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Contaminant Transport in Soils
and its Significance in the Design
of Waste Management Facilities

S.L. Barbour,1 J. Krahn2

• -».--*i' Transfert of contaminants in soils is governed by advection,
" ' •Y 0 ' ) dispersion, geochcmieal mass transfer and decay in the case of
*S""^CJ' radioactive .itaterials. Advection is the process whereby the

contaminant is being carried along by moving water. Dispersion
arises from mechanical mixing due to velocity distributions between

t j^_ soil particles and molecular diffusion. deochemical mass transfer
^,1 j retards the migration because of adsorption and/or precipitation.

f*~ % >iA Decay results in a decrease of contaminant concentrations for
|'*"T"'» radioactive materials. Studios on the el lectivenesr, ol a cufol 1
* ' wnlL in granular soils Ixjneath a tailings dyke show that tlie injrA.
o>--i..»-.,,j important |Tarameter is the groundwater flow velocity. It not ally

controls the advoctivo trans[iort hut il:;o directly .(Meets the
I \ 'i dispersive component and the attenuation that .nay bo obtained
'-•'— • .„ through adsorption ami decay.

__ i Contamination of groundwater has become a key environmental issue
particularly with the ever increasing demand for energy and resource
developnent. Geotechnical engineers as a result are more and more
faced with the difficult task of designing waste management
facilities that prevent the contamination of groundwater. Tb design
such facilities requires an understanding of processes that govern
tlie transport of contaminants. Research and work to date in this
field, conducted primarily by geohydrologists, has teen ongoing for
some time but i t has teen only recently that geotechnieal engineers
have begun to consider the contaminant transport mechanism in the
evaluation and design of waste management facilities such as
tailings dykes, radioactive waste repositories or municipal waste
management sites. The complexities of designing these structures is
compounded by the lengthy required design life which may te hundreds
or even thousands of years.

(1) Assistant Professor, Department of Civil Engineering,
University of Saskatchewan, Saskatoon, Canada.

(2) Geotochnical Consul tiny Engineer, l-BA tïiginooring Consultants
Ltd., Calgary, Alberta,'Canada.
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The purpose of this paper is to review and discuss the mass
transport phenomenon from a geotechnical point of view and to
demonstrate the significance of the processes by analyzing the
contaminant migration from a uranium tailings management facility.

2. CONTAMINANT TRANSPORT PIOCESSES

The contaminant transport processes can be described and illustrated
by the flow of a fluid in a long pipe. To begin with consider that
the fluid flows along the pipe as a plug with a constant velocity V.
A given mass of contaninant injected into the flowing water will
naturally bo carried along by the fluid at the velocity v. This
transport process is called advection. At the saine time, the mass
of contaminant will also spread or disperse as it is being carried
along by the flowing fluid as is illustrated in Figure 1. The
contaminant mass will occupy a longer and longer length of the pipe
with time with the effect that the concentration will decrease.
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FIGURE 1 THE MIGRATION AND SPREADING OF A CONTAMINANT
BLOB IN A FLUID FLOWING WITH VELOCITY V

Another way of viewing this process is to assume that the
concentration is injected continuously at a concentration of unity.
At some point in the pipe beyond the injection location, the
contaminant will first appear at a very low concentration but then
gradually increase in concentration until the full concentration is
reached. Without dispersion the contaminant would arrive as a plug
with an instantaneous concentration of unity. Furthermore, the
first appearance of the dispersed contaminant will arrive ahead of
the contaminant plug flow but the full concentration of unity will
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lag behind the plug flow as demonstrated in Figure 2. 'Hie plug Clow
arriva] time will corresjjond to tho time when the fifty-]jcrcent
concentration arrives. Also, the time difference between the first
arrival of the dispersed and plug Clow will increase as the distance
from the injection point increases (Figure 2).
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CONTAMINANT MIGRATION AND SPREADING FROM
A CONTINUOUS SOURCE IN A FLUID FLOWING WITH
VELOCITY V

Considering the above process and the mass balance in an elemental
cube leads to the following equation (Freeze and Cherry, 1979).

i ' C
. .ID

where D is the coefficient of" dispersion,
V is the pore fluid flow velocity, and
C is the concentration of the solute.

ïhe first term in the equation, commonly referred to as the
advection-dispersion equation, is the dispersion term and the second
is the advection term. Without the second term, the equation is
identical in form to the equation describing the consolidation of
soils.

Within a porous media such as soil, contaminant transport may also
be affected by chemical reactions which take place during migration. '
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These reactions may occur between the contaminated i»re water
solution and the porous madia or within the solution itself. In tlu
case where the contaminant is transferred from the solution to the
solid phase, the movement will be retarded or impeded. under
certain conditions, however, this process is reversible. Figure "\
illustrates the effect of the retardation. Not only does the
retardation slow down the movement front but it also reduces the
dispersion.
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FIGURE 3 MIGRATION AND SPREADING OF A RETARDED
AND NOIMRETARDED CONTAMINANT

Retardation or geochemical mass transfer occurs as a result of one
or more of the following processes; adsorption, precipitation,
and/or co-precipitation (Shepherd and Cherry, 1980). Adsorption
occurs as ions in solution are attracted to surfaces of the soil
particles by chemical or electrical forces (Grisak and Jackson,
1980). Reactions between various dissolved species produce
insoluble compounds which then settle out of solution as a
precipitate. Go-precipitation occurs in one of two ways. One is
the inclusion of a contaminant ion in a precipitation process as an
impurity. The contaminant ion substitutes for a similar ion in ttio
precipitation ixMct.inn. 'ilio oilier process is through precipitation
of iron and manganese oxides as the solution neutralizes. The
contaminant, or as in the case of uranium tailings, tho
radionuclcids oC interest may become entrapped in these complex
structures and as a result their migration will be retarded (Taylor
and Antommaria, 1978).

For purposes of this paper, the effect of the geochemical mass
transfer from the solution to the solid phase can be discussed in
terms of a retardation factor R. This factor is defined as the
velocity ratio of the fifty-percent concentration point for the
retarded and nonretarded cases. The mid-concentration point is also
the average water flow velocity for the unretarded species. In
equation form,

R •= - ^ (2)
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where V is the average water velocity and vc is Uio velocity of the
mid-concentration point.

To account for the reaction, the advection-dispersion equation is
modified as follows:

a2 c a c a c
D _ v R — 131

(I x' <! X >l t

In the case of radioactive pollutants, the contaminant movement is
also affected by the radioactive decay. I t has a similar effect to
the geochemical mass transfer retardation but the contaminant is not
transferred from the solution to the solids; i t is simply destroyed
as far as the transport model is concerned. I t also differs from
the cjeochemical mass transfer retardation in that the amount removed
is related to time which has elapsed and not the characteristics of
the porous media. This decay is accounted for in the transport
equation by the addition of a term RAC where R is the retardation
factor, \ is the decay coefficient and C is the concentration.

With the addition of this term, the transport equation becomes

a2 c a c a c
D — 5 - - V - — = R + RA C (4)

(i X à X à X

3. 'MIS TRANSPORT U0Ë1-TICIKNTS

The dispersion coefficient, which governs the contaminant spreading,
is influenced and controlled by two processes. The one is an
apparent "mixing" and the other is molecular diffusion. The former
is advection dependent and the latter is concentration dependent
(Pickens, et. al., .1980).

Dispersion due to the mixing, termed mechanical dispersion, arises
from velocity variations in the porous media. velocity variations
may occur at the microscopic level due to the friction between the
soils particles and the fluid and due to curvatures in the flow
paths as shown in Figure 4, or at a macroscopic level due to strata
with various permeabilities. These velocity variations result in
concentration variations, and these variations in concentration when
averaged over a given volume will result in an apparent spreading;
the "mixing" is actually a ficticious process (Ogata, 1970). The
coefficient of mecahnical dispersion is related to a semi-emperical
parameter a called dispersivity and the groundwater velocity v such
that D = aV

The other component of the dispersion coefficient is molecular
diffusion. Fundamental characteristics of diffusion are that it is
a spreading caused by thermal kinetic energy due to concentration
gradients and that it occurs even in the absence of flow. Diffusion
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problems with more compLex geomtries and flow regimes, however, it
is necessary to use numerical schemes such as finite differences or
finite elements. In recent years greater emphasise has been placed
on the use of finite element techniques rather than finite
difference models. Finite element programs have been developed, for
example, by Pickens and Lennox (1976). Analysis results presented
in this paper were obtained using the finite element computer
program developed by Barbour (1981). Fluid velocities were also
obtained using a steady state finite element seepage analysis.

5. Monrcr, APPLICATION

In recent years there has been a fair amount of uranium mining in
northern Saskatchewan and a pro|»:ied tailings management system for
one of the mines was analysed to study and illustrate the
significance of the various contaminant transport processes in the
design. The proposed tailings management scheme, located at Cluff
Lake, Saskatchewan, is illustrated in Figure 5.

TAILINGS POND-\^

TAILINGS DAM

SECONDARY DAM

SNAKE LAKE

IMPREVIOUS
MEMBRANE

-BEDROCK

-SAND AND GRAVEL

-SAND

FIGURE 5 A SHEMATIC OF THE CLUFF LAKE PROPOSED
TAILINGS MANAGEMENT SYSTEM
(after Cluff Lake Board of Inquiry, 1978)

For the parametric study the section was idealized and divided into
finite elements as shown in Figure 6. Itie impervious membrane was
considered to te a clay cutoff wall. Flow in the sand and gravel
was taken to be in a steady state under a head equal to the height
of the tailings pond. Also, the bedrock and tailings dam were taken
to be imperméable, contaminant concentrations were taken to be unity
along the tailings boundary and zero at the downstream Snake Lake
boundary and the contaminant source was taken to bo continuous.

For most of the analyses the permeable zone beneath the dam was
taken to have a uniform hydraulic conductivity of 1O~3 cm/sec.
Different permeabilities for the sand and gravel were only used in
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the examination of the effect of layering; in this case the sand was
taken to have a hydraulic conductivity of: 10~3 cm/sec and the
gravel 10~2 cra/soc.

SAND;-•...;.;•;.

— Fixed potential and concentration
boundary rorics

-No Flow Boundarys

FIGURE 6 IDEALIZED SECTION AND FINITE ELEMENT MESH
USED IN ANALYSIS

An analysis of the seepage within the permeable zone with a
hydraulic conductivity of 10~3 an/sec, indicates that the
average groundwater velocity is 2.5 X 10~6 m/sec. At this rate,
any contaminant carried along by advection alone will travel the
80 m from the tailings boundary to Snake Lake in about one year.

Geochemical reactions or adsorption can reduce this rapid migration
even within a sand. A retardation factor of 5.5 results in the
mid-concentration point lagging behind the average groundwater flow
to the extent that it takes over four years for the concentration to
arrive at the end of the 80 metres. Figure 7 compares the average
groundwater Qow and retarded contaminant migration. Ihe
retardation factor of 5.5 corresponds to a distribution coefficient
K$ of 1.0 cm3 per gram, a value considered reasonable for sand.

Smaller concentrations will of course arrive sooner than the four to
five years for the retarded mid-concentration level to reach the end
of the flow system. The reason for this is the dispersion. With a
longitudinal dispersivity of 1.0 metre, the ten-percent
concentration is about 10 metres ahead o£ the fifty percent
concentration after one year as shown in Figure 7.

Clearly, in a situation such as at the Cluff Lake tailings
management site, it becomes necessary to control the water flow
velocities if the geochemical retardation is not adequate or cannot
be relied upon for design. T!ie effect of controlling tine
groundwater velocities with a clay cutoff wall is examined in the
subsequent paragraphs.
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(a) UNRESTRICTED WATER FLOW CONTOURS

Plug flotv (C/Co •
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(b) RETARDED FLOW WITH R =5.5

FIGURE 7 UNRESTRICTED FLOW WITHOUT (a) AND WITH (b)
GEOCHEMICAL ADSORPTION

With a one-metre clay cutoff having a hydraulic conductivity of
10~9 cm/sec, the averaye water velocity decreases from
10~6 m/sec to 8 X 10"8 m/sec. îhis is a reduction in the
advection component o£ contaminant migration of approximately three
orders of magnitude. Figure 8 shows the extent of the advection
migration after five hundred years with the clay cutoff.

CUTOFF
k = 10 7 cm/sec"

-Plug flow (C/Co = 0.5) Dispersion (C /C o ' 0 . 1 )
(b)

200 yrs 500 yrs

Dispersion (a= 1.0 m)

FIGURE 8 RESTRICTED FLOW DUE TO THE CLAY CUTOFF
AND THE EXTENT OF DISPERSION

533



Seventh Panamerican Conference

Reductions in the advection component has several consequences.
Most directly it substantially reduces the dominant process by which
migration takes place. In addition, reductions in velocity also
causes a direct decrease in the mechanical dispersion component of
the transport. As well, with the contaminant staying longer within
the flow regime/ the processes of adsorption and decay may be rrotre
effective.

The migration due to dispersion after two hundred and five hundred
years are shown in Figure 8, and as would be expected, the
dispersion increases with time; however, as a percentage of the
overall advection component, the dispersion distance is lower with
time and distance along the flow path. After two hundred years, the
ten percent concentration has migrated about seventy percent ahead
of the advective component; after five hundred years the percentage
is about forty.

Large variations in the dispersion coefficient naturally affect the
degree of dispersion but even changes within an order of magnitude
do not advance the dispersion beyond the advection by a
proportionate amount. Figure 9 shows the dispersion component after
one hundred and three hundred years for various dispersivities.
Changing the dispersivity by a factor of 10 increases the dispersed
migration distance by a factor of 2.6 relative to the undispersed
distance after 100 years; after 300 years the factor is about the
same.

CUTOFF

a (m)
Undispersed flow C/Co = 0.5
Extent of dispersion C/Co = 0.1

FIGURE 9 EFFECT OF THE DISPERSION COEFFICIENT

Layers with higher permeabilities within a flow system have a
significant affect on the migration. The flow concentrates within
the more permeable layers and as a result the contaminant migration
also concentrates in this layer. Results of the analysis of the
Cluff Lake proposed design considering both die sand and gravel
layers, illustrate this clearly as shown in Figure 10. In the sand
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layer above tlie gravel, the reate of contaminant migration is much
slower than i t was when no layerng was considered. This occurs as a
direct result of the change in the velocity distributions within the
two layers.

Sand k = 1 x 10'3 cm/sec
Gravel k = 1 x 10'3 cm/sric

Flow in layered system
Flow in sand only

FIGURE 10 THE INFLUENCE OF A GRAVEL LAYER ON DISPERSED FLOW

The adsorptive capacity of the cutoff wall can also significantly
decrease the contaminant migration, particularly if the distribution
coefficient is fairly high. However, after the pollutant has passed
through the cutoff, it continues at an unretarded rate. The effect
of various retardation factors for the clay cutoff is shown in
Figure 11 assuming that the sand has no adsorptive capability. It
is of significance to note in Figure 11, that the distance between
the migration with R = 0 and R = 20 for the cutoff does not change
significantly in the period between 100 and 300 years.

MOTE : Contours for C/Co = 0.1
R applies to cutoff.

100 years 300 years

FIGURE 11 THE INFLUENCE OF VARIOUS RETARDATION FACTORS
FOR THE CLAY CUTOFF

Une effectiveness of the adsorption characteristics of the cutoff
wall are further demonstrated by comparing the results, shown in
Figure 12, between two analyses where in one case R for the cutoff
and sand are two hundred and zero respectively and in the other case
R is two for both the cutoff and the sand. With time and distance
the low retardation factor for both materials is as effective as the
thin wall with a high retardation factor. After 500 years, the very
high retardation capacity of the clay wall has only retarded the
contamination two metres more than a much lower retardation factor
throughout the sand and clay. The relationship between retardation
factor and length is that the retardation times length is a
constant. A long migration path times a low retardation capacity
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has the ultimate sane effect as a short path with a high retardation
capacity. Figure 13 shows the results for a one-dimensional
analysis where the effect of a 2-metre path with an R value of 10 is
compared with a 10-metres path with a R value of 2. After about 10
metres the migration extent is essentially the same for both cases.

R = 200 in Cl.iv . 0 in S.mil
R =2.0 in Clay and Sand

FIGURE 12

1.00

0.75

0.25

0.00

FIGURE 13

500 years

THE RELATIVE INFLUENCE OF ADSORPTION
IN THE SAND AND CLAY CUTOFF

10 m OF SOIL WITH R - 2.0

2.0 m OF MATERIAL
WITH R = 10

10 15

DISTANCE (metres)

20

THE RELATIVE EFFECTS OF TRANSPORT DISTANCE
AND RETARDATION FACTOR

In the case of Radium 226 the radioactive decay will have l i t t l e
affect unless the contaminant is contained for extremely long time
periods. For example, an elapsed time of 500 years would only allow
approximately 20% of the contaminant to decay. For other
radioactive elements of shorter half-life or contaminants that are
subject to degration by other means, the decayed component will be
more significant.

6. DISCUSSION

Results of the Cluff Lake proposed tailings dam presents a
rudimentary picture of the influence of the various contaminant
migration processes. Ihere are, however, several significant
features which emerge about the processes.

"Hie parameter of greatest importance is the groundwater flow
velocity. I t not only directly controls the advection component of
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contaminant migration but. it also indirectly controls the dispersion
since the mechanical dispersion arises from the fluid flow. In
addition, the migration that occurs due to advection is not a
function of the concentration gradient as is the migration due to
dispersion; therefore, as the concentration gradient dissipates, the
additional migration due to mechanical dispersion will decrease
whereas the migration due to advection will remain constant. The
only exception to the importance of the 'jroundwater velocity to
contaminant migration is where the velocities are extremely low. In
this case molecular diCfusion may be more dominant. Furthermore,
the advective process is not only significant in determining the
rate but also the direction of the transport.

The implication for ijootoclinicaL design is that the prediction and
control of groundwater velocities is s t i l l of fundamental
importance. The key parameter is the hydraulic conductivity.
Unfortunately, this parameter is at the same time very difficult to
determine, a fact well understood by geotechnical engineers. This
is particularly true in cases where layers with higher hydraulic
conductivity exist within the fLow domain. These strata will
concentrate the contaminant migration since the flow will be
concentrated in these paths.

Geochemical mass transfer can also significantly affect the
migration. This is the case even for soils with relatively low
adsorptive capacities. This has been deinonstrated not only by the
studies presented in this paper but also by field measurements
(Taylor and Antommaria, 1978). Retardation processes have not been
relied upon for design in the past but recent opinions have been
expressed that i t should be relied upon (Shepherd and Cherry, 1980).
The reluctance to rely on this for design arises from the fact that
the adsorptive capacity of soil need not te constant as the chemical
environment changes. An example is the oxidation of the pyrite in
the tailings at filliot Lake. '[he oxidation reaction causes the
tailings to become more acidic which in turn reduces the retardation
potential of the soil (Blair, e t . a l . , 1980). Conversely, the
natural alkalinity of soils may produce a neutralization of the
contaminant solution thus retarding contaminant movement.

Laboratory methods by which the adsorptive capacity of the soil can
be evaluated have been developed but i t appears that these methods
may not te applicable to the field. Foremost is the question as to
whether the distribution coefficient is an appropriate means of
describing the mass transfer process within the soil and solution of
interest. Recent studies have suggested that laboratory
measurements of this parameter may not te applicable to field
analysis (Reynolds, e t . a l . , 1982).

Ultimately the confidence with which the model can te relied upon
for design will be dictated by the agreement that is achieved
between the model and the analysis of case histories.
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