular point
in the soil will be greater. This can be appreciated
by comparing the result given in Fig. 4 for Hy =1

m with those presented for H; = 10 m.

If the limit as H; tends to infinity is taken (ie. if
the concentration in the landfill is assumed to
remain constant at ¢, for all time) then the peak
concentration at all points in the soil will even-
tually reach the landfill value of c,. This is quite
unrealistic and illustrates the need to consider
reasonable values of the height of leachate H,.

Figure 3 illustrated that the horizontal coeffi-
cient of hydrodynamic dispersion Dy, alters the
contaminant plume within the aquifer. However,
under some circumstances the effect of the uncer-
tainty regarding Dy, on the maximum concentra-
tion may be quite modest. For example, Fig. 5
shows the maximum base concentration and the
time required to reach this maximum as a func-
tion of Dy, for v, = 1 m/year. As can be seen, the
effect of Dy, on the maximum concentration is
greater at the edge of the landfill than at a point
300 m from the landfill. For this particular value
of v, increasing Dy, reduces the magnitude of the
maximum concentration and increases the time
required to reach this maximum. However, this is
not always the case. For other values of v, and
other geometries, different trends are observed
and the effect of Dy should be examined for each
specific case.

If the maximum concentration at a point in the
soil mass is considered it is found that the magni-
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tude of this maximum value ¢, ., (and the time
.., required to reach this maximum) will depend
on the horizontal advective velocity vy, in the
upper aquifer. For example, Fig. 6 shows the
variation in this maximum value at two points in
the upper aquifer (x = 100 m and x =400 m)asa
function of the assumed value of vy,. An inspec-
tion of Fig. 6 reveals that the magnitude of the
maximum concentration at x = 100 m increases
for an increasing velocity v,, up to a critical
velocity v, of approximately 0-2 m/year and
0-6 m/year for Dy, values of 02 m?/year and
200 m?/year respectively. The magnitude of the
maximum concentration becomes smaller for
values of v,, that are in excess of these critical
velocities. Looking at the results for x = 400 m, a
similar but more noticeable trend is observed. In
this case the critical velocities are approximately
1-5 m/year and 2 m/year for Dy, values of
0-2 m?/year and 200 m?/year. At low velocities
there is a substantial attenuation of the maximum
concentration with increasing distance from the
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landfill. The difference between the maximum
concentration at x=100m and x=400m
becomes smaller as the velocity v, increases.

The trends observed in Fig. 6 are the result of
two competing mechanisms. Firstly the longer it
takes for the contaminant to move along the
aquifer to the point of interest the more diffusion
can occur into the adjacent clayey layers and
hence the lower the concentration. The time inter-
val between when the contaminant is released
into the aquifer and when it arrives at a point
outside the landfill is primarily dependent on the
advective velocity v,,. Thus the lower the value of
v,, the more attenuation can occur before the
contaminant reaches point x. Beneath the landfill,
diffusion out of the aquifer can only be down into
the underlying clayey layer (at least until the
maximum concentration is reached). However, at
points outside the landfill diffusion can occur
both upwards and downwards from the aquifer
into the two adjacent clayey layers and this gives
rise to the rapid attenuation in maximum concen-
tration with distance away from the landfill.

The second mechanism is that of dilution of
concentration due to mixing with water in the
aquifer. The greater the velocity v,, the greater
will be the actual dilution of contaminant. Thus it
can be seen that reducing the velocity vy, will
decrease the concentration by allowing more dif-
fusion to occur, while increasing the velocity vy,
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Fig. 6. Variation in maximum concentration ¢, ,,, in the upper sand layer with advective velocity v,;: (8) Dy, =

0-2 m?/year; (b) Dy, = 200 m?/year
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will decrease the concentration by allowing more
dilution. Because of these conflicting mechanisms,
there is a critical velocity which results in the
greatest peak concentration at a particular point.

For a given problem, the critical velocity will
depend on the position x of interest and Dy,.
This has important practical consequences since
it implies that it is not necessarily conservative to
design for cither the maximum or the minimum
expected velocity in the aquifer.

The thickness of the aquifer will have an effect
on the concentration of contaminant at various
locations along the aquilfer. As shown in Fig. 7,
the concentration of contaminant at the edge of
the landfill (x = 100 m) tends to decrease as the
thickness of the aquifer is increased. This is pri-
marily because of an increased dilution of con-
taminant which occurs for large h (all other
things being equal) due to the correspondingly
higher flow in the aquifer. At points well away
from the landfill (e.g. x = 400 m) the concentra-
tion of contaminant may increase with increasing
thickness of aquifer (again, all other things being

0-3p

L~

aoo_/ﬁ’/
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Fig. 8. Variation in maximum concentration ¢, ., in the
upper sand layer with landfill width L

equal) because the relative diffusion into the
adjacent clayey soil is reduced. From a consider-
ation of the result given in Figs 6 and 7 it can be
seen that there is a fairly complex interaction
between the effects of aquifer thickness, advective
velocity in the aquifer and the distance to the
point of interest on the maximum concentration
expected to occur at that point.

All the foregoing results have been for a landfill
200 m wide (i.e. L = 200 m). For the other basic
parameters given in Table 1, Fig. 8 shows the
variation in the maximum concentration at the
edge and 300 m from the edge of a landfill of
variabie width L. For the problem considered it
can be seen that increasing the width of the land-
fill increases the concentration at both points of
interest although the maximum concentration
tends to become asymptotic to a constant value
for L approaching 1000 m. The increase in con-
centration with L arises because of the increased
mass loading of the aquifer which arises from a
large total mass of contaminant within the land-
fill. The tendency of the asymptote to reach a
constant value for very large L arises because sig-
nificant diffusion can occur into the underlying
clay between the time that the contaminant enters
the aquifer near the upstream edge and the time
that it approaches the downstream edge when the
width of the landfill, L, is large. (The value of L at
which this occurs will depend on vy,, h, H, and
the other parameters.)

CONCLUSION
A technique for the analysis of two-
dimensional and three-dimensional pollutant
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migration through a layered soil medium has
been described. This formulation permits a con-
sideration of the depletion of contaminant in the
landfill with time as well as the effects of diffusion,
dispersion and advection in a system involving
one or more confined aquifers.-

To illustrate some potential applications for
the theory, consideration was given to the con-
centration of contaminant within a confined
aquifer where attenuation could occur due to dif-
fusion into the clayey soil above and below the
aquifer. Particular attention was focused on the
effects of the horizontal advection velocity and
the coefficient of hydrodynamic dispersion within
the aquifer together with the thickness of the
aquifer. It was shown that there is a fairly
complex interaction between the effect of these
parameters on the maximum concentration
reached at a point and it is not necessarily con-
servative to consider only the bounding values of
the expected range of parameters when attempt-
ing to ascertain the maximum effect that the land-
fill will have on the water quality within the
aquifer. Finally, the effect of landfill size on the
concentration of particular points in the aquifer
was examined.
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