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ABSTRACT

The 1983 Twin Lake tracer test vas simulated using tvo different sets of the
aquifer parameters and three different numerical models. The purpose of the
simulations vas to Identify the parameter set and the model vhich are most
appropriate to describe the transport phenomena in the Twin Lake aquifer. It
is shown that a reliable estimation of the aquifer parameters cannot be
obtained from the flow model alone. Transport models must also be used to
obtain a reliable estimate of parameters. Method of characteristics and
random-walk based models vere used for this purpose. The sensitivity of the
results to different execution parameters vas evaluated and the required
computational efforts vere compared. Finally, results obtained by means of
the method of characteristics vere compared with the results of a finite
element simulation, carried out vith the same spatial discretization as that
used in the method of characteristics. The comparison demonstrates the
influence of the numerical dispersion on the results of the finite element
method. It vas also shown that travel time calculations represent a simple
way to test the accuracy of the aquifer parameters before transport modelling
is done.

INTRODUCTION

One purpose of the Tvin Lake tracer tests performed at the Chalk River
Laboratories, Ontario, in 1982 and 1983, vas the study of the hydraulic
conductivity structure and the dispersive characteristics of the aquifer.

For the direct evaluation of the hydraulic conductivity distribution, in situ
and laboratory experiments vere performed (Killey and Holtyaner, 1988). Based
on these direct estimates, further investigations vere performed, to determine
the set of parameters vhich adequately describe the transport behaviour of the
aquifer. These investigations included: a) the calibration of a numerical
model (Holtyaner and Poisson, 1987), and b) the analytical parameter
estimation, vhich is based on some simplifications of the flov and transport
phenomena (Killey and Holtyaner, 1988; Holtyaner and Killey, 1988a, 1988b).
The results obtained by these tvo methods vere not identical.

Therefore, the main objective of this paper is to investigate vhich of the
parameter sets mentioned above is the aost appropriate to describe the
transport phenomena in the Tvin Lake aquifer and eventually to improve the
parameter values. Numerical models of different degress of complexity vere
used in the investigation. The models are compared and the efficiency of each
model is discussed.
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General Hydrogeology

The Tvin Lake aquifer is located in the Ottava River valley, 180 kn northvest
of Ottava. The test site is located near Tvin Lake. Figure 1 provides site
stratigraphy based on the combined borehole and ground probing radar
information (Killey and Moltyaner, 1988). The aquifer consists of shallow
sandy sediments overlying a tight glacial till, vhich in turn overlies the
bedrock. The Precambrian bedrock of the area is extensively fractured and
fracture flov could theoretically exist. However, the contrast in the
hydraulic properties betveen the bedrock and the overlying sediment is so high
that the bedrock surface can be treated as an impermeable boundary for the
purpose of the study. The aquifer is relatively homogeneous, being composed
of highly uniform medium to fine-grained sands of aeolian and fluvial origin.
Minor silts, situated in the vicinity of the vater table and locally preserved
tills at the base of the sequence may be found vithin the aquifer (Moltyaner
and Poisson, 1987).

Groundvater flov is recharged through precipitation and through seepage from
Tvin Lake. Flov in the fluvial sand portion of the Tvin Lake aquifer is
essentially horizontal. As vill be shown later, vertical gradients exist in
the upper portion of the aquifer.

Tracer Tests Methodology

Two pulse Injection, natural gradient tracer tests have been performed at the
Tvin Lake site: the first one in the fall of 1982 and the second in the fall
of 1983. The analysis carried out here concerns only the results of the 1983
experiment. A short description of this experiment is given belov.

The tracer injection point (borehole TL-25) is located at the east side of the
site (Figure 2) and vas instrumented vith a 5 cm I.O. screen, extending from
above the vater table to bedrock. The tracer used vas 1 3 1 I . The tracer test
conditions and apparatus are described by Killey and Moltyaner (1988). The
tracer test vas limited to a 40 t flov path because the strong dilution of the
tracer beyond this distance made its detection unreliable.

The plan layout of the monitoring instrumentation used is shown in Figure 2.
Two kinds of monitors vere used: a) dry access pipes and b) multilevel
piezometers. The dry access tubes are used for gamma scanning. The
multilevel samplers have been employed for measurements of hydraulic head
distribution and, at selected locations, for groundvater sampling.
Measurements of the distribution of the activity versus depth at selected
points in time vere collected by scanning all of the boreholes in the
monitoring grid that lay vithin the boundaries of the plume.

RESULTS OF THE PARAMETER ESTIMATION

Analytical Parameter Estimation

The analytical parameter estimation is based on the assumption that flov and
transport phenomena in the Tvin Lake aquifer are vertically two dimensional.
Transverse flov to the mean direction of tracer movement is neglected. In the
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Fig. 1. Stratigraphy of the Twin Lake aquifer (after Killey and Moltyaner,
1988)
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analysis, plezometric heads, concentration profiles and breakthrough curves
•easured in the vertical cross section along the axis of the tracer movement
(Figure 2) vere used.

Figure 3 provides the hydraulic head distribution along this axis at the
beginning of the 1983 experiment. The steep downward hydraulic gradient
adjacent to the injection veil had a strong influence on the notion of the
tracer: the injection vater Moved downward, leaving the upper portion of the
aquifer free of 1 3 1 I . The upper Halt of the tracer flow path is shown in
Figure 4. Because of this, the analytical parameter estimation was confined
to the lower part of the aquifer.

For the estimation of the hydraulic conductivity distribution, the following
method vas used (Killey and Holtyaner, 1988). From the tracer test data,
sequence of zones (strata) with different pore vater velocities vere
identified (Figure 4). using borehole scan data recorded at the mean point of
each zone, tracer breakthrough curves vere constructed at the beginning and
end of each velocity zone. From these breakthrough curves the peak arrival
time given in Figure 4 was estimated. From the peak arrival times point-to-
point pore water velocities (from one monitor to the nearest downstream
measurement point) vere estimated. Using these velocities, a porosity of 0.4
and the hydraulic head data displayed on Figure 3 the hydraulic conductivity
of each velocity zone vas calculated from Darcy's Lav. Detailed results are
presented by Killey and Holtyaner (1988). The variation of the hydraulic
conductivity in the different zones is interpreted as small-scale variations
vithin larger structures. Based on the principles of the geology of
sedimentary deposits, the different zones are grouped into large-scale
hydraulic conductivity regions, which are shown in Figure 5.

The longitudinal dispersivity for each velocity zone is obtained by fitting an
observed breakthrough curve to one calculated using an analytical relationship
(Holtyaner and Killey, 1988a). The transverse-vertical dispersivities vere
obtained similarly by matching vertical records of tracer activity with
analytical relationships (Holtyaner and Killey, 1988b). The results shoved
that a mean longitudinal dispersivity value of 1 cm and a mean transverse
dispersivity value of 0.1 cm characterize the dispersive properties of the
aquifer quite veil.

It remains to calculate the hydraulic conductivity distribution in the region
lying above the tracer occupied region. These values vere taken from the
model calibration described in the next section, Results of the Model
Calibration. Hydraulic conductivity values determined from the nodel
calibration are marked in Figure 5 vith a star. The completed parameter set
is referred to as parameter set A.

Results of the Hodel Calibration

The calibration procedure consists of adjusting the aquifer parameters to
reproduce measured hydraulic heads and groundwater velocities, estimated as
described in the previous section. For this purpose, a finite element flow
model based OP the Galerkin method vas used to calculate the piezometric head
distribution and the pore vater velocities in the vertical cross section along
the flov axis of the tracer (Holtyaner and Poisson, 1987).



6 5 3

Hydrouiic Heod Distribution

Piezometer intoke - 1 5 2 . 5 0 - Eguipolenlial Contour .October 1983

Distance From Iniectoi Well (m)

Fig. 3. Hydraulic head distribution at the start of the 1983 experiment along
the path of the tracer movement (after Killey and Moltyaner, 1988)
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Fig. 4. Boundaries of each velocity zone and peak arrival times in days after
injection (after Killey and Moltyaner, 1988)
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Hydraulic Conductivity in (m/x)

Region 1: 2.48x10*«
Region 3: 1.47x10"«
Region 5: 2.74x10-*
Region 8: 2.31x10-* *)

Region 2: 1.87x10"*
Region 4: 2.64x10-*
Region 6: 1.23x10'<
Region 9: 1.16x10-* *)

)

Region 2: 4.43
Region 4: 3.01
Region 6: 6.16
Region 9: 400.0

Anisotrophy

Region 1: 3.01
Region 3: 4.82
Region 5: 4.56
Region 8: 3.01

Dlsperslvities In (m)

aL - 0.01 •

a, - 0.001 a

Porosity: 0.40 (estimated by aeans of laboratory experiments)

Slibra??oS'ed

Paraa'eSr EstiStion6 eStlBated

C a l l b r a t l o n Scribed in Results of the Model

. as described in Analytical

Figure 5 Parameter set A
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The flow vas assumed to be in steady state because water table fluctuations
and changes in the storage vithin the groundvater system were negligibly small
over the approximate tvo-month period of the tracer test. The upper boundary
of the modelled cross section represents the vater table. It vas simulated as
a boundary of constant head. The bedrock surface vas assumed to be
impermeable. The right and left boundaries were specified flux boundaries.

The initial values for the hydraulic conductivity distribution in the model
calibration were obtained from the analytical parameter estimates. The
porosity used vas 0.38. The calibration vas achieved by varying the hydraulic
conductivity and the boundary fluxes. Figure 6 provides the calibrated
hydraulic conductivity and the anisotropy. Using the calibrated parameter
set, 84Z of the 19 measured hydraulic head values were satisfied with an error
tolerance of 0.1 o/d and 91Z with an error tolerance of 0.2 m/d (Moltyaner and
Poisson, 1987).

Values of the dispersivities necessary to complete this parameter set vere
taken from the analytical calculations performed in the section, Analytical
Parameter Estimation. The values are marked in Figure 6 with a star. The
completed parameter set is called parameter set B.

METHODOLOGY OF THE NUMERICAL INVESTIGATIONS

The identification of the optimal parameter set vas carried out using models
of different complexity. This allowed a comparison of different numerical
models.

In the first phase, the reliability of the parameter sets was investigated by
means of a flow model. The simulated hydraulic head distribution along the
mean flov axis of the tracer flov vas compared vith the measured piezometric
head distribution.

In the second phase, travel time calculations vere performed using a particle
tracking method. The calculated travel times vere compared vith the peak
arrival times estimated from the tracer test data (see Analytical Parameter
Estimation).

In the third phase, transport calculations based on the advection-dispersion
equation vere performed. For the choice of the numerical methods to be used
in this investigation, the computational effort and the computer memory
required to achieve reliable results., vas an important consideration. The
transport in the Tvin Lake aquifer is advection-dominated, resulting in very
fine discretization requirements for the finite element and the finite
difference method, which can not be satisfied here. Methods less sensitive to
the discretization are the method of characteristics and the random valk
method. Therefore, the simulation of the Tvin Lake tracer tests vas performed
using these methods. The comparison of the results of the tvo methods gives
valuable information about their efficiency. To demonstrate the error
resulting from use of the standard finite element method, vhen the
discretization requirements are not met, a simulation vas performed using a
finite element transport model vith the same discretization as that used in
the method of characteristics and the random valk method.
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Reg.onl Z - W A T E R TABLE *— UPPER BOUNDARY OF THE SIMULATED AREA

Hydraulic Conductivity In

Region 1:
Reglon 3:
Region 5:
Region 7:
Region 9:

1.16x10-
1.70x10'
1.58x10"
1.29x10"
1.70x10"

An 1 so trophy k f l [ /k f .

Region 1: 400.0
Region 3: 4.82
Region 5: 4.56
Region 7: 5.58
Region 9: 4.82

Disoerslvities in (m)

Region 2: 2.31x10-*
Region 4: 2.10x10*
Region 6: 1.46x10'•
Region 8: 2.31x10'*

Region 2: 3.01
Region 4: 4.43
Region 6: 6.16
Region 8: 3.01

aL * 0.01 m *)

a, - 0.001 m *)

Porosity: 0.38 (estimated by means of laboratory experiments)

*) Values adopted from the model calibration described in Results of the Model
Calibration.
All other values were estimated analytically, as described in Analytical
Parameter Estimation.

Figure 6 Parameter set B
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SIMULATION OF THE FLOW

To simulate the flov in the cross section along the axis of the tracer
movement a finite difference model developed by Kaleris (1986a) vas used. The
model is based on the differential equation of steady-state flov in saturated
and/or unsaturated porous media:

- 0

vhere $ is the pressure (or capillary pressure) head, kts, lcfx> are the
components of the saturated hydraulic conductivity and ICj is the relative
hydraulic conductivity calculated from the relationship:

(2)

vhere ^k/2 *s t n e capillary pressure head at which the relative hydraulic
conductivity becomes equal to 0.5 and n is a dimensionless coefficient.
Representative values of Tpk/3 and n for different soils are given in Kaleris
(1986b). The numerical model computes the hydraulic heads at the nodes of the
grid.

For the simulation, the right and left boundaries vere specified as constant
head boundaries. The hydraulic head distribution on these boundaries vas
taken from Moltyaner and Polsson (1987). The upper boundary of the modelled
area shown in Figure 5 and 6 as veil and the bedrock, vere assumed to be
impermeable. The grid spacing vas 0.3 m horizontally and 0.15 m vertically.
Using this discretization, the different hydrostratigraphic features, as veil
as the geometry of the bedrock, vere represented vith good accuracy and the
horizontal-to-vertical grid spacing ratio had an appropriate value.

Measured piezometric heads are available in nine multilevel piezometers shown
in Figure 3. The comparison of measured and computed piezometrit heads shoved
a good agreement for both investigated parameter sets (A and 3). Figure 7
shovs the results for tvo multilevel piezometers having r.he maximal
differences betveen measured and calculated values in the tracer occupied area
of the aquifer. The differences in the simulated heads obtained using the
parameter sets A and B are small. This makes the visual assessment of the
best parameter set difficult. Therefore, the mean square e~*-or betveen
measured and calculated piezometric heads vas used as a gooaaess of fit
function. This function vas calculated for each of the nine piezometers
according to the equation:

V I N
- 2 (h,-hc)

2 (3)

N i-1 * c

where N is the number of the measurements over the depth of a multilevel
piezometer, h, are the measured and hc are the computed values. The values of



Figure 7. Comparison between measured (*) and computed (-)
piezometric heads at two piezometers
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the aean square errors given in Table 1 do not shov any cleat difference
between the parameter sets A and B. Talcing into consideration that the head
measurements shov an error of up to 2 cm (Killey and Moltyaner, 1988), it can
be concluded that both parameter sets (A and B) are appropriate to describe
the flov in the Tvin Lake aquifer.

Table 1. Mean square error in (D) betveen measured and calculated
piezometric heads

Piezometer location
in <•) from the
injection veil

1
2
5
10
15
20
25
30
35

.0

.0

.0

.0

.0

.0

.0

.0

.0

Parameter set
•

0.0194
0.0245
0.0788
0.0440
0.0421
0.0418
0.0495
0.0391

Parameter set
B

0.0260
0.0303
0.0777
0.0461
0.0524
0.0334
0.0343
0.0458

0.0539 0.0587

TRAVEL TIME CALCULATIONS

The reference location for the start of the travel time calculations is at
x = 5 m from the injection veil. This point coincides vith the location of
the reference plume used as an initial condition in the transport simulations,
described in the section, "Numerical Transport Models". Approximately 50
particles vere equally distributed over the depth of the tracer occupied area
of the aquifer at x « 5 m. The particles vere distributed in the different
velocity zones shown in Figure 4 and it vas assumed that they move only under
the influence of advection. The travel times calculated here are comparable
vith the peak arrival times given in Figure 4. As the particles started at
the reference location x - 5 m, they vere provided vith an initial travel time
corresponding to that given in Figure 4 for the location x = 5 m from the
injection veil. The travel time of the particles vas estimated at distances
of 10 m, 15 m, 20 m, 25 m, 35 m, and 40 m from the injection veil.

For travel time calculations, it is "ecessary that the pore vater velocity can
be estimated at every point of the field. Using the piezometric head
distribution calculated by means of the flov model described previously, the
velocities betveen the nodes of the grid vere calculated. The velocity at an
arbitrary point vas calculated in the model using a bilinear interpolation.
The position of a particle at the end of each time step vas calculated using a
Runge-Kutta integration (Kinzelbach, 1986).

A detailed comparison of the travel times calculated for the parameter sets A
and B vith the peak arrival times given in Figure 4 vas made visually by means
of plots such as the one shown in Figure 8. The comparison shoved clear
differences betveen the results obtained for the parameter sets A and B.
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Figure 8. Coaparison between measured and calculated travel times
at a distance of 10 m from the injection well

The results obtained using the parameter set A give a closer agreement to the
measured results than those of the parameter set B.

To quantify the differences between the results of the parameter sets A and 6,
the mean pore water velocity in the intervals from the injection well to each
of the positions, where travel times were calculated, was estimated according
to the equation:

where L, is the distance from the injection well and T, is the mean travel
time over the depth of the tracer occupied part of the aquifer. Ts is
calculated according to the equation:

-1 IE
m. 1=1

where m, is the thickness of the tracer occupied part of the aquifer at a
distance x from the injection well, tt is the travel time in the velocity zone
i and Azi is the thickness of the velocity zone i.

The values of u, in Figure 9 show clearly that the parameter set A describes
the convectlve transport in the Twin Lake aquifer better than the parameter
set B. This result differs from that obtained in the previous section by
means of the piezometric head distribution.
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Figure 9. Mean pore water velocity between the injection well
and different locations from it

NUMERICAL TRANSPORT MODELS

General Remarks

The advectlon-dispersion equation, used to describe the transport in the Tvin
Lake aquifer is:

ac ac ac a / _ ac n ac \ a
at + u» a£ + u« Tz - H \ D " alE + D» IS j + ai

ac _ ac
IS + D » Tz

where c is the tracer concentration u,, u, are the components of the pore
water velocity u and D
coefficients resulting froa the equations:

DIZ are the hydrodynamic dispersion

(7)

with aj, and a, the longitudinal and transverse dispersivities. Decay of the
radioactive tracer 131I has not been considered, because the data used here
are decay corrected. Sorptlon, according to Killey and Moltyaner (1988), is
not relevant for the transport in the Tvin Lake aquifer.

In the transport simulations the velocity field was calculated using the
piezometric head distribution computed by means of the finite difference flow
model described in the section, "Simulation of the Flow". The initial
concentration distribution in the vicinity of the injection well is not known
with accuracy. Therefore, a reference concentration distribution for the time
t - 4.52 days after injection is used as an initial condition. At this time,
the plume had already reached the position x - 5 m fron the injection veil.
Therefore, transport simulations can be performed only for the part of the
aquifer between 5 m and 40 m from the injection well.

Field data available for the comparison vith the numerical results are
breakthrough curves measured at the points shown in Figure 10 as veil as
concentration profiles measured at definite points in time in the monitors
10 m, 15 m, 20 m, 30 m, 35 m, and 40 m from the observation veil.
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In most cases, the differences between the results obtained using the
parameter sets A and B are cle^r and a visual comparison was adequate. No
goodness of fit functions were used for comparison of the results of the
transport simulations.

10

".55m

• POINTS, WHERE BREAKTHROUGH CURVES WERE MEASURED

I i
TUBES, WHERE CONCENTRATION PROFILES WERE MEASURED

Figure 10. Locations at which breakthrough curves and concentration
profiles were measured

Investigations With the Method of Characteristics

The investigations vere carried out using the model developed by Konikov and
Bredehoeft (1978). The flow part of the model was omitted and the piezometric
head distribution computed by means of the flow model described in the
section, "Simulation of the Plow" was used. For this flow model, the location
of the input parameters and the computed hydraulic head correspond to the
nodes of the grid, whereas for the transport model, they correspond to the
centres of the finite difference cells. Because of this, a transformation was
required. The hydraulic conductivity, the anisotropy and the piezometric
heads at the center of the cell were calculated as the geometric mean of the
values at the surrounding nodes. To investigate the influence of this
transformation, the velocity field calculated by using the nodal values was
compared with that calculated by using the values at the center of the cells.
Due to the fine spatial discretization used here there were no differences
between the two vtlocity fields (Rlukas, 1989).

Table 2 lists the parameter set for which the simulation results give the best
fit of the measu^d breakthrough curves and the concentration profiles. These
results indicate that the parameter set A describes the transport better than
the parameter set B. The differences between the breakthrough curves 3, 6, 8,
and 9 obtained using the two parameter sets are considerable. Some examples
are given in Figure 11. The differences are also considerable for all
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concentration profiles. Sooe of them are given in Figure 12. Tvo
breakthrough curves (4 and 7, Figure 13) cannot be simulated adequately by
either parameter sets.

Table 1. Best parameter set estimated comparing measured breakthrough
curves and concentration profiles vith the results obtained by the HOC

Breakthrough
curve

1
2
3
4
5
6
7
8
9
10
11

Best Parameter
•at

B
A
A
—
A+B
A
~
A
A
A
A

Concentration Profile
measured at

X-10 B
15 i
20 i
25 i
30 i
35 i
40 B

Best Parameter
set

A
A
A
A
A
A
A

Figure 14 shows the mass balance error in the simulation as a function of
time. This error is calculated using the equation:

E - 100.0 ft " $*• (8)

where AM, is the change in mass stored in the aquifer, Mf is the net mass flux
and Ho is the initial mass of solute present in the aquifer. For the
simulation with the parameter set A, the error in the mass balance varies
between -14Z and +13Z and is larger than the error resulting for the parameter
set B (between -41 and 9Z).

The error in the mass balance is an indicator of the accuracy of the results.
It strongly depends on two execution parameters: The parameter CELDIS, vhich
gives the maximal fraction of the ^rid dimension that particles are allowed to
move within a time step and the parameter NPTPND, which is the initial number
of particles per cell. The values of the execution parameters resulting in
the minimum mass balance error, were dependent on the parameter set used. The
differences in the mass balance error of the simulations A and B (Figure 14)
indicate that the optimal values of the execution parameters change for small
changes of the aquifer parameters. This was confirmed in additional
investigations. According to our experience, the numerical errors only played
a small role in the differences in the results of the simulation A and B
(Figure 11 and 12). However, the sensitivity of the mass balance error to
small changes of the hydraulic conductivity indicates that it is necessary to
re-estimate the optimum execution parameters during the different phases of
model calibration.
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Investigations vith the Random Walk Method (RVH)

The principles of the RVH are given in Uffink (1985) and Kinzelbach (1986).
For the investigations carried out here, a model developed by Lang (1989) (see
also Kaleris and Lang, 1990) was used. In the model, the position of the
particles at the time (t+At) is calculated according to the equations:

Xp(t+At) - Xp(t) + u'.At

Zp(t+At) - Zp(t) + u',At + "^ Z1-/2aLuAt - ^

(9)

where u is the pore water velocity with components ux and us; Zx and Z2 are
normally distributed random variables vith average 0 and standard deviation 1
and u'x, u's are the components of the pore water velocity corrected by the
terms from the Ito-Fokker-Planck theory (Uffink, 1985, Kinzelbach, 1986).

The accuracy of the RVM is influenced by the maximum fraction of the grid
dimension that particles are allowed to move within a time step and also by
the number of particles. Appropriate values for the fraction of the grid
dimension are 1/5 to 1/10 (Prickett et al., 1981). Here a value of 1/4 vas
used. To estimate the required number of particles used to simulate the
initial concentration distribution a limited number of transport time steps
were computed. The smallest number of particles giving simulation results
similar to a simulation having a large number of particles, was used for the
final calculation. Here 15300 particles were used.

Table 3 provides the parameter set, which gives the best fit of the
breakthrough curves and the concentration profiles. The results confirm that
the parameter set A is more appropriate to describe the transport phenomena in
the aquifer than the parameter set B.

Table 3. Best parameter set estimated comparing measured breakthrough
curves and concentration profiles with the results obtained by the RVH

Breakthrough
curve

1
2
3
4
5
6
7
8
9
10
11

Best Parameter
set

A+B
B
A
—
A
A
A
A
A
A
A

Concentration Profile
measured at

x-10 m
15 i
20 i
25 i
30 •
35 i
40 ii

Best Parameter
set

A
—
A
A
A
A
A
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Figures 16, 17 and 18 give the results of the RUM tot the same breakthrough
curves and concentration profiles as those given in Figures 11, 12 and 13 for
the HOC. Comparing the results of the tvo methods, it can be seen that they
are similar except for breakthrough curve 7. It should be remarked that the
points, at vhlch the breakthrough curves for the tvo Methods vere computed,
are slightly displaced from one another. In the RVM, they coincide vith a
node of the grid vhereas in the HOC, they coincide vith the center of a cell.
Because of this displacement, point 7 lies in different layers for the tvo
cases.

The resource tine for the RVM simulation, on the CRAY-2 computer of Stuttgart
University vas 1998 s. The computational effort required for evaluation of
the number of particles must be added to this. Due to the fact that for the
evaluation of the number of particles only a fev time steps need to be
calculated, this computational effort is a small fraction of the resource time
of the final simulation.

The random fluctuations vhlch appear in the breakthrough curves and the
concentration profiles computed by the RVM are relatively small. A further
improvement in the values of the aquifer parameters by using a large number of
particles seems possible. Bovever, this is associated vith a large
computational effort making a further calibration unreasonable.

Investigations vith the Finite Element Method (FEM)

To obtain an estimate of the numerical dispersion resulting vhen the
discretization requirements for the FEM are not met, a simulation using the
parameter set A vith a finite element model vas carried out.

A regular finite element grid vith triangular elements and the same grid
spacing as that used in the method of characteristics and the random valk
method vas used. The model is based on the Galerkin method vith linear
interpolation functions. The time derivative of the transport equation is
discretized using a general time-veighted finite difference approximation.
The original version of the finite element model vas developed by Frind (1980,
personal communication). For the flov calculations, boundary conditions
similar to the finite difference model described in the section, "Simulation
of the Plow", vere used. The initial conditions used for the transport
simulation vere the same as those used in the HOC and the RVM. The time step
used vas 0.1 d. For the spatial discretisation used here, a horizontal pore
vater velocity ux = 1.2 m/d and a longitudinal dispersivity aj, > 1 cm, which
are representative values for the Tvin Lake aquifer, the grid-Pedet-number
is:

u«Ax
- 30 (10)

This value is much larger than 2, vhich is the upper bound to limit numerical
dispersion (Frind, 1982). A comparison of the same breakthrough curve
calculated by the FEM and the HOC, Figure 19, shovs that the influence of the
numerical dispersion on the results of the finite element solution is
considerable. To compare the parameter sets A and £ using the FEM,
significantly finer discretisation is necessary.
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SUMMARY AND CONCLUSIONS

Two sets of parameters, proposed to describe the flov and transport phenomena
in the Twin Lake aquifer, were compared here. The investigation was carried
out using models having different degrees of complexity.

In the first phase, a flow model was used. The reliability of the two
parameter sets was investigated by comparing the piezometric head distribution
computed for each parameter set, with the field data. The comparison shows no
differences between the two parameter sets. This result is in contrast with
the results of all other models used here, and shows that model calibrations
based only on comparison of piezometric heads can give erroneous values of the
flow and transport parameters.

In the second phase, travel time calculations were carried out using a
particle tracking model (dispersion free transport). These calculations,
which require relatively small computational effort, show clear differences
between the investigated parameter sets. The identification of the best
parameter set was done by comparing the computed travel times with peak
arrival times estimated from the field data. The results obtained by the use
of the travel time calculations were confirmed by the numerical investigations
of the next phase. This indicates that travel time calculations represent a
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simple vay to test aquifer parameters, before they are used in transport
•odels vhich are based on the advection-dispersion equation.

In the third phase of the investigation, tvo numerical models solving the
advection-dispersion equation were used. The first one is based on the method
of characteristics (HOC) and the second one on the random walk method (RUM).
Comparing measured vith computed concentration profiles and breakthrough
curves both methods shov clear differences between the parameter sets
investigated and confirm the result of the travel time calculations. Reliable
results vith the random walk model can be achieved using a large number of
particles. However, as is shown here, this causes high computational costs,
vhich make the method less attractive for practical cases. To achieve
reliable results with the MOC-aodel used here (Konikov-Bredehoeft-model)
characteristic execution parameters must be carefully evaluated. This
evaluation must be done by means of a sensitivity analysis. In cases such as
those presented here, in which the relationship between the execution
parameters and the error in the mass balance is not simple and
straightforward, the computational effort required for the evaluation of the
execution parameters can be considerable. Further, it was shown that due to
the sensitivity of the results to the execution parameters, detailed parameter
estimations by calibrating the HOC-model used here are problematic.

If the spatial discretization requirements of standard finite element and
finite difference methods are not met, the results of these methods are
affected by numerical dispersion. To demonstrate the influence of the
numerical dispersion on the results of finite element simulations, the Twin
Lake aquifer tracer test was also simulated with a finite element transport
model, using the same discretization as in the simulations with the other
methods. The comparison of the results shows that the influence of numerical
dispersion is relatively strong.
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