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ABSTRACT

A regional flow and solute transport model was constructed for two bedrock aquifers in

Southem Manitoba. The "Carbonate Aquifer" is located in the fractured, more pefineable

region of the outcropping carbonate rocks and is used for rural domestic, industrial,

inigation and agticultural purposes. The "sandstone Aquifer" is located within the

interbedded sandstones and shales of the Winnipeg Formation and is utilized for rural

domestic purposes.

Transmissivity measurements were obtained for both aquifers from pump and specific

capacity tests. It was determined thatthe transmissivity in mtls follo*ed a nafinal log

normal distribution for both aquifers with a mean of -7.2 and -8.0 for the Carbonate and

Sandstone Aquifers, respectively. The variograms were calculated using an estimator

developed by Li and Lake (1994). Fractal nature was not evident in the variogtam of

either aquifer. Bayesian Updating was used to generate heterogeneous hydraulic

conductivity fields. For the Carbonate Aquifer this field was successfully used to assign

hydraulic conductivity, however due to lack of measurements the hydraulic conductivity

for the Sandstone Aquifer was assigned through zonation.

The resulting flow model had a RMS error of 7.49 m. The plot of computed versus

observed equivalent freshwater heads showed significant correlation. Linear regtession

was conducted and the slope and intercept compared against the desired values of 1.0 and

ill



0.0, respectively, using the t-test. For the transport model, the RMS elror was 2.9 glL,

however the plot of computed versus observed concentrations had a slope signif,rcantly

different than one.

The model was used to evaluate several water resources engineering applications. The

model runs examining sustainability showed that 1 glL contour moved slightly northeast

in the Carbonate Aquifer and only had slight movement in the Sandstone Aquifer.
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in City of Winnipeg, screened over the Carbonate Aquifer for (A) a

Figure 8.17
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Figure 8.18

Figure 8.19

pumping rate of 0.05 m3/s and (B) maximum decline in head as a
function of pumping.

Change in head within the Sandstone Aquifer due to a pumping centre
located in City of Winnipeg, screened over the Carbonate Aquifer and
pumping at 0.05 m3/s.

Change in concentration in Carbonate Aquifer due to a pumping centre
located within the City of Winnipeg, screened over the Carbonate
Aquifer and pumping at a rate of 0"05 m3/s"
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CHAPTER 1

INTRODUCTION

Water was been termed the 'resource of the new millennium' and maintaining clean,

viable resources has been brought to the forefront within the past several decades. After

the water tainted with E.Coli bacteria in Walkertor¡ Ontario in 2000 killed six and caused

illness in 2,300 others and the threat of contaminated water in Saskatchewan, clean water

has become an immediate concern. Groundwater comprises 97o/o of the world's

freshwater (Sampat, 2000). As demand for water is continuously increasing and surface

water resources are becoming threatened or over-taxed, groundwater use as a resource

will invariably grow. Whereas river water takes an average 20 days to renew,

groundwater takes on average 1,400 years (Sampat, 2000). The time for an aquifer to

renew depends on a number of factors, such as recharge to the system, natural and rnan-

made discharges and the hydrogeological properties. When groundwater is pumped, it is

potentially being removed from the system for many years (Sampat, 2000), depending on

the nature of the aquifers. Therefore, proper groundwater management is becoming an

issue at the forefront of water resources today. To manage these systems properly

requires in-depth knowledge of complicated hydrogeological areas. A report Our

Common Future (WCED" 1987) defined sustainable development as "development which

meets the needs of the present without compromising the ability of future generations to

meet their o\ ¡n needs". Overexploitation has negative consequences, such as increasing

water cost, environmental changes (e.g. salinity problems), reduction of existing water



sources, water salinization and deterioration of quality (Villarroya and Aldwell, 1998).

These issues are important to Manitobans, as southern Manitoba contains many aquifers,

with two regional-scale bedrock aquifers that are heavily developed. The "Carbonate

Aquifer" is a paleokarst aquifer that occurs in the upper 15 to 30 m of the outcropping

Paleozoic carbonate formations, where the rocks are highly fractured and very permeable

(Render, 1970). In southeastern and central Manitoba, the Carbonate Aquifer provides

water for municipal, industrial, rural residential, and agricultural uses (Betcher et al.,

1995). The total quantity of water pumped from the Carbonate Aquifer has varied from

lessthan0.0525m3/sto 0.525 m'/s110uto l0Tgallons/day)(Render, 1970). Thesecond

"sandstone Aquifer" is contained within the sandstone of the Winnipeg Formation, which

directly overlies the Precambrian basement. The Winnipeg Formation ranges from a

thickness of about 30 to 60 m in the south and to about 5 m in the north (Betcher et al.,

1995). The Sandstone Aquifer provides a source of domestic water to the southeast

region of the province and along the westem shore of Lake Winnipeg (Betcher et al.,

199s).

The Carbonate Aquifer contains saline (TDS > 50 g/L) waters in the southwest and south-

central Manitoba. The water quality is better towards the east and is associated wth a

physiographic depression (Betcher et a1., 1995). A transition zone between fresh and salt

water runs north-south approximately along the Red River (see Figure 1.1). The

transition zone is thought to be at equilibrium within this aquifer (Betcher et al., 1995).

The Sandstone Aquifer contains saline, brine and brackish waters throughout south-

central and southwestern regions. These waters extend into the western Interlake region



and go as far east as the outcrop zone, which is located south of Lake Winnipeg and east

of the city of Winnipeg (Betcher et al., 1995). The freshwater is therefore contained in

the southeastem areas, the eastern zone of the Interlake region and the northernmost

portions (Betcher et al., 1995). A transition zone between fresh and salt water is located

east of that in the Carbonate Aquifer. The transition zone is thought to move eastward at

arate of approximately 1 m/yr (Betcher et al., 1995).

The Carbonate and Sandstone Aquifers are investigated within this thesis to establish

sustainability of the overall system and examine movement of the salt water/fresh water

interface. A three-dimensional finite element model was constructed to evaluate both

flow and transport. The study region is shown in Figure 1.1 and is essentially the south-

eastern part of the province. The model consists of the region south to the U.S.A.-

Manitoba border, east to the Manitoba-Ontario border, north into the Interlake region and

west to the Manitoba Escarpment. The western boundary was chosen so that it was

within the saltwater portion to obtain reasonable boundary conditions. The model

consists of the two aquifers and surrounding confining units. The hydraulic conductivity

values are heterogeneous and other hydrogeological properties are considered

homogeneous within each unit. The model also accounted for variable density flow as a

result of the presence of salt water within the system. The final model is then used to

generate predictions in order to observe effects of different scenarios on the system. The

runs conducted for this thesis included: current sustainability; future sustainability;

effects of a pumping centre close to the salt water/fresh water interface; effect of a

drought; effect of a flood; and natural movement of the salt water/fresh water interface.



This thesis is divided into eight additional chapters. Chapter 2 contains a literature

review with all background information required for the remainder of the thesis. Chapter

3 covers the generation of a hydrostratigraphic model and the sources of geology that

were used to construct the model. The fourth chapter illustrates the compilation of data

required in the generation of the model. Chapter 5 contains the geostatistical analysis

that was conducted on the transmissivity data, which was then used in Chapter 6 to

generate heterogeneous fields for each unit using Bayesian Updating. Chapter 7 provides

a det¿iled overview of the model construction and comparison with field results. Chapter

I presents and discusses the results of the different runs that were examined using the

model. Chapter 9 is the last chapter in the thesis and is where conclusions and

summation remarks are given.
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Figure 1.1 - Map showing scope of study area.



CHAPTER 2

LITERATURE REVMW

2.1 Introduction

The aim of this chapter is to provide background information and hypotheses that will be

addressed in the remainder of the thesis. Section 2.2 describes the geology that is present

throughout the study area in Southern Manitoba. Section 2.3 provides an overview of the

Sandstone and Carbonate Aquifers that will be modeled in this research. Section 2.4

gives an overview of the modeling methodology that was followed in the construction of

the flow and transport model. Section 2.5 describes the hydrogeological properties that

are required and the theory behind estimation of properties that were not measured.

Section 2.6 presents the equations used to develop the mathematical and numerical

models. Sections 2.7 and 2.8 describe theory on geostatistics and interpolation

techniques that were used to assess the data and assign properties to the finite element

mesh.

2.2 Geology of Southern Manitoba

A stratigraphic column of the geologic formations that are present in southern Manitoba

are shown in Table 2.1. Precambrian rocks form the basement throughout the entire

study area. In the eastern and northern parts of the province, these Precambrian rocks

outcrop and form the uppermost bedrock. Towards the Southwest portion of the



province, the Precambrian rocks are overlain by a succession of Paleozoic rocks (See

Figure 2.1) (Betcher et al., 1995;Bezys and McCabe,1996).

Table 2.1 - Stratigraphic column of geological formations located in Southern Manitoba
(from Betcher et al., 1995).
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The basal

Formations.

overlying the Precambrian rocks are the Deadwood and Winnipeg

Deadwood Formation is only present in the extreme southwest corner

of the province and is outside of the study region. The Winnipeg Formation consists of

interbedded shales and sandstones (Betcher et al., 1995). The thickness changes

irregularly from its maximum of about 60 m in the south to zero at its northem limit

(Bezys and McCabe, 1996). McCabe (1978) divided the Formation into two subsections,

which he labeled the Lower Winnipeg and Upper Winnipeg. At the base of the Lower

Winnipeg, there is a single blanket-type sand deposit that is present throughout (McCabe,

1978). The distribution of sandstone and shale in both subsections is very irregular,

making it difiîcult to separate the unit into one sandstone layer and one shale layer. For

these reasons McCabe (1978) divided the Lower and Upper Winnipeg into facies (see

Figare 2.2). The sand distribution is not the same for both divisions but the regional

pattern is similar. A thick shale facies with only small amounts of sandstone is present in

the south. A transition facies is present towards the north, where at least two sandstone

contacts are observed. Continuing northward into the sand facies, the entire unit thins

and the sand content increases until the unit is composed entirely of sand. One

anomalous feature that is present in the Upper Winnipeg is the presence in the south of an

extensive sand body called the Carman Sand (see Figure 2 2b) (McCabe, 1978).

Persistent shale at the top of the Winnipeg Formation is present throughout the study area

providing a hydraulic boundary with overlying units (Betcher et al., 1995).

uruts
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The Red River Formation consists of dolostone and limestone rocks. This unit has been

subdivided into four smaller members. the Fort Gurry; Selkirk, CatHead; and Dog Head

members (McCabe, 1971). The Ordovician through Devonian aged rocks, including the

Stony Mountain, Stonewall, Interlake Group, Elk Point Group, Manitoba Group and

Saskatchewan Group Formations are also all composed primarily of limestone or

dolostone rocks (Bezys and McCabe, 1996). The Qu'Appelle Formation of the Devonian

Period and Bakken Formation of the Mississippian Period consist of different types of

shale (McCabe, I97l). The remaining Mississippian Period rocks are composed of

limestone or dolostone rocks and subcrop to the west (McCabe, l97l). The Jurassic

Period rocks are divided into four formations, the Waskada, Melita, Reston and

Amaranth. These formations consist primarily of shale with some limestone, dolostone

and glrpsum (McCabe, l97l). The remaining rocks are from the Cretaceous period and

Cenozoic Era and are primarily composed of shales with some minor exceptions. For

example the Swan River Formation also contains sand and sandstone (McCabe, 1971).

These rocks are only present in the extreme west of the study region and are considered

one unit.

A bedrock map is presented in Figure 2.3 showing the outcrop zones of the Precambrian,

Winnipeg Formation, Red River Formation, Stonewall and Stony Mountain Formations,

Interlake Group Formation, Elk Point Group Formation, Manitoba Group Formation and

the Jurassic Period rocks. Generally, the outcrop zones are such that younger rocks

outcrop to the west. However, the Jurassic Period rocks outcrop in an anomalous manner

with a tongue overlying the other formations towards the South.



2.3 llydrogeology of Southern Manitoba

2.3.1 Carbonate Aq uifer

The Carbonate Aquifer is a primary source of groundwater in Southern Manitoba. It is

used for industrial, rural residential, agricultural and irrigation purposes (Betcher et al.,

1995). The aquifer is located within the fractured, more permeable outcrop region of the

çarbonate rocks of the Red River, Stony Mountain, Stonewall, Interlake Group, Elk Point

Group, Manitoba Group and Saskatchewan Group Formations (Betcher et al., 1995;

McCabe et al., 1993). Potential causes of the fracturing are thought to be due to pre-

Pleistocene weathering of the carbonate rocks or due to stresses caused by Pleistocene

glaciation (McCabe et al., 1993). The zone of permeability is variable through the

outcrop zone and is thought to be located in the upper l5 and 30 m (Rendet,1970).

In the Carbonate Aquifer, there is salt water to the west and fresh water to the east. There

is a north-south trending transition zone, which approximately follows the Red fuver (see

Figure 1.1). Betcher et al. (1995) postulate that the transition zone is at natural

equilibrium and is not moving.

2.3.2 Sandstone Aquifer

The Sandstone Aquifer is located within the Winnipeg Formation. The Sandstone

Aquifer is not as heavily developed as the Carbonate Aquifer and is primarily used for

domestic purposes in southeastern Manitoba and along the western shore of Lake

lVinnipeg (Betcher et al., 1995). As previously stated, a shale layer is present over the

10



entire unit within the study area. This shale layer provides a hydraulic boundary between

the Sandstone and Carbonate Aquifers.

ln the Sandstone Aquifer there is also the presence of salt water to the west and fresh

water to the east. There is a north-south trending transition that is located to the east of

that in the Carbonate Aquifer. It is thought that this transition zone is moving eastwards

further into freshwater zone at about I mlyear (Betcher et al., 1995).

2.4 Modeling Methodology

This section describes the method that was followed to develop the three-dimensional

flow and transport model. Anderson and Woessner (1992) have suggested a protocol that

was followed in this research (see Figure 2.4). The first step was to establish a purpose,

which in this case was to examine the long-term sustainability of the Carbonate and

Sandstone Aquifers and the movement of the salt waterlfresh water transition zones.

Sustainability of groundwater systems for this thesis signified conditions in which the

level of water was not lowered significantly and water quality does not deteriorate.

Quality may deteriorate if development is such that the salt water/fresh water interface

moves towards the fresh water region. The desired model results are total head (h) to

monitor water levels and ion concentration (C) to investigate movement of

saltwater/freshwater transition zone.

The second step is the construction of the conceptual model. In this phase the real system

is conceptualized into an equivalent system that is capable of being modeled. It should

ll



be simplified enough to avoid excessive computational problems, yet complicated

enough to capture the essential features that affect flow and transport. This phase also

includes the collection and assimilation of all required data from field measurements and

observations. The geology is simplified into hydrostratigraphic units, which are "bodies

of rock with considerable lateral extent that compose a geologic framework for a

reasonably distinct hydrologic system" (Maxey, 1964). An aquifer unit represents one

that has a greater transmissivity than surrounding units and can transmit a quantity of

water that is economically useable, usually a well yield greater than 2xl0-5 mt/s lMaxey,

1964). An aquiclude or confining unit is defined as those units of low permeability that

bound the aquifer (Maxey, 1964). If an appreciable amount of water moves through the

confining bed, then it is called an aquitard (Maxey, 1964).

The next few steps involve the choice of mathematical and numerical models. The

mathematical model includes the governing equations for flow and transport and the

required constitutive relationships. The numerical model is the choice of numerical

method, for example finiæ element or finite difference approach, and the choice of code

that will be used. The chosen code must be "verified", ensuring that the goveming

equations of the numerical model have been implemented correctly. The model results

are compared against an analytical solution and is verified if the match is good. The

analytical solutions that are used for comparison are generally simplified problems, but

the goal of the numerical model is to solve complicated problems. Konikow and

Bredehoeft (1992) point out that even though the numerical code matches an analytical

t2



solution perfectly, there is no assurance that the model will continue to correctly solve the

equations for more complicated problems.

Once a numerical model has been chosen and verified, simulations can proceed. This

includes construction of a finite element mesh for the hydrostratigraphic units defined in

the conceptual model. Hydrogeological properties, or ranges of each property, are

assigned based on the collected data (measurements). Boundary conditions for both flow

and transport must be assigned to all boundaries of the model. Three types of boundary

conditions are available. Type I or Dirichlet boundary conditions are specified dependent

variable boundaries (Anderson and Woessner, 1992). For flow this would be specified

head (h) and for solute transport this would be specified concentration (C). An example

of where this type of boundary condition would be used would be for a lake where the

water level and therefore hydraulic head is known. Type II or Neuman boundary

conditions are specified first derivatives of the dependent variable e%- for flow and'/oxt

ôCA- for solute transport) (Anderson and Woessner, 1995). This type of boundary
/ ox,

condition may be used to represent a no flow boundary such as a gtoundwater divide or

impermeable boundary, or if the magnitude of the flux is known at some point. Type III

or Cauchy boundary conditions are a mixture of the first two types (Anderson and

Woessner, 1995). An example of where this type of boundary condition would be used is

for seepage faces where the flux rate is dependent on the value of the head.

The determination of the combination of hydrogeological properties and boundary

conditions that provide model results matching field observations will be termed the

l3



"calibration" phase. Konikow and Bredehoeft (1992) state that even when a good f,rt is

obtained between model results and observations, the model is not necessarily valid. In

other words, the model has been shown to simulate one scenario, but may not predict

future changes correctly. Prior to calibrating the model, calibration criteria must be

specified, that once met, the model is said to be calibrated. Examples of calibration

criteria are accepted intervals around observations and error across the region.

Once the model is calibrated, it may be difficult to ascertain whether the correct

combination of model parameters has been found. This is related to solution and

geologic uniqueness, which is diff,rcult to establish (Woodbury,1987). Therefore, model

"validation' or "history match" is conducted, in which the "calibrated" model is checked

against a second set of data (current observation in this research) collected hopefully

under different "stress" conditions. Stress conditions in this thesis signifl, pumping wells

or other development schemes that are placed on the groundwater system. If the

calibrated model results of this new simulation match this second (independent) dataset,

then the model is deemed validated. If not, the calibration phase must be revisited until

validation is successful. As Konikow and Bredehoeft (1992) pointed out, even though

the term validation is used for this phase, it does not necessarily indicate that the model is

"valid". The validation phase, however, gives more confidence in the final model. A

rule of thumb, is that the f,rnal model can be used to make future predictions within a

period of time that was used for history matching.
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The final step of the protocol is the postaudit. This step is done at some point in the

future to determine whether the predicted model results are accvrately simulating what is

occurring within the field. Due to practically constraints, this portion of the protocol will

not be conducted for this research.

2.5 Hydrogeological Properties

Hydrogeological properties are required for each hydrostratigraphic unit in the numerical

model. Transmissivity (T) is defined as the ability of an aquifer to transmit water through

its entire thickness. Storativity (S) is defined as the volume of water released from

storage per unit surface area ofaquifer due to a unit decline in hydraulic head (Freeze and

Cherry, 1979). Both transmissivity and storativity can be determined through pump tests,

slug tests or drill stem tests (Domenico and Schwartz, 1990). A pump test involves

removing water from the aquifer at a constant flow rate and monitoring the changes in

water level within the aquifer at one or more observation well and can be analyzed by

several methods, including Theis and Cooper-Jacob methods (see Domenico and

Schwartz, 1990). These methods include different assumptions such as the aquifer is of

infinite areal extent, that the pumping well fully penetrates the aquifer, that water is

released instantaneously due to a decline in head, and that the soil medium is

homogeneous and isotropic (Domenico and Schwartz,1990). Due to the variability and

complexity of geological systems, these assumptions may not be satisfied. The numerous

assumptions involved in analyzing pump tests may cause the values of transmissivity to

be in error by up to an order of magnitude (Freeze and Cherry, t979).
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The aforementioned types of analyses of pump tests require the presence of at least one

observation well other than the pumping well. Due to economics, it is quite common for

practitioners to pump water from one well and rnonitor the changes in water level within

this same well. ln the vicinity of the well, the flow may be turbulent and adds to

nonlinearities in the drawdown around the well. When calculating transmissivity, this

invalidates assumptions in the analysis and increases inaccuracy. This test type will be

referred to as a "single-well drawdown test" for the remainder of this thesis. A pump test

with at least one observation well other than the pumping well will be referred to as a

"multiple-well drawdown test". Transmissivity can also be estimated from specific

capacity, which is defined as the flow (Q) per unit drawdown (s). This estimation

method assumes that the pumping well is 100% efficient, in other words that there is no

well loss (Domenico and Schwartz, 1990). The transmissivity can be estimated by

solving the following equation:

0
-=,s

41TT (z.r)
n*-0 5772

'Where r* is the radius of the well and t is the time of the test. As the well loss is assumed

to be zero in this approximation (well loss is unavoidable) the resulting transmissivity

value is underestimated (Domenico and Schwartz,1990).

Transmissivity values in the Carbonate Aquifer are reported to range from about zero in a

select few wells to over 0.139 mtls itr other areas (Betcher et al., 1995). For the

Sandstone Aquifer, transmissivity values in the eastern Interlake and southeastern area of
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Manitoba were reported to range between 5.2 x i0-5 m2ls to 3-6 x 10-2

te86).

mtls qBetcher,

Storativity can also be estimated using the first principle equation:

g : gb(a +np*) (z.z)

trVhere p is the density of the fluid, g is the gravitational constant, b is the saturated

thickness of the medium, n is the porosity of the soil medium, a is the compressibility of

the aquifer medium and B* is the compressibility of water. The gravitational constant is

9.81 m/s2 and compressibility of water at25"C is equal to 4.8x10-ro Pa-t lDo*enico and

Schwartz, 1990). Compressibility of fissured rock ranges between 6.9x10-r0 and

3.3x10-i0 Pa-l and that of sound rock is iess than 3.3x10-10 Pa-l (Domenico and Schwartz,

1990). The water density varies due to changes in ion concentrations across the region.

The resulting uncertiain factors are p, cr, b and n as these vary spatially over the study

region. For the Carbonate Aquifer, Render (1970) reported that the storativity ranges

between 1x106 and lxl0-3.

To model the solute transport equation, estimates or measurements of dispersion are

required. The hydrodynamic dispersion tensor, D, is a function of longitudinal and

transverse dispersivity (Bear, 1972),

4,s,D =(a, -".)Tga +arlql6, +a"s*rDoã, Q.s)

Where cr,r and cr1 âre longitudinal and transverse dispersivities, lq lir the magnitude of

the Darcy fl* q, ô¡ is the kronecker delta function, r is the tortuosity, S* is the water
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saturation, 0. is the saturated volumetric water content (= n) and D¿ is the diffirsion

coefficient.

A method of determining the dispersivities for equation 2.3 is required. Gelhar and

Axness (1983) presented a method of estimating both the longitudinal and transverse

dispersivity. Longitudinal asymptotic macrodispersivity, cr,¡, is a function of asl'rnptotic

longitudinal dispersivity (result of heterogeneous hydraulic conductivity) A¡, pore-scale

dispersivity, &Lp, and finally due to bulk diffusion. The equation to determine the

longitudinal dispersivity is:

dL=At*ou*'o
vt,

At=
2a

O 'lLe

(2.¿)

Where:

v"

Where o2 is the variance of parameter Y (Y:lnK), I" is the integral scale from an

assumed exponential covariance model (as will be presented later in this chapter), y¡ is a

flow factor (assumed equal to 1.0) and v¡ is the linear groundwater velocity. Equation

2.4 assumes that flow is unidirectional. A similar equation can be used to calculate the

transverse dispersivity.

D.
dr=ürp+ u

vL
(z.s)

'Where orp is the pore-scale transverse dispersivity. This equation assumes that the

heterogeneous nature of the hydraulic conductivity does not affect the transverse

dispersivity. The transverse dispersiviry can also be estimated as one to fwo orders of
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magnitude lower than crr (Gelhar et al., 1992). In three-dimensions, the vertical

dispersivity is also required and can be assumed another order of magnitude lower than at

(Gelhar et al., 1992).

Neuman (i990) and Gelhar et al. (1992) investigated dispersivity as a function of scale.

Scale being the disúance that the plume has traveled from the source of initial

contamination. Both studies investigated data from many research projects and showed

that dispersivity increased with increasing scale. The data from Gelhar et al. (1992) were

used to plot longitudinal and transverse dispersivity as a function of scale (see Figure

2.5). Neuman (1990) investigated both unconditioned (based on a Fickian interpretation)

and conditioned (based on calibration of a numerical model) values of dispersivity. It

was found that conditioned dispersivity values were lower than unconditioned values at

all scales. Neuman (i990) stated that the lower conditioned dispersivity values were a

reflection of increased information on the heterogeneous nature of the hydraulic

conductivity.

2.6 Mathematical/flumerical Model

2.6.1 Gov erning Equations a nd Nu merical Solution

In order to create a model of the flow and solute transport, a mathematical and numerical

model was required. The chosen numerical model for this research was the finite element

code, FRAC3DVS, which is three-dimensional, allows for saturated and unsaturated

flow, heterogeneous hydraulic conductivity and transport in a variable density field. The

development and verification of this code is presented in Therrien and Sudicþ (1996). A

19



summary of the governing equations and methods used to develop FRAC3DVS is

presented in this section. For the purposes of this research, FRAC3DVS was modified by

Therrien to account for variable density flow and transport using the methodology

presented by Frind (1982).

For flow, it was assumed that the fluid is incompressible, isothermal conditions are

present and that the air phase is infînitely mobile. The governing equation for three-

dimensional transient flow as presented by Bear (1972) is.

*to'q)tw=-s' ôP

âx" g õt

q:-k*'k({-. *r)
lt¡ \dx )

(z.e)

'Where P is the pressure, x is the spatial coordinate, w represents the sources and sinks in

the system and S. is the specific storage (:S/b). The flu can be determined from the

Darcy equation (Bear, 1972).

(z.t\

'Where k.* is the relative permeability, k is the intrinsic permeability tensor, p¡ is the

dynamic viscosity and q is a vector if equal to 1 indicates the vertical direction and 0

represents the horizontal direction. The hydraulic head is the sum of pressure head (y)

and elevation head (z).

lt=V/+z=P +z (z.s)
pg

As density changes within the system due to concentration variations, the equivalent

freshwater head, hr, canbe expressed as:
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P
I¡ - 

- 

-! -"'- po.g

V/here p6 is the reference density (freshwater: 1000 kgl*').

expressed in terms of head as follows.

C
(.* m3x

\= -k* (z.ro)

Where:

K_ kpog (z.r r)

and

(z.rz)

The tensor K is the saturated hydraulic conductivity and p. is the relative density.

An equation of state representing the relationship between fluid density and concentration

was required. In this case, the following linear relationship between relative

concentration and density was used, which was satisfactory for isothermal conditions and

dilute solutions.

g= PoT+y,c,) (z.ts)

Where

"(Y+p.q.l[dx )

(z.g)

The Darcy flux can then be

(z.r+)

F¡

P,: P -l
Po

./ - Pr"* 
-1/r- p

and
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Equation 2.13 states that at a relative concentration (C') equal to 0, the density will be

equal to the freshwater density and if the relat:re concentration equals 1, then the density

will equal maximum density. Equations 2.12 and 2.13 can be combined to give the

following equation.

P, = T,C, (zm)

Equation 2.16 canbe substituted back into equation 2.10 to give an equation for flux that

is dependent on relative concentration rather than density.

q=-k* 
"(**r,.c,q)

(z.n)

The original groundwater flow equation (equation 2.6) can also be re-written in tenns of

freshwater head and relative concentration.

llo* "(y*re.nll 
rw=s"+ (z.rr)

ôrL - [ ô* ")] ôt

The level of saturation and relative permeability is dependent on head and FRAC3DVS

used the relationships developed by van Genuchten (1980) and Mualern (1976).

s. =''';9=[-- L --]" e.rt)" 1 - S, lt+ça, .h,)ut I

o-- r!l'-('- '/'') ) Q.zo)

lVhere crr, nr and m¡ are fitting parameters, S" is the effective saturation (scales saturation

between 0 and 1), S, is the residual water saturation and tu is the capillary head. From

these relationships, the saturation øn be determined at any capillary head and the relative

permeability can be determined for any saturation.
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The solute transport equation in three-dimensional transport is as follows (Bear, 1972).

Where R is a retardation factor and À is the f,rrst-order decay constant. This equation

assurnes that the fluid is incompressible. The retardation factor is given by (Freeze and

Cherry, 1979).

e"s-R++ q+-!( r,r,,"+ì + 0,s*RtrC, = 0 (z.zr)
ol ox dx\ ox )

R:l+ Pb K,
45, u

(z.zz)

Where p6 is the bulk density of the aquifer medium and K¿ is the equilibrium distribution

coefficient.

The flow and transport equations in FRAC3DVS were solved using a Galerkin finite-

element approach (e.g. Huyakorn and Pinder, 1983). The equations were coupled

through the relative concentration and velocity to account for changes in density. For

each time step, the concentration from the previous time step was initially assumed. The

heads at each node were then solved using the assumed concentrations. The velocities

for each element were calculated and the distribution of concentrations was calculated.

The heads were then re-calculated with the new concentrations and this iterative

procedure was repeated. FRAC3DVS used the Picard iteration for this coupling. The

large system of equations was solved using a pre-conditioned ORTHOMIN solver. This

solver had been shown to be both eff,rcient and robust (Behie and Forsyth, 1984). The

time derivative was solved using a variable time-stepping procedure similar to that

outlined by Forsyth and Sammon (1986) and Kropinski (1990). This method allowed for
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increasing time steps when no drastic changes in head or concentration were occurring.

Unfortunately, the code does not solve a steady state problem directly.

2.7 Geostatistics

2.7 .l Ergodicity, Stationarity and the Intrinsic Assu mption

To completely assign parameters in a deterministic manner would require extensive

testing which is generally not economically or technically feasible. Therefore, recent

transport theories take the viewpoint that hydrogeological parameters can be represented

as random processes. For example, assume Y(x) : log(T(x)) and a stochastic process

signifies every possible record with spatial coordinates x. The collection of all of these

records is an ensemble (see Figure 2.6) with an expected value, E[Y] : pv. In

hydrogeology, we only have one "realization" of the stochastic process, as it is

deterministic. Therefore, it is not possible to calculate the ensemble average. Therefore,

in hydrogeological applications we have to assume the ergodic hypothesis, which is that

the spatial average of the single realization is equal to the ensemble average (Gelhar,

1ee3).

A second assumption of stationarity is often also made. A stationary process is one that

states that all moments are invanant under shifts of origin of data. In other words, a

variable is stationary if the mean, variance, etc. calculated at one point in the realization

is the same as that calculated at another. What is generally assumed is a second-order

stationary process, having the following properties (Gelhar, 1993).

slv(*)l= p
Cov(x)= Cov(x, - xr)
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where x: Xr - x2 for ân! x1 ând x2, E[Y(x)] is the expected value of Y(x) and Cov and p

are covariance and constant mean.

Another common assumption is the 'intrinsic hypothesis', which refers to the variogram

(as will be discussed later in this chapter). If the semi-variance is only a function of

separation distance, s¿, âûd not on the location, x, then the process satisfies the intrinsic

hypothesis (Gelhar, 1993).

2.7 .2 Distribution Type

In the Bayesian Updating method that will be discussed later in this chapter, it is assumed

that the data (or transform of the data) follows a Gaussian distribution. In the literature, it

has been reported that the transmissivity (or equivalently hydraulic conductivity) (Freeze

and Cherry, T979) and storativity (Hoeksema and Kitanidis, 1985) generally follow a

natural log-normal distribution. Therefore, methods of testing whether a dataset or

transform of dataset follow a norrnal distribution are required. Two different methods are

presented here: the Chi Square Test and the Normal Scores Plot test.

The Chi Square Test assumes a null hypothesis that there is no difference between the

dataset and the proposed (normal) distribution (Scheaffer and McClave, 1995). Critical

chi square, X"nt2, values are obtained from tables for particular significance levels and

degrees of freedom (DOF) (for example see Scheaffer and McClave, 1995). Chi square,

12, values are calculated from the dataset and compared against 1"r,t2.
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z'=f9-ü Q-z+)

where O and E represent the observed and expected values, respectively and N is the total

number of data. If X' . X".,t2 then the null hypothesis is not rejected and it can be

assumed thatthe dataset follows the tested distribution atthe chosen significance level.

The Normal Scores Plot test is a graphical method and is based on the fact that if the data,

Y, is normally distributed with mean, p, and standard deviation, o, then the normal score,

Z, is defined as (Scheaffer and McClave, 1995):

Z_ Y-p
(z.zs)

With the assumption of Y being normal, Z :çrrll follow the standard normal distribution.

To check a dataset by this method, the first step is to arrange the data, y;, in ascending

order. Percentiles can be calculated for each ]; and the corresponding standard normal

percentile (z¡) can be determined A plot of y; versus z; should be approximately a straight

line if the dataset does indeed follow a normal distribution. Also, the intercept of the line

should be close to the mean of the data and the slope of the line should be approximately

the same as the standard deviation of the data.

2.l.3Yariogram

A variogram is a plot of the semi-variance (y) versus separation distance (h¿). The semi-

variance is related to how the function is co-related spatially. It is expected that atsmall

separation distances, the semi-variance will be low due to similarity of values, As

separation distance increases the semi-vanancæ will increase due to larger variability.
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An ideal semi-variance estimator should be both robust (not signiñcantly affected by lack

of conformance with underlying assumptions) and resistant (not severely affected by

small changes in data). Matheron (1962) developed the "classical semi-variance

estimator", which is the arithmetic mean of the squared differences between data values.

y 
"(no) = fr",þ'[r(", )- y (x, + h)f 2 (z.ze)

where Ìr(hr) is the estimated semi-variance as a function of lag distance, h¿, calculated

from the Classical Estimator, N(hd) is the number of data pairs separated by lu, y is the

variable under interest and x¡ are the spatial coordinates. The Classical Estimator has

been found to have stability problems especially at larger lag distances and is mainly

caused by the decreasing number of data pairs in the semi-variance calculation with

íncreasing lag distance (Woodbury and Sudicþ, 1991). The precision is also affected by

the total number of datavalues (N), the degree of autocorrelation, the variance of the data

(o2¡, the underlying probability distribution function (pdÐ and the presence of outliers (Li

andLake,1994).

Li and Lake (1994) proposed a new semi-variance estimator in order to overcome the

instability problems of the Classical Estimator. They defined a new semi-variance y¡(h¿)

by taking a d-lù moment of the original semi-variance definition, resulting in the

following equation.

rn(ho):o+- l3'"r{rvt
)o€o'd€'
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This new definition could be described as a weighted average with €ot /,, as the

/ ),€o'a€

weights with d as the dimension (Li and Lake, 1994). Li and Lake (1994) derived an

estimator of this new semi-variance definition, which will be referred to in this thesis as

the Moving Window Estimator.

Ì *Q,) : *Z{+,Ðl:Y G,)-,(", )l'} Q.zt)

Where y*(ho) is tfre estimate of the Moving Window semi-variance, N is the total

number of data in the entire database, D;,¡¿ is the index set of data in a moving window,

Â¡,1 (size h¿ centered on i), excluding x;, and m¿ is the number of data in Di.na. Figare 2.7

shows two examples of windows that can be used in this method. The square window is

for an isotropic estimate and the strip window is for an anisotropic estimate. The Moving

IVindow Estimator uses data points within the rnoving window and averages the results

over the entire dataset. The advantages of this estimator is that equation 2.28 relies on

the total number of data in the set, \ not only on the number of data at distance fu,

N(lh)- As all points are used in calculation at every lag distance the Moving V/indow

Estimator is more resistant to outliers and more robust than the Classical Estimator (Li

andLake,1994).

The variogram contains semi-variance values at all lag distances available in the

database. However, problems arise when a semi-variance value is required at a lag

distance not contained within the database. Therefore, a function describing the semi-

variance at alllag distances was required. There are several standard equations that can
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be used to model the semi-variance (e.g. Kitanidis 1996). The sill (oy2) is the semi-

variance at which the variogram levels off, the rcnge (a) is the distance at which the semi-

variance is 0.95 of the sill (see Figure 2.8) (Kitanidis, 1996). If there is an observed

discontinuity at the origin, this is termed the nugget effect (C6). This nugget effect is

caused by variations in data at scales less than smallest measured lag distance (Journel

and Huijbregts, 1978). If the measurements were such that at the smallest lag distance

there is zero variability then there will be no observed nugget effect (i.e. C6:0). Three

models that account for presence of a sill are the spherical model, exponential model and

the Gaussian model (see Figure 2.9) (Kitanidis, 1996). The covariance function, (C(tu)),

can be calculated from semi-variance using the equation C(h¿):C(0) - y(h¿), where C(0)

is the covariance at zero lag distance, which is equal to oy2.

The equations of semi-variance and covariance at lag distance, h¿, for the spherical

model, are:

3ho thi 0<ho<a
y(h,)= c, F - dØ,)l* @? - c o)

2a3

cØ)= co .õ(hd)* oî - co + þ, - o?).

(z.zg)

0<ho<a

ho>a

The equations for the Gaussian model are:

2a

ho)a

fgno tho'

1"-' "lr
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r(ho)= co .F - â(n,)l* Gt -", ) 
[' 

- *r[- ç))
(z.so)

c(hr) = c o6(ho) * o? - co * (co

Where L is the length parameter and the range (a) is approximately 7.L14 for this model.

The equations for the exponential model are:

y(n,)= oi -(oî
(z.sr)

c (h,) : c o6(h r) + ('? - r,) *{- ?)

-c,) *r(-î)

Where À" is the integral scale and is equal to approximately al3 for the exponential

model. The exponential model tends to be most widely accepted in hydrogeological

applications (e.g. Sudicþ, 1986; Gelhar, 1993, Woodbury and sudicþ,L99|;Hoeksema

and Kitanidis, 1985).

Another concept presented in the literature is that of fractal dimension (e.g. Fetter, 1993).

This is the idea that the pattern of semi-variance is repeated at different scales, a properry

known as selÊsimilarity. Therefore, the variations in semi-variance at one scale (e.g.

pore scale) may be observed at another (e.g. geologic formation scale) (Fetter, 1993).

In some cases, variograms will not be well represented by any of the aforementioned

models and may be a result of a nested structure. A nested structure is the superposition

of two or more variograms, each expressing variability due to different scales (Joumel

and Huijbregts, 1978). Figure 2.10 shows an example of a nested structure with three
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different models. The first model is a pure nugget effect (y¡), which is represented by a

straight horizontal line. The second model is a spherical model (yr) with a sill of 0.g and

a range of 100. The third model is also a spherical model (y2) with a sill of 1.4 and a

range of 150. The final nested model is the sum of these three individual models.

rØ,)=c.+Gt-,,){i?:{rl:':,-,,}*Gi-",1{}?;{?)l:o:,-",}

(z.sz\

c(nr)= o3 -C, * (C,

+coa(tzo)

I,

The variogram is said to be anisotropic if the semi-variance relationship is not the same

in every spatial direction. Variograms in different directions can be constructed and

modeled using any of the aforementioned models. Within a variogram that exhibits a

nested structure, the individual models that compose the model may demonstrate their

own anisotropy (Journel and Huijbregts, 1978). This means that one of the individual

models may be isotropic while another may exhibit anisotropy.

2.7 .3.1 Akaike InformatÍon Criterion

In order to determine the best variogram model, a testing criterion is required. The

Akaike Information Criterion (AIC), considers both the fit of the model to the variogram

and the number of parameters required in the model (Hoeksema and Kitanidis, 19g5).

The AIC is calculated from the following equation.

hd

al

3

2-"t,{ +( 

^': 
::' "'Ì * G? - "Ð 

{iz :{?)': :':,' 
"'l
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AIC =2.(Lr" *k^,r) (z.rs)

where kalg is the number of parameters used in a model and Lals is the negative log

likelihood function defined as (Hoeksema and Kitanidis, l9g5).

L.*c =o.s'þrn(z r)+ Nh(o')* z') Q.t+)

The model of the variogram that results in the minimum value of AIC is the optimal fit

between number of parameters and goodness of fit to the experimental variogram.

2.8 Interpolation Techniques

In order to generate heterogeneous fields from a limited amount of data, an interpolation

method is required. A problem of this nature can be stated such that given N

measurements of y at locatioils X1, x2,..., xn, estimate the values of y at the m other

desired x1 locations. The forward model can be represented by.

d=Gm
^rrl 

Nmtml
(z.rs)

where d is a data vector [N x 1] containing measurements of y, m is a vector [m x l] with

model parameters (the interpolated values) and G is a data kemel [N * m], which

transfers between data space and model space. If the number of measurements (N) is

greater than the number of interpolated points (m), then the problem is stated to be well

posed and can be solved directly. If N << m, then the problem is underdetermined and a

linear interpolation method can be used to solve the problem. This section describes two

interpolation methods, krigrng and Bayesian Updating.
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2.8.1 Kriging

Krigrng is a 'best linear unbiased estimation' (BLLIE) method and is a non-parametric;

i-e. minimum variance model (Kitanidis, 1997). This method uses a linear combination

Elyo(*o)-y(*o)J= f ,r,",, -s,,, = [år, -t)",, 
: o

of the measurements of y (x1 to x¡¡), to estimate the value, î,"(*o), at an unmeasured

location, xo.

îo(*o )=\t,y(*,¡
i=l

(z.so)

IVhere 11 âre the interpolations weights and are determined through the kriging method.

The estimation error that exists between î,.(rn)and the actual value of y0(x0) can be

determined using the following equation.

îo('o)-y(*, )=it,r1*,)-y(*o ) (z.tt)
t=l

On average, the estimation error must be zero.

(z.sr)

'Where s- is the numerical value of the mean, which is unknown. The above equation is

solved such that every possible mean can be satisfied, maintaining the unbiasedness.

This results in a constraint equation, which is not a function of s-, but only of the

interpolation weights.

^¡
ZA, =t e.st)
l=l

To determine the interpolation weights, the mean square estimation error is set to a

minimum, resulting in the following objective function.
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ð[þo(*,)-y(*,),]: -ËË þ,t,r(1*,-.,il)* (2.+t)
i=t j=

N

zl.e",y\lx, - *,ll)
j=l

The above formulation reduces the problem to a constrained optimization problem. It is

desired to determine the interpolation weights, )q,?"2,...,À¡1, that minimize the objective

function while satisfying the constraint equation. This is a problem that can be solved

using Lagrange multipliers, which is a standard optimization method. A linear krigrng

system of N+1 equations with N+1 unknowns is established.

(2.+t)

Subject to:

where v¡ is Lagrange multiplier.

The advantage of this method is that it is possible to interpolate to an infinite number of

points from a limited dataset of measurements. Generally krigng incorporates hard data,

meaning exact measurements. In newer types of kriging this condition can be relaxed. In

traditional krigrng, soft data in form of uncertain data, upper and lower bounds and

probability distribution functions are not incorporated. A disadvantage of this method is

that the variogram structure needs to be well specified to get meaningful results as the

correlation is used to determine the interpolations weights. If the variogram has a lot of

scatter and a variogram model is approxirnated, this model directly affects the quality of

-L^,r[V, - *rlù* vr = -yi4lx,-.,ll)
j=r

Ltr, =t
j=1
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interpolations. Obtaining a well specified variogram may not be possible to obtain if the

onglnal dataset is not large enough.

2.8.2 ßayesian Updati ng

Bayesian Updating is based on Bayes' Theorem, which quantifies how a prior pdf

changes on the basis of measurements (e.g. Press, 1939). The Bayesian Updating theory

is presented in several texts and journals (Bryson and Ho, 1969; Sivia, 1996; Woodbury,

1989; and Ulrych et a1.,2001). Bayes'theorem is as follows:

(z.qz)

Where 1 refers to the information available to an observer. This is a very powerful

equation in that it relates a likelihood tunction (ptd*l m,1l) and a prior pdf (p[ml4),

which can be determined or estimated, to a posterior conditional probability qp¡nla*4),

which is the pdf of interest (Sivia, 1996).

If it is assumed that the forward model is linear equation 2.35 becomes:

d*=Gm+v (2.+t)

where G is a kernel that transforms from datato model space and consists of 1's and 0's

and v is a vector of noise values (Woodbury and LJlrych, 2000). One could invert this

system directly, but some method of determining the best solution from an infinite

number of possible solutions is required. The Bayesian Updating approach is to choose

the model that is closest to some pre-conceived notion (Woodbury and tllrych, 2000),
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Assume the following statistics for model m.

ø[m]= 5

(z.dt)
u[(* - s{- - s) ''f: c.

where s is the prior unconditional mean, C- is the covariance matrix representing the

correlation structure of the model parameters and Irepresents the transpose.

Assume the following statistics for the noise in the data, v.

t(v):o
(2.+s)

z(rv')=co

Where C¿ is the covariance matrix for the data and typically consists of o¿2 (the

uncertainfy in form of the variance of data) on the diagonal.

Assume that the measurement errors and prior distribution follow a normal distribution.

p[o *þ,¡] =((ro)"l. ollø ".0[- jto.-G-).c,-,(d.-*-)] e.+a)

p[.]¡l= (Q,y'1.,,11, *ol-*ø-r).c.,-'(.-.)] (2.+t)

Tarantola (1987) showed the important result that the product of two Gaussian pdfs is

also a Gaussian pdf. Therefore, substituting equations 2.46 and 2.47 into Bayes'

Theorem, equation 2.42, g¡ves:

r[-lon,r]= ((r"yl.,ll, ""rl-16-(-)Ici h -(-))] (2.+t)
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Where Co is covariance of the posterior pdf and <m> is the vector of conditional

expected values.

Tarantola (1987) derived the first two unconditional moments of this equation.

(-) : s + c,,Gt(G c,,G' + c, f' (o * -Gr) (z.ns)

(z.so)c, = C,,- c,,Gt (G c,,G' + c, f 'GC",

In the formulation of the Bayesian Updating method, knowledge of the correlation

structure (C-) is required. This information may not be known and some assumptions

may be necessary. In this formulation, it will be assumed for now that the correlation

structure (C-) is exponential (equation 2.3I).

To interpolate using the Bayesian Updating methodology, the parameters of C- (L, oy2,

and C6), s and o¿ âre required. If any of these parameters are not known, then they are

called "hyperparameters" and are marginalized out of the solution. Looking at the

expected value of <m>.

(*)= Ip(-lo*,¡þ¿". (z.sr)

(*) = J J 
p('o1¿., r, u þ(uþdudm (z.sz\

Consider the set of hyperparameters, u : (1", C6, s, o¿).

: 
[, 
e"LIo(. la 

*, r, u þ a* 
]a'

Where p(u) is the prior probability for hyperparameter set u. The term in the square

bracket is equal to equation 2.49 andtherefore becomes:

ntu
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(*) = Jþ + c,,c''(cc",c'' * ojrl'(o . -cs)þ("þ, (z.sr)

Analogously, the following equation for Cn can be obtained.

co = Iþ- -c",c'(GC ,,G' *.!l}'cc",þ(uÞu (z.s+)
It

The integrals in equation 2.53 and 2.54 can be solved using a numerical integration

technique such as Monte carlo Sampling or Latin Hypercube sampling.

2.8.2.1 Prior Proba bilities fo r Hyperparameters

A prior probability, p(u) is required for each hyperparameter and is assigned based on the

information available for each parameter. In this section, several different methods for

determining prior probabilities will be illustrated.

2.8.2.1.1Scaling Parameter with no Knowledge

For a scaling parameter, in which no knowledge is available it is desired to choose a prior

that will not inject a bias towards this unknown information. Suppose we have a scaling

parameter, such as the standard deviation o, and have no other knowledge except that it

varies between zero and infinity (Woodbury and Ulrych, 2000). If a uniform prior is

chosen, then diff,rculties arise in carrying out the required transformations. In these cases,

it is generally considered to be a reasonable choice to use the following equation (Sivia,

1e96).

p(o)* L

o
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This is known as Jeffrey's prior and does not exhibit the same problems with

transformations as the uniform pdf. However, it is not normalized such that the sum of

possible probabilities will sum to 1. For use within the Bayesian Reasoning, the posterior

pdf can be normalized (Sivia, 1996).

2.8.2.1.2 Specified Upper and Lower Bounds and Mean

For this type of information, a method called minimum relative entropy (Nß.8) can be

used. The roots of this method lie in probability theory and was origrnally developed by

Shore (1981). Assume that we have a system of possible states, with x being one state.

AIso, assume that the multivariate pdf of x, q(x), exists but is not known (Woodbury and

Ulrych, 1998). The pdf is normalized:

Jø(*Þ'= r

Other information is also available in terms of expected value constraints.

lø(*)f,(*þ*= ¡, Q.st)

where {(x) and f¡ are known (for example, from data) (woodbury and Ulrych, lgg3).

The problem at hand is to determine an estimate of q(x), which will be labeled ,i(x),

based on the provided information. The solution is to minimize the relative entropy of

4G) relative to a prior estimate, p(x), H(q,p), subject to the constraint equations 2.56

and2.57. The equation for relative entropy is as follows:

(z.sr)

Woodbury and Ulrych (1993) present the formulation of this method and show that the

posterior estimate ,f(x) has the fotlowing form.

(z.so)
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(z.sr)

ly'here pr¡ and À¡ are Lagrange multipliers that must be determined.

The MRE method can be used to estimate appropriate prior pdfs that can be used in

assigning prior probabilities for hyperparameters in which lower and upper bounds are

known. The development of this theory is covered in Woodbury and Ulrych (1993),

Woodbury and Ulrych (1996) and Woodbury and Ulrych (1998), but will be summarized

here. A few assumptions are required, the first being that it is assumed that the model has

a finite number of parameters. Each of the model parameters can be assumed to be

represented by a random variable, in which the expected value of the pdf is the "true"

model value. MRE can be used to generate a "prior" pdf for use in Bayesian Updating

methodology (actually the posterior pdf in MRE) given a prior pdf and subject to the

constraints. In most hydrogeological applications, it can be safely assumed that databases

are such that reasonable lower (LB) and upper (UB) bounds of each parameter can be

ascertained. This implies that the base level of knowledge is a joint boxcar pdf.

øG) = ot.Þo[- r- ltL -Z 
^, 

t,@f

å(m)= s otherwise

The relative entropy in this case can be defined analogous to equation 2.58.

å(m)= I LB<m<uB
UB-LB

H(p,b)=Jr(,')r't#

(z.oo)

(z.er)

or postulation, becomes

It is assumed that s is the

dm

Suppose that new information, such as new measurements

available in terms of a"îevy''prior estimate, denoted here as s.
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expected value of p(m) such that

boxcar pdfsubject to constraint pn.

pdl

it has minimum relative entropy relative to a prior

If LB is equal to 0, then this results in the following

p(*)= ll - p,,
exp(- þ,,*,) Q.ez)

}=* "*p(- 
p,,-uB)-r

where Bo are Lagrange multipliers, which are determined from the bounds. The

properties of this pdf are that it is independent, as no unknown information has been

injected into the posterior pdf, and the distribution is not symmetric.

The MRE method can be carried further to not only generate prior pdfs for other

interpolation methods, but can be used itself to solve inverse problerns. MRE has been

used to reconstruct source release history of a contaminant release (Woodbury and

Ulrych, 1996; Woodbury et al., 1998) and to determine past ground surface temperatures

from borehole temperatures (Kennedy et a1.,2000).

2.8.2.1.3 Specified Mean and Variance

For a specific variable in which the mean, s,rr, and variance, ot, ar" known, the maximum

entropy principle can be applied (Woodbury and Ulrych, 2000). The result is that the

prior distribution is Gaussian (Bretthorst, 1988; Kapur, 1939).

p(r1o,r,,,1):+ ( (*-'' I'l
v ,oæ "*ol-- '*-'r- )

(z.oz)
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2.9 Sampling Methods

In order to solve the integrals in the Bayesian Updating method Equations 2.53 and2.54,

a numerical integration routine is required. A method such as Monte Carlo with random

sampling or with Latin Hypercube sampling may be used.

The Monte Carlo method consists of using a random number generator to provide a

random value of the pdt p(u) in this case. The value of <m> and Co are evaluated from

equations 2.53 and 2.54 using this random value of p(u). A new value of p(u) is

generated and <m> and Co are once again evaluated. This iterative process is repeated

until a satisfactory number of <m> and Co have been generated, to achieve the desired

precision. As the posterior pdf of Bayesian Updating is Gaussian, the f,rnal value of <m>

and Cn are the averages of the values generated from the Monte Carlo iterations.

The Latin Hypercube method is a type of the Monte Carlo method with a different

sampling philosophy (McKay et al., 1979). The distributions of each parameter in u are

divided into M equal probability areas. As an example, suppose there are two random

variables x and y with Gaussian distributions with difflerent means and standard

deviations (Figure 2.lT). Both distributions have been divided into six equal probability

areas. One random value is obtained from wthin each interval, i.e. for x (xr,...,x6) and

for y (y1,...,y6). This sampling methodology ensures that every portion of each pdf are

sampled. The components of each are matched at random, for example {(xr, yz), (xz, ys),

(x:, yr), (x¿, y+), (xs, y¡), (xo, ys)Ìas shown in the bottom of Figure 2.11. These

combinations are then used to calçulate the paramefer of interest.
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McKay et al. (1978) compared Monte Carlo and Latin Hypercube Sampling Methods.

They found in all cases that the Latin Hypercube Sampling Method provided more

precise results with the same number of realizations.

2.10 Summary

This chapter provided background information that will be required for the remainder of

this thesis. In subsequent chapters, the reader will be referred back to sections in this

chapter where the theory is required.
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includes sensitivity analyses

Figure 2.4 - Steps in a protocol for model application (taken from Anderson and
'TV'oessner, 

1995).
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Realization

|'"'"*0"

Figure 2.6 - A realization of a stochastic process and the ensemble from which it
belongs. (Taken from Gelhar,1993)
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Figure 2.7 -Two-dimensional moving window for (A) isotropic and (B) anisotropic
Moving WindowEstimator for lag distance of size h¿.
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Figure 2.10 - Example variogram showing a nested structure with a nugget effect (yo), a

spherical model, yr (range : 100, sill : 0.8) and a second spherical model, y2 (range:
150, sill: 1.4).
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CHAPTER 3

HYDROSTRATIGRAPHIC MODEL

This chapter describes the development of the hydrostratigraphic model from the

lithological units that were described in Chapter 2, Sections 2.2 and2.3.

3.1 Lithological to [Iydrostratigraphic Units

The geological formations described in Section 2.2 were reinterpreted as

hydrostratigraphic units (see Figure 3.1 and Table 3.1). Adjacent units with similar

hydrogeological properties were combined. The Precambrian rocks were maintained as

one unit as the hydrogeological properties could be considered similar.

The Winnipeg Formation consists of interbedded shales and sandstones, with a persistent

shale layer confining the unit and providing a hydraulic boundary with overlying layers.

This formation was divided into two separate units: one aquifer unit to represent the

interbedded shales and sandstones; and a second confining unit representing the shale

layer at the top. As the thickness of the overlying shale layer was not known, it was

assumed to be 1.5 m (Betcher, personal communication 1999).

The Red River Formation was divided into the Upper Red River Formation (Fort Garry

Member) and the Lower Red River Formation (Selkirk, Cat Head and Dog Head

Members). The reason for the separation was to account for a zone of enhanced
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permeability present in the Fort Garry Member. By separating the units, the

hydrogeological properties could be varied between units if required.

The carbonate rocks of the Stony Mountain, Stonewall, Interlake Group, Elk Point

Group, Manitoba Group and Saskatchewan Group Formations were combined into one

single unit, called "carbonates", as they are all composed of rocks with similar

hydrogeological properties. The subcropping ofthese carbonate rocks, and those from

able 3.1 - Geological formations that compose each h ur vÐLr (¿LrHt d tc umt.
Hydrostratisraphic unit Geolosical Formation

Manitoba Escarpment Turtle Mountain
Boissevain

Pierre Shale
Niobrara

Morden Shale
Favel

Ashville
Jurassic Waskada

Melita
Reston

Amaranth
Bakken

Ou'Appelle Grouo
Carbonate Saskatchewan Group

Manitoba Group
Elk Point Group
Interlake Group

Stonewall
Stony Mountain

Upper Red River Red River Formation - Fort Garry Member
Lower Red River Red River Formation - Selkirk Member

Cat Head Member
Dos Head Member

Carbonate Aqufer Upper 15 m of Carbonate, Upper Red River
and Lower Red River Formations in outcrop

region
Winnipeg Shale Upper 1.5 m of Winnipeg Formation across

entire extent
Sandstone Aquifer Winnipeg (minus the portion included in

Winnipeg Shale)
PRECAMBRIAN PRECAMBRIAN

54



the Red River Formation were combined into one unit representing the Carbonate

Aquifer. As there was little or no information regarding the spatially varying thickness of

the aquifer, it was decided to assume that the upper 15 m of these carbonate rocks form

the Carbonate Aquifer (Render, 1970).

The Qu'Appelle Group, Bakken Formations and Jurassic period rocks were combined

into one unit. Each of these units is composed primarily of shale and there was a lack of

data to separate these units. The remaining rocks of the Manitoba Escarpment were

combined into one unit as they were on the border or outside the study area and there was

a lack of available data logged in these upper portions.

The overburden units were separated into clay, till, and sand and gtavel units. Only the

major sand and gravel bodies, such as those in the Sandilands (southeast of Winnipeg)

and Birds Hill (northeast of Winnipeg) were considered. Any small sand lenses

completely imbedded in the clay or till, would not have a significant effect on the

regional flow.

3.2 Model Construction

The hydrostratigraphic model was constructed using the software package Groundwater

Modeling System (GMS) For the bedrock units, two different methodologies were

taken. in the early stages of research, borehole logs from two sources were available and

were used to construct the initial model. These were the Western Canada Sedimentary

Basin (WCSB) Atlas and the Manitoba Stratigraphic Database (MSD) (Bezys and
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Conley, 1998). The WCSB was developed by the Geological Survey of Canada (GSC)

and contained 350 well logs. The MSD contained approximately L200 logs obtained

primarily from mineral and oil exploration purposes by the Department of Industry,

Trade and Mines of the Province of Manitoba (ITM). The bulk of the well logs from

these two databases were located in the western part of the province.

The borehole log information was entered into GMS, and a Triangulated Irregular

Network (TIN) surface was created for the top of each hydrostratigraphic unit. A solid

model was constructed from the TINs. However, as most of the well logs were located in

the western part of the province, the location of the outcropping units in the eastern zones

were eroneous when compared to published bedrock geology. Therefore, fictitious wells

were constructed in the outcrop zones. These "helper" wells were created using depth to

bedrock and bedrock geology maps contained within the Water Availability Map Series

published by Manitoba Water Branch (MWB). The addition of these contact points

greatly improved the model in the outcrop regions. The resulting three-dimensional

hydrostratigraphic model is displayed in Figure 3.2. A cross-section along the same line

as that presented in Figure 2.1 is presented in Figure 3.3. A plan view of the bedrock

model is presented in Figure 3.4.

In the later stages of the research, geologists at ITM developed a three-dimensional

bedrock model. Most of the necessary surfaces were available, except for the Lower Red

River Formation and the top and bottom of the Carbonate Aquifer. These surfaces were
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at a resolution of 100 m, which was significantly higher than that provided by the

borehole logs.

The construction of the final model was completed from a combination of the two

sources of data. The surfaces used in construction of the final model are presented in

Table 3.2. Structure maps of the resulting surfaces are presented in Figures 3.5 - 3.9.

Table 3.2 - Source of data for each hydrostratigraphic unit in final model.

The surficial model consists of the thicknesses of clays, tills and sands and gravels. A

figure showing the surficial units overlying the bedrock units is shown in Figure 3.10.

ITM, in conjunction wrth the GSC, developed a three-dimensional surf,rcial model. Their

methodology consisted of using all wells within GWDrill, a water-well database

rnaintained by MWB. Any driller constructing a water-well within Manitoba, must fill

out a well logthat is subsequently added to the GWDrill database. Due to the variability

in recording styles amongst drillers, the resulting database consisted of well logs that are

of variable quallty. The GSC and ITM vetted the database prior to construction of their

surficial model. The 80,000 wells u/ere examined, completely erroneous wells were

Hvdrostratisraohic Unit Source
Bedrock iTM (RockGrid)
Jurassic ITM lJurassic Top)

Carbonates ITM (Mississippian CharlesGrid)
Carbonate Aouifer Initial model - borehole loss
Unper Red River ITM lOrdovician RedRiverGrid)
Lower Red River Irutial model - borehole loss
Winnipee Shale ITM (Ordovician WinnipeeGrid)

Sandstone Aquifer ITM (Ordovician WinnipeeGrid-l.5m)
Precambrian ITM (PrecambrianGrid)
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rejected and the remaining logs were given consistent terminology. East West transects

of these well logs were plotted using a software package called Borehole Mapper. The

transect distances were 5 km wide in the North-South direction. ITM connected the

surficial deposits rnanually according to geological judgement and experience. Each

resulting East-West transect was read into Borehole Mapper dig¡tally by recording the

surfaces of each contact at every 5 km. The result was a 5 km X 5 km grid of contact

points. From these contact points, surfaces of the top of each deposit were created and a

3D model was constructed. The model was extremely detailed, comprising many small

features (e.g. sand lenses) that were not required for this research. ITM prepared a

surficial model with the required detail for this research. An East-West cross-section

approximately through the city of Winnipeg is shown in Figure 3.11. In this area, clays

generally overly tills which overly the bedrock units. A large sand body is also shown

towards the east, which is in the Sandilands region. A plan view of the f,rnal surficial

model is shown in Figure 3.12. In the region of the City of Winnipeg, a large clay body

forms the uppermost unit. In the Interlake region, the tills form the uppermost unit.

3.3 Summary

This chapter presented the assumptions that were used in the construction of the

hydrostratigraphic model. The sources that were used to collect the elevations of each

geological unit were presented. The hydrostratigraphic model will be used in the design

of the computer model.
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Figure 3.1 - Hydrostratigraphic model assumed for groundwater flow and transport
model.
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Figure 3.3 - Cross-section along same line as in Figure 2.1, generated from
hydrostratigraphic model constructed for this research (vertical exaggeration 150x).
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Figure 3.4 - Plan view of bedrock model with Carbonate Aquifer removed.
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Figure 3.5 - Precambrian structure in meters.
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Figure 3.6 - Winnipeg formation structure in meters.
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Figure 3.7 - Lower Red River Formation structure map in meters.

Figure 3.8 - Upper Red River Formation structure map in meters.
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Figure 3.9 - Jurassic Period structure map in meters.
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Figure 3.10 - Surficial units overlying bedrock units (constructed by ITM).
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CHAPTER 4

HYDROGEOLOGICAL DATA COLLECTION

4.1 Introduction

In order to solve the flow and solute transport equation, various and numerous types of

information are required. Hydrogeological properties of the aquifers and other units were

needed to characterize flow and transport. Water levels within the aquifers over time

were needed for calibration and validation of the model. Geochemistry was required to

determine density changes and solute movement. Recharge and discharge rates were

necessary to determine inflows and outflows. A database of these parameters was

developed in Microsoft Access and inco¡porated into a Geographical Information System

(GIS) package ArcA/iewru.

The province of Manitoba is divided into a grid system of section-townshiprange, by

which most wells are located (see Figure 4.1). The township determines how far north

and the range determines the east-west location relative to the meridian. A Township and

Range is a square that is 9.66 km x 9.66 hn (6 miles x 6 miles). Each square is

subdivided into 36 sections, which are 1.6 km x 1.6 km (1 mile x I mile). These sections

are further subdivided into 4 quarter sections. However, an x-y coordinate system called

the Universal Transverse Mercator (UTM) coordinate system (Zone 14) was used so that

data could be digitized in GIS. The UTM coordinates were determined using digital

orthophotos. In most cases, the location of the well was at best in the closest quarter
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section. If a building was visible on the quarter section from the digital orthophotos, then

the well was assumed to be next to the building. However, in many cases, no building or

multiple buildings were present. In these cases, the UTM coordinates were taken at the

center of the quarter section. This meant that the UTM coordinates could be in error by

up to 200 m in the both the north and east directions. However, if the closest section or

parish described the well location, then the error could be more. Ground surface

elevation was determined from two digital elevation models (DEM). The first DEM

consisted of ground surface elevation on a 120 m grid, which were determined using

stereoscopy. Both the orthophotos and this DEM were obtained from Linnet Geomatics

in Winnipeg, Manitoba. The second DEM was that developed by ITM (Matile and

Keller, 1999). The grid resolution of this DEM was 100 m with a vertical accuracy of t 3

m. This accuracy, however, is only good if the UTM coordinates were exact.

4.2 Hydrogeological Properties

4.2J[, Transmissivity

Values of transmissivity have been collected from pump tests for both the Carbonate and

Sandstone Aquifers. The type of pump test used to measure transmissivity at each point

was important in order to estimate the uncertainty associated with each value. This

uncertainty was important for subsequent interpolation of the transmissivity field using

Bayesian Updating.

The first source of data was a previously discussed database GWDrill. Within GWDrill

there were a number of wells with a reported transmissivity" However, the exact field
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tçst and analysis methods used to determine this transmissivity were not noted in the

database. It was assumed that the most likely method was a single-well drawdown test

(Betcher et al., 1995).

Consulting firms also carry out pump tests for major hydrogeological projects. The

results of these pump tests are included in the final consultant's report. Transmissivities

were collected from a number of these reports and in general, multiple-well drawdown

tests were conducted, hence providing high quality results (Manitoba Natural Resources,

1986; UMA Engineering lnc., 1987, 1997a, 1991b, 1993, 1997; and Wardrop

Engineering Inc., 1995).

At MWB, files are maintained for all users requiring a license to pump water. For any

user desiring to pump above 25,000 Llday, a permit must be obtained (The Water Rights

Act, 1988). Before a permit is granted, IvIWB sometimes requires that a pump test be

conducted to ensure that adequate water is available in the aquifer. The pump tests

contained within these files were obtained for the Carbonate and Sandstone Aquifers.

After collecting the transmissivity from the three sources listed above, it was observed

that there was insufficient data for the needs of this particular project. To improve the

situation, it was decided to estimate transmissivity from specific capacity data. Values of

specific capacity were obtained from GWDrill and the transmissivity was estimated using

equation 2.1.
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The ultimate goal was to obtain the hydraulic conductivity, which is equal to the

fransmissivity divided by the saturated thickness (b). Some hydraulic conductivity values

for clays and tills were obtained from consultants' reports and an M.Sc. thesis by Pach

(1994). The saturated thickness was determined from the hydrostratigraphic model.

Table 4.1 presents the transmissivity that was collected for each stratigraphic unit. The

data is divided into source and test type. Figures 4.2 and 4.3 show maps of locations of

the transmissivity measurements for the Carbonate and Sandstone Aquifers, respectively.

There were relatively few measurements towards the west in both aquifers, due to

increased salinity. Transmissivity measurements for Precambrian, shale, sand and gfavel,

silt, clay and till are presented in Figures 4.4 to 4.9.

4.2.2 Storativity

The number of storativity points obtained through data collection was very limited. For

the Carbonate Aquifer, there were two wells in which several values of storativities from

different analyses were reported. For the Sandstone Aquifer, no values of storativity

were found. Therefore, upper and lower bounds were obtained from first principles

(Chapter 2, Equation 2.2) and from values reported in the literature. For the former case,

several parameters were required. As stated previously, the uncertain factors were b, n, û,

and p (Section 2.5). The thickness of the Carbonate Aquifer ranges between 0 and 30 m

and that of the Sandstone Aquifer ranges between 0 and 60 m (Betcher et al., 1995). The

porosity of sandstone varies between 10 and 20Yo and that of limestone varies between 1

and l0o/o (Bear, 1972). The water density in the study region as will be shown later in
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this chapter was found to vary between 986 and 1150 kg/m3. Table 4.2 presents the

possible ranges of storativity estimated from first principles and values reported in

Render (1970). For the Carbonate Aquifer, storativity ranging between 10-5 and 10-a was

obtained. This falls within the range reported by Render (1970) of 104 to 10-3. In the

modeling, a possible range of storativity between 10-6 and 10-3 was assumed. The

Sandstone Aquifer was calculated to have a storativity with a range between 104 and 10-

For modeling purposes, a slightly larger range of 10ó to 10-3 was assumed to ensure

that the entire possible range was covered.

Tabte 4.1 - Number of measured transmissivity data obtained from each source and type
of test used.
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Table 4.2 - Storativity estimated from first principles for the Carbonate and Sandstone
uifers and Render (1970

Carbonate Aouifer Sandstone Aauifer
a:6.9x1O-ru Pa-t a:3.3x10-'u Pâ-' a:3.3x10-'u Pâ-'

Densitv:986 key'm'

Porositv
0.01 0.1 0.01 0.1 0.1 0.2

ah
q)

CJ

çt)

fr

¡r

eij
CGH

ã(,
6-(n-

5 3.36x10-' 3.55x10 1.62x10-' 1.8lxl0-' 1.8lxl0 2.02x10-'

t5 1.01xl04 1.06x10 4.85x10-' 5.43x10-' 5.43x10- 6.06x10-'

30 2.02x10* 2.13x10* 9.70x10-' l.09xl0 1.09x10* 1.21x10*

Densitv = 1150 kslm"
Porositv

0.01 0.1 0.01 0.1 0.1 0.2

-ú)s9c!!
ãc)
æF(D-

5 3.92xI0-' 414x10-' 1.89x10 2.lIxl0 2.11x10-' 2.36x10

t5 1.18x10-' l.24x1O 5.66x10-' 6 33x10 6 33x10-' 7 -07x10

30 2.35x10 2.48x10 1.13x10- l.27xl0- l.27xl0= 1.41x10-

Minimum 1.62 x l0-' 1.81 x 10-'

Maximum 2.48 x l0 1.41 x 10

Reported by
Render (1970)

1x10* to 1x10-'

4.3 Water Levels

For model calibration, the model was compared against water levels from relatively

undeveloped times. Historically, MWB did not start monitoring water levels on a regular

basis until the 1960's. As very few observation wells existed at that time, and the

groundwater systems were fairly developed, another source of historical data was

required. For the Carbonate Aquifer, this was taken as the water levels for wells

constructed prior to 1920 as reported in GWDrill. It was assumed that the dataset

represented the system at steady state. Figure 4.10 shows the location of historical water

level measurements and piezeometric surfaces in the Carbonate Aquifer. Taking the
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\¡/ater level measurements provides values of hydraulic head. However, the model

calculates equivalent freshwater head and therefore could not be compared directly. The

measured hydraulic heads were put in terms of equivalent freshwater head using equation

2.9. The density was determined from the chemistry dataset, which will be presented in

Section 4.4. The effects of density on the head values were quite small (< 0.12 m) as the

bulk of the head measurements are from relatively freshwater zones. The pumping rates

within the city of Winnipeg varied over this time due to changes in the city water supply

in 1918 from groundwater sources to being brought in from Shoal Lake, Ontario.

Therefore, prior to 1918, there was significant groundwater withdrawal within the city

and after 1918 a significant decline occurred. As the majority of the wells collected for

this historical database were outside of the City of Winnipeg, these observed water levels

were not likely affected by this change in pumping. The resulting database has a total of

152 observed water levels for the Carbonate Aquifer. The resulting piezeometric surface

from these water elevations was not instantaneous, meaning that the measurements were

not taken at the same time. As water levels can vary by several meters due to seasonal

and temporal variations, the piezeometric surface was less than ideal. However, this is

the best source of historical data available and was used in the calibration phase. The

regional direction of flow in the Carbonate Aquifer is presented in Figure 4.11. For the

Sandstone Aquifer, no wells were reported in GWDrill for wells constructed prior to

1920. A figure of the Sandstone Aquifer flow regime was found in Betcher (1986), from

more recent water level observations (see Figure 4.12).
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To validate the model as described in Section2.4, the calibrated model needs to be run

under a different scenario in which a dataset is available. This second dataset was

collected from current conditions from MWBs system of observation wells. MWB had

i41 wells in the Carbonate Aquifer and 6 wells in the Sandstone Aquifer, in which water

levels were recorded on a daily basis. Therefore, this database could be used to generate

instantaneous piezeometric surfaces for validation purposes. The locations of these

observation wells are presented in Figures 4.I3 and 4.I4 for the Carbonate and Sandstone

Aquifers, respectively.

4.4 Geochemical Data

In order to model the solute transport, geochemical data was required. One reason was

that the changes in ion concentrations cause variations in density, which in turn affects

flow. The chloride ion concentration was used as a surrogate for all species in brine. The

chloride ion concentration is conservative, meaning it would not react with other ions or

the soil medium. Therefore, the chloride ion should move with the bulk flow and

retardation factor (equation 2.22) would be equal to L

For the Carbonate Aquifer, the required geochemical data was collected from an open file

report by Grasby et al. (1999). The location of the sample points and chloride ion

concentration is presented in Figwe 4.15. The Sandstone Aquifer chemistry data was

compiled at the University of Texas. The location of the data points is presented in

Figure 4.16. The bulk of the Sandstone Aquifer samples were obtained from fresh water

regions and therefore, the dataset was not representative of what was occurring in the
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salt-water region to the west. No information of chloride ion concentration was available

in the western (saltwater) region of the aquifer. To improve this situation, a map showing

total dissolved solids (TDS) concentrations is presented in Figure 4.17 (Betcher et al.,

1995). This TDS map does not provide information of chloride ion concentration but

helps provide brine location.

4.5 Sources and Sinks (Recharge and Discharge Zones)

Water is supplied to the aquifer through recharge zones. The primary recharge zones of

the Carbonate Aquifer are the Birds Hill, Sandilands and through thin tills in the Interlake

region (see Figure 4.18). For the Sandstone Aquifer, the recharge is primarily in the

Sandilands region (see Figure 4.19). Quantifying the amount of recharge was diffrcult

due to lack of information in this area. One study investigated the rate of downward flow

through the tills in the Sandilands area, however, the amount of water that actually

reached the aquifer was not determined. Another study, determined recharge rates from

temperature profiles with depth to bedrock. From these temperature profiles, recharge

rates could be determined using type curves. This research determined an upper limit of

1x10-6 m/s of recharge to the aquifers in the Sandilands region (Ferguson et al., 2001).

No research has been conducted in either the Bird's Hill or Interlake region. All recharge

rates were determined in the calibration process.

Several sinks were present in the groundwater system being studied. The first is natural

discharge to lakes and streams present throughout the modeling region. The major

discharge zones are Lake Manitoba and Lake Winnipeg in the northern part of the region.
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Average rnonthly lake levels were obtained for every year from 1920 forward from

MWB (see Figures 4.20 and 4.21). The construction of the Red River Floodway (a flood

diversion channel) around the city of Winnipeg caused a reduction in overburden units

above the Carbonate Aquifer. The excavation caused locations where groundwater is

discharging (approximately 0.14 m3/s) from the Carbonate Aquifer into the Floodway

(Render, personal communication, 200 1).

All large pumping rate wells (pumping rate > 25,000 Llday) require a permit. The

Carbonate Aquifer has numerous wells with a permit, whereas the Sandstone Aquifer has

none. From the permits, pumping period, maximum allowable volume of water per

annum and type of well (industrial, irrigation, etc.) were obtained (see Figure 4.22). As

the maximum allocated volume of water was reported, some assumptions were required

to obtain the actual pumping rate. For industrial users, the maximum rate was assumed

as pumps are generally left on at the maximum rate. For irrigation wells, however, the

quantity of pumping varies from year to year and season to season. Therefore, a

reasonable average of 50o/o of the maximum allowable pumping rate was assumed.

Agricultural wells were assumed to run at 100% of maximum, as the rate should not vary

significantly. Wells assigned a type as 'other' were assigned 100% of the maximum rate.

V/ithin Manitoba, there are approximately 80,000 water wells reported in GWDrill that

do not require a permit. The bulk of these wells are most likely in the South portion of

the province. The approach taken was to assign an average pumping rate for each

township and range within the study area. This average was obtained by f,rrst
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determining the number of wells from GWDrill within each township and range for both

aquifers. To obtain the average flow rate, the quantity of wells was multiplied by an

assumed pumping value per well based on usage types (see Table 4.3). The average flow

rates were assigned UTM coordinates, which were placed at the center of each respective

township and range (see Figure 4.23). This was considered to be the best method of

accounting for these wells.

Another issue that is considered is that a number of wells are screened over both the

Carbonate and Sandstone Aquifers. This results in exchange of water between these two

systems. In the Southern portion of the province, the Sandstone Aquifer is under greater

heads than the Carbonate Aquifer, and therefore water will flow up into the well from the

Sandstone Aquifer and into the Carbonate Aquifer. This causes the Sandstone Aquifer to

lose water (i.e. lose pressure) over time and result in cross-contamination between

aquifers in locations where the Sandstone Aquifer has inferior water quality. The wells

screened over both aquifers were determined by investigation of well logs in GWDrill

(see Figure 4.24). There were a total of 493 wells that were screened across both

aquifers.

Table 4.3 - Average flow rate per well based on different usages (Linsley et al., 1992).

Usage Average Flow per unit Assumed Unit Assumed average
flow rate

Domestic 150 L/can.dav - 300 Llcao.dav I-7 capita 150 L/d - 1800 L/d
Irrigation 0.37 -2.29 mlyear '/rmi' :647,497 m' 656,000 - 4060,000

Ltd
Asricultural 150 - 10.000 Lldav 150 - 10.000 L/d
A/C 50 - 10.000 Lldav 50 - 10,000 L/d
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4.6 Summary

This chapter presented the data collection that was carried to gather the hydrogeological

properties and parameters that were required to construct the model. The transmissivity

(or hydraulic conductivity) data will be used to generate statistics for interpolation

purposes. The other data is used to assign other hydrogeological properties or for

assessment of the model results.
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Figure 4.1 - Figure showing the Townships and Ranges of Southern Manitoba.
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Figure 4.2 - Map showing location of transmissivity measurement points for Carbonate
Aquifer.

Figure 4.3 - Map showing location of transmissivity measurement points for Sandstone
Aquifer.
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Figure 4.4 - Map showing location of transmissivity measurement points for
Precambrian.

Figure 4.5 - Map showing location of transmissivity measurement points for shale.
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Figure 4.6 - Map showing location of transmissivity measurement points for sand and
gravel.
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Figure 4.7 - Map showing location of transmissivity measurement points for silt.
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Figure 4.8 - Map showing location of hydraulic conductivity measurement points for
clay.
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Figure 4.9 - Map showing location of hydraulic conductivity measurement points for till.
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Figure 4.10 - Map showing location ofhistoric water levels in meters above sea level
and piezometric surface for the Carbonate Aquifer (1920).
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Figure 4.11- Carbonate Aquifer regional flow system. (Taken from Betcher et aI.,
1995).
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Figure 4.12 - Equivalent fresh water head and regional groundwater flow in Sandstone
Aquifer (taken from Betcher et aI., 1995).
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Figure 4.13 - Map showing location of observation water wells for the Carbonate
Aquifer and instantaneous piezometric surface on January 1, 1999.
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Figure 4.14 - Map showing location of observation water wells for the Sandstone
Aquifer.
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Figure 4.16 - Map showing location of chemistry measurements in Sandstone Aquifer.
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Figure 4.17 - Total dissolved solids (IDS) of Sandstone Aquifer groundwater (gIL)
(Taken from Betcher et aI., 1995).
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Figure 4.18 - Carbonate Aquifer approximate flow direction, recharge and discharge
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Figure 4.19 - Sandstone Aquifer recharge and discharge zones.
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Figure 4.22 - Map showing location oflarge-scale pumping wells for the Carbonate
Aquifer.

Figure 4.23 - Map showing location of small-scale pumping wells for the Carbonate
(open circles) and Sandstone (filled triangles) Aquifers.
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Figure 4.24 - Map showing location of wells screened over both the Carbonate and
Sandstone Aquifers.
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CIIAPTER 5

GEOSTATISTICS

5.1 Introduction

As the final finite element model is fully heterogeneous in terms of transmissivity

(hydraulic conductivity), each element is required to have an assigned transmissivity

based on the data. Due to the paucity and qualþ of the data available (Chapter 4), it was

not possible to directly assign values based on measurements. Bayesian Updating as

described in Chapter 2 was used to interpolate transmissivity values to each element

using the measured data and statistical properties of the underlying pdf. The Bayesian

Updating method required that either the property, or transform of the properfy, follow a

normal distribution. The correlation structure or some knowledge of the correlation

structure for the parameter being interpreted, was also required. This chapter covers the

determination of the distribution type and the different required statistical properties for

subsequent interpolation of transmissivity. tn the remainder of this thesis, where it is

stated "log" will refer to the natural log.

In order to calculate the statistics from the measurements, some assumptrons were

required. The first was the ergodic hypothesis, which assumes that the statistics

calculated from the single realization, are equal to the ensemble statistics. The

stationarity assumption is also required, which assumes that the statistics are spatially

invariant. The intrinsic hypothesis was also assumed for the variogram, in that the semi-

variance is a function of the lag distance alone.
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5.2 Carbonate Aquifer

Transmissivity values collected for the Carbonate Aquifer (Section 4.2.1) were used to

analyse the geostatistics. It is known that transmissivity (hydraulic conductivity) is

affected by changes in density and viscosity (equation 2.1 I ). However, the transmissivity

values were not corrected due to changes in density and viscosity as it is considered that

these effects are negligible compared to the variability in the data. Initially the histogram

of the raw data for the transmissivity of the Carbonate Aquifer was plotted (see Figure

5.1). The results show that the data are positively skewed. Therefore, a log transform

was conducted on the data, and the histogram of the transformed data was constructed

(see Figure 5.2). By visual examination of this plot, it appeared that the transformed data

most likely followed a normal distribution. This postulation was tested by the chi square

tests and normal scores plot test (see Section2.7.2).

Prior to testing this postulation, the dataset had to be reduced such that the remaining data

could be considered independent. One method was to ensure all data were at a separation

greater than the integral scale, such that remaining values were only weakiy correlated

(Sudicky, 1986). An integral scale of 29,780 m was determined for the log transmissivity

of the Carbonate Aquifer, as will be shown later in this chapter. Three different subsets

were generated from the original dataset, ensuring all data were at a greater distance than

the integral scale. A second method of generating an independent dataset was to

randomly select values from the original dataset (Woodbury and Sudicþ,I99T). The chi
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square test and normal scores plot test were conducted on the original dataset and each of

the subsets.

The null hypothesis for the chi square test is that there is no significant difference

between log transmissivity frequency and the normal distribution. If the calculated chi

square from the dataset is below some critical chi square (found in tables), then the null

hypothesis is not rejected. The critícal chi square is a function of DOF (number of bins

minus one) and the significance level. Table 5.1 shows the calculated chi square values

112¡ from each set and the critical chi square (X"",') at significance level of 0.05. It was

observed that the chi square value generated from each subset is below the critical chi

square, and therefore the null hypothesis can not be rejected.

Table 5.1 - Chi square test results for assessment of log normal distribution of
ifertransmlsslvl Carbonate

Subset DOF (# bins - 1) X.,i: (e:0.05) 2
x

Ail 29 42.5569 0.019

Subsets witlt
correlation

length removed

I 9 16.9190 0.2s
2 13 22.3621 0.19
lJ t0 r8.3071 0.22

Random subsel I 16.9T90 0.42

for

To confirm the result of the chi square test, the normal scores plot test was also

conducted. The normal scores plot involved plotting the log transmissivity versus the

calculated normal score (see Figure 5.3). If the data follows a normal distributiorU this

plot should be linear with the mean of the data approximately equal to the intercept and

standard deviation approximately equal to slope. The intercepts and slopes determined

from the normal scores plot test for each subset are presented in Table 5.2. Comparison
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of the mean to the intercept and standard deviation to the slope, show good results,

satisfiiing the requirements of the normal scores test.

Table 5.2 - Normal Scores Plot Test results for assessment of log normal distribution of
issivity for the Carbonate

The chi square and normal

subset, indicating that the

significance level. Table

Carbonate Aquifer.

Table 5.3 - General statist

scores plot tests were satisfied for the entire dataset and each

log transmissivity followed a normal distribution at the 0.05

5.3 presents general st¿tistics of log transmissivity for the

f theable 5.J - General statrstlcs of the natural log transmissi for the Carbonate Aquifer
Property Dataset

All data Subsets with integral scale removed Random

subsetSubset I Subset 2 Subset 3

Mean -7.2 -7.0 -7.4 -7.6 -6.8
Standard Deviation 1.6 2.0 1.8 16 2.1

Variance 2.7 4.1 J.J 2.7 4.6
Range 11.5 7.9 8.4 7.8 95

Minimum -12.s -10.8 -11.s -10.7 -10.9
Maximum -0.9 -2.9 -3.1 -2.9 -1.4

n 27tt 47 51 54 99

To ascertain the correlation structure of the transmissivity of the Carbonate Aquifer, the

variogram was plotted in both the North-South and East-West directions (see Figure 5.4).

To determine which variogram model was the best, the AIC was used (equation 2.33).

Originally, both variograms were modeled, however according to the minimum AIC

principle, the isotropic model was selected. Therefore, the isotropic variogram was

transmrssrvr fer.
Subset Mean Intercept Standard Deviation Slope R,

AII
I
2
J

Random

-7.t5
-7.03
-7.38
-7.62
-6.85

-7.16
-7.11
-7.42
-7.69
-6.90

1.63
2.04
1.59
r.66
2.14

1.63
2.05
t.62
1.63
2.08

0.998
0.992
0.985
0.985
0.935
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calculated and is presented in Figure 5.5. The semi-variance for this variogram was

estimated using the Classical Estimator of Matheron (1962) and the Moving Window

Estimator presented by Li and Lake (1994). The results from the Classical Estimator

were highly variable at larger lag distances making any analysis difficult. The Moving

V/indow Estimator results v/ere smooth, with the semi-variance increasing from the value

of the nugget at the origin and leveling off at a value approximately equal to the variance

of the data (2.65). The exponential equation was applied in attempts to model the

variogram and the best-fit model is shown in Figure 5.6. The RMS error of this model

was 0.03, and at short lag distances (0 km to 25 km), the exponential model did not match

the estimated semi-vanance very well. The parameters of the best-fit model were a

nugget (o'62; of 2.0,a sill (oy2) of 2.65 and an integral scale (r) of 2g,7g0m. other

standard models, such as spherical, Gaussian and circular (Kitanidi s, 1997) were also

investigated, but the exponential model was found to have the best fit. Therefore, a

nested model was investigated in attempts to improve the model. The nested model with

the best fit was found to consist of a nugget plus an isotropic spherical model and an

isotropic exponential model. This model had an RMS of 0.01 and fit the data well at all

lag distances (see Figure 5.7). The equation of this resulting nested structure model is

presented in Equation 5.1, where h¿ is the lag distance in meters.

TQ'r)= Znuggct * Zrph"ri""l-*odcl * /ex:ponentiulmodel

Tnuee"t = ol :1.81

lt
= (2.11- 1 81). 

tt

r3
t7¿hd

/spherical model 5757

i
2 57573

ho < 5757 (s.r)

ho > 5757

/e oncntiar_mo 0", : e.66- z r r)-[r - *r[- #Ð)

99



Note that the structure of the variogram model, in spite of the nested structure does not

increase with increasing scale beyond the second nested structure. Self-similarity of the

semi-variance was also not observed. Therefore, fractal nature of the correlation

structure for log transmissivity was not observed for this dataset, agreeing with the

observations of Hoeksema and Kitanidis (1985).

5.3 Sandstone Aquifer

The untransformed transmissivity histogram was prepared and found to be positively

skewed (Figure 5.8). A log transform was conducted on the data, and the histogram is

presented in Figure 5.9. The chi square test was conducted on the log transform of the

transmissivity data as it appeared to be normally distributed. In a manner similar to the

Carbonate Aquifer four subsets assuming an integral scale of 16,828 m of the original

dataset were created. Table 5.4 shows the results of the chi square test and all 712 1 X",ir2

at the 0.05 significance level, satisfying this test. The normal scores test was also

conducted on each set and results are shown in Table 5.5. As the mean is approximately

equal to the intercept and the standard deviation is approximately equal to the slope for

all sets, the normal scores plot was satisfied. Both the chi square test and normal scores

plot test confirmed that the log transmissivity of the Sandstone Aquifer followed a

normal distribution. The general statistics of the log fransmissivity of the Sandstone

Aquifer are presented in Table 5.6.
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Table 5.4 - Chi Square Test results for assessment of log normal distribution of
transmissiviW for Sandstone Aouifer.Ifansmlsstvt or stone ul

Subset DOF (# bins - 1) X*¿t" (u:0.05) x'
Áil I 15.5073 0.30

Subsets witlz
correlation

length removed

I 9 16.9190 0.24
2 9 16.9190 0.22
3 9 t6.9190 0.16

Random subsel 9 16.9190 0.1 I

Table 5.5 - Normal Scores Plot Test results for assessment of log normal distribution of
issivity for the Sandstone Aauifer

ble 5.6 General of theable 5.ó - General stattsttcs of the natural log transmissivity for the Sandstone Aquifer
Property Dataset

AII data Subsets with integral scale removed Random

subsetSubset 1 Subset 2 Subset 3

Mean -8.0 -8.0 -8.1 -8.0 -78
Standard Deviation 1.5 1.9 1.9 2.0 1.3

Variance 2.2 3.7 3.5 3.8 1.8
Range 10.4 10.4 10.4 104 5.1

Minimum -t2.4 -12.4 -r2.4 -12.4 -10.0
Maximum -2.0 -2.0 -2.0 -2.0 -4.9
Number 77 29 31 29 19

Inadequate data was available to plot variograms in both the East-West and North-South

directions. Therefore, the isotropic variogram was plotted (see Figure 5.10). The best-fit

exponential model withnugget of 0.56, integral scale of 16,828 m and sill of 2.9 is also

presented in Figure 5.10. Due to the minimal amount of data available for analysis, the

resulting variogram was slightly more sporadic than that generated for the Carbonate

Aquifer, but a good variogram model was found. Reasonable upper and lower bounds of

transmrssrvlw Ïor stone u

Subset Mean Intercept Standard Deviation Slope R,

AII
l
2
3

Random

-7.96
-8.01
-8.14
-7.99
-7.79

-8.03
-8.23
-8.44
-8.20
-7.9s

1.s0
1.91

1.86
1.96
1.33

1.38
t.6s
1.60
1.74

1.29

0.968
0.933
0.949
0.962
0.956
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the nugget, range and sill could be determined from the variogram assuming an

exponential model.

5.4 Shale

Transmissivity was collected for shale through estimation of specific capacity. The

histogram of untransformed data is presented in Figure 5.11. The histogram was skewed

and therefore a natural log transform was conducted on the data (Figure 5.I2). This

transformed histogram appeared to follow a normal distribution and therefore the normal

scores plot test and chi square test were conducted on the transformed dataset. Both tests

were conducted on the entire dataset as well as three subsets generated using an integral

scale of 20,800 m and a randomly generated subset. The results of the chi square test are

presented in Table 5.7 and that of the normal scores plot test are presented in Table 5.8.

Both tests were satisfied, therefore, it was determined that the transmissivity for the shale

followed a log normal distribution. The general statistics for this log transformed dataset

are presented in Table 5.9.

Table 5.7 - Chi Square Test results for assessment of log normal distribution of
t issivitv for shalransmlssrvl or snale.

Subset DOF (# bins - 1) X*¡l @:0.05) 2
x

AII 9 16.9190 0.097
Subsets with
correlation

length removed

I 9 16.9190 0.90
2 I 16.9190 0.s9
3 9 16.9190 0.97

Random suhset 9 169190 t.4s
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Table 5.8 - Normal Scores Plot Test results for assessment of log normal distribution of
transmissivity for shale.

T ble 5.9 Generala stat strcs ot the natural log transmissiviW fbr s hale.
Property Dataset

All data Subsets with integral scale removed Random

subsetSubset I Subset 2 Subset 3

Mean -9.01 -8.s2 -8.63 -8.66 -8.85
Standard Deviation 1.42 1.60 183 1.88 1.s6

Variance 2.0 2.6 3.4 3.5 24
Range 9.7 5.8 6.0 6.3 8.8

Minimum -r2.4 -10.9 -11.1 11.3 -r1.4
Maximum -2.7 -5.1 -5.1 -5 1 -2.7
Number s92 t9 20 2t 49

The variogram was required to determine the correlation with distance. The variogram

was calculated using the Moving Window and Classical Estimators in the East-West and

North-South directions (see Figure 5.13). As the variograms were similar in both

directions, the isotropic variogram was calculated (Figure 5.14). The best f,rtting

exponential model had a sill of 2.05, nugget of 1.8 and integral sale of 20,800 m (Figure

5.14). This model had an RMS of 0.03 and AIC of -708. The exponential model

underestimated the semi-variance for integral scale less than25 km and overestimated the

semi-variance for integral scales between 25 and 50 km. Therefore, a nested model was

considered. The nested model with best fit was two separate isotropic spherical models

and a nugget (see Figure 5.15). The RMS of the nested model was 0.02 and AIC of -704.

The RMS of the nested model was lower than that of the exponential model. However,

of

ransmlsslvl
Subset Mean lntercept Standard Deviation SIope R,

AII
I
2
3

Random

-9.01
-8.s2
-8.63
-8.66
-8.85

-9.03
-8.71
-8.8i
-8.84
-8.97

T.42

t.62
1,83
1.88
1.56

1.40
1.52

1.83

1.89
1.36

0.980
0.877
0.935
0.934
0.976
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the AIC was lower for the exponential model, signifuing that the exponential model was

optimal fit between number of parameters and goodness of fit.

5.5 Carbonate Sequence

No data was collected for the carbonate unit, outside of the main Carbonate Aquifer.

Therefore, ranges of values for hydraulic conductivity were determined from the

literature. Limestone and dolostone rocks are reported to have hydraulic conductivity

ranging between 1 x 10-e and 6 x l0ó m/s (Domenico and Schwartz, 1990).

5.6 Sand and Gravel

The histogram of untransformed transmissivity is presented in Figure 5.16. In order to

obtain a normal distribution, a log transform was conducted on the transmissivity and the

histogram is presented in Figure 5.17. Chi square and normal score plot tests were

conducted on the full dataset, three subsets with the integral scale removed (41,228 m)

and a subset generated from 100 randomly sampled points. The results of the tests are

presented in Tables 5.10 and 5.11. Both tests were satisfied, signi$ring it could be

assumed that the dataset followed a log-norrnal distribution. The general statistics of log

transmissivity are presented in Table 5.12.

Table 5.10 - Chi Square Test results for assessment of log normal distribution of
transmissivitv for sand andlSS1Vl VC

Subset DOF (# bins- 1) Ih.it'(cr = 0.05) x'
Ail 20 3r.4104 0.019

Subsets with
correlation

length removed

l 9 16.9190 0.065
2 9 16.9t90 0.50
3 9 16.9190 0.19

Random subset 9 16.9190 0.1 1
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Table 5.11 - Normal Scores Plot Test results for assessment of log normal distribution of
transmissiviw for sand and sravel.

able 5.12 - Genera statistics of the natura transmissivitv for the san< and
Property Dataset

All data Subsets with integral scale removed Random

subsetSubset 1 Subset 2 Subset 3

Mean -8.01 -7.62 -10.89 -8.28 -8.20
Standard Deviation 1.61 1.39 1.46 188 1.92

Variance 2.6 1.9 2.1 36 3.7
Range 11.0 60 5.1 7.5 9.0

Minimum -12.9 11.0 -r2.9 -tt.7 -12.4
Maximum 1.9 -5.0 -7.8 -4.3 -J.J

Number 1714 31 27 J¿ 99

The variograms of the log transmissivity calculated from the Moving Window and

Classical Estimators were determined in the North-South and East-West directions

(Figure 5.18). The variograms were similar and therefore the isotropic variogram was

calculated (Figure 5.19). The variogram exhibits a hole effect, as evidence by the

variogram leveling off at approximately 2.55 and then increases again to approxirnately

2.75.

5.7 Clay

For the clay unit, hydraulic conductivity values were reported. The histogram of the

untransformed data is presented in Figure 5.20. By investigation of this plot, it appeared

that a natural log transform would follow a normal distribution (Figtre 5.21). The log

transmlssr a

Subset Mean Intercept Standard Deviation Slope R,

All
I
2
)J

Random

-8.01
-7.62
-10.89
-8.28
-8.20

-8.01
-7.71

-11.01
-8.41
-8.2s

1.62

r.39
t.46
1.88
1.92

1.61

t.43
1.44

1.9i
1.92

0.998
0.984
0.951
0.989
0.98s
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transformed histogram was bimodal, which may be a result of scale effects. A chi square

test and normal scores plot test were conducted on the dataset to determine whether the

data followed a log normal distribution. The results of these tests are presented in Tables

5.13 and 5.14 The general statistics of the log hydraulic conductivity are presented in

Table 5.15.

Table 5.13 - Chi Square Test results for assessment of log normal distribution of
h lic conductivity for cla

Subset DOF (# bins - 1) X"¡tt (a:0.05) 2
x.

All 5 11.0705 0.19
Subsets witlt
correlation

length removed

I 5 11.0705 0.31
2 5 11.0705 0.3 i
3 5 tt.070s 0.31

Random subset 5 I 1.0705 0.85

Table 5.15 General f the

Table 5.14 - Normal Scores Plot Test results for assessment of log normal distribution of
h ic conductiviw for cla

Subset Mean Intercept Standard Deviation SIope R,

AII
I
2
3

Random

-18.6i
-1r.29
-11.29
-11.29
-19.26

-18.71
-11 68
-11.68
-11.68
-19.85

4.21
4.r7
4.t7
4.17
4.26

4.07
4.34
4.34
4.34
3.65

0.91
0.89
0.89
0.89
0.85

aDte 5.I5 - LÌeneral staüstlcs of the natura c conductivity for the cla
Property Dataset

All data Subsets with integral scale removed Random

subsetSubset 1 Subset 2 Subset 3

Mean -18.61 -lt 29 -1T.29 -11.29 -t9.26
Standard Deviation 4.21 4.t7 4.r7 4.17 4.26

Variance 17.71 17.39 17.39 17.39 18. 1s
Range 16.49 t3.87 13.87 t3.87 ts.37

Minimum -2s.19 -t9.36 -t9.36 -t9.36 -24.08
Maximum -8.70 -5.49 -5.49 -s.49 -8.70
Number 99 t6 L6 16 19
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The variogram of the log hydraulic conductivity was calculated from the Classical and

Moving Window Estimators (Figure 5.22). Due to the small number of measurements

the variogram only had three points on the plot.

5.8 Tilr

For till, the hydraulic conductivity was evaluated. The histogram of non-transformed

hydraulic conductivity data is presented in Figure 5.23. It was decided that the data most

likely followed a lognormal distribution and this histogram is presented in Figure 5.24.

To test whether the dataset followed a log normal distribution, the chi square test and

normal scores plot test was conducted on the entire dataset and four independent subsets,

assuming an integral scale of 25,000 m. The results of the chi square test are presented in

Table 5.16 and those of the normal scores plot are presented in Table 5.17. Both of these

tests confirm that the dataset follow a normal distribution. The general statistics for the

log hydraulic conductivity of the till are presented in Table 5 18.

Table 5.16 - Chi Square Test results for assessment of log normal distribution of
tc conductrvitv fbr ti

Subset DOF (# bins - 1) X*¡rz (a:0.05) x'
Ail 10 18.3070 0.20

Subsets with
correlalion

length removed

I 5 11.0705 0.35
2 5 11.0705 0.31
3 5 1 1.070s 0.29

Random subset 5 11.0705 0.25
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Table 5.17 - Normal Scores Plot Test results for assessment of log normal distribution of
h ic conduchvitv for till

Subset Mean Intercept Standard Deviation Slope R,

Ail
I
2
aJ

Random

-14.34
-t2.58
-12.94
-12.58
-17.16

-14.52
-12 88
-r3.27
-12.86
-1 1.53

2.74
2.35
2.81

2.26
3.23

2.76
2.37
2.92
2.28
3.49

0.98
0.93
0.94
0.9s
0.96

lable 5.lE - General stattsttcs of the natural log hydraulic conductivity for the till
Property Dataset

AII data Subsets with integral scale removed Random

subsetSubset I Subset 2 Subset 3

Meon -t4.34 -12.s8 -12.94 -12.s8 -1 1.16
Standord Deviation 274 2.3s 2.81 2.26 J. Z)

Variance 7.49 5.s2 7_88 5.r3 r0.46
Range 11.36 7.03 10.45 7.03 10.95

Minimum -19.75 -rs.42 -18.83 -1,5.42 -r7.36
Maximum -8.39 -8.39 -8.39 -8.39 -6.41
Number 34 1s 15 l6 t4

5.9 Summary

This chapter presented the geostatistical properties of the transmissivity or hydraulic

conductivity of each of the hydrostratigraphic units. This included general statistics,

distribution type and correlation structure. These geostatistical properties will be used in

the next chapter when the transmissivity of each unit is interpolated using the Bayesian

Updating method.
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Figure 5.1- Histogram of non-transformed transmissivity for the Carbonate Aquifer.
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Figure 5.4 - Variogram in (A) East-West and (B) North-South direction of the natural

log transmissivity for the Carbonate Aquifer determined using the Classical and Moving
Window Estimators.
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Figure 5.5 - Isotropic variogram for the log transmissivity of the Carbonate Aquifer
estimated using the Moving Window and Classical Estimators.
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Figure 5.6 - Isotropic variogram for log transmissivity of the Carbonate Aquifer
estimated using the Moving Window Estimator and the best fitting exponential model.
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Figure 5.7 - Isotropic variogram for log transmissivity of the Carbonate Aquifer
estimated using the Moving Window Estimator and the best fitting nested model.
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Figure 5.9 - Histo gram of natural log transmissivity inmzls for the Sandstone Aquifer.
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Figure 5.10 - Isotropic variogram of the natural log transmissivity in m2ls for the
Sandstone Aquifer using the Classical and Moving Window Estimators and the best

fitting exponential model.
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Figure 5.11 - Histogram of non-transformed transmissivity in m2ls for the shale.
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Figure 5.12 - Histogram of natural log transmissivity for the shale.
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Figure 5.13 - Variogram in (A) East-West and (B) North-South direction of the natural
log transmissivity for the shale determined using the Classical and Moving Window
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Figure 5.14 - Isotropic vanogram for natural log transmissivity inmzls of shale
estimated using the Moving Window Estimator and the best fitting exponential model.

2.2
a Moving Window Estimator

Nested Model

a¡2I
cg

cÉ

I

q)(t) 
1.8

0 50 100 150 200
Lag Distance (km)
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Figure 5.16 - Histogram of non-transformed transmissivity for the sand and gravel.
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Figure 5.17 - Histogram of natural log transmissivity for the sand and gravel.
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Figure 5.18 - Variogram r.n (A) East-West and (B) North-South direction of the natural
log transmissivity in m'ls for the sand and gravel using the Classical and Movíng

lVindow Estimators.
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Figure 5.20 - Histogram of non-transformed hydraulic conductivity for the clay.
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Figure 5.21- Histogram of natural log hydraulic conductivity in m/s for the clay.
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Figure 5.23 - Histogram of non-transformed hydraulic conductivity for the till.
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CHAPTER ó

BAYESIAN UPDATING

The implementation of the Bayesian Updating methodology including numerical solvers

into a numerical code is covered in this chapter. Precision and computational time

checks between different scenarios are also evaluated and presented in this chapter. The

resulting code was then used to interpolate the log transmissivity to each node within the

finite element mesh, from the data presented in Chapter 4 and the geostatistics presented

in Chapter 5.

6.1" Bayesian Updating Code Reformulation

To generate a heterogeneous transmissivity f,reld from a limited dataset of uncertain data

measurements, the Bayesian Updating Method presented in Section 2.8.2 was coded in

Compaq Visual FORTRAN version 6.1. The initial code closely followed that originally

developed according to Woodbury and Ulrych (2000). The code consisted of solving

equations 2.53 and 2.54 for <m> and Co, respectively.

In order to code equations 2.53 and 2.54, several aspects were addressed. The first

component was the requirement of a numerical method to solve the integrals in the

equations. Two different methods were assessed in the coding: Monte Carlo with and

without Latin Hypercube Sampling (see Section 2.9). The second aspect was to

determine which required parameters were unknown and should be treated as
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hyperparameters. Different types of priors for these hyperparameters had to be

incorporated into the final code (see Section 2.5.2.I). In cases where the variogram was

well defined from the data, this variogram could be used in the solution; otherwise the

parameters of the variogram were treated as hyperparameters. The third factor involved

the requirement of a numerical method to solve the matrix equations that arose in the

solution. For example, for equation 2.53,if (GCnrGr+oo2I; is denoted as A and (d*-Gs)

as b, it is possible to represent the multiplication of these terms using these new variables

(A-tb: y). The vector of interest, y, is substituted back into equation2.53. This matrix

equation can be re-arranged, to Ay : b and a numerical solver was required to determine

y. Two different solvers were implemented into the code. One was the well known

direct solver, Cholesþ Decomposition and the second was the iterative Conjugate

Gradient Method.

Once the code was programmed, it was found that it was fairly inefficient for large

problems. Any excess affays (tack of symmetry noted) or computations were removed to

reduce operations and memory. The code was programmed with direct array allocation,

meaning that each arïay was dimensioned to the exact size required, thereby eliminating

excess memory and storage required to run the program. The code was also parallelized

so that both processors of a dual processor machine would be used in the computations.

This parallelization was conducted using a commercially available Visual KAP for

OpenMPrM.
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6.1.1 Time Comparisons

In order to compare efficiency of the different sampling methods, numerical solvers and

the effect of parallelization, different runs of the model were conducted and the time and

precision were compared. A base run was conducted with 2258 interpolation nodes and

631 observations. The covariance function of the Carbonate Aquifer was used, but the

mean (s) and noise (o¿) were unknown and therefore marginalized out as

hyperparameters (i.e. u : s, oo). A Gaussian pdf was used as the prior for the mean (s),

with parameters of -7.I5 and 1.7 for the mean and standard deviation, respectively. For

the noise in the data, only upper and lower bounds could be assumed (0 and 12.5) and a

truncated exponential was used as the prior. Latin Hypercube sampling with 100

iterations was used to solve the integral and Cholesky Decomposition to solve the matrix

equation. This scenario was run on a computer with dual PIII 800 processors and I

Gbyte RAM of memory. The precision was investigated at five nodes in the system and

an average was taken in order to compare between scenarios. The time to run the base

case was 2.31 hours with a precision of 0.029.

The first comparison to the base case was a scenario run under the exact same conditions,

except that the code was not parallelized, i.e. only one processor. The time required to

run this second scenario was 7.5 hours, over three times longer than the base case, as

expected. The average precision was 0.029, which is the exact value from the base run as

expected as the parallelization should only affect the speed of the solution.
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The second comparison was a scenario the same as the base case, except that Monte

Carlo sampling with 100 iterations was used to solve the integral. The time required for

this scenario was 2.1 hours, which was slightly shorter than the base case. This was

because some extra computations were required in the Latin Hypercube Sampling to

separate the distributions into equal stratifications. The average precision was found to

be 0'028. The precision was found to be slightly lower than that found with the Latin

Hypercube Sampling, which was not as expected from the literature.

The final comparison was the same as the base case, except that the conjugate gradient

solver was used to solve the matrix equation. This scenario took approximately 20.5

hours to run" which was significantly higher than all other cases. The average precision

was found to be 1.55, which was also significantly higher than the other scenarios

considered- Therefore, the Cholesþ Decomposition solver was used for the remaining

analysis.

6.2 Scale Considerations

Transmissivity was measured by various field tests, resulting in a database of values

determined at different scales. A large quantity of the measurernents was estimated from

specific capacity (2261for the Carbonate Aquifer and 50 for the Sandstone Aquifer) or

by single-well drawdown tests (111 for the Carbonate Aquifer and 28 for the Sandstone

Aquifer), which are considered point scale. This dataset comprised 88% and 100%of the

transmissivity database for the Carbonate and Sandstone Aquifers, respectively. The

remaining measurements were from multrple-well d¡awdown tests or where the test type
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u/as unknown. However, these tests can be assumed to be point scale in comparison to

the interpolation scale, which varied between 1,000 and 5,000 m. None of the pump tests

were collected over large distances and were most likely less than 50 m in all cases.

Therefore, the transmissivity measurements were all assumed to be point scale.

The Bayesian Updating methodology interpolates from point to point. Therefore, it can

be used to interpolate from the point scale measurements to each node within the finite

element mesh. In f,rnite element modeling, transmissivity (or hydraulic conductivity)

must be assigned to each element within the mesh, not to each node. Therefore, the

interpolated transmissivity measurements at each node, had to be up-scaled to each

element' The geometric mean was used to calculate the elemental transmissivity from the

nodal transmissivities. Haverkamp and Vauclin (1979) investigated different averages

for upscaling and found that the geometric mean resulted in the minimal error.

6.3 Carbonate Aquifer

The heterogeneous nature of the transmissivity of the Carbonate Aquifer was interpolated

from the rneasurements (Chapter 4) and Geostatistics (Chapter 5) using Bayesian

Updating. As described in Chapter 2, the data, or a transfonn of the underlying

probability distribution function must follow a Gaussian distribution. As determined in

Chapter 5, the natural log transform of the transmissivity measurements were found to

follow a Gaussian distribution. Therefore, Bayesian Updating was used to interpolate the

natural log transmissivity to each node in the finite element mesh. The first scenario

considered assumed certain measurements (o'¿2 : 0) and therefore the only unknown or
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uncertain parameters required by equations 2.53 and,2.54 was the unconditional mean

value at each point, s (u : (s)). The hyperp arameter u was marg¡nalized out of the

solution and prior probabilities were required. For the unconditioned mean (s), a

Gaussian probability distribution was assumed, as the mean and standard deviation of the

mean were known from the data. The parameters used to assign priors to the

hyperparameters are shown in Table 6.1. The other required parameters were those of the

correlation structure of the data, which were known exactly from the nested variogram

model (equation 5- 1). The resulting log transmissivity field and associated uncertainty is

presented in Figure 6.1. The standard deviation can be related to the confidence limits of

the interpolated value. In the regions where many measurements were available, the

standard deviation was low relative to areas where little or no data was present. The

maximum standard deviation was 1.6, which is equal to the standard deviation of the

data. The heterogeneous field was also approximated using kriging with SURFERTM

(Golden Software Inc., Version 7) for comparison purposes (see Figure 6.2a). The same

measurements and nested variogram (equation 5.1) were used in the kriging method as

that in the Bayesian Updating method. The standard deviations of the kriging

interpolation are presented in Figure 6.2b and were found to have a maximum of about

1.6. By comparing the transmissivity fields estimated by the two methods, it was

observed that the same main features of high and low values occurred in the same

regions' Comparing the standard deviation plots (Figures 6.lb and 6.2b) it was observed

that the standard deviation, and therefore uncertainty in log transmissivity, was lower for

the Bayesian Updating field than rhe krigrng field.

129



Table 6-1 - Parameters and priors used in Bayesian Updating of log transmissivify of
Carbonate and Sandstone Aquifers.

* TE - Truncated exponential

The log transmissivify field of the Carbonate Aquifer was re-visited using Bayesian

Updating, however in this case uncertainty in the data was considered. This was done by

marginalizing the noise out of the solution, and therefore the set of hyperparameters for

this case was u : (s, od2). For noise in the data, only reasonable upper and lower limits

could be assumed, leading to a prior based on a truncated exponential. The results of this

case are presented in Figure 6.3. The result of adding noise to the measurements is that

the log fransmissivity field is smoother. In kriging, interpolation to a measurement point

rvill return that exact same value. This may not be the best choice however, as that

measurement may have an uncertainty associated with it. In Bayesian Updating, when

the uncertainty is considered, the interpolated value may differ from the original

measurement value. If an observed measurement was known with absolute certainty, this

knowledge was incorporated into Bayesian Updating and in this case the interpolation

would recover the exact observed value at that point.

Medium Parameter Upper
bound

Lower
bound

Average Standard
Deviation

Type of
nrior

Sandstone
Aquifer

Mean -0.9 -12.5 -7.|s 1.7 Gaussian
Noise 12.5 0 1.7 TE

ãE
¡r q)
Þ¡Ê

cE c!>È

Co

ov2
I (m)

1.0
J

30,000

0

2.7
0

0.56
2.9

16,828

TE
TE
TE

Carbonate
Aquifer

Mean -0.9 -12.s -7.ls 1.7 Gaussian
Noise t2.s 0 0.5 TE

Ë¡r¿tlì
Þ¡:

ì' cú

-ù

Co

Cr
Cz

Ir (m)
lz (m)

1.93

2.18
2.s6

12313
104488
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6.4 Sandstone Aquifer

For the Sandstone Aquifer, the unknown parameters in Equation s 2.53 and 2.54 were the

unconditional mean at each node, the noise in the data, and the correlation structure

parameters (u : s, X, oy2, o"62). For this case the exponential model was assumed for the

correlation structure. Again, a Gaussian prior was assumed for the mean value, as both

the mean and standard deviation of the pdf were known (see Table 6.1). As only upper

and lower limits could be reasonably assumed for the sill and integral scale, the minimum

relative entropy principle (Woodbury and {.Ilryctr, 1998) was used to generate truncated

exponential (see Chapter 2, Section 2.8.2.1.2). Initially the measurements were assumed

exact and a noise (o¿) of zero was incorporated. Bayesian Updating was then used to

generate the log transmissivity field (see Figure 6.4a). The map of standard deviations

from the Bayesian Updating interpolation is presented in Figure 6.4b. Note that for the

Sandstone Aquifer, there were only 78 data points from which to interpolate, and most of

this data was located in the eastern part of the province. Therefore, in the regions where

measurements were present, some variability in log transmissivity was observed.

However, in areas where no data was available within the integral scale, Bayesian

Updating generated a value equal to the unconditional mean of the underlying

distribution (-7.96). This was because there was insufficient information to alter the prior

pdf- Note that a large transmissivity zone was created by the Bayesian procedure, which

was not a reflection of any deterministic considerations, but was a natural outcome of

updating a prior pdf with observations. The statistical model retums a result that was very

reasonable; that is homogeneous in regions where little or no information was available

to alter an initial state.
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The log transmissivity field for the Sandstone Aquifer was also interpolated using krigrng

(Figure 6.5a) for comparison. The best-fit exponential model was used as the correlation

structure in the interpolation. The standard deviations of the kriging interpolation are

presented in Figure 6.5b. The resulting log transmissivity field from both methods is

similar- The same high and low regions are observed in both cases. Comparing the

standard deviation maps, the standard deviation is generally less for the log transmissivity

generated by Bayesian Updating.

A second case was examined in which the log transmissivity field was generated using

Bayesian Updating for the Sandstone Aquifer. In this case, the measurements were

assumed uncertain and noise was incorporated in terms of upper and lower bounds. This

resulted in the set of hyperparameters (u : s, od2, ?,.,6y2, o02). MRE was used to assign

the prior for the noise, as only upper and lower bounds could be assumed. The resulting

field is presented in Figure 6.6. Again, the results are smoother than that generated

assuming exact measurements.

6.5 Summary

This chapter covered the development of the Bayesian Updating field that was

subsequently used to generate heterogeneous log transmissivity fields for each

hydrostratigraphic unit. These transmissivity fields will be used to assign hydraulic

conductivity to the fînite element mesh of the flow and transport model, in the next

chapter.
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Figure 6.6 - (A) Log transmissivity field for Sandstone Aquifer generated from uncertain
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and (B) associated uncertainty.
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CHAPTER 7

FLO\ry AND TRANSPORT MODEL DEVELOPMENT

7.1 Introduction

A numerical model of the flow and transport within the Carbonate Aquifer, Sandstone

Aquifer and surrounding units was developed from the conceptual model presented in

previous chapters. FRAC3DVS is a finite element flow and transport code, accounting

for saturated/unsaturated conditions and variable density. The first section demonstrates

the verification of the variable density aspect of this code. The next section covers the

calibration targets used throughout the modeling exercise. The subsequent sections

describe the construction of the flow and transport model of Southern Manitoba.

Initially, two-dimensional models of each aquifer were constructed to ascertain

hydrogeological properties and boundary conditions for both flow and transport. The

three-dimensional model consisting of both aquifers and surrounding units was then

constructed using this information. Finally, the sensitivity of model to different

properties and boundary conditions was investigated.

7.2 Numerical Model and Code Verification

FRAC3DVS, modified to account for variable density flow, was used for model creation

(Therrien and Sudicþ,1996). The numerical formulation and governing equations of

this code were described in Chapter 2, Section 2.6. The code satisñed all of the

requirements: finite element approach; allowed for heterogeneous transmissivify (or
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hydraulic conductivity), solved both the solute transport and flow equations; and

accounted for variable density effects on the solution.

The original code was verif,ted for flow and transport as presented by Therrien and

Sudicky (1996). However, the code was subsequently modified to account for variable

density requiring this aspect to be verified. The model results were compared against the

Henry problem; a salt dome problem; and compared against FEMWATER, an existing

verified variable density code (Hsin-Chi, J.L. et al.,1997).

Henry (1964) approximated an analytical solution for steady state saltwater intrusion.

The problem definition is presented in Figure 7.1 and consists of a rectangular area of 2.0

m by 1.0 m. No flow and no mass flux boundary conditions were implemented on the

top and bottom. A constant freshwater influx of 6.6 x 10-5 m/s was imposed on the right

boundary. The left side represented seaward conditions with a specified head boundary

condition along the entire side and relative concentration equal to 1.0 from z : 0 to 0.8 m.

To date, no numerical code has adequately simulated the Henry problem. The boundary

condition on the left requires an abrupt change from salt to fresh water, which is

physically improbable and numerically difficult to satisfu (Frind, 1982). However the

problem is still used in most verification cases (Voss and Souza, 1987). For this thesis,

the parameters as presented by Frind (1982) were used to evaluate the Henry problem

(Table 7.1). The 0.5-isochlor results of Henry (1964) and the model results from Frind

(1982) at steady state are presented in Figure 7.2. FRAC3DVS was used to solve this

problem \Mith 0.1 m square elements and results are presented in Figure 7.3. As no
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.1 - Verification em parameters

Parameter Henry Problem Salt Dome Problem FEMWATER
K (m/s) 1.0 x 10-' i.l x 10-' 1.0 x 10*
D (m'/s) 6.6 x 10-' 1.39 x l0-' 1.0 x 10-''

Max imum densitv (kp/m' ) 1024.99 t200 r200
at, (m) 0.0 20.0 2.0
ør fu) 0.0 2.0 0.2
a" (m) 0.0 0.0 0.0

n 0.35 0.2 0.2

previous numerical model has had a perfect match to the anal¡ical solution of Henry, the

FRAC3DVS results were thought to compare well.

Table

The second verification case was a salt dome problem that was presented by Kolditz et al.

(1998). The problem consisted of groundwater flow over a salt dome causing an addition

of solute into the system, changing the density and affecting flow. The problem

definition is presented in Figure 7.4 and consists of a rectangular region of 900 m x 300

m with properties presented in Table 7.1. On the top border, a specified head boundary

condition that varied linearþ from 20.456 m on the left to 10.228 m on the right was

imposed. The remaining boundaries were all no flow boundary conditions. Freshwater

inflow to the system was on the top left and was accounted for by assigning a relative

concentration boundary condition equal to 0.0. The salt dome was placed in the middle

300 m of the bottom boundary with no mass fluxes allowed on either side. The results of

the salt dome problem at steady state from modeling conducted by Kolditz et at. (1998)

are presented in Figure 7.4. The FRAC3DVS code is not capable of directly solving for

steady state solutions, for flow or transport. However, since steady state is the limiting

condition for extremely long times, FRAC3DVS was simply run over a long time period

(Figure 7.5). The results differed slightly from the model results presented by Kolditz et

al. (1998). Both head distributions (Figures 7.4a and 7.5a) had approximately verrical
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contours in freshwater regions and horizontal in saltwater regions with a bend occurring

at saltwater/freshwater interface. The relative concentration contours (Figures 7.4c and

7.5b) show similar prof,rles with relative concentration contours dispersing towards the

right. The results of FRAC3DVS and that of Kolditz et al., 1998 differed but had the

same general form.

The results of FRAC3DVS were further verifîed by comparing with FEMWATER, an

existing finite element, variably density flow and transport code. A simple problem of

100 m x 50 m with a constant head of 20 m and relative concentration of 1.0 on the left

boundary and constant head of 10 m and relative concentration of 0.0 on the right (Figure

7.6). The parameters of the problem are presented in Table 7.1. Both codes were used to

run the problem for 2 x 107 seconds from an initial condition of equivalent freshwater

head and relative concentration equal to 0.0. The relative concentration contours of both

models and a plot of FRAC3DVS results versus FEMWATER results is presented in

Figure 7.7. The match between the results of the two models is quite good, verifying

FRAC3DVS. A second case was examined in which only half of the left side had a

relative concentration boundary condition of 1.0. The contours of both model results and

plot of FRAC3DVS versus FEMWATER results is presented in Figure 7.8.

7.3 Hydrostratigraphic Model: Finite Element Mesh Construction

To model the system using the fînite element method, a f,rnite element mesh had to be

constructed. For this case, the prism element type was used and the hydrostratigraphic

model developed in Chapter 3 had to be subdivided into a system of elements and nodes.
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In the solution of the model, the equivalent freshwater head and relative concentration

were calculated, at each node within the mesh. In the x-y plane, the element size was

refined in areas where large changes in head or concentration were expected to occur,

such as in the vicinity of wells (large head changes) and the saltwater interface (large

concentration changes) (Figure 7.9) Changes in element size were done gradually so

that neighbouring elements did not increase in size by more than 1.5 times. To create the

three-dimensional mesh, FRAC3DVS used the two-dimensional plan mesh and nodal

elevations of each layer. A simple example of the mesh development is shown in Figure

7.10. An x-y plane is shown with eight nodes in Figure 7.I0a. The elevations of the

model base and one layer are given and the resulting three-dimensional mesh is shown

with one sublayer. This layer could be divided into any specified number of equal

thickness sublayers.

The three-dimensional mesh for the model was constructed from the x-y plane and by

assigning layer elevations from geology. A total of five main layers were used to

construct the final three-dimensional mesh (see Figure 7.ll). Layer 1 (Overburden units)

had six evenly spaced sublayers with top defined by ground surface anrd bottom def,rned

by the top of the Carbonate Aquifer. Layer 2 (Carbonate Aquifer) comprised three

sublayers with bottom defined as the base of the Carbonate Aquifer. Layer 3 (Carbonate

Unit) had six evenly spaced sublayers and bottom was defined as the top of the Winnipeg

Formation. Layer 4 (Winnipeg Shale) was not subdivided and the bottom was assigned

1.5 m below top of Winnipeg Formation. Layer 5 (Sandstone Aquifer) was divided into

three sublayers and the bottom was the top of the precambrian.
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Hydraulic conductivity was assigned to each finite element by using the

hydrostratigraphic model to determine in which unit it was located. The hydraulic

conductivity was then either calculated from the heterogeneous transmissivity field and

the saturated thickness or was specified, creating a file of K-, K, and Kr. tt was assumed

for this model that K: K, and K,:0.1.Ç (Domenico and Schwartz, 1990). The

sensitivity of the model to this assumption is examined later in thìs chapter. The

remaining hydrogeological properties were assumed homogeneous within each layer.

7.4 Calibration Targets

In order to calibrate and validate the model, the model results were compared against

field observations. For flow, equivalent freshwater head values were compared. For the

transport model, concentrations of chloride ion were compared. Chloride ion

concentration was used to simulate the brine movement and was considered conservative.

In order to assess the fit of the model results against these observations, a calibration

target was specified prior to commencement of model simulations.

For calibration of the flow model, the steady state results were compared against historic

water levels from 1920 (Chapter 4, Section 4.3). In an ideal situation, the observations

would be error free and the goal would be a perfect match. However, the observed water

levels do have an associated error and therefore the model results were assigned an

allowable range to differ from the observations. The dataset of measured water levels

\¡/as corrected for density effects to obtain observations in terms of equivalent freshwater
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head. It was found that this correction was negligible as the bulk of the measurements are

located within the freshwater zone where densities are approximately fresh. A model

result within an interval of *10 m from the observed historical water level is assumed due

to following errors:

Water levels were not instantaneous. The water level measurements for this

dataset were t¿ken at different times of day, season and year.

Measurement error. For this historical dataset, the method of taking

measurements and level of quality control was not known.

Scaling effects. The wells were screened over a vertical distance affecting the

observed water level. However, to compare with model results, the observations

had to be assumed at a point.

Location. The well locations as discussed previously are only approximately

known.

r Interpolation error. In finite element modeling, the equivalent freshwater head

was solved at each node. However, an observation point may not be located

directly at any node. Therefore, the model results were interpolated to the

observation I ocation for compari son purposes.

To assess elror across the region, the root mean square (RMS) error was used. For the

Carbonate Aquifer, the total change in equivalent freshwater head across the study region

was from 2I8 to 350 m. For the Sandstone Aquifer, the total head changed between 420

and 220 m, within the study region. An RMS error less than lTYo of this maximum
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change was assumed reasonable (13 m for the Carbonate Aquifer and 20 m for the

Sandstone Aquifers) (Anderson and Woess ner, 1992).

The model errors across the region were checked by plotting the computed versus

observed equivalent freshwater head. The points should fall approximately along a one-

to-one line. A regressed line through the points should result in a slope close to 1.0, an

intercept of 0.0 and a high coeffîcient of correlation (R2) value. To test statistically

whetherthe slope and intercept of the regressed line are significantly different from 1.0

and 0.0, respectively, the t-test was used (Kennedy and Neville, 1976). The equation of

the regressed line is y: b.x + ¿. To test the slope, the t-test is applied against lb-b6l where

bo is the theoretical value of the slope (in this case 1.0). The null hypothesis is that there

is no significant difference between b and bo. The t value is calculated from the

following equation:

. lø-t,,1 l¿-rl (t t)

lVhere ss is the standard deviation of the slope, b, determined through regression.

Critical t-values can be obt¿ined from tables at specified degrees of freedom (DOF) and

chosen significance level. For this case the DOF is equal to number of points minus two.

If the calculatedt-value is greaterthanthe critical t-value, the null hypothesis is rejected.

This result draws the conclusion that there is a significant difference between the

regressed slope and a value of 1.0. The t-test can also be conducted to determine whether

the intercept is significantly different from 0.0 and on the R2, to ensure that correlation

exists. A plot of the residuals should show no trend and have a good scatter. These plots

clearþ show whether a region is being consistently over or under estimated.

.tåsb
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To validate (or history match) the model, the results were compared against a second

dataset collected under different stress conditions. In this case, the current water levels

collected from MWB observation wells were used, The errors associated with the current

dataset were the same as the historic ones, except that instantaneous piezometric surfaces

could be created. The same targets used for calibration were kept for assessment of flow

model validation.

For the solute transport model, concentrations of chloride ion were modeled. The

maximum chloride concentration within the study area was measured as 75,000 mgL.

For both aquifers, only one dataset of chloride ion concentrations was available that was

collected from water sampling conducted in the late 1990's. As no "steady-state" dataset

was available, calibration could not be conducted. Therefore, only a history match was

conducted. The errors associated with both datasets were measurement error, scaling

ef[ects, sampling location and interpolation error. Due to these errors, a calibration target

of +7.5 g/L is assumed. The maximum allowable RMS was 7.5 g/L, which was 10olo of a

possible change of 75 glL over the study region.

7.5 Two-Dimensional Simulations: Carbonate Aquifer

lnitially, a two-dimensional model of flow and transport within the Carbonate Aquifer

was constructed. The purpose was to determine reasonable boundary conditions and

hydrogeological properties for the Carbonate Aquifer. The finite element mesh for the

Carbonate Aquifer had the same x-y plane as shown in Figure 7.9 .vurrrh three layers, of a
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thickness equal to 5 m each. The flow model was mn to approximate steady state and

callbrated against the historical head dataset (1920). The hydraulic conductivity was

based on the Bayesian Updating interpolation (Figure 6.3) of transmissivity and an

assumed 15 m saturated thickness. The other parameters are presented in Table 7.2. For

this case, the Red River Floodway and wells screened over both the Carbonate and

Sandstone Aquifers were ignored.

7.5.1 Two-Dimensional Simulations: Flow Calibration to 1920 (Carbonate Aquifer)

The boundary conditions for the steady state solution were assigned according to

available information (see Figure 7.12 and, Table 7.2). The Northern and Southern

boundaries were parallel to streamlines (see Figure 4.11) and therefore were assigned no

flow boundary conditions. A no flow boundary condition was imposed on the Eastern

boundary, as this was where the Carbonate Aquifer subcropped. Water was known to

flow into the region from the west and was incorporated using a speciflred head boundary

condition of 270 m on the Western boundary. Discharge to Lake Manitoba and Lake

V/innipeg were accounted for using specified head boundary conditions of 248 and 2I7

m, respectively (Section 4.5). The Red River, a region of discharge was accounted for

using specified head boundary condition, with heads increasing from 217 m at Lake

trVinnipeg to245 m at the South end, The river has a gradient of approximately 0.2 m per

kilometer. The Assiniboine River was not incorporated into the model. The recharge to

the Sandilands region was reported to have an upper limit of 1 x 106m/s (Section 4.5)

and was incorporated using a specified flux boundary condition. Ensuring that the flux
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constraint was satisfied, the value of flux was determined through calibration. The other

recharge zones, Birds Hill and Interlake region were incorporated in the same manner.

) Calibrated

Wells within the system were also accounted. Pumping rates for non-permit wells were

determined for each township and range as described in Section 4.5. However, it is

known that these pumping rates will vary between 1920 and 1999 as development occurs

and demand changes. Information regarding the changes in pumping rates was not

available and therefore it was assumed that pumping rates are directly related to changes

in population. In other words, as the population grew from 1920 to 1999, the pumping

rates increased accordingly. The population in Manitoba was collected from Canadian

Census data at five year intervals (see Table 7.3 and Figure 7.13). For the steady-state

model of T920, these wells were assumed to be pumping at 53%o of the total rate.

leT forable7.2 - Cali meters Carbonate Aqurfêr tlow and trans model
Parameter Value

o
lå

Properties: Hydraul ic C onductiv itv BU field and saturated thickness of 15 m
Porosily 0.15

StorativiÍy 5 x 10-'

BCs: Western Boundarv Type I BC hr:270 m
Lake Monitoba Type I BC hr:248 m
Lake Winnioep Type I BC hr:217 m

Red River Type I BC varying h¡- approximately
0.2 rnlkm (: 1 ff/mi)

Birds Hill Flux BC: I x 10-" m/s
Sandilands FIux BC :5.2 x 10-'' m/s
Interlake Flux BC : varying between 2 x I0-" to 2

x 10-10 m/s

(t)

cg

ti

Properties: Longi tudinol d ispers iv i ly 20,000 m

Transverse dispers iv ity 2000 m

Vertical disoersivitv 200 m
Diffusion coefücient 1 x 10-'" m/s

BCs: [il'estern Boundarv Tvne I BC C :0.75 to75 slL

149



able 7.3 - Manitoba ion and rates o lation increase.
Year Manitoba population Percentage of 1999

population
r92t 610.1 I I 53
t926 639,056 56.2
r93I 700,r39 6r.6
1936 711"216 62.6
1941 729.744 64.2
1946 726_923 64.0
1951 776-541 683
19s6 850.040 74.8
1961 9t2.686 81.1

1966 963.066 84.8
l97l 988,247 87.0
t976 t.02t.s06 89.9
1981 1,026,241 90.3
1986 1.063.016 93.6
r99t r.091.942 96.t
r996 1_ 113-898 98.0
1999', t.136.176 100

No census data avallable for 1999, therefore a 2%o inqease was assumed from 1996.

The calibrated model results of equivalent freshwater head for the Carbonate Aquifer at

steady state are presented inFigwe 7.14. On Figure 7.14a, the observation points are

shown with an associated error bar. If the error was within the calibration target (t 10

m), the error bar was shown in green. If the error bar was pointing downward, then the

model was underestimating the equivalent freshwater head and if the error bar was

pointing upward, the model was overestimating the equivalent freshwater head. Figure

7.14b shows filled contours of the freshwater equivalent heads, which were found to

compare well with those in Figure 4.11. Figure 7.I4c shows a plot of the computed

versus observed equivalent freshwater head versus observed- The RMS error was 6.10

m, which was within the calibration target of l3 m. The linear regression gave a slope of

1.00 and R2 of 0.73. The total number of data points in the interpolation \ryas 126, giving
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a DOF of 124. The critical t-value for a significance level of 0.05 is 1.98. The t-values

calculated for the slope and intercept were 0.039 and 0. 1 12, respectively. Therefore, it

can be concluded that there is no significant difference between the regressed slope and

1.0 and the regressed intercept and 0.0. The correlation coeffrcient was also tested

against a value of 0.0. If the calculated t-value is greater than the critical t-value, then

correlation is said to exist. In this case, the t-value was calculated to be 18.2, indicating

that correlation exists between the calculated and observed equivalent freshwater heads.

The scatter of residuals is presented in Figure 7.I4d and does not appear to exhibit any

trend. Upper and lower bound limits of +10 m show one point above + 10 m and seven

observations below - 10 m residual, indicating these points were outside the calibration

target. However, no combination of parameters was found to get all observations within

this assigned target.

7.5.2Two-Dimensional Simulations: Flow Model History Match to 1999 (Carbonate

Aquifer)

The flow and transport model was run from 1920 to 1999, incorporating any change in

stress on the system. The steady state flow solution was used as an initial condition for

the flow aspect of the model.

The pumping rate of the non-permit pumping wells were increased in proporrion to

population change as described in Section7.5.2. The wells which have permits were

incorporated during the reported period. The initial time-step was one second and was

then increased or dçcreased by no more than a factor of 10 for each subsequent step. The
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amount of change depended on the maximum change in equivalent freshwater head or

concentration that occurred in the previous time step.

The history match of flow model results for 1999 is shown in Figure 7.16 and was

compared against the dataset of 1999 water levels. From Figure 7.16a, it was evident that

the model was underestimating the equivalent freshwater head in the Sandilands region as

a result of a low flux rate. Therefore, the Sandilands recharge would have to be increased

when incorporated into the larger three-dimensional flow model. Figure 7.16b showed

that the equivalent freshwater head contows did not change signifîcantly from the steady-

state solution indicating that increased stress had small effect on the flow regime on the

regional scale. The plot of computed versus observed equivalent freshwater head (Figure

7.l6c) shows a larger number of points that are underestimated, as previously discussed.

The RMS error for this model run was 72.27 m, which was double that of the steady state

run but was still within the 13 m target. The regressed line had a slope of 0.71, intercept

of 65.3 an R2 value of 0.59. The calculated t-values for the slope and intercept were 3.61

and3.45, respectively. For a DOF of 71, the critical t-value for a two-tailed test is 2.0 at

the 0.05 significance level and 3.46 at the 0.001 significance level. For a 0.05

significance level, neither the slope nor intercept satisfli the test. At the 0.001

significance level, the intercept is satisfied and the slope is very close. For the correlation

coefFtcient, the calculated t-value was 10.0, which is greater than the critical t-value and

signifies correlation at the 0.05 significance level. The plot of residual versus observed

equivalent freshwater head (Figure 7.16d) illustrates an increase in model results that are

outside the +10 m zone.
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7.5.3 Two-Dimensional Simulations: Solute Transport Ilistory Match to 1999

(Carbonate Aquifer)

Concentrations of the chloride ion concentration were used to examine movement of the

salt water/fresh water interface. Only one dataset of chloride ion concentration was

avallable and was from sampling done in 1999. Therefore, the concentrations in 1920

were unknown and calibration could not be conducted. An initial condition for transient

analysis was obtained by running the model over a long time period. The model was

subsequently run from 1920 to 1999 using the approximated initial conditions. A history

match was conducted between the model results and the dataset of chloride ion

concentrations.

By investigation of the chloride ion concentrations in Figure 4.15, a specified

concentration boundary condition varying from 75 glL on South end to 0.75 glL on North

end was imposed on the western boundary (see Figwe 7.15). Type II boundary

conditions were used on Lake Manitoba and Lake Winnipeg to account for the discharge

zones. The north, south and east boundaries were assigned a no flux boundary condition.

The value of unconditional longitudinal dispersivity was estimated from equation 2.4

assuming the second and third terms were negligible (cr¡ : o2.Â."). From Chapter 5,

Section 5.2.1, it was determined that the variance of log transmissivity in the Carbonate

Aquifer was2.7 and the integral scale of the exponential correlation structure was 29,000

m. The unconditional longitudinal dispersivity was therefore estimated as 78,000 m,
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which is extremely high. Comparison of this estimated value with that of Neuman (1990)

and Gelhar et al. (1992) (Figure 2.5) required the scale of the problem. To determine the

scale of the model, the source of brine in the aquifers is required (the scale equals

distance between source and plume location). The cause or source of saltwater within the

aquifers is not well understood and therefore deflrning the location of the source was not

possible. A comparison could therefore not be conducted with the results of this research

and that of Neuman (1990) and Gelhar etal. (1992).

The eff,ect of variable density due to movement of solute was also considered. From the

geochernistry dataset, it was determined that the maximum density within the study area

was 1150 kg/m3, and this was used to calculate densities at varying concentrations

(equation 2.13). For the transport model, the hydrogeological parameters are shown in

Table 7.2. A longitudinal dispersivity of 20,000 m was found to give a good fit between

model results and obsewations. This conditional value (20,000 m) is lower than the

unconditional estimate (78,000 m). However, as Neuman (1990) stated, conditioned

values of longitudinal dispersivity will decrease as the knowledge of heterogeneous

hydraulic conductivity increases. As the hydraulic conductivity for the Carbonate

Aquifer is fully heterogeneous, this observed difference was thought reasonable. The

transverse dispersivity was assumed to be one order of magnitude lower (2000 m) than

the longitudinal dispersivity and vertical dispersivity another order of magnitude lower

(200 m).
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The transport model results from year 1999 were compared against the observed

concentrations of chloride ion (see Figure 7.17). Concentration contours are presented in

Figure 7.17a, presenting only those observation points having an absolute residual greater

than 0.75 g/L. The observation measurements show increased error, as evidenced by the

yellow and red error bars, within the plume to the west. The problem, however, was that

where one observation would indicate that it was being overestimated (arrows pointing

up), another observation close by was indicating that it was being underestimated (arrows

pointing down).

Investigation of the chloride ion dataset provided some insight into this problem. First, a

large proportion of the wells had sampling regions which were not entirely within the

Carbonate Aquifer. The smallest concentration contour shown on the plan view is 1.0

glL. Comparing the concentration contours from the model (Figwe 7.T7a) with those

generated from the measurements (Figure 4.15), shows the 1.0 glL (or 1000 mg/L)

contour to be similarly located. Figure 7.17b shows those observations that had sampling

regions located entirely within the Carbonate Aquifer. Second, a plot of concentration

vorsus depth (Figure 7.18) shows some interesting results. Those samples taken from oil

wells (marked with a square) were sampled at depths greater than 200 m while the

remaining wells had sample locations at depths less than 20A m. The oil wells had higher

concentrations and were the only wells that were sampled within the plume of saltwater

in the Carbonate Aquifer. A plot of computed versus observed concentrations is

presented in Figure 7 l7c. The regressed line had a slope of 0.30, intercept of 0.014 and

R2 value of 0.24. The slope and intercept had calculated t-values of 19.5 and,4.97,
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respectively. The critical t-value for a DOF of 602 at a 0.05 significance level was 1.96.

As the t-values were greater than critical t-values, it was concluded that there was a

significant difference between the slope and 1.0 and the intercept and 0.0. The calculated

t-value for R2 was 13.7, which is greater than the critical t-value indicating that

correlation between the computed and observed concentration values exists. A large

proportion of the observations are at very low concentration values. To observe what

was occurring in the low concentration region, the results were plotted on a log-log scale

(Figure 7.17d). The slope and intercept of the new regressed line was 1.17 and,0.25,

respectively, with an R2 of 0.26. The t-value calculated for slope and intercept was 2.15

and 0.91, respectively. The t-value for the slope still showed a significant difference

from 1.0, but is much closer to satisfiiing the constraint. At a significance level of 0.01,

the critical t-value is2.576, indicating that the slope is not significantly different from 1.0

at this level. A plot of the calculated versus observed concentrations for those

observations taken entirely within the Carbonate Aquifer is presented in Figure 7.I7e.

The plot of residuals for all observations is shown on a log scale in Figure 7.I7f.

7.6 Two-Dimensional Simulations: Sandstone Aquifer

A two-dimensional model of the Sandstone Aquifer was constructed to obtain

hydrogeological properties and boundary conditions. The finite element mesh was

constructed using the same x-y plane as shown in Figure 7.9. The boundary conditions

are shown in Figure 7.19 and Table 7.4. The hydrogeological properties are also

presented in Table 7.4. A Type I (specified equivalent freshwater head) bo¡ndary

condition was implemented on the Western and Southern boundary. As the aquifer
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outcrops beneath Lake Winnipeg, a Type I boundary condition was implemented on the

nodes beneath the lake on the edge of the finite element mesh. Recharge to the system

was through the Sandilands region and therefore a Type II boundary condition was

incorporated in that region.

7'6.1 Two-I)imensional Simulations: Flow Calibration to 1920 (Sandstone Aquifer)

For the Sandstone Aquifer, no historical water levels were available. Therefore,

calibration of the flow model could not be conducted. For transient analyses, an initial

condition was required. An equivalent freshwater head prof,rle was obtained (Figure

4.I2). The equivalent freshwater head measurements used to create this profile were

obtained just prior to 1986. Therefore, this was not necessarily representative of pre-

1920 conditions. However, this was used qualitatively to provide reasonable model

results that could be subsequently used as an initial condition for the transient

simulations.

Transmissivity rneasurements for the Sandstone Aquifer were concentrated in the eastern

part of the province. Therefore, when BU was used to generate the heterogeneous log

transmissivity field, the result in the west was essentially homogeneous log transmissivity

equal to the mean. This solution makes sense, as the f,reld could not be altered from its

original state without any new information, i.e. measurements in the west. When the

hydraulic conductivity was assigned to the model based on this BU field and saturated

thickness of the unit, the model could not provide equivalent freshwater heads with the

desired profile. This result is a function of limited measurements of transmissivity that
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are concentrated in one section of the region. It was decided to divide the aquifer into 32

zones, which would contain homogenous hydraulic conductivity (see Figure 7 -19). The

values of hydraulic conductivity for each zone were determined through calibration

(Table 7.4). These zones were chosen in a manner that would provide an acceptable

solution. The boundary conditions for flow and the other hydrogeological properties are

presented Figure 7.19 and Table 7.5. The flow model results are presented in Figure

7.20. Through visual examination, the prof,rles of Figure 7.20 and Figure 4.12 compare

well

flow and model

7.6.2 Two-Dimensional Simulations: Flow Model History Match to 1999 (Sandstone

Aquifer)

To simulate the period from 1920 to 1999, the model was run accounting for variable

density effects and changes in pumping rates. A maximum density of 1150 kg/m3 was

used and pumping rates for wells were incorporated similarly to the Carbonate Aquifer.

Table 7.4 -Hydraulic conductivity values for each zone in calibrated Sandstone Aquifer
and tra

Zone K lmlsl Zone K lmls) Zone K lmlsl
l 7x10' I2 1 X l0' ZJ 1xl0
2 3 x 10-' I3 I x l0* 24 4 x 10-'
aJ 1 X 10-" I1 5 x 10-' 25 5 x 10-'
I 1 X 10-' l5 2 x l0-' 26 5x10
5 5x10- I6 2x10' 27 2x10
6 5 X 10' T7 I x 10-' 28 2xt0*
7 5 X 10' I8 I x 10-' 29 5x10o
8 I X 100 I9 4 x l0-' 30 1 X i0-'
9 I X l0' 20 2 x l0-' 3l I X 10-
t0 1x10' 2I 5 x 10-' 32 9 x 10-'
I] a

J x 10' 22 5 x l0-'
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Table 7.5 Calibrated for fl and Sandsto if( model

The flow model results in the year 7999 are presented in Figure 7.21. Five water level

observations were available for 1999 and were used to assess the model results, as shown

on Figure 7.2Ia. A plot of computed versus observçd equivalent freshwater head values

are presented in Figure 7.2Ib. The RMS error was 7.3T m, which was within the 20 m

target, and the regressed line had a slope of 0.83, intercept of 44.i and a R2 value of 0-96.

The crítical t-value for a DOF of 3 and significance level of 0.05 was 3.182. The t-values

for the slope, intercept and R2 were 1.13,1.2 and 8.7, respectively. Therefore, the slope

was not significantly different from 1.0 and intercept from 0.0. As the t-value for the R2

was greater than the critical t-value, it can be concluded that correlation exists. A

residual plot is presented in Figure 7.21c and shows that all but one observed value was

within +10 m.

aDre /.f, - Lalr meters ow ne Aquller
Parameter Value

lr

Properties: Hvdraulic ConducÍiviN Zoned
Porosily 0.15

Storativity 5 X 10-'

BCs: Western Boundary Type I BC: h¡ranging between 260 m
and 420 m

Lake Winnioep Twe I BC: hr:2I7 m
Sandilands Flux BC: 1.4 x 10-'' m/s

cÀ

¡r
l'r

Properties: Longi tud inal dispers iv ity 15,000 m

Transverse d ispers iv ity 1500 m

Vertical disnersivitv 150 m
Diffusion coefücient 1 x 10-'" m/s

BCs: Western Boundarv Twe I BC. C :75 s./L
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7.6.3 Two-Dimensional Simulations: Solute Transport tlistory Match to 1999

(Sandstone Aquifer)

For the transport model, the chloride ion concentration was again used to simulate brine

movement. As for the Carbonate Aquifer, only one dataset of chloride ion concentrations

was available from sampling conducted in late 1990's. However, in this case the

measurements are located in the freshwater region only. A Type I boundary condition

with concentration equal to 75 g/L was established on the entire western boundary

(Figure 7.15 and Table 7.5).

The unconditional longitudinal dispersivity was estimated from equation 2.4. The

variance of the log transmissivity was 2.2 and integral scale was 16 km, giving an

unconditioned longitudinal dispersivity of 35 km. The model was run over a long period

of time to approximate the conditions in 1920. The same adaptive time steps used for the

Carbonate Aquifer model were used. The hydrogeological parameters are presented in

Table 7.5

The transport model results for the year 1999 are presented in Figure 7.22. Again the

conditioned longitudinal dispersivity (15,000 m) was below the unconditioned estimate

(35,000 m). Figure 7.22a shows the contours and observation points. The observations

are primarily located within the freshwater zone and therefore the saltwater porfion of the

plume could not be assessed. Comparison of the 1.0 glL chloride ion concentration line

(Figure 7.22a) with the 1.0 e/L TDS contour line from Betcher et al. (1995) (Figure 4.17)

showed that the contour lines were in similar locations. Figure 7.22b shows a plot of
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computed versus observed concentrations. The RMS error was 0.45 g/L, which was weli

within the 7 .5 glL calibration target. The regressed line had a slope of 0.0 6, an intercept

of 0.0018 and an R2 value of 0.0003. For a DOF of 161 and significance level of 0.05,

the critical t-value was 1.96. The t-values calculated for the slope and intercept were 2.9

and 3.40, respectively. As the t-values are greater than the critical t-value, there is a

significant difference between the slope and 1.0 and the intercept and 0.0. The critical t-

value at significance level of 0.001 is 3.291, which satisfies the requirement for the slope

and is close to that of the intercept. The t-value calculated for R2 was 0.22, which is less

than critical t-value indicating no correlation. The plot of calculated versus observed

concentration was constructed on a log-log scale (Figure 7.22c). This plot shows

significant scatter around the one-to-one line. The regressed line had a slope of 0.04 and

intercept of 3.5. The calculated t-values for the slope and intercept were 13.7 and 13.6,

respectively. A plot of the residuals on a log plot is shown in Figure 7.22d. With a lack

of data in the higher ranges of concentration, it was difficult to improve these results.

7 .7 Thr ee-Dimensional Model

Using the boundary conditions and hydrogeological properties determined in the

individual aquifer modeling exercise, the three-dimensional model was constructed. The

Carbonate and Sandstone Aquifers were combined into one three-dirnensional model,

incorporating the surrounding units of the hydrostratigraphic model.
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7.7.1 Flow Calibration to 1920

Hydrogeologlcal properties were assigned to each element within the finite element

mesh. For the calibrated model, the Carbonate Aquifer hydraulic conductivity was

assigned using the Bayesian Updating fîeld and assumed saturated thickness of 15 m.

The Sandstone Aquifer was assigned using the same zones and hydraulic conductivity

values as that for the individual two-dimensional model. The hydraulic conductivity

values for the sand and gravel, clay, till, Winnipeg Shale and carbonates were assumed

homogeneous and were given a value of l0-3, 106, 7.8xr0-6, 10-10 and lO-e m/s,

respectively. The other hydrogeological parameters, such as porosity, were assumed

homogeneous and are presented in Table 7.6 and boundary conditions in Table 7.7 and.

Figtre 7.23.

Boundary conditions were assigned (see Figure 7.23 and Table 7.7) using the individual

aquifer model results. A Type I boundary condition was implemented on the west

boundary at both the Carbonate and Sandstone Aquifers. Lake Manitoba, Lake Winnipeg

and the Red River were incorporated using Type I boundary conditions with values

measured in the field. The recharge zones within the Interlake, Sandilands and Birds Hill

regions were assigned Type II boundary conditions with values determined through

calibration.

Cross-contamination between the Carbonate and Sandstone Aquifers can occur in

locations where wells are open or screened across both aquifers. The water can then

transfer between aquifers causing contamination and potential decrease in water quality.
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The wells that were determined to have screens along both aquifers (Section 4.5) were

incorporated with an assumed pumping rate of l.2xI}-s mtls 10.2 USGPM).

The steady state model results were compared against the historical water level

rneasurements (1920) (see Figure 7.24). Figure 7.24a shows the plan view of the fresh-

water equivalent head contours and the observation points with associated error interval.

Cross-sections along lines A-A'and B-B'as shown in Figure 7.24a are presented in

Figures 7.24b and c. A plot of computed versus observed equivalent freshwater head

measurements are shown in Figure 7.24d. The RMS error of the model results to

observations is 7.49 m, which is well within the lower target of 13 m. A linear regression

through the points gave a. slope of 0.92, intercept of 23.6 and R2 of 0.75. The t-values

calculated for the slope, intercept and R2 were 1.1.4, T.43 and. 19.2, respectively. The

critical tvalue for a DOF of 124 at significance level of 0.05 was 1.98. The t-test

indicates that the slope and intercept are not significantly different from 1.0 and 0.0,

respectively and that correlation exists. The residual plot (Figure 7.24e) shows a good

scatter of points around the zero line. Approximately thirteen points were outside the

+10 m target. No combination of parameters was found in which every observation was

within this target.
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able7.6 - Calibrated ur(JËçLrruËrurlr pru es used in the three-dimensional model.
Unit Hydraulic

Conductivitv lmls)
Porosify Storativity c¿r(m) ar (m) a" (m)

Sandstone
Aauifer

Zoned 0.015 5x10-' 15,000 1500 150

Winnipeg
shale

10-'" 0.1 10' 15,000 rs00 10

Carbonate l0-' 0.01 t0- 20,000 2000 10
Carbonate

Aquifer
BU field 0.01 10 50,000 2000 200

Overburden Sand and gravel : 10-'
Till:7.8x10{

Clav: 106

0.4 l0' 15,000 1500 1s0

Table

7.7.2Flow Model History Match to 1999

The model was subsequently history matched for both flow and transport. The flow and

transport model was run from 1920 to 1999 through time accounting for variable density,

with a maximum density of 1150 kg/m3.

a,ble7.7 - I3oundary condrtrons assrgled to the three-dimensional model
Parameter Value

tr

Western Boundary on Carbonate Asuifer Type I BC hr:270 m
Western Boundary on Sandstone Aquifer Type I BC hr:260 to 420 m

Lake Manitoba Type I BC hr:248m
Lake Winninep Type I BC hr:217 m

Red River Type I BC varying h¡- approximately
0.2 mlkm (= I ff/mi)

Birds Hill Flux BC: 1.0 x 10-o m/s
Sandilands Flux BC:6.0 x 10-'m/s
Interlake Flux BC:2.0 x 10-'" m/s

Red River Floodwov (from 1968 forward) Type I BC - head base of Floodwav

U)

¡rti

Western Boundary on Carbonate Aquifer Type III BC C :0.7s to 75 f,L

lilestern Boundary on Sandstone Aqui/ër Type III BC C :75 glL
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In 1968, the Red River Floodway was constructed. The Floodway is used in times of

flooding to divert water from the Red River around the City of Winnipeg. The

construction of the Floodway was known to have an effect on the flow regime and was

therefore incorporated into the model. The Floodway was accounted for in the model

from 1968 to 1999 using Type I boundary conditions with head values equal to the

ground level.

The results of the transient flow model (Figure 7.25) were compared against equivalent

freshwater head observations from 1999. Figure 7.25a shows the plan view of the

equivalent freshwater head distribution with observations. Cross-sections along lines C-

C' and D-D' are presented in Figures 7 .25b and c. A plot of computed versus equivalent

freshwater head was plotted and compared against a one-to-one line (Figure 7.25d). The

RMS error was 10.4 m, which was within the calibration target and linear regression gave

a slope of i.13, intercept of -28.1 and RÍ value of 0.82. For a DOF of 76 and,significance

level of 0.05, the critical t-value was 2.0. The t-values of the slope, intercept and R2 were

2.00, 1.83 and 18.4, respectively. This result indicates no significant difference between

the slope with 1.0 and intercept with 0.0 andthat correlation exists. A plot of the residual

versus observed equivalent freshwater head shows thirteen points outside of the

calibration target of +10 m (Figure 7.25c). There is a slight trend evident within the

residuals.

The quantity of discharge to the Red River Floodway in the field was assigned the

approximate values of 0.14 mt/s. The model computed the discharge to the Floodway to
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be 0.16 m3ls. As the discharge rate inthe field is only approximate, these values were

thought to be reasonably close.

7.7.3 Solute Transport History Match to 1999

The transport boundary conditions were accounted for using Type III boundary

conditions on the western boundary at the aquifer locations. A Type I BC was initially

used, but was found to cause irregularities in the west. To assign an initial condition for

transient analyses, the initial conditions generated in the individual (two-dimensional)

transport models were used for the (three-dimensional) transport model. Type I boundary

conditions were used to generate these initial conditions in the two-dimensional models.

Even though Type III boundary conditions were used in the three-dimensional model, the

initial condition from the two-dimensional models was thought to be representative and

was therefore used. Type III boundary conditions were incorporated using the flow rate

across the border and the concentration. The transport parameters required lor the three-

dimensional model were assumed constant within each unit (Table 7.6). The values of

the dispersivity were similar to those of individual aquifer models, with the exception of

the Carbonate Aquifer longitudinal dispersivity which was increased to 50,000 m from

20,000 m as this was found to increase stability.

The solute transport model results in 1999 are shown in Figure 7.26. The plan view of

concentrations with observations having an absolute residual greater than 0.75 glL, is

shown in Figure 7.26a. Into the salt-water zone, the observations are more sporadic as

evidenced by the variability in observation intervals. It was difficult to improve
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calibration as one point can show very good agreement, while a nearby observation

shows very poor agreement. Cross-sections were prepared along lines E-E', F-F' and G-

G' are shown in Figures 7 .26b, c and d. The cross-section shows a higher concentration

in the western corner that decreases while moving eastwards. A plot of computed versus

observed concentration values showed good agreement at lower concentrations but the

concentrations were underestimated at higher ranges (Figure 7.26e). The RMS error of

the fit was 2.55 glL, which is below the target of 7.5 glL. A linear regression through the

points gave a slope of 0.64, intercept of 0.0014 and R2 of 0.57. For a DOF of 769 and,

significance level of 0.05, the critical t-value was 1.96. The t-values for the slope and

intercept were 15.1 and 0.98, respectively. As the t-value of the slope is greater than the

critical t-value, the slope is significantly different from 1.0. The plot of computed versus

observed concentration on log-log scale is presented in Figure 7.26f. This plot shows a

better scatter of points around the one-to-one line. This observation may be a result of

increased measurement error at lower concentration ranges. A residual plot showed a

trend of decreasing residual with increasing concentration (Figures 7.26f and h). No

matter what parameters or boundary conditions were used, the results were not improved.

Lack of information made any further improvement difficult.

Variable density was considered in the final model. To determine whether consideration

of variable density had a signrficant effect, a comparison was conducted between model

results in which variable density was considered and that in which it was ignored. For

both the Carbonate and Sandstone Aquifers, the head and concentration were compared

between the two models. For the Carbonate Aquifer, the RMS error between the two
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models results for the head and concentration was 0.63 m and 1.5 gll, respectively. The

effect on head is not that significant, however, the change in concentration is quite large.

For the Sandstone Aquifer, the RMS error for the head and concentration is 0.87 m and

4.8x10-3 g/L, respectively. The effect on head and concentration for the Sandstone

Aquifer is not that high and is below the RMS error of the model itself.

To determine whether the three-dimensional transport model showed a significant

improvement over the individual two-dimensional models, the absolute value of residuals

between computed versus observed values for both models were compared. The means

of residuals between models were tested to determine whether the means were the same

or significantly different. The null hypothesis is:

Ho: Pr : þz

Where ¡r1 is the mean of the absolute value of residuals from the two-dimensional models

and p2 is the mean of the absolute value of residuals from the three-dimensional model.

The alternate hypothesis is that the mean from the three-dimensional model is

significantly lower than the two-dimensional model.

Hnl Llr ) L[;

To compare two means, the t-test can be used. The t-value is calculated and compared

against critical t-value at specified significance level.

Qz)

Where y¡ is the sample mean of absolute value of residuals from two-dimensional

models, y2 is the sample mean of absolute value of residuals from the three-dimensional

(v, - v,)
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model, n1 is the number of points in the two-dimensional models, n2 is the number of

points in three-dimensional model and so is the pooled variance. The pooled variance is

calculated from the following equation.

^ _(r,-t).",' +(n, -l). slt' - nranr-2
(t s)

models and oz2 is the variance of the

lVhere s12 is the variance from the two-dimensional models and sz2 is the variance from

the three-dimensional model. The critical t-value is found in tables at a DOF of n+n>-2

and chosen significance level. If t < t";t then the null hypothesis can not be rejected.

For this case, the t-value calculated frorn the residuals of the two models is 40.0. The

critical t-value for a DOF of 762 and significance level of 0.05 for a one-tailed test was

found equal to 1.645 from tables. As the t-value is greater than the critical t-value, it can

be concluded that there is a significant difference between the two means.

The variance of the two model scenarios can be compared via the variance ratio test using

the F-distribution. For this test, the null and altemate hypotheses aÍe as follows:

2

Lr .ol,, n .---1- -l6;
2ftHn::\>1

o;

Where or2 is the variance of the two-dimensional

three-dimensional model. The sample variances are used to calculate the ratio, {. tn"
,s2

ratio is compared against critical F-value determined from tables with vl : fli-l, \tz: rtz -
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1, which are the DOF of the numerator and denominator, respectively. If the ratio is

greater than the cntical F-value, then s¡2 is deemed signifîcantly larger than s22.

The ratio of sample variances was determined equal to 1.76. The critical F-value for a

DOF of 761 in the numerator and 761 in the denominator and at a significance level of

0.05 was found in the tables to be less than T.25. The exact value at the desired DOF was

not present in the table. However, the ratio of sample variances is greater than the critical

F-value, and therefo re it can be concluded that o12 is significantly greater than az2.

Through all of the statistical analyses comparing the means and the variances, showed a

significant difference between the two-dimensional models and the three-dimensional

model. The mean of the residuals of the three-dimensional model was found to be

significantly lower than the mean of residuals of the two-dimensional models. Also, the

variance of the residuals showed that the vanance of the three-dimensional model was

signifrcantly lower than that of the two-dimensional models.

The difference between the two-dimensional and three-dimensional models is that the

surrounding units and the cross-cont¿mination between the aquifers are considered in the

three-dimensional model. To determine whether the cross contamination between

aquifers had an effect on the model results, two runs were conducted. One run ignores

cross-contamination and the other considers cross-contamination. The runs were

compared by determining the RMS error between the head and concentration for each

rnodel. For the Carbonate Aquifer, the RMS error between the head and concentration
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results of the two models were 1.4 m and7.2 mglL, respectively. For the Sandstone

Aquifer the RMS error for the head and concentration was 5.7 m and 0.13 mglL.

The statistical analysis shows that there is a significant improvement from the three-

dimensional model and the fwo-dimensional models. Comparing the models with and

without the consideration of cross contamination shows that large changes occur in the

heads within both the Carbonate and Sandstone Aquifers. The change in concentration is

not that large at 7.2 mglL and 0.l3 mglL for the Carbonate and Sandstone Aquifers,

respectively. Therefore, it is concluded that the three-dimensional model is required to

successfully model the region.

7.8 Sensitivity Analysis

To investigate how sensitive the final model was to the different boundary conditions and

properties, the variables were investigated individually. For the flow model parameters,

the assurned boundary conditions were varied while other conditions were maintained

constant. The steady state flow results were determined and the RMS was calculated. By

comparison of the RMS value with that of the initial model, the sensitivity of the model

to the different parameters could be determined.

The value of the specified head on the western boundary of the Carbonate Aquifer was

uncertain. The specified head was varied by 10% and 20o/o in both directions. A plot of

the percent change in RMS versus percent change in equivalent freshwater head is

presented in Figwe 7.27. This plot illustrates that the flow results were significantly
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affected by the value of the specified head on the western boundary condition. Decrease

in equivalent freshwater head showed minimal change. However, an increase in

equivalent freshwater head resulted in a significant increase in RMS.

The specified boundary condition on the west and south borders of the Sandstone Aquifer

were investigated. The RMS of the overall three-dimensional model did not vary

significantly as a result of the change in this boundary condition. However, as there were

no historical observations for the Sandstone Aquifer, it was not surprising that the overall

RMS did not change significantly. Therefore, the efÊect of this boundary was thought to

be more significant than this test showed.

The specified flux boundary condition in the Birds Hill region was investigated and

found to have no effect on steady state model. The Birds Hill recharge zone was

localized, which may explain why this parameter had such small effect. The value of the

specified flux boundary condition in the Interlake region was found to have an effect on

the final model. This zone is quite extensive and is a major source of recharge to the

aquifers. The percent change in RMS as a result of change in the value of the specified

flux in the Interlake area is shown in Figure 7.28. Increases in Sandilands recharge were

also found to have an effect on the flow model (see Figure 7.29), as this is also a

signifi cant recharge zone.

For the model, the K, value was assumed to be 0.1 times the value of K. The efÊect of

this assumption was evaluated on the steady-state flow model. Figure 7.30 shows a plot
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of the percent change in RMS as a result of change in factor multiplied by K* to calculate

K' A value of K, : K* was found to have a very slight effect on the resulting RMS.

However, decreasing the factor used to calculate Ç was found to cause an increase in

RMS. The lower value of Ç would cause a reduction in the vertical flow rate causing a

decrease in the amount of recharge that reaches the aquifers.

To evaluate the sensitivity of the contaminant transpoft parameters, two cases were

examined. The first was to examine the effects on the individual aquifers as these were

used to assign initial conditions to the three-dimensional model. The second scenario

investigated effects on the three-dimensional model stepping from 1920 to L999, using

the same initial condition.

The Carbonate Aquifer was found significantly affected by changes in longitudinal

dispersivity. Effects of changing longrtudinal dispersivity on the RMS error on the

results are illustrated in Figure 7.31. The plot of percent change in RMS versus

longitudinal dispersivity showed that a decrease in value did not have as much effect as

when the value was increased. The transverse and vertical dispersivity values were not

found to have an effect on this single aquifer scenario.

For the Sandstone Aquifer, it was also determined that the longitudinal dispersivity had

an effect on the solute transport results. ln a similar manner to that observed \Mith the

Carbonate Aquifer, a decrease in the longitudinal dispersivity had less effect than an

increase (see Figure 7.31). The transverse dispersivity was found to have a slight effect
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on the results (Figure 7.32). The vertical dispersivity was found to have no effect on the

resulting solute transport model.

For the three-dimensional runs, the values of longitudinal, transverse and vertical

dispersivities in the Carbonate and Sandstone Aquifers were found to have only a very

slight effect. Since the model is stepping forward from the same initial condition, this

result makes sense. The dispersion on the plume would not be greatly affected over such

a short period in geological time. It was found that if the values of dispersivity were too

low (< 100 m), then the model results were meaningless (relative concentration values

gteater than 1.0 and less than 0.0).

7.9 Summary

FRAC3DVS was the finite element code chosen to model the flow and transport in

Southern Manitoba. The code was verified to ensure that the variable density aspect had

been coded successfully.

Calibration targets were established prior to modeling. Individual models of both

aquifers \¡/ere constructed to provide approximate boundary conditions and

hydrogeological parameters that were used in subsequent three-dimensional modeling.

The three-dimensional model was constructed accounting for all units. The Carbonate

Aquifer hydraulic conductivity was assigned based on the Bayesian Updated field of

transmissivity values and u/as fully heterogeneous. A lack of transmissivity
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measurements in the Sandstone Aquifer resulted in a smooth BU field that could not

reproduce the observed flow regime. Therefore, the region was zoned and hydraulic

conductivity values were determined through calibration. The other units all had

homogeneous hydraulic conductivity values. The remaining properties: porosity,

storativity and dispersivity values were all homogeneous.

The flow model has very good results with an RMS error of 7.49 m for the steady state

calibration and 10.4 m for the transient validation. This error was well within the

allowable error of 20 m for the Sandstone Aquifer and 13 m for the Carbonate Aquifer.

The residuals showed good scaffer and very few data were outside the allowable interval.

The transport model was within the allowable calibration target with a RMS of 2.9 gL

for the transient calibration. The model results within the higher ranges of the saltwater

region however underestimated the concentration consistently. A summary of the

different t-tests and RMS values are presented in Table 7.8.
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Slope
llos)

1.00 0.71 0.30
t.t7

0.83 0.06
0.04

0.92 l. t3 0.64
0.50

Intercept -1.56 653 0.014
0.2s

44.t 0.0018
3.5

23.6 -28.1 0.0014
-t 40

R, 0.73 0s9 0.24
0_26

0.96 0.0003 0.75 0.82 0.s7
0.20

DOF t24 71 602 J 161 t24 76 771

t*ido'l2)

(loe)

t.96
(0.025)

r.96
(0.02s)

3.46
(0.005)

r.96
(0.02s)

3.46
(0.005)

3.182
(0.025)

1.96
(0.025)

3.46
10.00s)
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t2.l
tinterept
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1.2 3.40
13.6

1.43 1.83 0.98
1 1.3

tpr 18.2 10.0 13.68 8.73 0-22 t9.24 18.4 32.2

Table 7.8 - Summary of RMS values and t-tests for each model calibration and history
match.

o Numbers marked in bold indicate that t-test is passed at 0.05 significance level.
o Numbers in italics indicate that t-test is passed at 0.001 signif,rcance level.
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Figure 7.9 - Plan view of the finite element mesh.
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Figure 7.10 - Example of 3D mesh construction. (A) Initial2D mesh with node
numbers; (B) Table showing elevations ofeach node for a one layer 3D mesh; (C) Side

view of resulting 3D mesh with elevations; and (D) Final 3D mesh.
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Figure 7.13 - Population ofManitoba between 1916 and 1999 from Census Data.
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Figure 7.14 - Carbonate Aquifer steady state (Year = 1920) equivalent freshwater head

results. (A) Contours with observation points; (B) Flow directions; (C) Plot of computed
versus observed values; and (D) Plot of residuals (RMS = 6.10 ill, R2 = 0.7279, slope =

1.0022, and intercept = -1.5632).
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Figure 7.14 (continued) - Carbonate Aquifer steady state (Year = 1920) equivalent
freshwater head results. (A) Contours with observation points; (B) Flow directions; (C)

Plot of computed versus observed values; and (D) Plot of residuals (RMS = 6.10 ill, R2 =
0.7279, slope = 1.0022, and intercept = -1.5632).
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Figure 7.16 - Carbonate Aquifer equivalent freshwater head results at 1999. (A)

Contours with observation wells; (B) Flow directions; (C) Plot of computed versus
observed values; and (D) Plot of residuals (RMS = 12.27 m, R2

= 0.5864 and slope =

0.7092).
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Figure 7.16 (continued) - Carbonate Aquifer equivalent freshwater head results at 1999.
(A) Contours with observation wells; (B) Flow directions; (C) Plot of computed versus
observed values; and (D) Plot of residuals (RMS = 12.27 m, R2 = 0.5864 and slope =

0.7092).
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Figure 7.17 - Carbonate Aquifer concentration (gIL) results for year 1999 for transient

calibration; (A) Filled contours with observations that have absolute residual greater than
7.5 giL; (B) Contours with observation intervals that are within the aquifer alone; (C)

Plot of computed versus observed values; (D) Plot of computed versus observed values
on log-log scale; (E) Plot of computed versus observed values for wells within aquifer

alone on log-log scale; and (F) Residual plot on log scale (RMS = 5.25 giL).
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Figure 7.17 (continued) - Carbonate Aquifer concentration (gIL) results for year 1999

for transient calibration; (A) Filled contours with observations that have absolute residual
greater than 7.5 gIL; (B) Contours with observation intervals that are within the aquifer

alone; (C) Plot of computed versus observed values; (D) Plot of computed versus
observed values on log-log scale; (E) Plot of computed versus observed values for wells

within aquifer alone on log-log scale; and (F) Residual plot on log scale (RMS = 5.25
gIL).
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Figure 7.17 (continued) - Carbonate Aquifer concentration (gIL) results for year 1999

for transient calibration; (A) Filled contours with observations that have absolute residual
greater than 7.5 gIL; (B) Contours with observation intervals that are within the aquifer

alone; (C) Plot of computed versus observed values; (D) Plot of computed versus
observed values on log-log scale; (E) Plot of computed versus observed values for wells

within aquifer alone on log-log scale; and (F) Residual plot on log scale (RMS = 5.25
gIL).
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Figure 7.19 - Sandstone Aquifer flow boundary conditions and hydraulic conductivity zones.
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Figure 7.20 - Sandstone Aquifer equivalent freshwater head contours at steady state.

199



410.0

390.0

370.0

350.0

330.0

310.0

290.0

270.0

250.0

230.0

210.0

(A)

-E 280-'C
ns
CD
~

ns
'0 260-'C
CD-..!!!
:::J
~ 240ns
0

220 240 260 280
Observed total head (m)

(B)

300

Figure 7.21- Sandstone Aquifer equivalent freshwater head model results at T= 1999,
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Figure 7.21 (continued) - Sandstone Aquifer equivalent freshwater head model results
at T= 1999, showing (A) Contours with observation points; (B) Plot of computed versus

observed values and (C) Plot of residuals (RMS = 7.31 m, R2 = 0.96, slope = 0.832,
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Figure 7.23 - 3D flow model boundary conditions.
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Figure 7.24 - Steady flow equivalent freshwater head results of three-dimensional
model. (A) Plan view with observation points; (B) Cross-section through line A-A'; (C)
Cross-section through line B-B'; (D) Plot of computed versus observed values; and (E)

Residual plot (RMS = 7.22, slope = 0.92, intercept = 23.6, R2 = 0.75).
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Figure 7.24 (continued) - Steady flow equivalent freshwater head results of three-dimensional model. (A) Plan view with
observation points; (B) Cross-section through line A-A'; (C) Cross-section through line B-B'; (D) Plot of computed versus observed

values; and (E) Residual plot (RMS = 7.22, slope = 0.92, intercept = 23.6, R2 = 0.75).
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Figure 7.24 (continued) - Steady flow equivalent freshwater head results of three
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Figure 7.25 - Equivalent freshwater heads from flow model results at 1999. (A) Plan
view with observation points; (B) Cross-section through line C-C'; (C) Cross-section

through line D-D'; (D) Plot of computed versus observed values; and (E) Residual Plot
(RMS = 10.4, slope = 1.13, intercept = -28.1, R2 = 0.82).
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Figure 7.25 - Equivalent freshwater heads from flow model results at 1999. (A) Plan view with observation points; (B) Cross-section
through line C-C'; (C) Cross-section through line D-D'; (D) Plot of computed versus observed values; and (E) Residual Plot (RMS =

10.4, slope = 1.13, intercept = -28.1, R2 = 0.82).
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Figure 7.25 - Equivalent freshwater heads from flow model results at 1999. (A) Plan
view with observation points; (B) Cross-section through line C-C'; (C) Cross-section

through line D-D'; (D) Plot of computed versus observed values; and (E) Residual Plot
(RMS = 10.4, slope = 1.13, intercept = -28.1, R2 = 0.82).
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Figure 7.26 - Concentration (gIL) results in 1999. (A) Plan view of observation points

with residual greater than 0.75 giL; (B) Cross-section through line E-E'; (C) Cross
section through line F-F'; (D) Cross-section through line G-G'; (E) Plot of computed

versus observed values; (F) Plot ofcomputed versus observed values on log-log scale;
(G) Residual plot; and (H) Residual plot on log scale (RMS = 2.85 gIL, slope = 0.642,

intercept = 0.0014, R2
= 0.574).
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Figure 7.26 (continued) - Concentration (gIL) results in 1999. (A) Plan view of
observation points with residual greater than 0.75 gIL; (B) Cross-section through line E
E'; (C) Cross-section through line F-F'; (D) Cross-section through line G-G'; (E) Plot of
computed versus observed values; (F) Plot of computed versus observed values on log-

log scale; (G) Residual plot; and (H) Residual plot on log scale (RMS = 2.85 gIL, slope =
0.642, intercept = 0.0014, R2 = 0.574).
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0.642, intercept : 0.00 14, R2 : 0.574).
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Figure 7.33- Sensitivity of Sandstone Aquifer model to transverse dispersivity.
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CHAPTER 8

\ryATER RESOURCES ENGINEERING APPLICATIONS

8.1 Introduction

The groundwater flow and transport model constructed in Chapter 7 was used to evaluate

several water resources engineering applications. The base sustainability of the system

was evaluated by running the model while maintaining pumping rates constant. The

sustainability considering increased development was subsequently considered by raising

pumping rates over time. The model was then used to evaluate the effects on the system

due to a flood and conversely due to a drought. The f,rnal problem was to observe the

effect of a pumping centre in the carbonate Aquifer in the City of winnipeg.

Sustainability of groundwater systems is important for management decisions regarding

development of these systems. Domenico and Schwartz (1990) state a general stratey

for development is to obtain the largest quantity of water, without compromising the

stability of the system. The "safe yield" of water withdrawal from the system was

defined by Meinzer (1923) as "the rate atwhich water can be withdrawn from an aquifer

for human use without depleting the supply to the extent that withdrawal at this rate is no

longer economically feasible". Conkling (1946) altered this definitron to make it more

practical and useable. This new definition of safe yield was an allowable annual removal

of water that does not:

1. Exceed average annual recharge.

2. Lower the water table so that the permissible cost of pumping is exceeded.
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3. Lower the water table so as to permit intrusion of water with undesirable quality.

Banks (1953) added a fourth condition of safe yield, which is the protection of existing

water rights. Many different definitions of safe yield or sustainable development have

been made by different researchers. For this thesis, the sustainability of the system was

evaluated by examining several factors. If the percentage of recharge that was removed

through well extraction was less than 50% then the system was deemed sustainable. If

the hydraulic head drops below the top of the aquifer in any location then dewatering of

the aquifer may occur, signifiiing that the system is not sustainable. A continued decline

in hydraulic head at the end of simulation time may signifu an unsustainable system.

Finally examination of water quality changes to determine if any decline in quality

occurs.

8.2 Base Sustainability Case

The base sustainability of the system was evaluated by predicting the system response

from 1999 forward, while maintaining all pumping rates at the 1999 levels. The model

was nm over a period of twenty years. For comparison purposes, values of hydraulic

head at selected times were compared against 1999 levels to observe changes. The

change in hydraulic head with time was then examined in both the Carbonate and

Sandstone Aquifers. The change in hydraulic head within the Carbonate Aquifer after

twenty years is presented in Figure 8.1. All observed changes in hydraulic head occur in

the vicinity of the City of Winnipeg. Within the city an increase in hydraulic head is

observed. Wells requiring a permit were incorporated at the time specified on the permit.

Some of these wells were no longer permitted for pumping in the late 1990's. Therefore,
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the groundwater level may be rebounding as a result of the decreased stress. East and

north of the City of Winnipeg decreases in the hydraulic head are observed with the

maximum decline occurring in the Southern Interlake. This decrease may be a result of

increased development that occurred just before 1999. Figure 8.1b presents a plot of

change in hydraulic head versus time for the Carbonate Aquifer. This figure illustrates

that on average, an almost linear decrease in hydraulic head is occurring with time to 0.17

m at 20 years. The maximum decline in hydraulic head was also found to increase with

time to almost -1.5 m. If the decline continues to increase without bound, then this may

sigmfy future problems in a small portion within the Carbonate Aquifer in terms of water

supply. The approximate region over which this decline is predicted to occur is 5 square

kilometers. The maximum increase in hydraulic head was found to increase and then

level off at later times. There were some regions in which the hydraulic head dropped

below the top of the Carbonate Aquifer after twenty years (Figure 8.2). This region is

where dewatering may occur, which is in the Interlake region and west of Lake Manitoba.

The effect on water levels within the Sandstone Aquifer is shown in Figure 8.3. After a

twenty year period, it was observed that west of the City of Winnipeg, there is a slight

increase in hydraulic head and east of the City of Winnipeg, and there is a decrease in

hydraulic head. The observed increase in hydraulic head is very slight, less than 0.75 m.

The decrease in hydraulic head is probably due to the system reacting to an increase in

pumping rates prior to 1999. On the western boundary, an anomalous thin line showing a

decrease in hydraulic head is evident. This anomalous zone does not coincide with the

decrease in hydraulic head observed over a large region east of the boundary. A Type I
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boundary condition was used on the western boundary of the Sandstone Aquifer. As a

decrease in hydraulic head occurs east of the boundary, this condition may have caused

this inegularity. The other possibility resulting in this decrease in hydraulic head on the

border is that the gnd is too coarse. The maximum decline in hydraulic head occurs

southeast of the City of Winnipeg. A plot of change in hydraulic head versus time is

presented in Figure 8.3b. The average change in hydraulic head was found to decrease

with time to 0.12 m at 20 years. The maximum increase in hydraulic head increased

linearly to 0.7 m and the maximum decline was found to increase linearly to -2.2 m, after

20 years. The hydraulic head did not drop below the top of the aquifer in any location.

A mass balance on the entire area simulated at twenty years had an inflow of 20.1 m3ls,

which consisted of 18 m3ls to Type I boundaries and 1.9 m3/s to Type II boundaries. The

outflow was -20.7 m'ls with -20 m3ls to Type I boundaries and -0.60 m3ls to extraction

wells. The withdrawal from storage in the system was 0.6 m3/s. For this case, the

percent of recharge that is lost to well extraction is 32Vo.

The change in concentration in the Carbonate Aquifer is presented in Figure 8.4. Figure

8.4a shows the concentration contour of 1 g/L at 1999 (beginning of simulation) and

2019 (after 20 years simulation). The results show that the plume has moved slightly

northeast with time. The average change in concentration is approximately nil (Figure

8.4b). The maximum increase in concentration is approximately 600 mgL (C/C6 :

0.008). The changes in concentration observed over the model area were very slight (-

2%) in comparison to the maximum concentration (75,000 mglL). The RMS error of the

transport model is 3.9Vo (Chapter 7). It is thought with the available data for the transport
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model, the finite element mesh and by the finite element method that the model could not

accurately predict such small changes in concentration. It is thought that the model may

be capable of simulating large movement of brine, but is not capable of accurately

predicting small changes in concentration. However, in this particular system the flow

rate is small and the transition is thought to be at equilibrium, resulting in only small

changes of concentration. Therefore, it was thought that the model could not simulate

any small movement of the transition zone.

For the Sandstone Aquifer, the concentration contour of I glL showed a slight movement

eastward (Figure 8.5). In the literature, it states that the freshwater/saltwater transition

zone is moving at a rate of 1 m/year eastward (Betcher et al., 1995). The model is

showing some movement in this direction. South of the City of Winnipeg, the transition

zone has moved slightly and north of the city, negligible movement was observed. The

movement was not observed due to the discretization of the finite element mesh.

In terms of sustainability, the maximum decline in hydraulic head for the Carbonate

Aquifer was less than2 m. However, there is a region north of the City of Winnipeg in

which the hydraulic head dropped below the top of the aquifer signifuing dewatering.

This result indicates potential problems for the water suppty within the Carbonate

Aquifer north of the City of Winnipeg. The estimated percentage of recharge going to

well extraction is 32o/o which is less than 50Vo. The changes in concentration predicted

by the model, is less than the accuracy of the model. Therefore, the system is sustainable

except for those regions in which dewatering may occur in the Carbonate Aquifer.
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8.3 Sustainability with increased development

In Section 8.2, the system under current stress conditions was evaluated over time.

However, with increased population and development it is most likely that the stresses on

the groundwater system may continue to increase. To account for this increase in stress,

the non-permit pumping rates were increased with time. The pumping rates were

assumed to increase by 2% every five years, which was the average increase in

population between I92l and 1996 (Chapter T,Table 7.3). The model was then run over

a twenty year period.

Changes in hydraulic head were compared against 1999levels. The effect on hydraulic

heads in the Carbonate Aquifer is presented in Figure 8.6. The plan view of the change

in hydraulic head after twenty years is shown in Figure 8.6a. Similarly to the base

sustainability case, the changes in hydraulic head are only observed in the vicinity of the

City of Winnipeg. An increase in hydraulic head is observed in the west part of the City

of 'Winnipeg and is most likely a result of permit pumping wells turned off in the late

1990's. The decrease in stress results in water levels rebounding and hence an increase in

hydraulic head. A decrease in hydraulic head is observed east of the City of Winnipeg,

and as expected is more significant than that predicted by the base sustainability case, due

to increased pumping. The maximum decline in hydraulic head occurred just east of the

City of V/innipeg. A plot of change in hydraulic head versus time is presented in Figure

8.6b. The average change in hydraulic head is found to decrease with time to -0.25 m.

The maximum increase in hydraulic head is found to increase with time to 5.2 m. The
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maximum decline in hydraulic head increases with time to -6.0 m at 20 years, as

compared to -1.5 m found for the base sustainability case. Figure 8.7 shows the region in

which the hydraulic head dropped below the top of the Carbonate Aquifer, which is

slightly larger than that of the base sustainability case.

The changes in hydraulic head within the Sandstone Aquifer are presented in Figure 8.8.

The plan view of change in hydraulic heads after twenty years shows an increase in

hydraulic head towards the west (Figure 8.8a). A significant decrease in hydraulic head

was observed southeast of the City of Winnipeg just north of Sandilands region. The

decline in hydraulic head is fairly significant with a magnitude of approximately -7 m. A

plot of change in hydraulic heads with time is presented in Figure 8.8b. The average

change in hydraulic head is found to increase slightly to 0.3 m. The maximum increase

in hydraulic head is found to increase with time to 11 m. The maximum decline in

hydraulic head at twenty years is found to increase significantly to approximately -36 m.

This maximum decline in hydraulic head is located just north of Sandilands region. Even

with the large decline in hydraulic head, the hydraulic head did not drop below the top of

the aquifer at any location. On the southwest corner of the province a decrease in

hydraulic head was predicted. Just east of this location, the model predicted an increase

in hydraulic head across alarge portion of the region. This result is similar to the results

obtained for the base sustainability case. Again it was thought that this effect near the

border of the model was due to boundary conditions or grid refinement in that region.
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The mass balance of the entire model showed an inflow of 20.1 m3/s, with 19 -'ls to

Type I boundaries and l.2m'ls to Type II boundaries. The outflow was -20.6 m3/s with -

20 m3ls from Type I boundaries and -0.65 m3/s through extraction wells. The amount of

water removed from storage was at a rate of -0.50 m3/s. In this case, the percent of

recharge going to extraction wells was found equal to 55%o. The percent of recharge lost

to pumping increased from the base sustainability case (32o/o).

The effect of increased development on the concentrations within the Carbonate Aquifer

is presented in Figure 8.9. The concentration contour of 1 g/L shows that the predicted

values for the year 2019 show that with increased development the plume moves slightly

further towards the east. For the Carbonate Aquifer, it was observed that on average

there was a very slight increase in concentration to 28.7 mglL at twenty years (Figure

8.9b). The maximum increase in concentration was found to increase with time to 575

mglL at 20 years. This maximum increase is greater than that determined for base

sustainability case. The maximum increase in concentration was found to occur in the

northern lnterlake. A fairly large region of the Carbonate Aquifer is affected by a slight

increase in concentration.

For the Sandstone Aquifer, the movement 1 glL concentration contour was not different

than that observed for base sustainability case (Figure 8.10a). Figure 8.10b shows that

the average change in concentration was found to decrease to -575 mglL. The maximum

increase was found to increase with time to 1500 mglL The maximum decrease was

found to increase with time to -4500 mg/L, which is significant. The changes in
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concentration are less than 5Yo of maximum concentration. As explained for base

sustainability case it was not though that the model could accurately predict such small

changes.

In terms of sustainability, there remains a region where the heads dropped below the top

of aquifer and dewatering may occur. Also the percent of recharge taken by well

extraction has increasedto 55Vo from the base sustainability case. This value is greater

than the specified value 50%, indicating that the system is no longer sustainable. With

increased development it is predicted that the groundwater system may become less

sustainable with time.

8.4 Flood Effects

The effect of a flood on the system was evaluated to determine the change in water levels

and relative concentration with time. The nodes within the region flooded during the

Flood of 97 were assigned constant hydraulic head boundary conditions (Figure 8.ll).

The flood was assumed to last for a period of one month, with the flood occurring

instantaneously and then stopping instantaneously. The model and was run for a period

of 50 years to observe the long-term effects. All wells in the model were assumed to

pump throughout the simulation period, including those open across both aquifers. The

change in hydraulic head in the Carbonate Aquifer is presented in Figure 8.12. After one

month (end of the flood period) a distinct increase in hydraulic head is observed south of

the City of lVinnipeg. After 2.6 years, the water levels within the Carbonate Aquifer are

still elevated, and the affected region has grown larger. The plot of the change in
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hydraulic head with time shows that the maximum increase in hydraulic head increases at

early times after flooding and then declines over time.

The effects on the concentration within the Carbonate Aquifer are presented in Figure

8.13. The plan view of concentration shows an increase in concentration in the region

south of the City of Winnipeg after a one-month period. Therefore, the Carbonate

Aquifer water quality is degraded as a result of flooding. In actuality, after the Flood of

97, increases in concentration within the Carbonate Aquifer were observed (Betcher,

personal communication 2002). However, whether this increase was due to increased

heads through overburden or contamination through wells is not known.

The effects on the Sandstone Aquifer were found to be negligible in terms of both

hydraulic head and concentration.

8.5 Drought Effects

A drought can be of concern on groundwater systems when lack of precipitation results in

decreased spring runoff and rainfall. This change in precipitation will cause a reduction

in the amount of recharge reaching the aquifers. A global climate model was investigated

to determine if a prolonged drought may be a concern on groundwater systems in

Manitoba. Global precipitation trends between 1900 and 1994, show that in general the

amount of precipitation has increased at higher altitudes and has decrçased at lower

altitudes (Scientific American website: http:/www.sciarn.com/0597issue/ 0597karl.html)
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(Figue 8.14). From Figure 8.14, it appears that for Southern Manitobathe quantity of

precipitation is not changing significantly over time.

Even though a long-term drought may not be of significant concem in Southern

Manitoba, model simulations were conducted for completeness. The effect of a drought

on the aquifer system was investigated by decreasing the recharge rates and running the

model for a period of three years with the reduced recharge. The recharge rates were

decreased by 0o/o, l}yo,25yo, 50Vo,75o/o and 100% to observe the effects on the system.

The run with 0% reduction in recharge was used for comparison of hydraulic heads and

concentrations after three years. The remaining parameters, such as pumping rates, were

maintained the same.

The effect on the hydraulic head within the Carbonate Aquifer and Sandstone Aquifer

after three-years with a 50o/o reduction in recharge is displayed in Figure 8.15. The plan

view of change in hydraulic head for the Carbonate Aquifer shows a decline in hydraulic

head within the Sandilands region southeast of the City of Winnipeg and within the

Interlake region with maximum decline occurring in the Sandilands (Figure 8.15a). This

is the expected result as these locations are the two major recharge zones to the

Carbonate Aquifer. For the Sandstone Aquifer, the decline in hydraulic head is only

observed in the Sandilands region (Figure 8.15b).

The maximum decline in hydraulic head as a function of reduction in recharge is

presented in Figure 8.16. This plot shows that the effect of a drought on the Carbonate
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Aquifer is much more significant than that on the Sandstone Aquifer. The maximum

decline for the Sandstone Aquifer varies between -0.05 and -0.53 m. For the Carbonate

Aquifer, the maximum decline varies between -0.8 and -7.6 m-

The effect of a drought on the concentration was found to be negligible. Therefore, in

times of drought the concern within the aquifer system should be towards maintaining the

water levels within the Carbonate Aquifer.

8.6 Effect of a pumping centre within the Carbonate Aquifer

The transition zone between fresh and salt water in the Carbonate Aquifer runs north-

south through the City of Winnipeg. It is thought that a large drawdown caused by a

pumping centre just east of the transition zone within the freshwater region may cause the

transition zone to be drawn further east. One well within the Carbonate Aquifer was

incorporated into the model to simulate the presence of a pumping centre. The Carbonate

Aquifer was chosen as this is where all permitted wells with larger pumping rates are

currently located. For permit wells, the maximum pumpingrate was equal to 0.056 m3/s.

Therefore, four pumping rates in the same order of magnitude of this maximum pumping

value were chosen for examination. The well was located just east of the

saltwater/freshwater transition zone within the City of Winnipeg. The model was mn

over a three years and compared against runs that did not contain the new well.

The changes in hydraulic head within the Carbonate Aquifer due to the pumping centre

are presented in Figure 8.17. A plan view of change in hydraulichead for a pumpingrate
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of 0.05 m'ls 1= 792.5 USGPM) after three years shows a drawdown cone within the City

of Winnipeg. This result is expected with the maximum change in hydraulic head at the

middle of the drawdown cone. The drawdown cone covers a radius of approximately

10,000 m. In Figure 8.ITb, a plot of maximum decline in hydraulic head versus pumping

rate, shows the obvious result of increased maximum decline with increased pumping

rate. For an extremely large pumping rate of 0.5 m3ls 1= 7925 USGPM), caused the

hydraulic head to drop below the top of the Carbonate Aquifer.

The effect on the hydraulic heads within the Sandstone Aquifer due the pumping well

screened over the Carbonate Aquifer is presented in Figure 8.18. The plan view of the

change in hydraulic head shows that there are only minimal effects on the Sandstone

Aquifer. The effect on the Sandstone Aquifer is to the east of the drawdown cone that

developed in the Carbonate Aquifer. This may be a result of better connection between

the aquifers at that location, or perhaps the presence of a well screened over both

aquifers.

The effect on the concentration within the Carbonate Aquifer is presented in Figure 8.19.

It is observedthat there is an increase in the concentration east of the Red River in the

region of the well. The maximum increase in concentration is 28 mglL, which is 0.04%

of the maximum concentration. It is thought that the model is not capable of modeling

such small changes in concentration.
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The analysis of this problem illustrates that a pumping well within the City of Winnipeg

should be examined closely to ensure that the water level will not decline significantly

and that the concentration does not increase signif,rcantly.

8.7 Summary

The model was used to evaluate several problems that could be encountered in the

management of the groundwater systems in Southern Manitoba. The model was found to

provide good solutions for evaluating: base sustainability; future sustainability; effects of

a flood; effects of a drought; and effects of a pumping well.
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Figure 8.1- Change in head in Carbonate Aquifer with time, maintaining pumping rates
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Figure 8.2 - Nodes in which the head dropped below the top ofthe Carbonate Aquifer
after twenty years under the current sustainability conditions.
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Figure 8.7 - Nodes in which the head dropped below the top of the Carbonate Aquifer
after twenty years under the future sustainability conditions.
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Figure 8.9 - Change in concentration in Carbonate Aquifer for future sustainability (A)
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Figure 8.11 - Boundary conditions used during flooding phase of flood simulation.
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located within the City of Winnipeg, screened over the Carbonate Aquifer and pumping

at a rate of 0.05 m3/s.
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CHAPTER 9 _ SUMMARY AND CONCLUSIONS

The research conducted for this thesis consisted of developing a groundwater and solute

transport model of a large three-dimensional system of aquifers in Southern Manitoba.

The resulting model was used to evaluate sustainability under current and increased

development. The model was also used to analyze several water resource applications

such as the effect on the aquifers due to a drought, flood or new pumping centre. Several

hypotheses were made during the construction of this model. To develop the

hydrostratigraphic model (Chapter 3), it was hypothesized that the geology from various

geologic databases would be adequate in defining these units. To perform geostatistical

analysis (Chapter 5) it was postulated that data collected from mixed sources and test

types would give satisfactory results. The heterogeneous hydraulic conductivity fields

generated from Bayesian Updating (Chapter 6) were postulated to be useful in developing

the model of flow and transport. To develop the model (Chapter 7) it was assumed that

an equivalent porous media approach could be taken to simulate the fractured media of

the Carbonate Aquifer. It was hypothesized that three dimensions were required to model

the solute transport and that wells screened over both aquifers had to be considered. For

transport parameters it was hypothesized that conditioned values of dispersivity would be

lower than unconditioned values due to knowledge of the heterogeneous hydraulic

conductivity. It was also postulated that the saltwater/freshwater transition zones were at

equilibrium or moving very slowly. The incorporation of variable density effects was

also hypothesized as being necessary. It was also postulated that the Red River
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Floodway had to be incorporated to calibrate the model. This chapter summarizes the

findings of this thesis as well as discusses each of the aforementioned hypotheses.

The construction of the flow and transport model for southeastern Manitoba followed the

protocol summarized by Anderson and Woessner (1992). As part of this research, the

suitability of this protocol is evaluated qualitatively. The first step in the protocol was to

establish a purpose, which for this case was to examine sustainability of water supply and

quality in the bedrock aquifers of Southern Manitoba. A conceptual model was

constructed as covered in Chapters 3 and 4. The hydrostratigraphic model (Chapter 3)

was developed by transferring lithostratigraphic units to hydrostratigraphic units. For this

research, the bedrock geology and surficial unit geological information was fairly well

deflrned for most units. However, where information was lacking assumptions were

made. The Carbonate Aquifer is located within the more permeable fractured region of

subcropping carbonate rocks. However, the exact thickness of the fractured zone was

variable and not noted in any database. An aquifer of a thickness of 15 m was therefore

assumed-

Data collection was also conducted as part of the conceptual model development and

resulted in the most extensive collection of transmissivity data to date in Southern

Manitoba. The data was collected from a variety of sources, and no physical testing was

actually conducted as part of this thesis. The resulting database of transmissivity was

quite extensive for a modeling project of this nature. In many cases, spatial locations of

wells or measuÍement locations were estimated to obtain the UTM coordinates. Ground
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elevations were determined from a digital elevation model. For the hydrogeological

properties, the assumptions used to determine the x, y and z coordinates did not have an

adverse effect on subsequent geostatistical analysis and Bayesian Updating interpolation.

A large quantity of transmissivity data (2708 points) for the Carbonate Aquifer was

determined from pump and specific capacity tests. The database for the Sandstone

Aquifer (78 points) was not as substantial given the large areal extent of this aquifer, and

measurement locations were generally in the eastern portion of the region. In terms of

other required hydrogeological properties, measurements were scarce. For storativity

values, only two wells were analyzed within the Carbonate Aquifer and none within the

Sandstone Aquifer. Therefore, ranges of storativity had to be estimated from first

principles and were assumed homogeneous within each unit. The final value of

storativity used in the model was determined through history matching and were assumed

homogeneous within each unit. Porosity values for all units were also assumed

homogeneous within each unit.

Parameters required by the solute model included the longitudinal, transverse and vertical

dispersivities for each unit. However, no values of any of these parameters were

available from physical measurements. Unconditional longitudinal dispersivity values

were estimated from the transmissivity statistics and were determined to be 78 km for the

Carbonate Aquifer and 35 km for the Sandstone Aquifer. However, through calibration

of the numerical model, it was found that the conditional longitudinal dispersivity values

were 50 km for the Carbonate Aquifer and 15 km for the Sandstone Aquifer. In both
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cases, the conditional value of the longitudinal dispersivity is less than the unconditional

value. This observation agrees with Neuman (1990), in that the value of dispersivity

decreases with increasing knowledge of the heterogeneous hydraulic conductivity. Both

aquifers were modeled with heterogeneous hydraulic conductivity assigned. For the

Carbonate Aquifer, a fully heterogeneous hydraulic conductivity field was applied from

interpolation using the Bayesian Updating method. For the Sandstone Aquifer,

heterogeneities were incorporated through zonation.

The resulting database was fairly typical, if not better, than most databases for regional

scale problems. However, there were still gaps in the dataset requiring many

assumptions and estimations. This requirement of the protocol for such extensive

amounts of da1ø is very difficult to achieve in practicality.

Geostatistical analysis was conducted on the transmissivity datasets to determine the

general properties, the distribution type and the correlation structure for each unit. Even

though large quantities of specif,rc capacity were used to estimate transmissivity, very

good results from statistical analysis were achieved. For all units, the transrnissivity was

found to follow a log normal distribution by the Chi Square and normal scores plot tests.

This distribution type agrees with that found in the literature (Freeze and Cherry , lgTg).

The Carbonate Aquifer had a log transmissivity that ranged between -I2.5 (3.7x10-6

m2ls) and --0.9 (0.4 m'ls¡, with a mean of J.2 (7.5xr0a m2ls) and variance of 2.7. The

Sandstone Aquifer had a log transmissivity ranging between -I2.4 (4.1x10-6 m2ls) and -
2.0 (0.14 mzls), with a mean of -8.0 (3.4x10a m2ls) and variance of 2.2. The variogram
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was determined using two semi-variance estimators: the Classical Estimator of Matheron

(1960); and the Moving Window Estimator of Li and Lake (1994). The Moving Window

Estimator was found to give much more stable results than the Classical Estimator. The

results of the Moving Window Estimator were such an improvement that very

representative models of the variograms could be constructed. Whereas, if the Classical

Estimator had been used it would have been diffîcult to generate reliable variogram

models. For all units, the semi-variance was found to increase and level off to a sill value

equal to the variance of the data. In most cases, the exponential model was found to have

the best fit according to the Akaike Information Criterion (AIC), which optimizes

between goodness of fit and the number of parameters. The exponential model is in

agreement with what has been cited in the literature previously (e.g. Sudicky, 1986,

Gelhar, 1993; Woodbury and Sudicþ,l99T; Hoeksema and Kitanidis, 1985). For the

Carbonate Aquifer, it was found that a nested structure of a nugget, exponential model

and spherical model (Equation 5.1), modeled the variogram at intermediate lag distances

better than the exponential model. The parameters of the exponential model were a sill of

2.65, nugget of 2.0 and integral scale of 29,780 m. For the Sandstone Aquifer, the

exponential model gave the best fit with sill of 2.9, nugget of 0.56 and integral scale of

16,828 m. Neither variogram of the Carbonate or Sandstone Aquifers were found to

exhibit fractal nature, in the sense of showing selÊsimilarity at different scales, agreeing

with the results of Hoeksema and Kitanidis (1985).

Bayesian Updating was subsequently used to interpolate the log transrnissivity

observations to each node within the finite element mesh. This methodology uses the
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general statistics, the correlation structure and uncertainty within the measurements

themselves. For the Carbonate Aquifer, as the data was present throughout the entire

study area, the resulting transmissivity f,reld showed variability throughout. The

transmissivity field generated from certain data compared well against that generated

from kriging using the same statistics and measurements. The Bayesian Updated field

had smaller standard deviation values and therefore lower uncertainty at each node than

the kriging field. The Bayesian Updated field assuming uncertain measurements was

found to gxve smoother results than the Bayesian Updated field from certain

measurements. The smoother result was attributed to reduced impact from extreme

values. The hydraulic conductivity was calculated by dividing the transmissivity by the

assumed saturated thickness of 15 m. The elemental hydraulic conductivity of the

Carbonate Aquifer in the model was assigned from nodal values using the geometric

mean_

The heterogeneous log transmissivity field was also generated for the Sandstone Aquifer

using Bayesian Updating. However, the database of transmissivity measurements for the

Sandstone Aquifer was limited and clustered in the east. Therefore, the transmissivity

field from Bayesian Updating shows variability in the east, but is very smooth and

essentially equal to the mean in the west. This observed result in the west is a result of a

lack of "new" information to alter the initial state. The hydraulic conductivity was

calculated by dividing by the thickness of the Winnipeg Formation as determined from

the geology. This heterogeneous hydraulic conductivity field was initially used in the

rnodeling phase; however, the flow results did not match those observed in the field. For
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this case, Bayesian Updating was not successful in assigning heterogeneous hydraulic

conductivity. Therefore, the hydraulic conductivity for the Sandstone Aquifer was

assigned by dividing the region into thirty-two zones assuming homogeneous hydraulic

conductivity wlthin each zone.

FRAC3DVS is a finite element, saturated/unsaturated, flow and transport code that was

used for the modeling exercise. A finite element mesh was constructed from the

hydrostratigraphic model units. The hydraulic conductivity for the Carbonate Aquifer

was assigned from the heterogeneous log transmissivity field generated using Bayesian

Updating. The hydraulic conductivity for the Sandstone Aquifer was assigned using

zones and values determined through calibration. The remaining units were assigned a

homogenous hydraulic conductivity. For all units it was assumed that K" : K, and K, :

0.1'K.. All other properties were assumed homogeneous within each unit. The model

simulated both flow and transport, solving for equivalent freshwater head for flow and

relative chloride ion concentration for transport.

The boundary conditions for the flow model were assigned from observations. The water

levels in both Lake Manitoba and Lake Winnipeg were assigned Type I BCs based on the

measurements from the early I920's. The western boundary was assigned a Type I BC

from the observed potentiometric surface in this region. The recharge boundaries in the

Interlake region, the Sandilands and Birds Hill were assigned Type II BCs. The values of

the flux were not well defined and values were determined through the calibration and

history match of the model. For the three-dimensional solute transport model, Type III
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boundary conditions were incorporated on the western boundary. This boundary

condition provided the source of solute entering the system. Initially Type I boundary

conditions were used, but were found to cause irregularities on western boundary.

The flow model was calibrated by comparing the steady state model results with

historical water levels. The set of historical water levels was collected from water levels

at time of drilling for those wells constructed prior to 1920. Problems with this dataset

were that the measurements themselves were taken over several years, resulting in a

piezeometric surface that was not instantaneous. However, this dataset was the best

source available for the model calibration. The other issue was that no historical daøwas

acquired for the Sandstone Aquifer. A successful calibration of the Carbonate Aquifer

flow model was determined and therefore this dataset of pre 1920 water levels was

adequate. For the Sandstone Aquifer a steady state rnodel was qualitatively assessed and

then a history match was conducted. The history matching was conducted by stepping

the model through time with variable density aspects incorporated, from 1920 to lggg,

and comparing the model results against current water levels. These current water levels

were collected from observation wells that were implemented by the Water Branch of the

Manitoba govefüment. This dataset was satisfactory to obtain instantaneous piezeometric

surfaces and is present throughout much of the region for the Carbonate Aquifer. For the

Sandstone Aquifer, however, there are only five observation wells. Therefore, the

Sandstone Aquifer aspect of the flow model was constructed based only on the history

match with five observations. The flow model results of the overall model satisfied the
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calibration target, however, the lack of observations in the Sandstone Aquifer required by

the protocol imposes limitations on the flow model.

In the end, the RMS error of the steady state flow model was 7.49 m and of the history

rnatch was 10.4 m. For the transport model, the RMS erïor was 0.039, which

corresponds to an absolute value of chloride ion concentration of 2,925 mgL. Plots of

computed versus observed values were generated for all calibration and history match

exercises. Linear regression was conducted and the slope and intercept compared against

the desired values of 1.0 and 0.0, respectively, using the t-test. The R2 value was

compared against a value of 0.0 and if found signifîcantly different then correlation was

said to exist. For the three-dimensional flow model, the RMS values were below the

calibration target of 13 m, the slope was signif,rcantly close to 1.0, the intercept was

significantly close to 0.0 and correlation between computed and observed heads was

found to exist. Therefore, the flow model satisfied all of the pre-defined calibration

targets. The three-dimensional model satisfied all targets and was judged reasonable.

Therefore, data collected from water well measurement and compared against water

levels from wells was adequate in constructing a regional scale flow model.

The chloride ion concentration was used to model the brine movement in the solute

transport model. FRAC3DVS does not directly determine the steady state transport

solution. Therefore, as steady state is the limiting case of the transient solution, the

"steady state" solution was generated by running the model over a significantly long

time. There was no historical dataset of chloride ion concentrations for either aquifer.
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Therefore, the concentrations used as an initial condition at 1920 could not be assessed

quantiøtively but simply estimated on a qualitative basis. This initial condition of

concentrations was then used to step the transport model forward from 1920 to 1999.

Datasets of chloride ion concentrations from 1999 sampling were used to evaluate the

model through history match.

For the transport model, the RMS was 2.9 g/L, which is less than calibration target of 7.5

glL The linear regression of computed versus observed did not have as successful

results. Correlation was found to exist; however, the slope was significantly different

from 1.0. No changes in parameters were found to improve this result. It was judged that

the transport model would be suitable to simulate large scale brine movement. However,

small scale concentration changes could not be adequately predicted.

Two problems associated with the calibration procedure of the protocol were found in

this research. The first was that a historic dataset of water level measurements was

available for the Carbonate Aquifer but there was no similar dataset for the Sandstone

Aquifer. For the transport model, no historic dataset of measurements of chloride ion

concentration was available for either aquifer. Therefore, only a calibration according to

the protocol could be conducted for the Carbonate Aquifer flow. For a history match

there was an adequate dataset for the Carbonate Aquifer but limited for the Sandstone

Aquifer. Therefore, it is difficult to fînd measurements taken under two different stress

conditions. The second problem associated with this calibration procedure is that the

model results are compared against a set of measurements that are uncertain. Many
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errors are associated with these measurements, such as: measurement error, location

error, interpolation erior and scaling effects. The fact that a model is said to be calibrated

if a good fit is achieved between model results and the uncertain measurements cause

even the best models to be questionable. Errors between measurement and model results

are allowed within def,rned targets. However, different combinations of hydrogeological

properties and boundary conditions could easily satisfu the targets. Therefore, solution

uniqueness comes into question. A history match is used to increase probability of

having reliable results. A post audit after signifîcant development of the groundwater

system would again increase confidence in the model. However, the model results are

still compared against uncertain measurements. Another method of model evaluation

would be a good research areato be investigated in the future.

To determine whether the three-dirnensional transport model was a signifîcant

improvement over the individual two-dimensional models, the means and variances of

the residuals were compared. To test whether there is a significant difference between

residual means the t-test was used. The absolute mean of residuals for the three-

dimensional transport model was significantly lower than that of the two-dimensional

rnodels. This test shows that there was less error in the three-dimensional transport

model. The variances were compared using a variance ratio test. This test proved that

the variance of the three-dimensional model is significantly lower than that of the two-

dimensional models. These statistical tests prove that the region requires modeling in

three-dimensions.
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The model was used to evaluate several problems encountered in water resources

engineering. The first two issues related to sust¿ínability of the system. A base case was

examined by running the model over twenty years while maintaining pumping rates

constant. The maximum head decline in the Carbonate and Sandstone Aquifers are -1,5

m and -2.2 m, respectively. The head drop in the Carbonate Aquifer over an area of 5

square kilometers continued to decline past twenty years simulation, and could signifu

potential problems in this region. In the Carbonate Aquifer, the transport model showed

movement towards the northeast of the 1.0 glL chloride concentration contour. For the

Sandstone Aquifer the 1.0 gil chloride concentration contour moved only slightly. The

model predicted flow through wells screened over both aquifers to be 0.03 m3ls.

A second sustainability case was examined, in which pumping rates were increased to

simulate continued development. The model was again for run for twenty years

simulation tirne. For the Carbonate Aquifer, the maximum decline in head was -6.0 m

after twenty years. This is an increase of -4.5 m between the base and increased

development cases of sustainability at twenty years. Within the Sandstone Aquifer, the

maximum decline in head is -36 m, which is a -33.8 m decrease in head between the

current and future sustainability cases at twenty years. For the Carbonate Aquifer, the 1.0

g/L chloride ion concentration contour line shows similar movement to the northeast as

the base case. For the Sandstone Aquifer, the movement of the 1.0 g/L chloride ion

concentration contour appears to be the same as that of the base case.
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The model was also used to observe the effects of a flood on the aquifers. The flood

scenario showed noticeable increase in head in the Carbonate Aquifer during the flooding

phase and then slowly declined towards pre-flood conditions. In terms of concentrations,

the Carbonate Aquifer displayed an increase in concentration in the flood region.

However, the changes in concentration were slight and it is judged that the model could

not accurately simulate such small changes. After the Flood of 97, increases in

concentration were observed (Betcher, personal communication 2002). However, it was

not known if these changes were due to groundwater movement or injection of

contaminated water through wells. The effects on both head and concentrafion within the

Sandstone Aquifer were found to be negligrble.

A drought scenario was examined, even though it appears that precipitation trends are not

predicted to change in the future. The drought simulation showed declines in head in the

recharge zones of both aquifers. The effect on concentration was found to be negligible.

The final scenario examined was the effect of a pumping centre in the City of Winnipeg.

This pumping centre was simulated by setting a well screened over the Carbonate

Aquifer just east of the saltwater/freshwater zone. The model results showed a

drawdown cone in the Carbonate Aquifer and a slight decline in head in the Sandstone

Aquifer. The effect on the concentration within the Carbonate Aquifer shows a slight

increase within the City of Winnipeg. Again it was though that the model could not

simulate such small changes in concentration.
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The model is successful in simulating different scenarios that could arise throughout the

water resources development in the region. The results of the flow model are thought to

be very good. Both the calibration and history match had RMS error within the target

and good regtession results. However, it must be remembered when using the model that

for the Sandstone Aquifer, no calibration was conducted and the heads were only history

matched against five measurements. For the Carbonate Aquifer flow model, the results

were both calibrated and history matched against numerous observations and should grve

representative results.

In terms of solute transport, the model results were not as good as that of the flow model,

limiting its usage. The model could not be calibrated for either aquifer due to lack of

historical concentration dat¿. Also, the history match for the Carbonate Aquifer was

difficult due to high variability in the observations. For the Sandstone Aquifer,

difficulties arose as all of the sampling was conducted in the freshwater zone. Therefore,

no information on the plume was available. It was thought that the model would be

capable of simulating large brine movement but not slight changes in concentration.

As stated at the beginning of this chapter, several hypotheses were formed as part of this

research. It was hypothesized that the fractured carbonate rock of the Carbonate Aquifer

could be modeled using the equivalent porous media approach. For the flow model, the

successful calibration and history match proved the hypothesis. However, the transport

model calibration was not as successful and therefore this hypothesis was not proved for

this case. It was hypothesized that the hydrostratigraphy could be developed from
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geology. The bedrock geology was from mineral and oil exploration wells and from

1/CSB Atlas wells. The overburden units were from a surficial model developed by ITM.

The geology along with some assumptions \¡/as proved satisfactory in constructing the

hydrostratigraphic model. The collection of transmissivity and hydraulic conductivity

was from different sources and types of tests. It was hypothesized that the mixed data

could be used for geostatistical analysis. The hypothesis was proved through successful

analysis determining distribution type, general statistics and variograms. It was

postulated that Bayesian Updating method would provide heterogeneous hydraulic

conductivity fields for flow and transport model. This methodology proved successful

for the Carbonate Aquifer, however lack of measurements in the Sandstone Aquifer

resulted in this method being unsatisfactory. For the transport model, it was

hypothesized that three-dimensions were required. Comparisons between two and three

dimensional transport models proved that a significant improvement was gained when

modeled in three dimensions. It was postulated that wells screened over both aquifers

were necessary for calibration. It was found that improvements in calibration were

obtained when cross contamination was considered. It has been postulated that brine

movement is at equilibrium or moving extremely slowly. Predictions from the transport

model confirm this hypothesis. The incorporation of the Red River Floodway to the flow

model was found to improve the calibration however it was not required to reach the

calibration target. Incorporation of variable density into the fransport model improved

the calibration.
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In terms of future research, several aspects could be considered to improve the current

model. The first would be to take further measurements of hydrogeological parameters,

water levels and chloride ion concentrations. In terms of hydrogeological parameters,

transmissivity measurements in the Sandstone Aquifer in the westem portion of the

region would make it possible to assign hydraulic conductivity based on Bayesian

Updating. Also, field or laboratory measuements of all other parameters within both

aquifers would be an asset. Increased water level measurements, especially within the

Sandstone Aquifer in regions where no measurements are currently taken. For both

aquifers more measurements of concentration are required. The measurements need to be

taken across the entire region and strictly within each aquifer alone.

Another area of research that would aid the model is the determination of recharge rates.

Spatial variation of the recharge rates across the recharge zones would be an asset.

Information regarding discharge rates would also provide further verification of the

model.

Further incorporations into the model itself can also be conducted. One example would

be to attach the flow and transport model onto a climate control model. Therefore,

changes in climate could be investigated to determine the effect on the water levels and

concentrations within the aquifers. Also, thermal pollution, especially within the City of

V/innipeg, could be incorporated. In many locations, water is withdrawn from the

aquifers, for cooling purposes and the water of elevated temperature is returned to the

aquifer.
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In terms of modeling methodology, the protocol that was used for this research as stated

previously requires large quantities of data, but also the model is compared against

uncertain measurements. Research into methodologies for assessing whether models are

depicting what is actually occurring would be beneficial for future regional models.
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