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RESUME

L'objectif principal de cette communication^est de deerire sommairement les
etudes experimentales et theoriques effectives pour tenter de valider
1'applicability des modeles numerigues bases sur la methode des elements
finis; ces modeles doivent servir a la prediction du comportement d'un
traceur direct dans l'aquifere de Twin Lake, aux Laboratoires Nucleaires de
Chalk River, a Chalk River, en Ontario. L'essentiel est que les 3/4 d'un
million de points de donnee obtenus dans la zone d'etude de Twin Lake par un
essai au traceur, a une pente naturelle de HO m, donnent la possibilite^
unique de quantifier la variabilite de l'aquifere et d'eprouver les modeles
du processus de dispersion, lesquels sont bases sur la methodes des elements
finis.

Le sujet de cet examen est le modele de migration du contaminant par
advection-dispersion, son equation et la resolution de celle-ci par la
methode des elements finis de Galerkin. Dans le present rapport, on decrit
brievement les resultats de 1'essai ainsi que les methodes d'evaluation des
parametres de migration. On y examine les echelles d'etablissement de la
moyenne associees a la formulation concep_tuelle du processus de dispersion,
de mesure des variables du processus, d1evaluation des parametres ainsi que
les modeles numeriques. On y met en relief la compatibilite entre les
echelles qui est une condition principale de la modelisation de prediction.

Le modele de migration du radlo-iode, base sur la methode des elements finis
et mis au point, decrit le comportement general du panache de traceur mais
ne peut pas simuler la dispersion^digitiforme du fait que le reseau a pas
fins n'est pas suffisamment discretise. Malheureusement, l'affinement des
pas du reseau est limite par la dimension de la memoire de l'ordinateur de
l'etablissement. Dans le cas de la migration dominee par l'advection, comme
dans celui rencontre dans l'aquifere de Twin Lake, la non satisfaction de la
condition de mailles fines entraine la dispersion numerique. On^en a
conclu, en general, que le modele base sur la methode classique a elements
finis peut assurer une simulation precise du nuage de traceur a condition de
discretiser suffisamment les pas fins du reseau compatible avec l'eehelle de
soutien des mesures ainsi que les temps fins. Ceci necessite d'importantes
ressources pour le calcul. La mise au point d'un modele discretise plus
finement pour execution sur processeur vectoriel, est en cours.
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ABSTRACT

The main objective of this paper is to outline the experimental and theoretical
investigations performed in an attempt to validate the applicability of
finite element based numerical models for the prediction of the behaviour of a
conservative tracer at the Twin Lake aquifer, Chalk River Nuclear Laboratories,
Chalk River, Ontario. The essential point is that the 3/4 of a million data
points obtained at the Twin Lake site from a 40 m natural gradient tracer test
provide a unique opportunity for quantifying the system variability and for
testing finite element models of the dispersion process.

The subject of this discussion is the advection-dispersion model of contaminant
transport - its equation and solution by the Galerkin finite element method.
The report gives a brief description of the experimental data and the methods
for the estimation of transport parameters. Scales of averaging associated with
the conceptual formulation of the dispersion process, measurement of process
variables, parameter estimation and the numerical models are discussed. The
compatibility between the scales is emphasized as a major requirement for
predictive modelling.

The developed finite element model of the radioiodine transport describes the
overall behaviour of the tracer plume but lacks the capability to simulate the
fingerlike spreading of the plume due to the fact that the grid does not have an
adequately fine space discretization. Unfortunately, a refinement of the grid
spacing is limited by the size of the site computer memory. For the
advection-dominated transport, as that encountered at the Twin Lake aquifer, the
failure to satisfy fine mesh requirement causes numerical dispersion. In
general, it was concluded that the conventional finite element model may produce
accurate simulation of the tracer cloud provided that the adequately fine space
discretization of the grid compatible with the support scale of measurements and
the adequately fine time discretization are made. This demands large computing
resources. The development of a more finely discretized model for execution on
a vector processor is underway.
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1. INTRODUCTION

1.1 Statement of the Problem

The long residence times associated with the migration of radioactive materials
hazardous to the quality of groundwater preclude the performance of large-scale
field tests that are required to validate predictive contaminant transport
models. Field observations collected from the existing contaminated sites at
CRNL, are used for this purpose. The major limitation associated with the data
obtained from the observational studies is the scarcity of information on the
source of contamination and plume evolution in time and space. In our research
program, field observations are augmented by data obtained from controlled
experiments. Field-column experiments and relatively large-scale dispersion
experiments are used to improve the deficiencies in the database obtained from
the observational studies. In addition to the field data obtained from
observational studies and controlled experiments, laboratory experiments are
used to research the phenomena that are not well understood and to scrutinize
the models. With respect to this overall program of predictive model
validation, the present report attempts to provide a state-of-the-art
methodology in validating numerical models of conservative contaminant transport
in groundwater.

1.2 Objective and Approach

The objective of this work is to formulate a two-dimensional finite-element
model describing groundwater flow and mass transport in the saturated porous
media and to demonstrate a methodology proposed for validating this model. The
primary emphasis is on the use of numerical analysis of field data for
validating predictive models.

The approach adopted in our model validation program is based upon the
interconnection between modelling, experiments and natural analogs. A
field-oriented experimental program has been established at CRNL with the
objective of evaluating existing models of the dispersion process and providing
the basis for modification or development of new models. This is achieved
through two natural gradient tracer tests [Killey and Moltyaner, 1987, Moltyaner
and Killey, 1987 a,b]. Furthermore, a combination of data from field
observations [Killey and Munch, 1986], field-column experiments [Champ et al.,
1985], and laboratory experiments [Moltyaner and Champ, 1987] on phenomena and
conditions analogous and similar to those of a radioactive waste repository are
used to evaluate existing models of retentive mass transport.

Although the field and laboratory studies are performed within the property of
CRNL, the results of our model validation are of general use. This follows from
the fact that the studied phenomena are analogous to those that may occur at any
toxic waste disposal site and that the experiments in both the laboratory and
field systems are based on the principle of hydrogeochemical similarity between
the experiments and the expected conditions of the toxic waste disposal site.
There are limitations within field-observation studies in attaining strict
similarity because natural systems have to be considered at the given
conditions. However, by eliminating the site-specific confounding factors
related to the phenomena of interest, the observed results become of general
use. One way of doing this is by comparing the results of observations at
different sites and by performing field-column experiments [Moltyaner and Champ,
1987]. Dimensionless groups (parameters of similarity) such as the Peclet
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number which compares convective to dispersive transport, and the
number which compares the rate of chemical reaction with the rate ot g - u.;av. •
flow [Bahr, 1986] can be used to establish the similarity between the
investigated system and the proposed repository site. It should be noted here
that the great advantage of using natural analogs is that the spatial and
temporal scales of the naturally occurring processes may be used for evaluating
the degree of spatial and temporal resolution of the predictive models.

1.3 Project Methodology

This report is one of a planned series of reports describing validation studies
of "Simulation Models for Analyzing Radionuclide ^Transport" (SMART package).
This modelling package includes analytical, semi-analytical and numerical models
for simulation of contaminant transport in the subsurface developed and compiled
by the senior author.

Some of the deterministic analytical models are described in the references,
Moltyaner, 1983; Moltyaner and Paniconi, 198A. The analytical models address
the prediction of contaminant transport at the simple level of complexity and
sophistication by considering homogeneous idealization of the field conditions.

The second level of complexity includes serai-numerical/semi-analytical combined
models [Moltyaner, 1982 a,b; Moltyaner 1987]. Semi-analytical models based on
the combination of numerical and analytical methods provide a bridge between
analytical and numerical methods of analysis for obtaining quantitative
estimates of the extent of contaminant transport and contaminant fluxes.

This report describes one of the available numerical models based on the
Galerkin finite element method. The majority of the computer code was developed
at the University of Waterloo (Frind, personal communications). The
sophisticated numerical model was modified to account for geochemical
retardation processes and radioactive decay. The model is validated against a
Conservative Solute Transport (CONSOLT) database- The database is being
developed using field, laboratory and theoretical studies performed at the Twin
Lake tracer test site (CRNL) [Killey and Moltyaner, 1987; Moltyaner and Killey,
1987 a,b]. The database is designed to evaluate the applicability of the 2-D
finite element model for simulating the dispersion process.

The major problem associated with using a finite element approximation for
solving the advection-dispersion equation with small dispersion coefficients is
numerical dispersion. Numerical dispersion results from inaccuracies in the
interpolation scheme used to extrapolate concentration at grid points for the
current time step to concentration at grid points at the next time step.
Therefore, time and space steps should be given appropriate care to reduce this
problem and to obtain a "reasonable" fit of the numerical model to in situ
measurements.

In addition to evaluating the capability of the finite element model to describe
in situ measurements, the quantitative impact of the spatial variability of the
hydraulic properties on the nuclide transport calculation is evaluated by
determining the dispersion coefficient at the various spatial scales of
averaging of the observed data. These types of calculations are performed as a
limited sensitivity analysis. Due to the limitation concerning the knowledge
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of initial conditions and description of the evolution of the contaminant in the
immediate vicinity of the source of contamination, sensitivity analysis with
regard to the source of contamination is also performed using the CONSOLT
database. The aim of the performed sensitivity analyses is to achieve a
reasonable assurance that the numerical model and its corresponding code give a
good representation of the naturally occurring dispersion process at the
field-scale level.

1.4 Structure of the Report

The subject of this discussion is the dispersion model, its equation and the
solution of the dispersion equation by the finite element method. The report
gives a brief description of the experimental database and the methods for the
estimation of transport parameters. Associated scales of averaging are
discussed and emphasized as a major requirement for predictive modelling. A
methodology for model validation, its advantages and limitations, is given.
Relevant experimental results are also provided.

2. BACKGROUND

A detailed description of the extensive number of geological, geophysical and
hydrogeological investigations that have been conducted at the tracer test site
is found in the reports by Killey and Munch [1986], Killey and Moltyaner [1987],
Moltyaner [1986] and Taylor et al. [1987]. We will review only those aspects
that are most relevant to the study.

2.1 General Hydrogeology

The general geology of the Chalk River project is typified by shallow sandy
sediments overlying a tight glacial till which in turn overlies the bedrock.
The bedrock in the region is crystalline and essentially impermeable. The
Quaternary sediments are relatively thin (10-20 m). Although the Precambrian
bedrock of the area is extensively fractured and fracture flow could exist
theoretically, the contrast in the hydraulic properties between the bedrock and
the overlying sediments is so high that the bedrock surface is treated as an
impermeable boundary for the purposes of this study. Variations in the bedrock
surface, however, do play a major role in the groundwater flow; the bedrock
geometry ultimately determines the occurrence and thickness of the more recent
sediments through which the saturated groundwater flow occurs. Since the
definition of the bedrock geometry is essential to the modelling effort, the
information on the subsurface distribution of sediments obtained by direct
sampling (drilling and soil coring) was augmented by the remote sensing of
sedimentary units. The combination of these two approaches provided high
resolution on the vertical sequence of sediments, and on the correlation of
strata and bedrock topography between boreholes [Killey and Devgun, 1986].

The hydrology of the region is dominated by a number of small and large lakes
which ultimately discharge to the Ottawa River. Groundwater flow is recharged
through precipitation and through seepage from the lakes. Flow in the
groundwater system is primarily through fluvial sands occasionally containing
gravel units. To a lesser extent, the groundwater flows through bouldery silty
sand till overlying impermeable bedrock. Thin strata of interstratified sand
and silty sand serve as a boundary between the saturated and unsaturated zones.
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The hydrogeology of the Twin Lake aquifer site conforms with the concep -><
model of the region. The aquifer is relatively homogeneous, being curap-o i
highly uniform medium to fine-grained sands of aeolian and fluvial origin.
Minor silts, situated at the vicinity of the water table, and locally preserved
tills at the base of the sequence may be found within the aquifer. The sa ia ii
approximately 10 to 15 m in thickness at the site. Geologic data from H2
boreholes combined with the ground probing radar data were used to map the
interface between the sandy sediments and underlying bedrock.

The mean grain size was found to range from 0.20 to 0.32 mm which is classified
as a fine to medium-grained sand (MIT classification). Groundwater flow occurs
predominantly in the horizontal direction; however, some local downward flow is
produced as a result of recharge from Twin Lake (located approximately 30 m east
of the study site). Much of the groundwater discharge is to a stream located in
the northwest corner of the study area (Figure 1). Figure 1 shows the study
area, the locations of the 32 boreholes, the equipotential contours in the
fluvial sand portion of the aquifer, the groundwater flow paths and the grid
surveyed using ground probing radar. Figure 2 illustrates the site stratigraphy
based on the combined borehole and ground probing radar data, and the head
distribution in the section. On the basis of the available information, it can
be concluded that combined borehole and ground probing radar studies provide a
good representation of such geometric features of the Twin Lake aquifer as
heterogeneity, boundaries and continuity of the stratigraphic units. The
obtained description of the geometric features of the aquifer is sufficient to
determine the appropriate groundwater model structure (mesh topography, initial
and boundary conditions and heterogeneity of the aquifer).

2.2 Spatial Variability of Hydraulic and Dispersive Properties of the Twin
Lake Aquifer

The spatial variability of hydraulic conductivity at the Twin Lake site was
examined in great detail using close-interval grain-size analyses, indirect
estimates from natural gradient tracer tests and borehole dilution data, and
results from permeameter tests. The hydraulic conductivity data for the study
area is summarized in Killey and Moltyaner, [1987], Moltyaner, [1986] and Taylor
et al. [1987]. The hydraulic conductivity estimates from the tracer test
analysis represent a hydraulic conductivity in the direction of groundwater flow
and, as a result, are influenced by both horizontal and vertical components of
flow. Grain-size determined values represent non-directional, point-wise
measurements of hydraulic conductivity, whereas laboratory permeameter tests
provide hydraulic conductivity estimates of the vertical component only because
flow is artificially induced in this direction. The borehole dilution tests
were carried out in portions of the aquifer where the flow is essentially
horizontal. The results, therefore, are estimates of the horizontal hydraulic
conductivity. The exceptionally detailed tables summarizing the estimated
values of hydraulic conductivity at the Twin Lake aquifer are given in Moltyaner
and Killey [1987] (Table 3, Table 5 and Table 6) and in Taylor et al. [1987]
(Table 1). Frequency histograms of hydraulic conductivity K and In R were
constructed for both the field tracer and grain-size determined estimates.
Frequency analyses confirm that the heterogeneity in hydraulic conductivity can
be approximated by a log-normal probability density function. The mean aquifer
value for the hydraulic conductivities determined from the tracer test is only
slightly lower than the mean value of the grain-size estimates; the variances
about these means are also quite similar. Vertical hydraulic conductivities,
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measured from the permeameter tests can be fitted to both a normal and a
log-normal frequency distribution. An average ratio of anlsotropy with regard
to hydraulic conductivity is approximately 3.

Porosities of the core sections used for the permeameter analyses were
determined by weight loss after drying a known volume of saturated undisturbed
sand at 105°C. Results of 60 measurements yielded a mean porosity of
40.8% ± 1.6% for 1 standard deviation. Results concur with the conclusions of
earlier studies as to the normality of the porosity values.

Flow in the fluvial sand portion of the Twin lake aquifer is essentially
horizontal. Average linear flow velocities were provided directly by borehole
dilution tests and estimated from the tracer test data. Two sets of flow
velocities were calculated using the tracer test data. The first set, listed in
Table 5 [Killey and Moltyaner, 1987], are mean velocities from the injection
well to the point of measurement; the second set are velocities calculated from
the previous monitor. The average linear groundwater velocity was observed to
follow either a normal or a log-normal distribution [Moltyaner, 1986]. The
estimates of local dispersivity at all locations in the study aquifer yield a
very small range of values and no increase of dispersivity with travel distance
was observed [Moltyaner and Killey, 1987 a,b]. It was concluded that single
values of 1 cm for longitudinal dispersivity and 0.1 cm for transverse
dispersity can be applied in predicting the tracer transport in the system. As
a result, the average ratio of anisotropy with regard to dispersivity, is 10:1.

2.3 Hydraulic Head Distribution

Hydraulic heads were measured in all local piezometers immediately before tracer
injection. Figure 3 displays equipotentials in the vertical section along the
axis of subsequent tracer movement. The equipotentials are plotted from linear
interpolations between the measurement ports of the multilevel sampling
devices. The vertical distribution of head observed in the tracer site
instrumentation agrees with the larger scale data collected during site
evaluation. Adjacent to the injection well, gradients (TL-25, Figure 3) in the
upper portion of the aquifer are almost vertically downward. There is an abrupt
transition to an almost lateral flow at elevation of 150 m [Killey and
Moltyaner, 1987]. Vertical gradients exist in the upper portion of the
aquifer. The mean value of the hydraulic gradient (m/ra) is 0.028. The water
table fluctuations and the changes in the storage within the groundwater system
are considered to be negligibly small over the approximate two month period of
the tracer test. The shallow aquifer system at the site is assumed to be in a
state of dynamic equilibrium.

3. MODEL OF GROUNDWATER FLOW

3.1 Conceptual Model of Flow

The nature and distribution of groundwater flow in a geologic system are
controlled by the lithological, stratigraphical and structural features of the
system. In unconsolidated deposits of the Twin Lake area, the lithology and
stratigraphy constitute the most important controls. The general description of
the lithological features of the Twin Lake aquifer, including grain size and
grain packing, the physical makeup of the geological system, and the
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stratigraphic relationships between the various formations in the geologic
system are all based on qualitative characteristics. The description of
groundwater flow, however, is based on more precise quantitative characteristics
and concepts of fluid mechanics. In formulating the conceptual model of
groundwater flow, it is important to bring together the qualitative and
quantitative characteristics of the groundwater system in a precise manner.
This is generally performed by constructing a hydrostratigraphic scale-model of
the aquifer system. This model describes the geometrical relationships between
geologic formations with various hydraulic properties at a reduced scale. The
scale-model includes such important features of the aquifer as heterogeneity,
boundaries, and continuity of the sedimentary units. These features require
large-scale geologic investigations and were performed at the Twin Lake aquifer
in great detail. This information was obtained by sampling numerous boreholes
and using ground probing radar. The hydraulic properties of the identified
units (parameters characterizing the process of groundwater movement) were
measured in the laboratory at the small scale, level and estimated at the aquifer
scale using natural-gradient tracer test data.

The direction of the mean groundwater flow indicated in Figure 4 suggests the
cross section of concern for the two-dimensional profile flow. The hydraulic
head distribution along this section is given in Figure 3. Most of the
groundwater flows through the uppermost sandy sediments overlying the till and
bedrock. Flow occurs in the till, but the clay-rich nature of the till inhibits
the total amount and rate of flow. The thickness and the extent of the till
layer is subject to some uncertainty. For this study, the modelling analysis
focused on the groundwater flow and transport in the overlying sand materials.
The bedrock surface is assumed to coincide with the refusal of the augers and
was considered as an impermeable boundary for flow. The location of the water
table is also indicated in Figure 3. The water table is situated within the
fine sand minor silt layer; while at more shallow depths (up to ground surface),
the silt is replaced by fine sand. The existence of a major conductivity unit
under a significant driving force (Figure 5) forms the important feature of the
conceptual model for the site. The distance between the bedrock surface and the
water table forms the vertical extent of the domain of interest. The
approximate length of the tracer-occupied-zone forms a natural framework for the
horizontal extent of the domain.

3.2 Mathematical Model of Flow

There are many approaches to the solution of the groundwater flow problem and
these range from completely analytical to completely numerical. With the advent
of the high-speed digital computer, numerical solutions started to play an
important role in groundwater calculations. Since the 1960's, the finite
difference theory has been widely used for studying groundwater. Currently, the
finite element method is replacing finite differences as the dominant
technique. This extremely powerful numerical technique was chosen for
simulating groundwater flow and transport at the Twin Lake aquifer.

It is not our intention to derive the groundwater flow equation and to describe
the finite element method since this is done perfectly in several books (see for
instance, Pinder and Gray [1977]). Instead, this section serves for outlining
the relevant concepts and for applying the concepts to formulate the finite
element model of the Twin Lake aquifer.



- 7 -

The governing equation to describe the hydraulic head distribution for
anisotropic heterogeneous systems at steady state is obtained from the principle
of conservation of fluid mass and Darcy's law [Bear, 1972]. With the fluid
being incompressible, this can be written in the form

div (K grad h) = 0 (3.1)

where K is the hydraulic conductivity tensor, grad h is the gradient vector of
hydraulic head h, and div is the divergence of the specific flux vector q_. When
the coordinate axes are oriented along the principal directions of permeability,
equation (3.1) reduces to

dh'^ ^

(3.2)

where Kxx and Kyy represent hydraulic conductivities in the x and y
directions of the Cartesian coordinate system.

Now, consider conditions imposed by the physical situations at the boundaries of
the flow domain. Any specification of boundary conditions should include the
geometric shape of the boundary and a statement of how the dependent variable h,
and/or its derivatives vary on the boundary. The first type (Dirichlet)
boundary conditions on the boundary portion S^ are of the form:

h = h(x,y) (3.3a)

where the awkward notation implies that the dependent variable h is on the left
hand side of the equation and the values that h assumes on Sj are on the right
hand side of the equation. The mixed type (Cauchy) boundary condition is
expressed in terms of the water flux normal to the boundary portion S2- For
the case where the coordinate axes coincide with the principal directions of
permeability, the normal flux is prescribed as

qn = qn(
x»y) (3.3b)

where

ftv. an
(3.3c)

is the projection of the specific flux vector in the direction of the inward
normal to the boundary S2, and nx, nv are directional cosines of the unit
normal vector. The union of boundaries S^ and S2 forms the complete boundary of
the domain S. If the flux qn(x>y) = 0» the Cauchy condition reduces to the
second type (Neumann) boundary condition which is also known as the "natural"
boundary condition. The formulated boundary problem is said to have mixed
boundary conditions.

Equations (3.2) and (3.3) comprise a well-posed elliptic boundary value problem
whose solution by the finite element method can be based on the Galerkin
formulation [Pinder and Gray, 1977]. The Galerkin method is applied in an
orderly step-by-step procedure. The first step is to divide the solution domain
into elements. The simplest and most widely used form of elements in the
two-dimensional problem is the three node triangular one with nodes at the



vertices of the triangles. The next step is to choose the type of interpolation
function to represent the variation of the field variable over the element.
Here, we shall use linear interpolation functions. After the unknown hydraulic
head has been expressed in terms of appropriate nodal parameters and
interpolation functions, we are ready to define the approximating solution as a
series, each term of which is a product of the nodal head hj and the
associated two-dimensional interpolation function Nj.

_ NN
h = h(x,y) = I hjNj(x,y) (3.4)

The subscript j indicates the nodal number and NN indicates the number of nodes
in the problem domain.

According to the Galerkin method, we require that the residuals of the equation
(3.2) (obtained by substituting the approximate solution (3.4) into (3.2) and
weighted by each of the NN interpolation functions ) be zero when integrated over
the entire problem domain.

// fa_ /Kxxj>h\+ JL /KyylEY] NL(x,y)dxdy = 0 (3.5)
D I ox V dx/ 5y V ay/J

L = 1,2, NN

where D is the problem domain.
Application of Green's theorem leads to

dxdy - / qnNL ds = 0 (3.6)
s

L = 1,2, ,NN

Introduction of the approximate solution (3.6) into (3.2) and subdivision of the
problem domain into elements yield [Frind and Matanga, 1985]

NN / _ _ )
I h j \ l / / /KxxahaNL + KyydhaNT, \dxdy>- I j qaaL ds = o ( 3 . 7 )

j=l j e De 1 3xdx dydy / ) e se

L = 1,2 NN

where the integrals are evaluated element by element over the elements adjoining
node j and the results are summed over the problem domain. The system of
equations (3.7) can be written in the matrix form

[G]{h} - {F} = 0 (3.8)

where [G] is the conductance matrix, and {F} and {h} are flux and hydraulic head
vectors respectively. The partition of the matrix equation (3.8) with regard to
the first-type boundary condition and element matrices is described in Frind and
Matanga [1985]. The second-type boundary condition is accounted in equation
(3.7) in a natural manner with the Lth element of vector {F} being

FL =1 qn <W
2 (3.9)

e

where de is the length of the boundary segment adjoining boundary node L.
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The specific flux vector components for an element are obtained by substituting
the interpolation function (3.4) into Darcy's law expression. The components
thus determined are

3x = ~Kxx I j^nN (3.10a)
m ox

qy = -Kyy I ̂ Njnhm (3.10b)
m dy

Two computer codes, BSTEADY amd TRANSAT, based on the finite element solution of
the governing equation are available to solve the flow problem. Both codes were
tested and intercompared by simulating radioactive strontium transport in the
vicinity of Lake 233. Both codes produce similar results. The matrix equation
in BSTEADY is solved using Cholesky decomposition, whereas in the TRANSAT code
the Gaussian elimination technique is used [Pickens, 1987]. The BSTEADY code
was also verified against an approximate-analytical solution [Moltyaner, 1987].
A sensitivity analysis was also applied to evaluate the code characteristics.
After gaining confidence in the operational capability of the BSTEADY program
developed by E. Frind at the University of Waterloo, the code was selected for
use in this investigation.

3.3 Finite Element Grid, Boundary Conditions and Model Calibration

The finite element discretization of the hydrostratigraphic scale-model is
performed using three node triangular elements. The discretization is designed
so that all borehole locations and stratigraphic features pertinent to the
simulation of the groundwater movement coincide either with a mesh element or a
mesh node. The domain of primary concern (the region that the injected tracer
occupied in the process of migration in the 1983 test) consists of 93 nodal
points which are situated at the sampling ports of the multilevel samplers along
the mean direction of tracer flow. The area is bounded at the top by the water
table and at the bottom by the bedrock surface. The right vertical boundary is
the injection well, TL-25. The left boundary is the observation well, 4OW-7S
(Figure 3).

In an attempt to reduce the boundary effects on the simulation, the domain of
primary concern was expanded initially in both directions along the mean tracer
flow direction to a total length of 96 m (Figure 6). The spacing between nodes
is nonuniform. The total area of the model of approximately 960 sq m is
discretized into 327 elements using 189 nodal points.

The model of the Twin Lake aquifer is a two-dimensional representation of a
highly heterogeneous groundwater system. The system parameters are the point
values of hydraulic conductivities described in the finite element program as
directional values. For the first series of computer calculations, the
horizontal hydraulic conductivities were taken to be 21.60 m.d and the
vertical 4.05 m.d • Other input values are piezometric heads and water levels,
specific water fluxes at the model boundaries, and the top and bottom elevations
of the aquifer. The boundary conditions in the model were selected to represent
the real physical hydrologic boundaries or to approximate as closely as possible
the artificially imposed boundaries. The right hand and left hand side
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boundaries were drawn approximately as equipotential lines (Figure 3). The
water table elevations were refined by applying a zero flux boundary condition
in the series of computer iterations. The vertical flow to and from the bedrock
was assumed insignificant and the bedrock surface was simulated as a no-flow
boundary.

The model of the Twin Lake aquifer simulates the hydraulic head distribution
within the domain of interest as a result of imposed boundary conditions. The
objectives of this initial phase of modelling were to duplicate the observed
head distribution prior to the tracer injection by changing the hydraulic
conductivity matrix and by adjusting the water table and bedrock surface
elevations. The output can then be used for initialization procedures in the
next phase of modelling: designing mesh for simultaneous simulation of
groundwater flow and solute transport.

The model was calibrated by adjusting its parameters to reproduce the observed
distribution of hydraulic head. A comparison of the simulated and observed
changes in hydraulic heads at 93 points provides the basis of the calibration
procedure. The calibration process may have to go through many hundreds of
iterations before the hydraulic head distribution is simulated within the
prescribed error tolerance of 0.05 m. In the case of the extended model, the
calibration was accomplished in 40 computer runs and the prescribed error
tolerance was accomplished by 93% of the nodal values within the tracer-occupied
zone.

The hydraulic conductivity values chosen through the model calibration
procedures are only slightly different from those used as initial input to the
model. Values for the fine and medium sand units remained the same. The
hydraulic conductivities of the silty sand layer were modified to obtain better
match with the observed water levels. The horizontal hydraulic conductivity was
taken as 10.0 m.d"1 and the vertical one was two orders of magnitude less. The
calculated hydraulic heads are presented in Figure 7 in the form of
equipotential lines. Generally, it can be seen by comparison with Figure 3 that
the model does reasonably well in reproducing the measured head values.

3.4 Second-phase Model Calibration

The second phase of modelling consisted of simulating the head and velocity
distributions over the 40 metres of the aquifer system. During the second phase
of flow modelling, the flow velocities estimated from the tracer test data were
available. This additional information provided the opportunity to evaluate the
bias of the conventionally employed calibration procedure. The conventionally
used calibration procedure consists of adjusting aquifer properties to reproduce
the measured hydraulic heads. The calibration procedure for the second-phase
modelling consists of adjusting the aquifer parameters to reproduce both the
measured hydraulic heads and the groundwater velocities. The calibration
process may have to go through a significantly larger number of iterations
before the close comparison between simulated heads and velocities, and measured
heads and velocities is achieved within the convergence criteria.

The two-dimensional domain consists of the 40 m flowpath of the radioactive
tracer with the right and left boundaries being the injection well and the
4OW-7S observation well respectively. The 400 sq m area was manually
discretized according to the following considerations:
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1) an irregular finite element grid of 460 nodal points and 830 elements is
the approximate limit that the present central site computer resources can
handle (when flow movement and solute transport are simulated);

2) a horizontal-to-vertical grid spacing ratio of 2:1 in the sandy unit and
3:1 in the silty sand unit is desirable for adequate discretization of the given
groundwater system;

3) the configuration of the tracer-occupied-zone hydraulic units should
represent the geometry of the different hydrostratigraphic features identified
using the tracer test data and the results from the first phase modelling.

The first phase modelling calculations were used to identify the boundary
geometry and to provide an initial estimation of the boundary fluxes.
The final mesh that was produced is shown in Figure 8. It consists of 452 nodes
and 819 triangles. 55 values of hydraulic head measurments are distributed
throughout the aquifer, about 1 m vertically and 5 m horizontally. Within the
tracer-occupied-zone, 19 hydraulic head and 46 velocity measurements are
available. The average horizontal spacing between nodal points in the
tracer-occupied-zone is approximately 1.25 m and the vertical spacing is
approximately 0.68 m.

Calibration of the flow model against hydraulic head and groundwater velocity
was achieved by varying the hydraulic conductivity and the boundary fluxes. The
water table boundary was assumed to be a boundary of constant head. The bedrock
surface remained impermeable for flow.

The comparison between 19 observed and simulated hydraulic head values in the
tracer-occupied-zone showed that 100% of the observed values were satisfied with
an error tolerance of 0.05 m. For the whole aquifer only 80% of the simulated
values were matched with an error tolerance of 0.05 m. The ignorance of the
real velocity field, that is calibration against the hydraulic head only, showed
a relatively poor comparison of model simulated velocities and those estimated
from the tracer test. Only 22% of the 46 measured velocities were matched with
an error tolerance of 0.1 m.d~ •

When the finite element model was simultaneously calibrated against both
measured heads and velocities, 84% of the 19 measured values were satisfied with
an error tolerance of 0.05 m versus 100% in the previous case. However, 52% of
the 46 measured velocities were matched with an error tolerance of 0.1 m.d"1 and
91% with an error tolerance of 0.2 m.d .

A significant insight into the essence of the calibration procedure can be
gained from the qualitative comparison of the calibrated hydraulic
conductivities. Figure 9 illustrates the hydraulic conductivity distribution as
inferred from the tracer test data. Figures 10a and 10b illustrate the
calibrated hydraulic conductivities from the one-way and the two-way calibration
procedure respectively. Figure 10a shows a reasonable agreement with Figure 9.
Figure 10b depicts a more realistic smooth field of hydraulic conductivities
emphasizing the layered features of fluvial deposits over the 10 to 20 metres of
lateral extent. It is important to note that the continuous nature of the
uppermost and underlying layers is a result of the calibration procedure and the
scarcity of available information rather than of the real distribution of
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conductivities in the aquifer. It is also important to note that the average
hydraulic conductivity of 16.67 m.d obtained from the two-way calibration
procedure is virtually identical to the mean value of hydraulic conductivity of
16.76 m.d obtained from the tracer test data [Killey and Moltyaner, 1987].
One noticeable difference is the existence of two lower permeability zones which
is not depicted in Figure 9.

Figures lla and lib show a family of equipotential lines. A much smoother set
of curves is simulated in the case of the two-way calibration procedure. In
addition, the improvement in the hydraulic conductivity field caused the
velocity field to depict more realistically the dominating effect of the bedrock
surface. This can be seen from Figures 12a and 12b.

4. MODEL OF SOLUTE TRANSPORT

4.1 Conceptual Model of Transport

We shall treat the problem of solute transport at the Twin Lake aquifer as the
transport of a single fluid in a porous medium whose properties are expressed in
the form of a variable volumetric concentration. We shall be concerned with
nonreactive "solutes" which are present in such trace amounts in the system that
the mass per unit volume of the water is almost constant. As a result, the
linear groundwater velocity does not depend on the solute concentration. Thus,
three main mechanisms of transport are considered: advection, diffusion and
mechanical dispersion [Bear, 1972]. Advection is the transport of radioiodine
with the flowing groundwater. Molecular diffusion is the transport of
radioiodine due to the existence of the gradient of concentration between any
two neighbouring points in the aquifer system. Mechanical dispersion is a
mixing phenomenon linked to the variability of the pore-water velocities in
whatever scale they are observed.

The mechanical dispersion is an artifact of the conceptual model employed to
describe the complex nature of the real velocity field by means of Darcy's law.
The advection transport, according to the dispersion model, represents the mean
displacement of the solute whereas the dispersive transport reflects the effects
of the heterogeneities in the system.

The hydraulic head distribution at the Twin Lake aquifer is simulated using the
steady state groundwater flow equation. The velocity field is generated using
the hydraulic head distribution and Darcy's law. The generated velocities are
substituted in the advection-dispersion model describing the radioiodine
transport at the Twin Lake aquifer by means of the advection-dispersion
equation. The equation contains variables and parameters that are assumed to be
valid over some representative volume of the system of interest. In the Twin
Lake tracer test, the size of the volume over which the parameters are
integrated depends upon the averaging results produced by the Nal detector which
is used for the measurement of tracer concentration. The average volume
produced by the Nal detector is significantly larger than the representative
elementary volume and is referred to as the support scale of measurement in the
order of centimetres. The support scale was sufficiently small to characterize
in exceptional detail the spatial variation of the concentration distribution
and is referred to as the local scale of measurements. Therefore, the transport
of the tracer may be viewed as the local-scale hydrodynamic dispersion observed
at the same scale as the mean local velocity [Moltyaner, 1987]. It should be
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understood now that the macroscopic variables and parameters of the
advection-dispersion equation are valid at the support scale of measurement. The
numerical solution of the advection-dispersion equation should be performed at this
scale.

4.2 Mathematical Model of Transport

The advection-dispersion equation for dissolved constituents being transported in
saturated porous media can be written in two dimensions [Bear, 1972] in the
following form:

ac1 a / n ac . n ac _\
at ax i x x ax x z az x I

(4.1)

CW = 0

where C is the concentration of material in the solution (mass of solute per unit
volume of solution), C is the concentration of material in the sorbed phase
(mass of constituent per unit mass of dry bulk porous material), C is the mass
per unit volume in a source fluid, Dxx, D^, Dzx and D2Z are the
hydrodynamic dispersion coefficients, p, is the porous medium bulk density,
W is a (positive) source function (volume flow rate per unit area), and \ is the
first-order reaction constant. This form of the equation includes the effects of
advection-dispersion, sorption, a first-order reaction such as radioactive decay,
and a source for the dissolved constituent.

The hydrodynamic dispersion coefficients are evaluated by summing the mechanical
dispersion coefficients and the molecular diffusion coefficient. The diffusion
coefficient for solute in a porous medium has been related to the diffusion
coefficient in a free-water system by the following empirical relationship:

where x is tortuosity (a scalar quantity for isotropic medium), D<j is the
diffusion coefficient of the solute in the porous medium, and Do is the
diffusion coefficient of the solute in the free-water system. Since it is
impractical, if not impossible, to evaluate all the components of the
mechanical dispersion tensor, it is generally assumed that the porous medium
is isotropic [Bear, 1972]. Therefore, it is sufficient to work with only 2
components of the fourth rank dispersivity tensor. These two components are
the longitudinal dispersivity OCL and the transverse dispersivity orj>
In an isotropic medium with the average linear velocity equal to Vx, the
dispersion coefficients are

DL = aLVx + D O T ; D T = «TVX + D O T (4.3)

Let us now consider, following Tang and Anderson [1984], a nonuniform flow
field where the groundwater velocity vector components, Vx and Vv, are
functions of a position. We define two separate coordinate systems:
global-(x,y) and local-(x', y') such that the x1 axis coincides with the
direction of the velocity V.



The axes of the local coordinate system are in the principal directions of the
dispersion coefficient tensor. The counterclockwise rotation angle 6 from the
global to the local coordinates is defined at each point by
tan9 = Vy/Vx. In the local coordinate system, it follows from (4.3) that

+ Dot and D-j = (4.4)

where

In the local coordinate system, the dispersion tensor is diagonal

(4.5a)
0 DT 1

In the global coordinate system, the dispersion tensor is of the form:

Dxz\ (4.5b)(
Rotating the dispersion coefficient tensor in the global coordinates is the same
as calculating the dispersion coefficients from
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Solute-porous media interactions are usually represented as an equilibrium
process which is characterized by the linear sorption isotherm

C = (4.7)

where Kj is the distribution coefficient.
If we assume that the fluid is incompressible and the porous medium undeformable
then

5qx/dx + 5qy/5y = 0

and

+q z f

Combining (4 .1 ) and ( 4 . 2 ) , not ing (4 .9 ) and rear ranging y i e l d :

ac

(4.8)

(4.9)

L(C)

bz 1

5x 9x

ac

•~ I + V- 3x

^ • 1 + V7 | £ + ARC + CW = 0 (4.10)

We have assumed that the coordinate axes follow the principal directions of
permeability (not the direction of V) so the off-diagonal terms of D are
required. ~
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The initial conditions necessary for the solution of equation 4.10 are:

C(x,z,0) = Co(x,z) (4.11a)

where Co is the prescribed concentrations. The Dirichlet boundary
conditions are expressed as

C(x,z,t) = CCx.z.t) on Si (4.11b)

The Neumann boundary condition on S2 is expressed as

-§ + D^-g) nz =0 (4.11c)

The Cauchy or mixed-boundary conditions on S3 are expressed as

Cqn - n(D«VC)»n = q nC o u t (4.12a)

(DVxCnx + VzCnz - [D x x^ + Dzx-£)nx - (Dzzf + D ^ J n , (4.12c)

where C o u t is the concentration on the boundary portion S3. Equations
(4.10) through (4.12) comprise a well-posed parabolic boundary value
problem whose solution by the finite element method can be based on
the Galerkin formulation [Pinder and Gray, 1977]. For simulating
radioiodine migration, it is assumed that in (4.10) R=l, \=0 and C=0

The set of Galerkin equations corresponding to NN nodal points is

// L(C) NL dxdz = 0 (4.13a)

D

L = 1,2,...,NN

where

NN
C(z,x,t) = I Cj(t)Nj(x,z) (4.13b)

j=l

is the trial solution, and Cj is the unknown nodal function of concentration.
Upon substituting the trial solution into equation (4.13), applying
Green's theorem, and using a "lumped" formulation for any element
with node number j = i,k,m, one obtains
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5NL5N.

+ ( »xzi£ + D z z ^ ) n z | NL ds + I C j ( t ) JUq^ + - ^ NL d x d y
j=i,k,m De\ /

j I / / U + PbKd)NL dxdz + I £ Cj(t) / / X(n+pbKd)NjNL dxdy
" e De e j=i,k,m, De

- I / / ™NL dxdy = 0 (A 1 4 )

e D e

L = 1 , 2 , . . . , N N

The system of equations (4.14) can be written in matrix form

[R]{C} + [T]{C>t - {B} = 0 (4.15a)

such that [R] = [RD] + [Rq] + [RjJ + [RB] (4.15b)

where [R] is the advective-dispersive transport matrix, [T] is the
solute mass matrix, and [B] is the dispersive mass flux at the boundaries.
The matrix equation is time-dependent. The time-dependent nature
of (4.15a) is accommodated by using a general time-weighted finite
difference approximation [Pinder and Gray, 1977]. The matrix equation
is then reduced to the form:

(E[R] +— [T]){Ct+At} = -{ (l-e)[R] +7r[T]}{Ct} + {B} ( 4 # 1 6 )

where 0<E<1. The right hand side is given by the initial conditions
at the first time step At. Two computer codes, "SOLUTE" and "TRANSAT",
based on the approximate solution (4.13) were available to solve the coupled
flow and transport problem. The original version of the "SOLUTE" code
was developed by Frind [1980, personal communications]. The code was
tested in a variety of problems and was selected for use in this
investigation. The finite element grid and the flow model calibration
was described in detail in the previous sections. The generated velocity
field was used as input to the solute transport model.

4.3 Input to the Model and Boundary Conditions

The porosity, and the longitudinal and transverse dispersivities are the
principal aquifer parameters affecting the migration of radioiodine.
A constant porosity value of 0.38 determined from numerous laboratory
experiments was used in this study. Constant values for longitudinal and
transverse dispersivities, estimated from the tracer test [Moltyaner and
Killey, 1987a,b], of 1.0 and 0.1 cm were used. Groundwater flow velocities
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calculated in the flow part of the SOLUTE code were used to calculate the
hydrodynamic dispersion coefficients and the rate of propagation of the tracer
plume. Other input values are described earlier.

The model of the solute transport simulates the changes in the tracer
concentration injected into the system along the right hand side boundary
(Figure 8). Inasmuch as the tracer plume immediately after the injection
occupied only the lower part of the aquifer [Killey and Moltyaner, 1987], the
distribution of concentration observed 15 hours after the injection
was considered as the initial concentration distribution.

The concentration of radioiodine entering the aquifer is defined through the
Cauchy or mixed boundary conditions. The input concentration at the boundary
was taken as unity over a period of one day to allow for the equality of the
simulated and observed masses of tracer. Fixed concentration values were
specified at the vicinity of injection well at time t = 0 to simulate the
geometry of the injected pulse (Figure 13). The major criterion for the source
characterization was a consistency with the source model used in the parameter
estimation. Due to some uncertainty associated with the source
characterization, a scenario treating concentration distribution within the
domain of interest at 4.44 days after injection (d.a.i.) as a reference
distribution was also considered.

The top and leftside boundaries of the system were easily treated through the
Dirichlet boundary conditions. The bottom boundary conditions were Neumann type
with a zero concentration gradient. In this study, the contribution of
molecular diffusion to the hydrodynamic dispersion coefficient has been
neglected because it is insignificant relative to the advection-dispersion
component of dispersion.

A number of numerical experiments were made to simulate the transport of
radioiodine under the described boundary and initial conditions, and input
parameters.

4.4 Simulation Results and Comparison with the Observed Plume

The simulation of the contaminant distribution in the groundwater system based
on the Galerkin finite element approximation to the exact solution of the
advection-dispersion equation is subject to numerical error (for instance, see
Finder and Gray, [1977]). To increase the accuracy of a numerical solution, the
finite element model must meet a number of requirements which involve the proper
treatment of the propagation of concentration with steep gradients. For the
advection-dominated problem with small coefficients of hydrodynamic dispersion,
the failure to satisfy these requirements causes oscillation, numerical
dispersion and negativity of computed concentration. The effects of these
phenomena on the solute transport are now fairly well understood (for example,
see Frind and Germain, [1986]) and may be controlled with a proper choice of
grid Peclet and Curant numbers [Daus et al., 1985]. Unfortunately, refinement
of the grid spacing is limited by the restrictive size of computer memory and
by the high computational costs.
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The optimum irregular grid that can be accommodated by our site computer is
shown in Figure 8. The optimum time step was determined from a large variety of
computer runs and was taken as 0.1 days. Although these constraints do not
exclude the numerical problems, the simulation provides a significant insight
into the understanding of contaminant migration in groundwater. Once the
numerical model describing the tracer migration has been established, many
numerical experiments can be conducted to learn more about the dispersion
aspects of the problem.

Because of the uncertainty associated with the source characterization, the
first series of runs are performed starting from 4.44 days after injection. The
observed configuration of the tracer plume at 4.44 days (Figure 14) [Moltyaner
and Wills, 1987] is achieved by setting concentration values at the nodal points
which satisfies the following two criteria: 1) the simulated (Figure 15) and
the observed (Figure 14) masses of tracer calculated using the zero moment of
the concentration distribution are equal, and 2) the mass is distributed in a
pattern which is very similar to that of the observed plume (Figures 14 and
15). It should be pointed out at this time that all illustrations of
two-dimensional simulated plumes are drawn by contours representing 10%
(outermost contour), ZOZ, 30% and 90% (innermost contour) of the relative
maximum concentration.

The solute transport model is run until the simulated plume reaches the effluent
boundary at 21.65 days. The simulated tracer transport (Figures 1C-17) can be
compared with the observed transport (Figure 14). After the first iteration,
the model immediately produces some small values of negative concentration in
the system. With the evolution of time, this numerical error accumulates and
eventually results in the creation of discontinuous small plumes of various
dimensions. The negative concentration values in the vicinity of the bedrock
surface leads to the generation of additional mass and to the development of a
long dense tail in the main plume. The negative concentrations occur either
because of the failure to satisfy the grid Peclet and the Curant number criteria
or due to roundoff error. Furthermore, as time elapses,longitudinal numerical
dispersion, which manifests itself in the form of significant spreading of the
simulated plume, is quite evident. The effect of transverse numerical
dispersion is negligible.

When only the well-behaved features of the main plume (i.e. "clean" plume) are
plotted, Figures 16 and 17 become Figures 18 and 19. The simulated mass of the
tracer plume, based on the initial distribution being 100% at 4.44 days,
increased by 9% at 8.69 days and subsequently remained at this level through the
entire sequence of simulations. It is speculated that the initial growth in
mass occurred due to an internal generation of negative concentrations. The
trajectory of the centre of mass of the "clean" plume is in close agreement with
that of the observed plume (Figure 20a).

The effect of numerical dispersion is clearly shown in Figures 21 and 22.
These profiles are calculated at various elevations above the bedrock surface at
10 and 15 metres down-gradient from the injection well. Due to the relatively
large grid spacing, the finite element model failed to simulate the steep
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concentration gradients everywhere within the flow domain except in the vicinity
of the bedrock surface (Figures 21c and 22c) where the concentration gradients
are much smoother. It can be seen, however, that the centroids of the simulated
and observed curves are in a much better agreement. These observations are
encouraging in the sense that a refinement of the mesh will allow us to better
simulate the observed data. Figure 23 illustrates how negative concentrations
lead to the formation of second breakthrough curves.

The continuous nature of the vertical profiles observed in the Twin Lake tracer
test provides a unique opportunity for a comparison between the observed data
and the simulated results. The vertical variations of the tracer test
concentration distribution taken at different locations in the system are
depicted in Figures 24a-d. The same illustrations display the simulated
profiles. Figure 24a is a successful match simply due to the fact that the
simulated results are taken only 0.08 days after the specified initial
concentration distribution in the system. At 10 metres from the injection well,
the peak concentration at elevation 147 metres (above sea level) was observed at
7.22 days. At the same time, the simulated peak is by a factor of two less at
this elevation at 9.16 days (Figure 24b). The finite element program failed to
simulate the biraodal structure of the plume (Figures 24b-d). Furthermore, the
program failed to simulate the steep concentration gradients and the vertical
variability in the concentration distribution. Thus, the simulated curves
represent an unrealistic smoothed concentration distribution.

For interest's sake, the injection of radioiodine was simulated by introducing
the tracer into the system over a period of 1 day. This was accomplished by
combining Cauchy boundary conditions with an internal concentration distribution
(Figure 25). The simulation was then run for 21.65 days. The results of the
simulation are shown in Figures 26 through 28. The contrast between Figures 26
and 15 clearly illustrates the effect of numerical dispersion on the transport
of tracer.

4.5 Sensitivity Analysis

The previously described simulation is based on the calibration of the flow
model against both hydraulic head and velocity measurements (two-way calibration
procedure). It is instructive to compare the simulations based on the two-way
calibrated model with those obtained from the one-way calibrated model (flow
model calibrated against hydraulic head only). The response of the one-way
calibrated model is illustrated in Figures 29 to 30. The comparison between
Figures 29 through 30 and Figures 16 through 17 clearly indicates that the
one-way calibrated model poorly describes the tracer behaviour in the system.
It is imperative, therefore, to have some information about the velocity
distribution, say using borehole dilution techniques or natural gradient tracer
tests, to characterize the solute transport in the system adequately.
Furthermore, the time concentration profiles of both calibrated models can be
compared with the observed time-concentration profiles. The comparison is shown
in Figures 31 and 32. The results indicate that the one-way calibrated model
produces more spreading. The centroids of the time-concentration profiles are
poorly predicted when compared with the description obtained from the two-way
calibrated model. Nevertheless, the results can be anticipated if one recalls
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that the velocity field affects the advective transport through the advective
term in the dispersion model and affects the dispersive transport through the
coefficients of hydrodynamic dispersion.

A sensitivity analysis of the model pertaining to dispersivity was performed
using three different input values of dispersivity. The value of longitudinal
dispersivity was varied while the other parameters were held constant; the value
of transverse dispersivity was altered while all other parameters were fixed.
The concentration-time curves, simulated and observed, are displayed in
Figure 33. The results show that as the value of dispersivity increases, more
spreading of concentration occurs. Moreover, the results indicate that the
concentration gradients decrease with an increase in dispersivity. The change
in the dispersivity ratio (oq_/ax = 0.1-200) has not changed significantly
the quantitative behaviour of the simulated breakthrough curves (Figures 33a and
33b).

Virtually the same quantitative effect was produced when performing a
sensitivity analysis of the model with respect to the time step. The
concentration-time profiles shown in Figure 33c clearly show the effect of
increasing numerical dispersion with the increase of time step.

Since the groundwater flow in the cross section is essentially horizontal,
increasing the value of transverse dispersivity causes the tracer to move toward
the water table as shown in Figure 34. The two-dimensional effect of increasing
the value of horizontal dispersivity is illustrated in Figure 35. The tracer
plume extends farther longitudinally for the larger value of longitudinal
dispersivity and thus, reaches the left boundary faster in time. It is obvious
from Figures 34 and 35 that an increase in dispersivity values causes a decrease
in negative values of concentration. On the other hand, an increase in the time
step size leads to an increase in negative values of concentration, therefore
creating additional plumes as seen in Figure 36.

5. SUMMARY AND CONCLUSIONS

The simulation of tracer transport at the Twin Lake aquifer can be conveniently
summarized by assessing large-scale, integrated measures of solute transport
using spatial moments [Freyberg, 1986; Moltyaner and Wills, 1987]. Such
measures are calculated by utilizing a spatial moment analysis routine
[Moltyaner and Wills, 1987]. The trajectory of the centre of mass of the
simulated and observed plumes is shown in Figure 20a. Figures 20b and 20c
illustrate the observed and simulated variances of the concentration
distribution which measure the spread of the plume about its centre of mass.
The deviation between the observed and simulated variances monotonically
increases with the distance from the injection well as a result of numerical
dispersion. The advective transport of the plume is simulated more accurately
(Figure 20a). The results of spatial moment analysis are summarized in Table 1.

The developed finite element model describes the overall behaviour of the tracer
plume, but lacks the capability to simulate the fingerlike spreading of the
plume due to the fact that the grid does not have an adequately fine space
discretization. Unfortunately, a refinement of the grid spacing is limited by
the size of the site computer memory. For the advection-dominated radioiodine
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transport, the failure to satisfy the fine mesh requirement causes numerical
dispersion and negativity of computed concentration. Control of numerical
dispersion is essential in simulations of advective-dispersive transport.
The use of inappropriately large values of longitudinal and transverse
dispersivity leads to a poor representation of the observed tracer plume in the
aquifer system. In general, it can be concluded that the conventional finite
element models may produce accurate simulation of the plume provided that the
adequately fine space discretization of the grid compatible with the support
scale of measurements, and the adequately fine time discretization are made.
This demands large computing resources. The objective of the modelling procedure
was achieved. A state-of-the-art methodology for calibration, validation and
sensitivity analysis of a two-dimensional finite-element model of solute
transport was developed and described in the report. The primary value of this
methodology is in providing a disciplined format for validating existing
numerical models and for developing an appropriate database using 1983 natural
gradient tracer test results. In light of the predictive accuracy demonstrated
by the model in the example presented in this report, it seems reasonable to
infer that the use of a more finely discretized model may improve the predictive
capabilities of the Twin Lake aquifer.

With respect to the overall program of predictive model validation, future
projects will consider the aerial two-dimensional model and the
three-dimensional model of solute transport. Currently, a more finely
discretized model for execution on a vector processor is being developed.
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TABLE 1

MOMENTS OF CONCENTRATION DISTRIBUTION

Time (d.a.i.)

4.44

8.69

13.39

17.06

21.65

X(m)

4.93

9.97

15.89

20.37

27.09

Y(m)

146.32

145.98

145.46

145.26

145.27

Velocity (m/d)

vx

1.11

1.147

1.187

1.194

1.251

Vy

-

.08

.11

.054

.002

okV2)

2.46

4.46

7.87

9.98

16.86

CyW)

1.85

1.87

1.75

1.99

1.90

QL(m)

.2496

.2237

.2476

.2450

.3113

or(m)

-

1.34

.59

1.08

21.94

Dx(m
2/d)

.277

.2566

.2939

.2925

.3894

Dy(m
2/d)

-

.107

.065

.058

.044
-p-

I
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FIGURE 8: Finite element grid of the second-phase model.
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FIGURE 11: A family of equipotentials from (a) the one-way and (b) the two-way
calibration model.
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FIGURE 12: Velocity field of (a) the one-way and (b) the two-way
calibration model.
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FIGURE 13: Geometry of the tracer slug after the injection period.
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FIGURE 14: Observed concentration distribution of tracer plume.
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FIGURE 15: Initiation of model with a tracer distribution at t > 4.44 days.
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FIGURE 16: Simulated distribution of tracer concentration at (a) t = 8.69 days
and (b) t = 13.39 days.
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FIGURE 17: Simulated distribution of tracer concentration at (a) t « 17.06 days
and (b) t - 21.65 days.
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FIGURE 18: Simulated concentration distribution of "clean" plume at
(a) t = 8.69 days and (b) t = 13.39 days.
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FIGURE 19: Simulated concentration distribution of "clean" plume at
(a) t = 17.06 days and (b) t = 21.65 days.
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FIGURE 23: Measured (dots) and simulated (solid lines) concentration-time
profiles at the 10W - 1.5S observation well at elevation
145.30 m.
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FIGURE 25: Initial concentration distribution in the flow domain.
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FIGURE 26: Tracer plume at t * 4.44 days after a simulated injection period of
1 day.
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FIGURE 27: Concentration distribution of simulated tracer plume at
(a) t • 8.69 days and (b) t = 13.39 days.
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FIGURE 28: Concentration distribution of simulated tracer plume at
(a) t » 17.06 days and (b) t = 21.65 days.
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FIGURE 29: Tracer distribution of simulated plume from the one-way
calibration model at (a) t = 8.69 days and (b) t = 13.39
days.
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FIGURE 30: Tracer distribution of simulated plume from the one-way
calibration model at (a) t = 17.06 days and (b) t * 21.65
days.
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FIGURE 34: Concentration distribution of simulated plume at t = 21.65 days
where (a) OPT = 10 cm and (b) cep = 20 cm.
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FIGURE 35: Tracer distribution of simulated plume where (a) t • 20.88 days,
cci = 20 cm and (b) t = 21.65 days, OL = 10 cm.
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FIGURE 36: Concentration distribution of simulated plume at t * 21.65 days
where (a) At * 0.3 days and (b) At = 0.5 days.
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