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Abstract

The Region of Waterloo relies mainly (75 %) on local groundwater resources

for its drinking water supply. The water demand is increasing with the growth

of the population and there is a need to enhance the present water supplies. The

Regional Municipality of Waterloo (RMOW), which is the governing body in charge

of providing the drinking water supply, is conducting an extensive program to

protect the groundwater resources of the Waterloo Moraine aquifer. The focus of

that work is de�ning the wellhead protection areas of the existing production wells

as well as the investigation of potential further water supply. The main goal of the

work presented here is to delineate the capture zones for the major well �elds of

the Region. To achieve that goal, the 
ow for the expected pumping conditions

is simulated using a fully 3D �nite element model (WATFLOW) which has been

proven to be highly 
exible to represent the natural boundaries and the highly

irregular stratigraphy by previous researchers and scholars. The modi�ed version

of this model which includes a pseudo-unsaturated module is used for the solution

of 
ow equation.

For the delineation of capture zones, a new particle tracking code (WATRAC)

as well as two advective-dispersive transport models are used by using a proba-

bilistic approach presented by Neupauer and Wilson [1999]. For the probabilistic

approach (Wilson's method), two transport models, a conventional time-marching

code (WTC) and a time-continuous code (LTG) are used and their results are com-

pared. The LTG is computationally more eÆcient than the WTC, but it gives

oscillatory results close to the steady state condition. A combined used of LTG

and WTC is therefore recommended to obtain the steady state capture zones. The

0.25 probability contour agrees very well with the particle tracks, except for some-

what greater transverse spreading due to the dispersion which is not considered

by the particle tracking algorithm. Both methods, backward particle tracking and

probabilistic advective-dispersive modelling are clearly more informative and give

better insight when considered together than each by itself.

iv



Contents

1 Introduction 1

1.1 Purpose of Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Assumptions and Limitations . . . . . . . . . . . . . . . . . . . . . 7

1.3 Site Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Hydrogeology of the Study Area . . . . . . . . . . . . . . . . . . . . 8

2 Modelling Methodology 14

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Flow Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Delineation of Capture Zones . . . . . . . . . . . . . . . . . . . . . 18

2.4 Particle Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5 Wilson's Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.5.1 Time-marching (Galerkin Finite Element) Technique . . . . 23

2.5.2 Laplace Transform Galerkin Technique . . . . . . . . . . . . 24

3 Model Development and Parameterization 29

3.1 Model Development . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Spatial and Temporal Discretization . . . . . . . . . . . . . . . . . . 30

v



3.3 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.4 Pumping Wells and Pumping Rates . . . . . . . . . . . . . . . . . . 32

3.5 Calibrated Hydraulic Conductivity . . . . . . . . . . . . . . . . . . 33

3.6 Calibrated Recharge . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.7 Transport Parameters . . . . . . . . . . . . . . . . . . . . . . . . . 34

4 Flow Modelling Results 45

4.1 Present Pumping Conditions . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Future Pumping Conditions . . . . . . . . . . . . . . . . . . . . . . 46

4.3 Revised Pumping Conditions . . . . . . . . . . . . . . . . . . . . . . 48

5 Delineation of Capture Zones 58

5.1 Particle Tracking (WATRAC) Results . . . . . . . . . . . . . . . . . 60

5.2 Wilson's Technique (LTG and WTC) Results . . . . . . . . . . . . 60

6 Potential sources of contamination 83

6.1 Bedrock Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.2 Land�ll Leachate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.3 Road Salt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7 Conclusions and Suggestions 93

Bibliography 95

A Capture Zones 103

vi



List of Figures

1.1 Location of study area. . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2 Vertical pro�le of general geology (adapted from Callow, 1996). . . 12

1.3 Hydrogeological conceptual model (adapted from Callow, 1996). . . 13

2.1 Prismatic element as used in WATFLOW. . . . . . . . . . . . . . . 17

3.1 Algorithm for the solution of 
ow and transport equations. . . . . . 30

3.2 Finite element coarse mesh. . . . . . . . . . . . . . . . . . . . . . . 37

3.3 Finite element layering scheme (modi�ed from Callow, 1996). . . . . 38

3.4 Fine mesh for major well �elds embedded in coarse mesh. . . . . . . 39

3.5 Boundary conditions for 
ow and transport models. . . . . . . . . . 40

3.6 Assessment of 
ow model (WATFLOW) calibration (adapted from

GLL, 1998). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.7 Distribution of hydraulic conductivity in Aquitard 1 (adapted from

GLL, 1998). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.8 Distribution of hydraulic conductivity in Aquifer 1 (adapted from

GLL, 1998). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.9 Vertical 
ux distribution in Greenbrook area. . . . . . . . . . . . . . 44

4.1 Head distribution under present pumping conditions in Aquifer 1. . 49

vii



4.2 Head distribution under present pumping conditions in Aquifer 2. . 50

4.3 Head distribution under present pumping conditions in Aquifer 3. . 51

4.4 Head distribution under future pumping conditions in Aquifer 1. . . 52

4.5 Head distribution under future pumping conditions in Aquifer 2. . . 53

4.6 Head distribution under future pumping conditions in Aquifer 3. . . 54

4.7 Head distribution under revised pumping conditions in Aquifer 1. . 55

4.8 Head distribution under revised pumping conditions in Aquifer 2. . 56

4.9 Head distribution under revised pumping conditions in Aquifer 3. . 57

5.1 Greenbrook well �eld: 2-year particle tracks. . . . . . . . . . . . . . 64

5.2 Greenbrook well �eld: 10-year particle tracks. . . . . . . . . . . . . 65

5.3 Greenbrook well �eld: 280-year particle tracks. . . . . . . . . . . . . 66

5.4 LTG (coarse mesh): 160-year peak capture probability. . . . . . . . 67

5.5 LTG (�ne mesh): 160-year peak capture probability. . . . . . . . . . 68

5.6 WTC: 280-year peak capture probability. . . . . . . . . . . . . . . . 69

5.7 LTG-WTC: 280-year peak capture probability. . . . . . . . . . . . . 70

5.8 Determination of AP for di�erent capture probability contours. . . . 71

5.9 Contribution of recharge (m3/year) at steady state (280 years) for

di�erent probability contours. . . . . . . . . . . . . . . . . . . . . . 71

5.10 Q=AP vs. capture probability to determine the outline of capture

zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.11 LTG (coarse mesh): 0.25 peak capture probability contours; 2, 10,

40, 70, 100, 130, & 160 years. . . . . . . . . . . . . . . . . . . . . . 73

5.12 LTG (�ne mesh): 0.25 peak capture probability contours; 2, 10, 40,

70, 100, 130, & 160 years. . . . . . . . . . . . . . . . . . . . . . . . 74

viii



5.13 WTC: 0.25 peak capture probability contours; 2, 10, 40, 70, 100, 130,

160, 190, 220, 250, & 280 years (for sections AA
0

, BB
0

, and CC
0

, see

Figures 5.18 to 5.20). . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.14 LTG-WTC: 0.25 peak capture probability contours; 2, 10, 40, 70,

100, 130, 160, 190, 220, 250, & 280 years. . . . . . . . . . . . . . . . 76

5.15 Revised pumping rates: 0.25 peak capture probability contours; LTG:

(2, 10, 40, 70, & 100 years); WTC: (130, 160, 190, 220, 250, & 280

years). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.16 Greenbrook well �eld: 280-year particle tracks and 0.25 probability

contour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.17 Greenbrook well Field: 280-year particle tracks projected onto cross-

section BB
0

(for location of section see Figure 5.13). . . . . . . . . . 79

5.18 Greenbrook well �eld: vertical cross-section at AA
0

(for location of

section see Figure 5.13). . . . . . . . . . . . . . . . . . . . . . . . . 80

5.19 Greenbrook well �eld: Vertical cross-section at BB
0

(for location of

section see Figure 5.13). . . . . . . . . . . . . . . . . . . . . . . . . 81

5.20 Greenbrook well Field: vertical cross-section at CC
0

(for location of

section see Figure 5.13). . . . . . . . . . . . . . . . . . . . . . . . . 82

6.1 Cross-section at x=540800 m; upconing of bedrock water below

Greenbrook wells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.2 Breakthrough curve at Greenbrook wells (bedrock case). . . . . . . 89

6.3 Breakthrough curve at Greenbrook wells (land�ll case). . . . . . . . 89

6.4 Peak relative concentration (land�ll case). . . . . . . . . . . . . . . 90

6.5 Road salt case; boundary nodes with c=1000 mg/l. . . . . . . . . . 91

6.6 Road salt case; breakthrough curves at Greenbrook wells. . . . . . . 92

A.1 All major well �elds: 2-year particle tracks. . . . . . . . . . . . . . . 104

ix



A.2 All major well �elds: 10-year particle tracks. . . . . . . . . . . . . . 105

A.3 All major well �elds: 2-years peak capture probability. . . . . . . . 106

A.4 All major well �elds: 10-year peak capture probability. . . . . . . . 107

A.5 Mannheim well �eld (coarse mesh): 0.02 peak capture probability

contours; 2, 10, 20, 30, 40, & 60 years. . . . . . . . . . . . . . . . . 108

A.6 Mannheim well �eld (�ne mesh): 0.02 peak capture probability con-

tours; 2, 10, 20, 30, 40, & 60 years. . . . . . . . . . . . . . . . . . . 109

A.7 Mannheim well �eld (�ne mesh): 60-year peak capture probability. . 110

A.8 Mannheim well �eld (�ne mesh): 60-year particle tracks with outline

of 0.02 peak capture probability. . . . . . . . . . . . . . . . . . . . . 111

A.9 Parkway well �eld (coarse mesh): 0.02 peak capture probability con-

tours; 2, 10, 50, 100, 200, 300 & 360 years. . . . . . . . . . . . . . . 112

A.10 Parkway well �eld (�ne mesh): 360-year peak capture probability. . 113

A.11 Parkway well �eld (�ne mesh): 360-year particle tracks with outline

of 0.02 peak capture probability. . . . . . . . . . . . . . . . . . . . . 114

A.12 Wilmot well �eld (coarse mesh): 0.02 peak capture probability con-

tours; 2, 10, 20, 30, & 40 years. . . . . . . . . . . . . . . . . . . . . 115

A.13 Wilmot well �eld (�ne mesh): 0.02 peak capture probability con-

tours; 2, 10, 20, 30, & 40 years. . . . . . . . . . . . . . . . . . . . . 116

A.14 Wilmot well �eld (�ne mesh): 40-year peak capture probability. . . 117

A.15 Wilmot well �eld (�ne mesh): 40-year particle tracks with outline of

0.02 peak capture probability. . . . . . . . . . . . . . . . . . . . . . 118

A.16 Erb Street well �eld (coarse mesh): 0.02 peak capture probability

contours; 2, 10, 20, 30, 40 & 55 years. . . . . . . . . . . . . . . . . . 119

A.17 Erb Street well �eld (�ne mesh): 0.02 peak capture probability con-

tours; 2, 10, 20, 30, 40 & 55 years. . . . . . . . . . . . . . . . . . . . 120

x



A.18 Erb Street well �eld (�ne mesh): 55-year peak capture probability. . 121

A.19 Erb Street well �eld (�ne mesh): 55-year particle tracks with outline

of 0.02 peak capture probability. . . . . . . . . . . . . . . . . . . . . 122

A.20 William Street, Strange Street and Private wells (coarse mesh): 0.02

peak capture probability contours; 2, 10, 50, 100, & 140 years. . . . 123

A.21 William Street, Strange Street and Private wells (coarse mesh): 140-

year peak capture probability. . . . . . . . . . . . . . . . . . . . . . 124

A.22 William Street, Strange Street and Private wells (�ne mesh): 140-

year particle tracks with outline of 0.02 peak capture probability. . 125

A.23 W4 & W10; Waterloo North well �eld (coarse mesh): 0.02 peak

capture probability contours; 2, 10, 25, 50, & 75 years. . . . . . . . 126

A.24 W4 &W10; Waterloo North well �eld (�ne mesh): 0.02 peak capture

probability contours; 2, 10, 25, 50, & 75 years. . . . . . . . . . . . . 127

A.25 W4 & W10; Waterloo North well �eld (�ne mesh): 75-year peak

capture probability. . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

A.26 W4 & W10; Waterloo North well �eld (�ne mesh): 75-year particle

tracks with outline of 0.02 peak capture probability. . . . . . . . . . 129

A.27 W5; Waterloo North well �eld (coarse mesh): 0.02 peak capture

probability contours; 2, 10, 50, 100, & 140 years. . . . . . . . . . . . 130

A.28 W5; Waterloo North well �eld (coarse mesh): 140-year peak capture

probability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

A.29 W5; Waterloo North well �eld (�ne mesh): 75-year particle tracks

with outline of 0.02 peak capture probability. . . . . . . . . . . . . . 132

xi



List of Tables

3.1 Waterloo Moraine: Summary of pumping rates (m3/sec). . . . . . . 36

5.1 Summary of methods applied to major well �elds. . . . . . . . . . . 59

6.1 Observed chloride concentration (mg/l) at Greenbrook wells. . . . . 84

xii



Chapter 1

Introduction

Groundwater is a precious natural resource which can be threatened by contam-

ination and over-usage. As a community depending mostly on groundwater, the

Regional Municipality of Waterloo (Ontario) is developing a strategy for the pro-

tection of this resource to guarantee a safe drinking water supply for present and

future generations. The Region covers an area of approximately 1360 km2 including

the cities of Cambridge, Kitchener, and Waterloo, as well as rural areas comprising

the Townships of Woolwich, Wilmot, Wellesley, and North Dumfries (Figure 1.1).

There are 126 pumping wells, grouped into about 50 well �elds providing approxi-

mately 75% of the water supply needs of over 400,000 residents and associated in-

dustries. In addition, some private wells are also present in the area. The dramatic

growth of the Region in recent decades has provided a motivation for obtaining, as

a basis for sustainable utilization, a sound understanding of this vital resource, its

capacity and its susceptibility to contamination [Martin and Frind, 1998].

The WaterlooMoraine has been studied for several years by consultants, starting

with International Water Supply (IWS) in the 1940's, and the University of Water-

loo beginning in the early 1970's. Numerous undergraduate and graduate studies

have been carried out relating to di�erent aspects of the Quaternary deposits or

the groundwater supply system.

1



CHAPTER 1. INTRODUCTION 2

A detailed regional-scale 
ow model of the northern part of the Moraine, the

Laurel Creek watershed, was developed by Martin [1994]. All available data at

that time was incorporated into a detailed hydrostratigraphic interpretation for

the analysis of the regional groundwater 
ow system through three-dimensional

modelling. A 3D representation was found to be required in order to capture the

characteristics of the complex 
ow system. Martin [1995] further developed this

model to cover the entire Waterloo Moraine.

Callow [1996] studied options to optimize production in the Greenbrook, Strange

Street, and Mannheim well �elds using a 3D model of a portion of the Waterloo

Moraine with both MODFLOW [Waterloo Hydrogeologic, Inc. 1996] and WAT-

FLOW [Molson, et al., 1992]. Extraction rates were optimized for the existing well

�elds and potential new well sites were located on the basis of modelling results.

It was concluded that the �nite di�erence code, MODFLOW, is not suitable for

detailed modelling of this kind of heterogeneous systems. The impact of discretiza-

tion was assessed and the need for a �ne mesh around pumping wells where large

hydraulic gradients exist was recognized.

Beckers [1998] developed an automated calibration technique for the free-surface

�nite element code WATFLOW. Modi�cations were made in WATFLOW to include

the unsaturated zone through an ad-hoc scaling of the hydraulic conductivities

above the water table with a fairly coarse mesh discretization [Beckers, 1998]. This

type of pseudo-unsaturated model takes the ground surface as the upper bound-

ary and hydrogeologically signi�cant layers which may be present above the water

table can be included. Flow in the unsaturated zone was modelled by means of

an empirical scaling of the hydraulic conductivities above the water table. When

combined with a coarse mesh discretization suitable for watershed-scale modelling,

this approach has the potential of bridging the scale-gap with surface water models

[Beckers, 1998]. This model was coupled with a high-conductivity recharge spread-

ing layer (RSL) over the top of the model domain to approximate the rainfall-runo�

process. This modi�ed version of WATFLOW is used in the present study to obtain

the head distributions and velocity �elds for use in the transport models.
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At present, The Regional Municipality of Waterloo (RMOW) is conducting a

comprehensive program to inventory the groundwater resource with special empha-

sis to delineate wellhead protection areas. A crucial aspect of this program is the

delineation of capture zones for the Region's municipal wells. Capture zones are

de�ned as the portion of the 
ow system that contributes groundwater to the well

�eld [Anderson and Woessner, 1992].

Conventionally, the particle tracking technique is used to create capture zones

and to de�ne isochrones of arrival time. A preliminary �rst e�ort to delineate

capture zones for the Region's well �elds was made by the Waterloo Hydrogeologic,

Inc., [1995] using a 2D particle tracking technique. In this approach, particles are

placed at the well face and traced under the reversed velocity �eld. The capture

zone can then be de�ned by drawing an envelope around the particle paths. This

results in a deterministic zonation of the surface area into zones of either capture

or no capture. Using particle tracking technique, 3D capture zones were developed

by Waterloo Hydrogeologic, Inc., [1998, 1999].

Alternatively, a probabilistic approach to capture zone delineation can be devel-

oped by solving the advective-dispersive transport equation backward-in-time [Liu

and Wilson, 1996; Neupauer and Wilson, 1999]. In this approach, a hypothetical

tracer is introduced at the well face at a relative concentration of one and allowed

to migrate due to advection and dispersion through the aquifer under the reversed

velocity �eld. Two types of probability maps can be obtained using this backward-

in-time method. The �rst is referred to as a travel-time-probability map and it

describes the length of time required for water to 
ow from some prescribed loca-

tion in the aquifer to the pumping well. It can be used to describe a well protection

area, or be convoluted with estimated pollutant spatial concentrations to predict

arriving pollutant concentrations [Liu and Wilson, 1996]. The second type of map

is referred to as a location probability map, and it de�nes the origin of water pro-

duced at the pumping well at some time t later. It is useful in identifying possible

sources of past pollution and for designing a monitoring system. This type of map

has also been produced by a backward-in-time random walk approach [Linderfelt et
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al., 1989; UÆnk, 1989; Wilson and Linderfelt, 1991; Bagtzoglou et al., 1992; Chin

and Chittaluru, 1994]. Critical areas that could be missed in particle tracks are

ensured coverage as the transport equation is solved everywhere in the domain by

using this technique.

Martin and Frind [1998] developed a methodology to inventory the ground-

water resource of the Waterloo Moraine multi-aquifer system, to characterize its

susceptibility to contamination and to create the basis for optimal management

and protection strategies. A particle tracking routine WTC-TRAC (developed by

Martin, 1996) was used to generate estimates of the steady state surface capture

zones for all well �elds in the Moraine area. It was concluded that aquitard windows

have a controlling in
uence on the capture zone delineation.

Conventional (time-marching) transport techniques need a �ne mesh and rela-

tively short time steps to satisfy the Peclet and Courant criteria. To satisfy the

Peclet criterion, the grid must be re�ned especially around the wells where steep

concentration gradients are present, and this could be extremely computationally

burdensome for a large-scale multi-aquifer system. The Courant criterion controls

the time discretization of the advective-dispersive transport equation. Violation of

these criteria may produce numerical dispersion and signi�cantly a�ect the accuracy

of the model results.

A time-continuous transport method, the Laplace Transform Galerkin (LTG)

technique is capable of yielding a highly accurate solution even when a relatively

coarse �nite element mesh is employed [Sudicky, 1989]. The Courant constraint

imposed by conventional time-stepping schemes is not necessary in this technique.

Sudicky [1989] developed the Laplace Transform Galerkin technique and applied

it to the problem of solute transport in porous media. After subdivision of the

problem domain into �nite elements by the Galerkin procedure, this method uses

a Laplace transformation to eliminate the temporal derivatives appearing in the

space-discretized set of ordinary di�erential equations. In the �rst version of the

LTG code, numerical inversion of the Laplace transformed nodal concentration
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in Laplace p space was performed using the Crump [1976] algorithm. Sudicky

[1989] demonstrated by examples that this technique is capable of providing highly

accurate solutions for grid Peclet numbers in excess of 30. In the latest version

of the code, a new inversion technique developed by De Hoog [1982], which is

greatly superior to Crump's scheme for reducing oscillations of the inverse in the

neighborhood of a discontinuity (i.e., sharp front) and is in general more eÆcient

[Sudicky, 1989] was used.

Sudicky [1990] presented LTG technique for the numerical solution of solute

transport problems in multi-dimensional double-porosity media. The utility of the

model was demonstrated by applying it to the problem of solute transport in a

sandy-type aquifer having a random, spatially-correlated hydraulic conductivity

�eld and comprised of slightly porous grains that admit intergranular di�usion but

do not conduct 
uid.

Sudicky et al., [1992] extended the Laplace Transform Galerkin method for

application to discretely fractured media with emphasis on large-scale modelling

capabilities. Traditional modelling approaches have limited ability to simulate con-

taminant migration in large-scale porous formations containing a complex network

of discrete fractures. In addition to time-related complexities, these methods also

require a �ne spatial discretization to represent sharp concentration gradients at

the interface between fractures and the matrix. The LTG technique avoids time

stepping and permits the use of a relatively coarse grid without compromising ac-

curacy.

Bester [1999] compared ten transport solution techniques at increasingly coarser

grid spacing with the goal of �nding the most eÆcient model that was able to accu-

rately simulate the transport processes. Particularly, the time-continuous Laplace

Transform Galerkin method was compared to time-stepping methods to observe

solution behavior at high grid Peclet numbers. That research showed that the LTG

method exhibits signi�cantly less numerical error than the time-stepping methods

with coarse grid resolution even at Peclet numbers in excess of 64.
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While advective particle tracking techniques are de�nitely simple and eÆcient,

the probability plume produced by the solution of advective-dispersive transport

equation using Wilson's technique is considered more realistic [GLL et al., 1998].

The dispersive term in this case represents the uncertainty due to heterogeneity

which is known to exist in the Waterloo Moraine multi-aquifer system, but cannot

be incorporated explicitly because of inadequate data and unrealistic computational

requirements. It also eliminates the need to draw an envelope curve around the

bundle of particle tracks.

1.1 Purpose of Study

This study focuses on the 3D capture zone delineation for all the major well �elds

of the Waterloo Moraine area using particle tracking and Wilson's method, with

emphasis on the Greenbrook well �eld. RMOW is interested in determining the

2-year, 10-year, and steady state capture zones.

For particle tracks, a new code (WATRAC) developed by Frind [2000, in prepa-

ration] is used. The technical details of this new code are being presented in a

forthcoming research paper [Pers. communication with E.O. Frind]. For Wilson's

approach, WTC and LTG (advective-dispersive transport models) are applied in

this study.

The main objectives of the study are:

1. Comparison of capture zones produced by LTG with other techniques (i.e.,

particle tracking and time-marching transport method) using di�erent mesh

re�nements. The Greenbrook well �eld is used for this purpose, but the

methodology is applicable to any 3D geometrical system.

2. Determination of steady state capture zone for Greenbrook well �eld by:

- Time-marching transport model (WTC) starting from time zero.
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- Time-marching transport model (WTC) using the results from LTG as

an initial condition.

3. Identi�cation of most eÆcient and accurate approach for the delineation of

capture zones in complex 3D systems. The Greenbrook well �eld is selected

for this purpose. Velocity �elds generated by WATFLOW [Beckers et al.,

2000] are used to delineate 2-year, 10-year, and steady state capture zones.

4. Evaluation of the possible sources of contamination observed at the Green-

brook well �eld.

1.2 Assumptions and Limitations

The conditions assumed in this study are:

i. Steady state 
ow condition,

ii. Density-independent 
ow and transport condition,

iii. Contaminant is conservative,

iv. Non-fractured porous media,

v. Incompressible 
uid, and

vi. Simpli�ed unsaturated (pseudo-unsaturated) zone representation.

1.3 Site Description

The proposed study area (Figure 1.1), which is approximately 740 km2, encom-

passes the Waterloo Moraine and surrounding areas. The area includes the cities of

Waterloo and Kitchener as well as portions of neighboring townships. The area is

drained by the Grand River and its tributaries, the Nith and Conestogo Rivers. The
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topography is a characteristic of a moraine environment with an undulating surface

and isolated swampy areas and ponds where the watertable intersects the ground

surface. The geology of the Moraine is a Quaternary kame and kettle complex

formed by interlobate glacial activity during the late Wisconsin age. The glacial

overburden consists of a variety of materials including clay, interbedded tills, �ne

sand, sandy gravel and coarse gravel, and ranges in thickness from 30 m to more

than 100 m. A detailed description of the glacial geology is given by Chapman and

Putnam [1984], and Karrow [1993]. The climate is semi-humid with an average

minimum and maximum temperatures of 2:7o C and 12o C, respectively. The pre-

cipitation ranges from 780 to 1000 mm in the form of rain and water-equivalent

snow [Karrow, 1987].

1.4 Hydrogeology of the Study Area

The hydrogeology of the study area is complex due to the glacial origins of the

aquifers in the Region. Local relief form broad till plains drained by the Grand River

to the prominent Waterloo Sandhills in the central western portion. Topographic

elevation ranges from 400 mASL in the west to 317 mASL approaching the Grand

River.

Glaciation of the Waterloo Region in the late Wisconsinan period (23,000 -

10,000 years ago) was responsible for both the shape of the bedrock topography

and the structure of the overlying Quaternary sediments. This era of glaciation

featured three main periods: the Missouri, Port Bruce and Port Huron stadials,

separated by the Erie and Mackinaw intervals [Karrow, 1987, 1993]. Ice lobes origi-

nating from the basins of Lake Huron, Erie and Ontario and from the Georgian Bay

basin met during these stadials in the Waterloo Region [Karrow, 1987]. The Qua-

ternary features and structure of the Region originated during the advancements,

stationary phases and retreats of these ice lobes. The complex glacial geology has

signi�cantly in
uenced the development of the groundwater resources in the Region
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and is fundamental to the understanding of the regional hydrogeology.

The stratigraphy is very complex with a heterogeneous distribution of hydraulic

conductivity. Despite this heterogeneity, three relatively continuous till units, the

Port Stanley/ Tavistock, Maryhill, and Cat�sh Creek tills have been identi�ed

throughout the Moraine [Karrow, 1993]. The youngest of these, the Port Stan-

ley/Tavistock till, is found near the surface overlying large portions of the upper

aquifer. The next youngest, the Maryhill till, is a clay-rich, low permeability unit

lying beneath the upper aquifer. In many areas, this unit acts as an in�ltration

and contamination barrier for the underlying aquifers, however, windows of high-

conductivity material have been observed or inferred in recent studies [Martin and

Frind, 1998]. The Cat�sh Creek till, lying below the Maryhill till, is a dense, stony

silt till containing portions that act as an aquifer [Karrow, 1993, Petrie, 1985].

Because of this variability, it has appeared to be discontinuous at a local scale. A

fourth discontinuous till unit, named the Pre-Cat�sh Creek till, is found locally

overlying the bedrock. The hydrostratigraphic relationships are shown schemat-

ically in Figure 1.2. Glacio
uvial sand and gravel deposits located between the

major till units form the major aquifers in the system. The upper aquifer, thought

to be reworked Maryhill till, is the most extensive and regionally continuous unit.

It is also the most productive source of water. The two lower aquifers, which are

often found as pockets of discontinuous sand and gravel, are productive locally.

Important contributions to the understanding of Moraine hydrostatigraphy were

made by Rudolph [1985], Farvolden et al., [1987], Rudolph and Farvolden [1989],

Woeller and Farvolden [1989], Paloschi [1993] and Terraqua [1995].

Over the last about 30 years, the conceptual model of the aquifer system of the

Region has undergone various re�nements with the addition of new data. The �rst

conceptual model was prepared by Dixon [1963] and was later adopted by Woeller

[1982] for the study of the Greenbrook well �eld. It was also used by Rudolph

[1985], Martin [1994], and Terraqua [1995] in their Waterloo Moraine Study. These

previous studies determined a multi-aquifer system represented by a series of four

aquifers and four aquitards as shown in Figure 1.3. Due to the complex nature of
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the Moraine, local areas within the study area may deviate from this conceptual

model.
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Figure 1.1: Location of study area.
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Port Stanley Till

Maryhill Till

Catfish Creek
Till

Bedrock - Salina / Guelph
Formation

(Reworked Pre-Catfish
Creek Till)

Glaciofluvial Sands & Gravel

(Reworked Catfish Creek Till)

(Reworked Maryhill Till)

Glaciofluvial Sands & Gravel

Glaciofluvial Sands & Gravel

Pre Catfish Creek
Till

Figure 1.2: Vertical pro�le of general geology (adapted from Callow, 1996).
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Aquifer 1

Aquifer 2

Aquifer 3

Bedrock

Aquitard 1 (Port Stanley Till)

Aquitard 2 (Maryhill Till)

Aquitard 3 (Catfish Creek Till)

Aquitard 4 (Pre-Catfish Creek

Figure 1.3: Hydrogeological conceptual model (adapted from Callow, 1996).



Chapter 2

Modelling Methodology

2.1 Introduction

Groundwater 
ow and transport simulations require an understanding of geology,

hydraulics, and processes involved in the 
ow and transport. Groundwater 
ow

models solve for the distribution of head in the model domain, whereas transport

models solve for solute concentration as a�ected by advection, dispersion and chem-

ical reactions. Transport modelling requires groundwater velocities (
ow model

output) to obtain solute concentrations, so a fundamental understanding of ground-

water 
ow modelling is a prerequisite for the application of solute transport models.

WATFLOW is a advanced groundwater modelling tool, developed at the Uni-

versity of Waterloo, which is able to accommodate the geologic complexities found

in the study area. Common, simpli�ed modelling tools have been found to be

ine�ective for this heterogeneous environment [Callow, 1996]. In this study, mod-

i�ed version of WATFLOW [Beckers et al., 2000] is used for 
ow simulation while

for transport simulations, a new particle tracking code WATRAC [Frind, 2000,

in preparation] and two advective-dispersive models (WTC and LTG) are applied

using Wilson's approach and are discussed brie
y in this chapter.

14
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2.2 Flow Modelling

A new version of WATFLOW [Beckers et al., 2000] with a pseudo-unsaturated

module developed by Beckers [1998] is used to calculate the head and velocity

distribution for the model domain using coarse as well as �ne meshes. The �nite

element model (WATFLOW) is based on the solution of the 3D groundwater 
ow

equation. The continuity equation for 
ow can be expressed as [Bear, 1972]:

@

@xi

h
Kij

� @�
@xj

�i� NX
k=1

Qk(t) � Æ(xk; yk; zk) = SS
@�

@t
(2.1)

where xi and xj represent the spatial dimensions, Kij is the hydraulic conductivity

tensor, � is the hydraulic head, Qk is the 
uid volume 
ux for a source or sink

located at (xk; yk; zk), SS is the speci�c storage, and t is time. In this study,

only steady state groundwater 
ow is considered for which the time derivative on

the RHS reduces to zero. Solution of equation (2.1) requires that the boundary

conditions be speci�ed all around the domain. This may be Type 1 or Dirichlet

boundary condition on boundary segment �1

� = �� (2.2)

the Type 2 or Neuman boundary condition on boundary segment �2

Kij

@�

@xi
nj = q� (2.3)

For the Dirichlet boundary condition (2.2), �� is the speci�ed head along bound-

ary segment �1. For the Neuman boundary condition, given by equation (2.3), nj

is the component of the normal vector and q� is the Darcy 
ux in the direction

normal to boundary �2.



CHAPTER 2. MODELLING METHODOLOGY 16

In the numerical solution of equation (2.1), a standard Galerkin �nite element

method [Huyakorn and Pinder, 1983; Kinzelbach, 1986] was used. WATFLOW uses

3D triangular prisms to resolve the �nite element domain. This type of element

shape facilitates detailed discretization in both the vertical and horizontal dimen-

sions and provides versatility in the domain design. These elements can have either

constant or variable height in order to accommodate irregular layers.

Velocity calculations within WATFLOW are performed using elemental hy-

draulic conductivity and hydraulic head calculated at the six nodes of the element.

For an element of constant height, the velocity calculations are performed as:

Vx =
�Kxx

2��

6X
i=1

�ibi (2.4)

Vy =
�Kyy

2��

6X
i=1

�ici (2.5)

Vz =
�Kzz

��

3X
i=1

��
�i
��ai � bixc � ciyc

h

��
+

�
�i+3

�ai+3 + bi+3xc + ci+3yc

h

���
(2.6)

where Vx, Vy, and Vz are the three-dimensional velocity components; Kxx, Kyy,

and Kzz are the elemental hydraulic conductivities in the x, y, and z directions

respectively; � is the surface area of the triangular element; � is the elemental

porosity value; �i is the calculated hydraulic head at each of the six nodes of the

three-dimensional prismatic element; h is the average height of the element; xc and

yc are the element centroid co-ordinates; and ai, bi, and ci, are counter clockwise

cyclic permutations derived from the shape of the plan-view projection of each

element.

Equation (2.6) is applied only for non-deformed or mildly deformed elements; a

numerical integration option is available for highly deformed elements as shown in

Figure 2.1.
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Figure 2.1: Prismatic element as used in WATFLOW.

Originally, WATFLOW was developed with a free-surface top boundary, where

the water table was located iteratively based on the condition of zero pressure head,

and the mesh was deformed accordingly. In the modi�ed version of WATFLOW,

rather than using the water table position as a parameter for the non-linear update

of the solution, the saturation of the elements above the water table is computed

through an ad-hoc exponential relationship between the pressure head p and the

saturation of the porous medium S [Beckers et al., 2000]:

S(p) = Sr + (1� Sr)e
�p p < 0

= 1 p � 1 (2.7)

where Sr is the residual saturation of the porous medium, and � is a parame-

ter determining the extent of the zone between residual and full saturation. Par-

tial saturation of the elements results in a lower hydraulic conductivity, impeding

groundwater 
ow [Beckers, 1998]. This is accomplished by scaling the relative per-

meability of an element according to its saturation, i.e., kr = S(p). In this case, Kij

is replaced by krKij in equation (2.1). By implementing this pseudo-unsaturated

approach there is no need to deform the mesh and elemental conductivities do not

have to be updated in each Picard iteration.
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The �nal matrix equations for both the 
ow and mass transport problems are

solved using an eÆcient preconditioned conjugate gradient (PCG) solution for sym-

metric matrices [Schmid and Braess, 1988]. In practice, the PCG solver has per-

formed exceptionally well, even under highly heterogeneous conditions (with up to

5 orders of magnitude conductivity contrast between adjacent elements), with high

accuracy and rapid convergence [Waterloo Hydrogelogic, Inc. 1998].

2.3 Delineation of Capture Zones

Capture zones associated with groundwater wells form the basis for de�ning well-

head protection areas. Conventionally, capture zones are created by particle track-

ing, often in 2D, to de�ne isochrones of arrival time. For complex heterogeneous

systems, this procedure can be problematic because 2D capture zones are rarely

valid, and the particle tracks can be erratic due to large variations in the 
ow

velocities. Also, reliable particle tracking methods for complex 3D systems are

still relatively scarce. Wilson and Liu [1995] proposed another approach (Wil-

son's technique) to delineate the capture zone based on the solution of transport

(advective-dispersive) equation.

In this study, particle tracking as well as Wilson's technique for advective-

dispersive modelling are used and are discussed brie
y in the next sections.

2.4 Particle Tracking

Particle tracking is used to trace pathlines by placing imaginary particles in the


ow �eld and then tracking them in a forward or backward direction. This tech-

nique is highly eÆcient, because it does not involve solving the transport partial

di�erential equation (2.1). Advective transport modelling may be used to delineate

capture zones and wellhead protection areas based on a time-of-travel criterion [U.S.

Environmental Protection Agency, 1987] for chemically conservative contaminants.
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The advection of in�nitesimal particles can represented by the following �rst-

order ordinary di�erential equation:

dp

dt
= v(p; t) (2.8)

where p = xi + yj + zk is the position vector (using the conventional unit vector

notation), and v = vxi+vyj+vzk is the average seepage velocity vector, a function

of particle position and time. The solution of equation (2.8) for particle location

at any time t can be expressed by

p(t) = p(t0) +

Z t

to

v(p; t)dt (2.9)

where p(t0) is the position of a particle at time to. When linear interpolation is

used, the integral in the above equation can be evaluated analytically. Pollock

[1988] applied the name "semi-analytical method" to this approach of pathline

computation based on numerically calculated velocities and analytically derived

pathlines [Zheng and Bennett, 1995].

A new particle-tracking code (WATRAC) developed by Frind [2000, in prepa-

ration] provides a basis of comparison without restrictions due to geometry for 3D

systems. The code is based on prismatic �nite elements for maximum 
exibility,

and uses a linear interpolation of velocities based on continuous interface 
uxes

across the �ve sides of the prism. This method was found to give better accuracy

than conventional particle tracking methods [Frind et al., 2000].

2.5 Wilson's Approach

An alternative approach for capture zone delineation is based on the adjoint method

for advective-dispersive transport [Wilson and Liu, 1995; Neupauer and Wilson,
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1999] . In this approach, one determines the location probability f = f(x; y; z), i.e.

the probability that a particle arriving at a well at a given time has originated at

location (x; y; z) in the aquifer. To obtain the probability distribution, an advective-

dispersive transport model is applied to the aquifer system with a source value

of Cs = 1:0 at the well and a velocity of �v(x; y; z). Although the dispersion

coeÆcient is a function of velocity, no sign reversal is needed for the dispersion term.

Dispersion is proportional to the magnitude of velocity; therefore reversing the

direction of velocity does not a�ect the sign on the dispersion coeÆcient [Neupauer

and Wilson, 1999]. UÆnk [1989] states that dispersion is an irreversible process

and therefore, results from the backward-in-time equation cannot be interpreted

as concentration and can only be interpreted as probabilities. Wilson and Liu

[1995], who �rst time derived expression for travel time probabilities, so this method

referred as Wilson's Approach.

The advection-dispersion equation (ADE) is usually used to describe transport

of a conservative solute in groundwater. Solute concentration as a function of space

and time can be obtained by solving the ADE, for all times after the initial release

of the solute. This form of the ADE is called a 'forward-in-time' model because the

solute is located as it moves forward in time.

The advection-dispersion equation governing mass transport in the porous ma-

trix is [Bear, 1972]:

@

@xi
(Dij

@c

@xj
)� vi

@c

@xi
�R�c = R

@c

@t
(2.10)

where c = c(x; y; z; t) is the dissolved concentration of the solute (usually expressed

as relative with respect to the source concentration co, or c=co; x; y; and z are

spatial coordinates; Dij is the hydrodynamic dispersion coeÆcient tensor; vi = qi=�

is the average groundwater velocity; R is the retardation coeÆcient; and � is the

�rst-order decay constant.
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In three dimensions, the components of hydrodynamic dispersion tensor for an

isotropic medium are given by [Burnett and Frind, 1987]:

Dxx = �L

v2x
v
+ �TH

v2y
v
+ �TV

v2z
v
+D� (2.11)

Dyy = �L

v2y

v
+ �TH

v2x
v
+ �TV

v2z
v
+D� (2.12)

Dzz = �L

v2z
v
+ �TH

v2x
v
+ �TV

v2y
v
+D� (2.13)

Dxy = Dyx = (�L � �TH)
vxvy

v
(2.14)

Dxz = Dzx = (�L � �TV )
vxvz

v
(2.15)

Dyz = Dzy = (�L � �TV )
vyvz

v
(2.16)

where �L, �TH , and �TV , are longitudinal, transverse horizontal, and transverse

vertical dispersivities, respectively; D� = Dd� is the e�ective di�usion coeÆcient

in the porous medium with Dd being the free solution di�usion coeÆcient of the

solute; and � is the tortuosity of the medium.

The transport equation (2.10) requires boundary conditions all around the do-

main for solution. This may be Type 1 orDirichlet boundary condition on boundary

segment �1

c = co(t) (2.17)
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the Type 2 or Neuman boundary condition on boundary segment �2

go(t)

�
= �Dn

@c

@n
(2.18)

Alternatively, the boundary condition can be speci�ed in the form of a known

mass 
ux, known as a Type 3 or Cauchy boundary condition on boundary segment

�3 which takes the form:

qoco(t)

�
= vc�Dn

@c

@n
(2.19)

where �=�1+�2+�3 is the entire domain boundary, Dn is the dispersion coeÆcient

in the direction normal to the boundary, go and qo are normal components of

dispersive vector and the Darcy 
uid 
ux, respectively, prescribed on the boundary

and co is a speci�ed concentration.

The initial condition representing the concentration at t = 0 on the interior of

the domain can be an arbitrary surface. For simplicity, it is be assumed that the

domain is initially devoid of solute mass.

c(x; y; z; 0) = 0 (2.20)

In Wilson's approach, the travel time cumulative distribution function (CDF),

F�(x; y; z; �) describes the probability that a contaminant is captured by the pump-

ing well in a period of time less than �, for a given location (x; y; z) [Wilson and

Liu, 1995]. The three-dimensional travel time CDF, F�(x; y; z; �), for a travel time,

�, from some location (x; y; z) to pumping well location can be expressed with the

standard advection-dispersion equation (2.10) by replacing the concentration, c,

with F� and v by �v:

@

@xi
(Dij

@F�

@xj
) + vi

@F�

@xi
� R�F� = R

@F�

@�
(2.21)
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The boundary conditions are:

F� = 1:0 as Type 1 on boundary segment �1 (2.22)

go(�)

�
= �Dn

@F�

@n
as Type 2 on boundary segment �2 (2.23)

qoFo(�)

�
= vF� �Dn

@F�

@n
as Type 3 on boundary segment �3 (2.24)

and initial condition is:

F� = 0 at � = 0 (2.25)

Applying this approach, prior contaminant locations can be determined using

backward location and travel time probabilities. These probabilities can be used

to improve characterization of known sources of groundwater contamination, to

identify previously unknown contamination sources, and to delineate capture zones

[Neupauer and Wilson, 1999].

Conceptually, this approach is also equivalent to applying the backward particle

tracking with a random component added, where the random component (or the

dispersion term in the transport model) represents the e�ect of high-frequency

heterogeneities of the porous medium [Frind et al., 2000].

Wilson's approach is applied in this study by using time-marching (WTC) and

time-continuous (LTG) transport models.

2.5.1 Time-marching (Galerkin Finite Element) Technique

For solving transport equation (2.10), Pinder and Frind [1972] presented an ap-

proach which involves a �nite element approximation in the spatial domain, and
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�nite di�erence for time derivative. The standard Galerkin weighted residual tech-

nique is applied to obtain an algebraic equation for every node in the grid. The

development of the Galerkin �nite element formulation is described by Frind [1993].

The numerical model WTC is based on a �nite element time integration which gen-

erates a symmetric coeÆcient matrix while retaining second-order accuracy in time

[Molson et al., 1992]. WTC uses the symmetric conjugate solver, similar to WAT-

FLOW, and results in a high degree of computational eÆciency. Numerical errors

were controlled by observing the grid Peclet and Courant criteria [Daus et al., 1985]

given by:

Pe =
v�x

D
� 2 (2.26)

Cr =
v�t

�x
� Pe

2
� 1 (2.27)

where �x is the grid spacing and �t is the size of the time step.

The presence of the advective term in the transport equation (2.10) can lead to

numerical dispersion if these constraints are violated. Numerical dispersion may be

diÆcult to identify, but it typically takes the form of a smeared concentration pro�le,

a lagging concentration front or in oscillations resulting in negative concentrations

or concentrations exceeding the source concentration [Frind, 1993]. A solution

obtained in this way is inherently time marching because the response is advanced

discretely through time from one time step to the next.

2.5.2 Laplace Transform Galerkin Technique

As described above, it is a common procedure to discretize time, using �nite dif-

ferences to approximately integrate the system of ordinary di�erential equations

after the spatial discretization. This piecewise integration in time is performed

even though the time domain possesses homogeneity and the governing equation

and boundary conditions are linear [Sudicky, 1989].
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It is generally well-known that certain choices for the time or improper selection

of grid spacing or time step size can lead to arti�cial smearing or oscillations in the

solution. In situations where the advective displacement of the solute dominates

over the dispersive advance such that the solute front is relatively sharp, an exceed-

ingly �ne spatial and temporal discretization may be needed to ensure a reliable

solution. Proper grid design and time step selection is further involved in natural

geologic settings because the groundwater velocity may vary widely from point to

point both in direction and magnitude.

If the governing equation and boundary conditions are linear and if the �nite

element coeÆcient matrices do not depend directly on time, it is then possible

to obtain a closed-form analytical solution to the system of ordinary di�erential

equations stemming from the spatial discretization step that is both continuous and

exact in time [Sudicky, 1989]. The Laplace Transform Galerkin (LTG) technique

was designed to use velocity vectors as element-wise constant (
ow model output),

recognizing that the velocity distribution produced is discontinuous at the element

bounds. In this method, groundwater velocities and transport parameters can be

variable in space, domain boundaries can be irregular and boundary conditions

that are arbitrary functions of time can be easily accommodated. Because the

Laplace domain solution is relatively smoother than the time domain solution, the

use of relatively coarse grids or weakly dispersive problems is admissible without

introducing problematic numerical dispersion [Sudicky, 1989]. LTG directly uses

the velocity �eld and mesh con�guration output from any groundwater 
ow model.

Laplace Transform and its Numerical Inversion

The Laplace transform, f(p) of some function f(t) is de�ned as:

L[f(t)] = �f(p) =

Z
1

0

exp(�pt)f(t)dt = 0 (2.28)

where L is the Laplace transform operator and p is the complex-valued Laplace
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transform variable. The basic operational property of the Laplace transform is

L[
df

dt
] = p �f � f(t = 0) (2.29)

Application of the Laplace transformation equation (2.28) to the governing equa-

tion (2.10) and using the operational property equation (2.29) to eliminate the

temporal derivative in equation (2.10) leads to:

@

@xi
(Dij

@�c

@xj
)� vi

@�c

@xi
�R(p + �)�c = 0 (2.30)

where �c= �c(x; y; z; p) is the p space transformed concentration. Equation (2.30) now

has the appearance of the steady state form of the advection-dispersion equation

except for the introduction of the Laplace transform operator, p, in the decay term.

The boundary conditions (Equations 2.17- 2.19) must also be transformed and

in p space, they become:

�c = �co(p) on �1 (2.31)

�go(p)

�
= Dn

@�c

@n
on �2 (2.32)

qo�co(p)

�
= v�c�Dn

@�c

@n
on �3 (2.33)

In the �nite element method, a trial solution for equation (2.30) is assumed as:

�c � �bc = mX
j=1

�cj(p)wj(x; y; z) (2.34)
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where the wj are basis functions, m is the number of nodes in the grid, and �cj(p)

are unknown coeÆcient representing the p space concentrations at the node points.

Letting L�1denote the inverse transformation, it can be written from equation

(2.34):

bc(x; y; z; t) = mX
j=1

L�1[ �cj(pk)]wj(x; y; z) =

mX
j=1

cj(t)wj(x; y; z) (2.35)

where cj(t) is the concentration at node j in the time t domain. The numerical

inversion algorithms require the value of the transformed variable for di�erent val-

ues of p = pk; k = 1; 2; :::; 2K; so the system of equations developed by applying

Galerkin's method to equation (2.34) is solved anew for each pk: De Hoog [1982] pro-

posed an improved procedure for numerical inversion of Laplace transforms. There

are many problems for which the Laplace transform of the solution is readily found,

but the transform cannot be easily inverted analytically [De Hoog, 1982]. The pro-

posed numerical method uses the trapezoidal rule for enhancing the convergence of

the Fourier series that obtained from the inversion integral.

The nodal concentration cj(t) can be found from �cj(pk):

cj(t) =
1

T
exp(pot)

n
1

2
�cj(po) +

2KX
k=1

Re[ �cj(po +
k�i

T
) exp(

k�it

T
)]

o
+ E (2.36)

where 2T is the period of the Fourier series approximating the inverse on the interval

[0; 2T ], Re denotes the real part of cj, i =
p�1, E is an error term and po+k�i=T =

pk: Usually, K=5 is adequate for convergence of the series [Sudicky and McLaren,

1992]. The parameter po is given by

po = �� ln(E)

2T
(2.37)
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Experience with large range of problems suggests that � = 0; T = 0:8tmax where

tmax is the maximum time at which cj(t) is desired and E in the range of 10�4 and

10�6 yields accurate results [Sudicky and McLaren, 1992].



Chapter 3

Model Development and

Parameterization

3.1 Model Development

Due to the complex nature of the Waterloo Moraine area, a fully three-dimensional

model is the only option to get reliable 
ow and transport results. For 
ow simula-

tions, a modi�ed version of the 3D code WATFLOW [Beckers et al., 2000] is used

in this study. For capture zone delineation, the following three models are used:

1. WATRAC (particle-tracking advective transport code),

2. WTC (advective-dispersive time-marching transport code), and

3. LTG (advective-dispersive time-continuous transport code).

Some modi�cations are made in the LTG model developed by Sudicky [1989] to

incorporate the dispersivity in all three directions. Prior to solving the transport

equation, the 
ow equation is solved using WATFLOW to get the nodal head

distribution and elemental velocities.

The particle-tracking code (WATRAC) requires hydraulic heads as an input

while the advective-dispersive transport models (WTC and LTG) require velocities

29
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along with the 3D mesh information. The development of this scheme is represented

in Figure 3.1.

Figure 3.1: Algorithm for the solution of 
ow and transport equations.

3.2 Spatial and Temporal Discretization

One of the objectives of this study is to use LTG with coarse and �ne meshes

to compare the results with di�erent mesh sizes, so two di�erent spatial discretiza-

tions are needed within the model domain. The coarse mesh (Figure 3.2) is used for

LTG only while the �ne mesh is used for WTC, LTG, and WATRAC. For each case

(coarse and �ne mesh discretization), a two-dimensional �nite element mesh is gen-

erated within the model domain using the preprocessor GRIDBUILDER [McLaren,

1999], and projected vertically to form a 3D mesh. The coarse element mesh has
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elements ranging from 10 m close to the wells to a maximum of 500 m away from

the well �elds. Vertically, 8 hydrostratigraphic zones of aquifers and aquitards were

resolved using 13 elemental layers by Martin and Frind [1998]. In the Gartner

Lee Report [GLL et al., 1998], the Greenbrook subdomain was resolved using 27

layers. The most recent simulations were made by GLL et al., [1999] using a total

of 30 layers (Figure 3.3) with the addition of 3 layers in Aquitard 1. The added

re�nement in Aquitard 1 was considered necessary because of the importance of re-

solving small-scale heterogeneities close to the recharge surface [GLL et al., 1999].

Vertically, the hydrostratigraphy is divided as follows:

Aquitard 1: 5 equal layers;

Aquifer 1: 6 equal layers;

Aquitard 2: 4 equal layers;

Aquifer 2: 5 equal layers;

Aquitard 3: 3 equal layers;

Aquifer 3: 3 equal layers;

Aquitard 4: 2 equal layers;

Aquifer 4: 1 layer,

for a total of 29 elemental layers and 30 nodal surfaces. In addition, a thin recharge

spreading layer (RSL; for de�nition see GLL, 1998) is present above the land surface

in whole of the domain. This results in a total of 301,475 nodes and 567,360

prismatic elements in 3D system. This coarse mesh is re�ned twice in the area of

all major well �elds (Figure 3.4) which results in a 1,335,790 nodes and 2,568,900

elements for whole of the model domain.

Because the LTG model solves the transport equation continuous in time, there

is no need for temporal discretization. For the WTC time-marching solution, time

increments (�t) of 5 days for earlier times and 10 days for later times are used.
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3.3 Boundary Conditions

For the 
ow model, a Type 1 (Dirichlet) boundary condition is applied in the

sur�cial layers of nodes to the water elevation values of Grand River, Conestogo

River, Boomer Creek, Nith River, and Roseville Swamp (Figure 3.5). A Type 2

(Neuman) boundary is applied at the top of the model to represent the recharge

to the system as a speci�ed 
ux (mm/year), with some constant head nodes where

surface bodies exist in direct contact with the saturated zone.

A no-
ow boundary is designed for the base of the model. The bottom layer

of the model (bedrock) is assumed to be uniformly fractured at the top portion

and it was found that this layer is contributing some water to the Greenbrook

wells [Woeller, 1982]. Other geochemical and isotopic studies for production wells

throughout the Waterloo Moraine indicate that a signi�cant amount of water is de-

rived from the bedrock storage [Terraqua, 1992]. Below the upper fractured portion,

the bedrock is assumed to be less fractured and to act as a no-
ow boundary.

Pumping wells are represented by 1-D line elements as per Sudicky et al., [1995]

extending between a number of nodes depending upon their actual position in the

respective aquifer. For transport modelling, wells are assigned as Type 1 to be used

for capture zone delineation by Wilson's technique. To determine the sources of

contamination in the Greenbrook wells, nodes at the expected contaminated sites

are also assigned as Type 1. Boundary conditions for 
ow and transport models are

shown in Figure 3.5.

3.4 Pumping Wells and Pumping Rates

To calibrate the 
ow model, GLL et al., [1999] used the 1990's pumping wells and

pumping rates for Waterloo Moraine area. Presently, some of those wells are not

in operation and some are replaced due to deterioration. Those wells and pumping

rates are used in this study to determine the potential sources of contamination in
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the wells. For the delineation of capture zones, projected pumping rates provided

by the RMOW in November, 1999 are used. Table 3.1 shows the details of existing

and expected pumping wells with their pumping rates.

3.5 Calibrated Hydraulic Conductivity

For 
ow and transport simulations, hydraulic conductivity (K) is the most fun-

damental parameter. Most groundwater text books list typical values and ranges

of hydraulic conductivity for various rock types [i.e., Freeze and Cherry, 1979;

Domenico and Schwartz, 1990; Fetter, 1994]. Hydraulic conductivity may exhibit

extensive horizontal and vertical variations, especially in areas such as the Wa-

terloo Moraine. GLL et al., [1999] used point values of K (estimated from the

available lithologic information) for calibration with observed surface and ground-

water level records. In that study, a spatial statistical technique (3D kriging) was

used for de�ning the intra-formational conductivity distribution in each aquifer

and aquitard. The correlation lengths �x; �y; and �z were determined by semi-

variogram analysis and then used for the interpolation of K in all the lithologic

units. Simulated versus observed heads for the assessment of the calibration are

given in Figure 3.6. Final calibrated K distributions in Aquifer 1 and Aquitard 1

are shown in Figure 3.7 and Figure 3.8, respectively. It is very clear from these

�gures that the system is highly heterogeneous. There are high conductivity zones

(windows) in the aquitard which act as a part of an aquifer, while low conductivity

zones are present in the aquifer which locally act as an aquitard. The same kind

of heterogeneity is present in the other aquitards and aquifers. Aquitard windows

have a controlling in
uence on the capture zone delineation, and even small but

strategically located windows can cause large changes in the capture zones [Martin

and Frind, 1998].
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3.6 Calibrated Recharge

An average groundwater recharge of 100 mm/year was estimated by Rudolph [1985].

Fitzpatrick [1993] assumed as average rate of 125 mm/year with higher rates of 275

mm/year in western rural areas. Callow [1996] applied 50 mm/year in urban areas

and 250 mm/year in the rural areas. Martin and Frind [1998] used an average

of 200 mm/year over their study area with 180 mm/year along the 
anks, 220

mm/year in the core area of the Moraine, and to a high of 310 mm/year in the

immediate vicinity of the Mannheim sandhills.

In this study, an average 'potential recharge' value of 535 mm/year is redis-

tributed over the area of the model by the recharge spreading layer (RSL). This

value was determined by GLL et al., [1999] while calibrating the model with ob-

served groundwater and stream levels in the Waterloo Moraine area. A recharge

value of 296 mm/year is calculated for the Greenbrook �ne meshed area using the

vertical component of the velocity of elements which lie in the bottom layer of

Aquitard 1. The distribution of recharge through this layer for Greenbrook area

is shown in Figure 3.9. The remaining part of the 'potential recharge' (i.e., 239

mm/year) goes directly to the streams from the RSL as a surface runo� or as an

inter
ow.

3.7 Transport Parameters

For simulations with �ne grid, the values of 20, 5, and 0.02 m are used for the lon-

gitudinal, transverse horizontal and transverse vertical dispersivities, respectively.

These values were used in the previous studies for the Greenbrook well �eld using

time-marching transport techniques.

Scale may in
uence the magnitude of the dispersivity in the sense that in a

simulation which uses a coarse mesh spacing, more and larger heterogeneities are

included in each element or cell than in a simulation which uses a close spacing
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[Zheng and Bennett, 1995]. Thus for the same �eld problem, the dispersivities

needed to achieve agreement with observed solute movement may tend to be larger

at larger spacings [Zheng and Bennett, 1995].

For the coarse mesh, values of horizontal macro-dispersivity are calculated using

the formulations described by Gelhar and Axness [1983] for all the units (aquifers

and aquitards). Statistical parameters that were determined by Radcli�e [2000,

in preparation] for a selected area in the Waterloo Moraine are used for these

calculations. A value of 50 m is selected for longitudinal macro-dispersivity that

is close to the average value of the four aquifers. Also, this value is well within

the range of results presented by Gelhar, et. al. [1992] for the scale of kilometers.

Following parameter values are used for the transport modelling:

Porosity: f(Kx) [Domenico and Schwartz, 1990]

Longitudinal dispersivity: 20 m (�ne mesh), and

50 m (coarse mesh)

Transverse horizontal dispersivity: 5 m

Transverse vertical dispersivity: 0.02 m

Retardation factor: 1.0

Decay coeÆcient: 0.0
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Table 3.1: Waterloo Moraine: Summary of pumping rates (m3/sec).

Well Well Field Easting Northing Layers

Name Existing Expected
B1 Baden 528446.8 4805790.5 1.55E-02 20-24

B2 Baden 528447.8 4805788.3 1.55E-02 20-24

HD1 Heidelberg 531220.0 4819153.6 1.23E-03 1.63E-03 5-6

HD2 Heidelberg 531218.8 4819138.5 8.52E-04 1.63E-03 5-6

K1 Greenbrook 540567.5 4808455.7 1.83E-02 2.04E-02 11-14

K2 Greenbrook 540545.0 4808299.6 2.06E-02 2.04E-02 11-14

K3 Greenbrook 540726.6 4808666.3 6.86E-04 5-6

K4b Greenbrook 540773.8 4808694.2 4.61E-02 4.60E-02 11-14

K5 Greenbrook 540567.3 4808833.4 8.64E-03 11-14

K5A Greenbrook 540539.8 4808799.9 4.09E-02 11-14

K6 Greenbrook 540521.0 4808808.4 7.18E-03 5-6

K8 Greenbrook 540437.0 4808249.4 2.70E-02 2.66E-02 11-14

K10a Strange St. 538911.0 4810431.0 2.94E-03 1.16E-02 20-24

K11 Strange St. 537825.4 4810479.5 1.56E-02 3.25E-02 20-24

K12 Strange St. 539163.8 4811192.9 5.46E-03 5.91E-03 11-14

K13 Strange St. 537876.6 4810217.0 6.78E-03 2.36E-02 20-24

K17 Strange St. 539410.5 4810676.6 5.72E-03 5.32E-03 11-14

K18 Strange St. 537287.6 4810660.0 3.45E-02 3.55E-02 20-24

K21 Mannheim 538505.3 4806484.0 2.12E-02 4.60E-02 20-24

K22 Mannheim 536538.2 4805046.0 3.09E-02 3.55E-02 20-24

K23 Mannheim 536770.3 4804781.7 3.72E-02 4.96E-02 20-24

K24 Mannheim 537054.8 4803860.8 2.22E-02 3.43E-02 20-24

K25 Mannheim 538815.5 4805709.3 5.33E-02 5.91E-02 20-24

K26 Mannheim 537733.0 4803203.8 7.65E-02 8.04E-02 20-24

K29 Mannheim 538818.0 4805693.0 5.08E-02 4.81E-02 20-24

K31 Parkway 544542.0 4807032.9 4.50E-02 3.72E-02 5-6

K32 Parkway 544870.3 4806875.5 3.54E-02 3.72E-02 5-6

K33 Parkway 544523.8 4807049.6 3.62E-02 3.72E-02 5-6

K34 Parkway 544032.8 4804487.0 2.54E-02 4.47E-02 5-6

K36 Parkway 543952.7 4803923.9 2.45E-02 4.96E-03 5-6

K50 Wilmont 530898.7 4803907.1 5.11E-02 7.26E-02 20-24

K51 Wilmont 530889.3 4803901.8 5.11E-02 7.26E-02 20-24

K91 Mannheim 537687.7 4806010.5 4.89E-03 8.64E-03 20-24

K92 Mannheim 537714.2 4806040.0 4.89E-03 1.08E-02 20-24

K93 Mannheim 537573.4 4806489.2 4.61E-03 1.08E-02 20-24

K94 Mannheim 537691.1 4806543.6 4.61E-03 1.08E-02 20-24

ND2+ND4 New Dundee 537938.1 4800208.3 4.12E-05 4.47E-03 20-24

ND3 New Dundee 537926.6 4800202.3 2.43E-03 20-24

R4 Roseville 542779.4 4799031.5 8.23E-04 5-6

R5+R6 Roseville 542786.7 4799006.7 1.41E-03 5-6

SC1 St. Clement 528004.7 4819424.6 3.61E-04 20-24

SC2 St. Clement 527999.1 4819425.0 8.46E-04 8.04E-04 20-24

SC3 St. Clement 528026.1 4819420.4 7.27E-03 20-24

STA3+STA4 St. Agatha 530548.9 4809271.5 1.59E-04 4.72E-04 20-24

W1C William St. 538847.0 4812319.0 2.33E-02 2.26E-02 11-14

W1B+W2 William St. 538877.8 4812290.6 4.15E-02 3.98E-02 11-14

W3 William St. 538884.8 4812303.4 1.53E-02 1-2

W4 Waterloo North 536868.0 4813010.7 1.08E-02 1.00E-02 20

W5 Waterloo North 535106.7 4814661.1 3.55E-02 11-14

W6A Erb St. 532493.0 4809802.0 4.33E-02 20-24

W6B Erb St. 532496.0 4809797.0 1.72E-02 20-24

W7+W8 Erb St. 533126.6 4809135.9 6.33E-02 1.01E-01 20-24

W10 Waterloo North 535307.3 4812505.8 1.38E-02 1.95E-02 20-24

W14 William St. 538412.5 4812175.5 7.56E-03 11-14

W15 William St. 538337.5 4812170.5 7.56E-03 11-14

WY1+WY5 Wellesley 518826.7 4813111.4 8.03E-04 2.36E-03 5-6

WY3 Wellesley 519113.2 4813193.0 3.71E-04 5-6

WY4 Wellesley 519488.2 4813934.5 8.23E-04 5-6

Private Sunar1 537673.0 4812250.0 5.91E-04 11-14

Private Sunar2 537704.0 4812270.0 5.91E-04 11-14

Pumping Rate
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Figure 3.2: Finite element coarse mesh.
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Figure 3.4: Fine mesh for major well �elds embedded in coarse mesh.
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Figure 3.5: Boundary conditions for 
ow and transport models.
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Figure 3.6: Assessment of 
ow model (WATFLOW) calibration (adapted from

GLL, 1998).
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Figure 3.7: Distribution of hydraulic conductivity in Aquitard 1 (adapted from

GLL, 1998).



CHAPTER 3. MODEL DEVELOPMENT AND PARAMETERIZATION 43

Easting (m)

N
or

th
in

g
(m

)

510000

510000

520000

520000

530000

530000

540000

540000

550000

550000

48
00

00
0

48
00

00
0

48
10

00
0

48
10

00
0

48
20

00
0

48
20

00
0

48
30

00
0

48
30

00
0

-8 -7 -6 -5 -4 -3 -2

Log (Kx)

Figure 3.8: Distribution of hydraulic conductivity in Aquifer 1 (adapted from GLL,

1998).
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Chapter 4

Flow Modelling Results

This chapter presents the results of the 
ow model (WATFLOW) under present,

future and revised pumping conditions.

The 
ow model (WATFLOW) is used to simulate the steady state hydraulic

head distribution for the following three cases:

i. Present pumping conditions for the determination of potential sources of con-

tamination at some of the Greenbrook wells,

ii. Future pumping conditions (provided by RMOW) for delineation of capture

zones, and

iii. Revised pumping conditions, after some adjustments in the future pumping

rates at two well �elds.

4.1 Present Pumping Conditions

Figures 4.1 through 4.3 show the hydraulic head distribution in three aquifers pro-

duced by the calibrated model under steady state pumping conditions using the

present pumping rates as shown in Table 3.1. Generally, the groundwater 
ow

45



CHAPTER 4. FLOW MODELLING RESULTS 46

direction is from northwest to southeast along the core of the Moraine, and to-

wards the Grand and Nith Rivers. Impact due to pumping is clear especially at the

Greenbrook, Mannheim, and Erb Street wells in the respective aquifers in which

these wells are screened. The execution of the fully 3D model with 1,335,790 nodal

points required about 10 hours on a Pentium III 500 PC for steady state solution.

The system mass balance (m3/sec.) calculations are:

In
uxes at constant head nodes: 2.970986

In
uxes due to recharge : 12.53186

TOTAL INFLUXES : 14.50256

Exit 
uxes at constant head nodes : 15.50285

Exit 
uxes at the pumping wells : 1.004245

TOTAL EXIT FLUXES : 15.50680

% SYSTEM MASS BALANCE ERROR: -0.025

The percentage of mass balance error and calibration statistics (Figure 3.6)

indicate that the model with the given parameters is representing the system quite

well. The results of this case are used for transport modelling to determine the

sources of contamination at some of the Greenbrook wells.

4.2 Future Pumping Conditions

RMOW expects an increase in water demand with respect to time due to population

growth in the Region. Capture zones for all the major well �elds are determined

by using the future (expected) pumping rates (Table 3.1). Figures 4.4 to 4.6 show

the hydraulic head distribution in three aquifers produced by using these pumping

conditions. Generally, the 
ow trend is the same as in the previous case. It is

clear from Figure 4.4 that the heads at the Erb Street well �eld are very low due

to the increase in pumping rates (79 %) compared to the present pumping rates.

This high pumping rate is creating a steep cone of depression for this well �eld,

especially at well W6A. This well has a pumping rate of 3741 m3/day which is
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expected to replace the existing well W6B which is pumping at a rate of 1486

m3/day; an increase of 152 %. This excess simulated drawdown may be due to the

lack of observed groundwater levels used for calibration. On the other hand, the

simulated results suggest that the proposed rate increase may not be realistic. The

hydraulic head at Greenbrook well K5A is also low due to the high pumping rates

of 3534 m3/day, that replaced K5 with the existing pumping rate of 746 m3/day

(an increase of about 400%).

The increase in the pumping rates (42 %) at Wilmot well �eld has a profound

e�ect on the hydraulic heads in Aquifer 1. The increase in the Waterloo North

well �eld's pumping rate is due to the operation of W5, presently considered as an

abandoned well. The e�ect of W5 is clear in Figures 4.5 and 4.6 representing the

hydraulic head distribution in Aquifer 2 and Aquifer 3, respectively.

The system mass balance (m3/sec.) calculations for this case are:

In
uxes at constant head nodes: 3.061326

In
uxes due to recharge : 12.53186

TOTAL INFLUXES : 15.59319

Exit 
uxes at constant head nodes : 14.31315

Exit 
uxes at the pumping wells : 1.276873

TOTAL EXIT FLUXES : 15.590023

% SYSTEM MASS BALANCE ERROR: 0.02

There is an overall increase of 27% in pumping rate for this case. The change

in pumping rates for the major well �elds is given in Table 5.1. Two private wells

(Sunar-1 and Sunar-2) which are situated close to the William Street well �eld are

also included in this case with a total pumping rate of 102.12 m3/day.
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4.3 Revised Pumping Conditions

As described in the previous section, the simulated hydraulic heads using the future

pumping rates are unrealistic, therefore another 
ow solution is obtained by using

the revised pumping rates. In this case, the future pumping rates provided by the

RMOW are used except for the Erb Street wells and W5A of the Greenbrook well

�eld. The pumping rates for these wells are kept the same as present (existing)

rates. Figures 4.7 to 4.9 show the heads in Aquifer 1, 2, and 3, respectively.

The system mass balance (m3/sec.) calculations for this case are:

In
uxes at constant head nodes: 3.037834

In
uxes due to recharge : 12.53186

TOTAL INFLUXES : 15.56970

Exit 
uxes at constant head nodes : 14.38888

Exit 
uxes at the pumping wells : 1.181213

TOTAL EXIT FLUXES : 15.57009

% SYSTEM MASS BALANCE ERROR: -0.003

The head values at Erb Street wells and at K5A are now normal compared to

the values computed by using the future (expected) pumping rates.
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Figure 4.1: Head distribution under present pumping conditions in Aquifer 1.
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Figure 4.2: Head distribution under present pumping conditions in Aquifer 2.
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Figure 4.3: Head distribution under present pumping conditions in Aquifer 3.
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Figure 4.4: Head distribution under future pumping conditions in Aquifer 1.
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Figure 4.5: Head distribution under future pumping conditions in Aquifer 2.
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Figure 4.6: Head distribution under future pumping conditions in Aquifer 3.
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Figure 4.7: Head distribution under revised pumping conditions in Aquifer 1.
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Figure 4.8: Head distribution under revised pumping conditions in Aquifer 2.
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Figure 4.9: Head distribution under revised pumping conditions in Aquifer 3.



Chapter 5

Delineation of Capture Zones

Wellhead protection areas can be de�ned on the basis of capture zones associ-

ated with the groundwater wells. For the comparison of the di�erent transport

techniques to delineate capture zones, the Greenbrook well �eld is selected and is

discussed here in detail.

As the technique for the delineation of the capture zones is the same for all well

�elds, plots for other major well �elds are given in Appendix A. The summary of

methods applied to individual well �elds with the present and future pumping rates

is given in Table 5.1.

The Greenbrook well �eld area lies on the eastern 
anks of the Waterloo Moraine

and has gently to moderately rolling topography. Surface elevation vary from 350

mASL west and south of the Greenbrook area along the crest of the Waterloo

Moraine to 320 mASL in the vicinity of the Grand River. Historically, the Green-

brook area was the primary water supply source for the city of Kitchener prior to

the establishment of the Mannheim well �eld in 1958-59 [Callow, 1996]. Presently,

�ve out of seven wells are in operation, all are pumping from Aquifer 2. Aquifer 1

is minor and in places is dry at Greenbrook. K3 and K6 were screened in Aquifer

3 and are not in operation due to the problem of deterioration.

58
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Table 5.1: Summary of methods applied to major well �elds.

Well Field Present Q Future Q �Q WATRAC WTC LTG LTG

(m3/sec) (m3/sec) (%) Fine Coarse

Mannheim 3.111E-1 3.940E-1 26.7 Yes Yes Yes

Parkway 1.665E-1 1.613E-1 -3.1 Yes Yes

Greenbrook 1.285E-1 1.543E-1 20.1 Yes Yes Yes Yes

Wilmot 1.022E-1 1.452E-1 42.1 Yes Yes Yes

Erb Street 8.050E-2 1.439E-1 78.8 Yes Yes Yes

Strange St. 7.100E-2 1.144E-1 61.2 Yes Yes

William St. 8.010E-2 7.752E-2 -3.2 Yes Yes

Waterloo N. 2.460E-2 6.500E-2 164.2 Yes Yes Yes

The backward particle tracking technique andWilson's approach using advective-

dispersive transport models are applied and their results are compared. In the

particle tracking model (WATRAC), a speci�ed number of particles are initially

positioned around the well for all the layers that were screened. The particles are

tracked backward for a speci�ed length of time (2 years, 10 years, and steady state)

for all the well �elds. Wilson's approach is used in the advective-dispersive mod-

els to obtain di�erent time-of-travel capture zones. In this approach (probabilistic

capture zone method), a source concentration of 1.0 is speci�ed at the well nodes

and the transport equation is solved with a reversed velocity �eld using the WTC

and LTG codes.

Comparison of the capture zone outlines for Greenbrook well �eld is made for

the following:

1. Particle-tracking technique (WATRAC):

2, 10, and 280 years of time-of-travel,

2. Time-continuous technique (LTG):

Coarse-mesh: 2, 10, 40, 70, 100, 130, and 160 years,
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Fine-mesh: 2, 10, 40, 70, 100, 130, and 160 years,

3. Time-marching technique (WTC):

2, 10, 40, 70, 100, 130, 160, 190, 220, 250, and 280 years,

4. LTG-WTC:

(2, 10, 40, 70, and 100 years) - (130, 160, 190, 220, 250, and 280 years).

5.1 Particle Tracking (WATRAC) Results

Figures 5.1 to 5.3 show the results of particle tracking for 2, 10, and 280 years,

respectively for the Greenbrook well �eld. At early times (2 and 10 years), most of

the particles reach their travel-time limit, so all the capture zones are at unsteady

state condition. At 280 years for the Greenbrook well �eld, 78 % of the particles

reach the surface within the speci�ed time period, while 22 % reach the time limit

of 280 years without reaching the surface. It is clear from Figure 5.3 that almost

all the particles at the extreme points are at the top. The cloud of particles is split

into two distinctive parts around the Erb Street well �eld. The particles north of

Erb Street well �eld move farther then the particles at the south. There are some

particles that are probably stuck in the low-K zones, and reached their time limit

before reaching the top. Particle tracking takes only a few minutes of computer

time for simulation.

5.2 Wilson's Technique (LTG and WTC) Results

Figures 5.4 and 5.5 are 160-year peak concentration plots for the coarse and �ne

mesh, respectively. 160 years is about the limit for the LTG solution of the Green-

brook system; after this time, the solution becomes unstable and gives oscillatory

results. The comparison of the two plots shows that the results obtained with the

coarse mesh are essentially the same as those obtained with the �ne mesh.
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Figure 5.6 and Figure 5.7 show the 280-year peak capture zones in the horizontal

plan view produced by the WTC, and by the combined approach of LTG-WTC,

respectively. In the combined approach, the results of LTG at 100 years are used

as an initial condition for the WTC model to obtain the steady state (280-year)

capture zone. The comparison of these two �gures indicates that the combined

approach (LTG-WTC) is producing the same results as WTC alone. However,

using WTC for the entire 280 year period takes about 2 weeks of execution time,

while the combined approach takes only 1 day on a Pentium III 500 PC.

A mass balance check is performed on the basis that the vertical recharge

through some control surface multiplied by the probability must equal the pumping

rate, Q, at the wells. The centre of layer 25 (just above Aquifer 1) is chosen as a

control surface. The vertical 
ux through this control surface is 296 mm/year on

the average and Q is 4:9 � 106 m3/year. The mass balance equation takes the form:

Q =

Z
A

(verticalf lux � AP � probability)dA (5.1)

where AP is an increment of area (see Figure 5.8).

Figure 5.9 shows that the calculated contribution of recharge integrated over

the entire area is very close to the pumping rate, Q. The 280-year capture zone is

therefore essentially at steady state.

A capture zone outline can be selected from the probability contours by choosing

any suitable probability level. For example, a probability contour of 0.05 means

that the well �eld will get 95% of its water from the outlined area at steady state.

An alternative way to interpret the probability contours deterministically, i.e.,

in terms of capture vs. no capture, may be made by simply selecting an area of suf-

�cient extent to supply the recharge required to balance the pumping. Figure 5.10

shows a plot of Q=AP vs. the capture probability (i.e., the value of the contour en-

closing area AP ). From the plot, the average recharge of 296 mm/year corresponds
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to a probability contour of 0.25. This contour can then be taken as a capture zone

outline.

Figures 5.11 and 5.12 show plots of the 0.25 probability contours for di�erent

times (2, 10, 40, 70, 100, 130, and 160 years) resulting from the LTG simulations

using the coarse and �ne mesh, respectively. The contour outlines are not so smooth

in the case of coarse mesh due to the element size, but the extent of the capture

zone is almost the same for both cases. This kind of behavior is also present for

other well �elds, especially the Mannheim well �eld (Appendix A).

Figure 5.13 shows the capture zone outlines determined by a time-marching

technique (WTC), as de�ned by the 0.25 probability contour, for 2, 10, 40, 70, 100,

130, 160, 190, 220, 250, and 280 years. The capture zone is seen to advance with

time mainly in the westerly direction and split into two lobes surrounding the Erb

Street well �eld. The comparison between the 250-year and the 280-year capture

zone contours indicates that the capture zone is almost at steady state, except at

extreme tips, which still advances at a very slow rate.

Figure 5.14 shows the results (0.25 probability contours) obtained by a combined

use of LTG and WTC models. Comparison with Figure 5.13 shows that the results

are identical.

For the case of the revised pumping rates, Figure 5.15 shows the capture zone

outlines for di�erent times. Comparing these results with Figure 5.14, it is clear

that there is an e�ect of heavy expected pumping rates at Erb Street wells on the

shape of the capture zone. In this case, the lobes of the probability plume are not

much separated around the Erb Street wells; also the extent of the capture zone is

relatively less.

The particle tracks agree well with the 0.25 probability contour (Figures 5.16),

except at the far end of capture zone in the north of Erb Street wells. A few particles

travel ahead of the 0.25 contour, but most the particles are within the limit of 0.25.

Also, the 0.25 contour is wider than the particle tracks. The di�erence between

the two types of results is due to dispersion, which is considered in the transport
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solution but not in the particle tracking solution. Transverse dispersion tends to

spread the mass (or probability in this case) and reduce the maximum advance of

a plume.

In Figures 5.17, 280-year particle tracks are projected onto the vertical plane

of section BB
0

(for location, see Figure 5.13). The top boundary of the section

is ground surface. The particles that appear to extend above or below the top

boundary are located o� the section where surface topography may be higher or

lower than in the section itself.

Figures 5.18 to 5.20 show three vertical cross-sections which provide a 3D inter-

pretation of the 280-year capture zone in this complex multi-aquifer system. The

location of these cross-sections is shown in Figure 5.13. From this 3D perspective,

two distinct capture subzones are identi�ed. The �rst, located around the well �eld

and extending approximately 3 km upgradient, shows a continuous region of high

capture probability extending throughout the multi-aquifer system. This indicates

direct recharge from ground surface with numerous windows. The 3D plot (Fig-

ures 5.17) of particle tracks indicates that some particles are stuck in Aquitard 2

in this subzone.

A second subzone, approximately 5 km upgradient (see Figures 5.18 and 5.19),

indicates the in
uence of windows in the upper aquitards. High probability contours

cross Aquitard 2 and Aquitard 1 through these windows and reach at the surface.

Even though all 3D particle tracks are shown on one vertical cross-section, the

correlation between tracks and probability contours is quite good. Cross-section

CC
0

(Figures 5.20) indicates that the high probability contours are in the bottom

of Aquifer 3 in this subzone. Particles in this area of subzones are probably stuck

in the low-K materials.
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Figure 5.8: Determination of AP for di�erent capture probability contours.
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Figure 5.9: Contribution of recharge (m3/year) at steady state (280 years) for

di�erent probability contours.
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Chapter 6

Potential sources of contamination

This chapter presents some preliminary �ndings on chloride contaminants that can

potentially reach the Greenbrook wells.

Water quality data shows that chloride concentrations in the Greenbrook wells

are increasing with respect to time except for wells K6 and K8. Table 6.1 shows

the observed chloride concentration at all the Greenbrook wells.

One of the objectives of this study is to determine the possible sources of these

chlorides. By reviewing previous literature (i.e., Woeller, 1982) and with some per-

sonal communications (RMOW professionals, Johnston and Rudolph), three poten-

tial contaminant sources can be identi�ed:

i. Bedrock water,

ii. The former Kitchener land�ll at Ottawa Street, and

iii. Road salt.

In addition to this, snow dumping north-east of Greenbrook well �eld has taken

place for about 50 years (1940's-1990), however the e�ect of this activity may be

combined with the road salt and is not treated as a separate source in this study.

83



CHAPTER 6. POTENTIAL SOURCES OF CONTAMINATION 84

Table 6.1: Observed chloride concentration (mg/l) at Greenbrook wells.

Year K-1 K-2 K-3 K-4B K-5 K-6 K-8

1973 47.3 9.0 35.0 71.4 6.0

1974 42.3 9.0 37.0 72.4 6.0

1975 62.3 12.0 21.0 92.4 11.0

1976 93.3 11.0 21.0 99.4 10.0

1977 111.3 13.0 40.0 105.4 10.0

1978 71.3 11.0 60.0 98.4 6.0

1979 65.3 13.0 44.0 107.4 8.0

1980 61.3 14.0 65.0 117.4 7.0

1981 85.3 19.0 68.0 127.4 8.0

1982 97.3 20.6 131.8

1983 90.3 20.6 132.0

1984 93.3 18.2 133.2

1985 81.5 16.4 61.8 164.9 143.8 19.6

1986 92.4 18.1 63.3 177.9 158.4 24.8

1987 89.8 19.5 109.5 139.9 173.4 12.4

1988 110.3 25.4 109.5 150.9 169.4 13.2

1989 102.3 50.2 116.0 149.9 182.4 24.1 2.0

1990 111.3 53.1 127.0 164.9 193.4 31.1 2.7

1991 158.3 58.1 111.0 179.9 215.4 33.6 3.9

1992 141.3 69.0 206.0 156.9 186.4 24.0 8.5

1993 201.3 80.2 216.9 196.4 21.0 13.0

1994 146.3 58.0 156.9 186.4 16.0 8.6

1995 231.3 110.0 176.9 246.4 58.0 24.0

Accidental spills present another intangible source which will also not be considered

here.

Unfortunately, it is not straightforward to determine the chloride input concen-

trations for these sources. The determination of the exact quantitative contribution

of these potential sources on the individual wells is left for future studies. In present

study, some preliminary results are obtained to give a direction for further study

on this aspect.
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6.1 Bedrock Water

Contribution from the bedrock is determined by applying the Type 1 boundary

condition to all the nodes of bottom layers. With the maximum observed chloride

concentration of 30 mg/L [Johnston, 1994], the results of the transport model (LTG)

indicate that the system approaches steady state within 8 years. Figure 6.1 is a

cross-sectional view of the steady state condition which clearly indicates that there

is upconing of bedrock water below the Greenbrook wells, especially below K1.

Figure 6.2 shows the breakthrough curves for all the Greenbrook wells, indicating

that the system is almost at steady state with the prevailing conditions. K3 and

K6 are getting more water from the bedrock, because these wells are pumping from

Aquifer 3. From the wells that are screened in Aquifer 2, K1 is receiving the highest

proportion from bedrock than the other wells. K8 is likely to be least a�ected from

this source. Because the chloride concentration simulated at the wells is much lower

than that observed, it may be concluded that the bedrock water will not create any

serious problem for the pumping wells. Water quality in the Greenbrook wells is

not expected to deteriorate further due to this source under present 
ow conditions.

Upconing below K1 indicates that there is a 'window' (high K zone) in Aquitard 3

beneath this well.

6.2 Land�ll Leachate

The Ottawa Street land�ll site encompasses an area of approximately 30 hectares,

and was operated during a 20-year period from 1958 to 1978 as a municipal sanitary

land�ll. It has been estimated that approximately two million tonnes of refuse

was disposed of at the land�ll [RMOW, 1991]. Some investigations were carried

out to determine the impact of land�ll leachate on the Greenbrook well �eld by

CH2M Hill Eng. Ltd. [1993, 1995]. The contaminant plume in the subsurface due

to land�ll leachate was �rst described by Farvolden and Weitzman [1980]. Even

though Aquitard 1 is laterally continuous and maintains a minimum thickness of 15
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m in the land�ll area, it is not homogeneous and is composed of both high and low

hydraulic conductivity materials. Normally, the 
ow direction in this area is from

west to east, away from the Greenbrook wells, however, due to the heavy pumping

from the wells it may be expected that the wells will be contaminated with the

land�ll leachate. The geochemical data of contaminants at di�erent depths below

the land�ll site is available in the reports. By applying the Type 1 boundary for the

top surface nodes at the land�ll site with the concentration of 540 mg/l (observed

at BMW 201 [CH2M, 1992]), breakthrough curves are obtained using the LTG

method, as shown in Figure 6.3. Figure 6.4 shows the peak relative concentration

at 36 years in the year 1995 by taking 1959 as a starting time of simulation. It

is clear from the �gures that only one well, K2, is being a�ected by the plume

generated by the land�ll. Presently, the e�ect of the land�ll at this well is small,

but the sharp rise in the breakthrough curve indicates that this well is in danger due

to land�ll leachate and there is a need to monitor this well on regular basis for the

land�ll contaminants. The other wells are getting negligible contamination from

this source and are probably not in danger under the prevailing 
ow conditions.

6.3 Road Salt

During the snow season, RMOW is using about 30 tonnes/km of salt for deicing

on the roads for the last 50 years, starting from about 1950. This salt contains

about 60% of chloride and it is estimated that 20% of this goes to the groundwater

[Johnston, Pers. comm.]. Using these quantities, it is calculated that along the

roads the groundwater may have approximately 1000 mg/l of chlorides.

In order to determine the contribution of the road salt to the observed chlorides

in the Greenbrook wells, transport modelling with the LTG method is carried out

for two scenarios.

In the �rst scenario, all the top surface nodes are considered as Type 1 boundary

with a concentration of 1000 mg/l of chloride. For the second simulation of road
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salt e�ects, a Type 1 boundary condition is applied for the top surface nodes along

the main roads with c = 1000 mg/l (Figure 6.5).

As the origin of contaminated water is unknown, the result of the �rst simulation

shows higher chloride values than the observed at all the wells except at K3 as shown

in Figure 6.6. Figure 6.6(c) shows the breakthrough curve at K3 with a lag of 6 years

along with the observed chloride concentrations after subtracting the contribution

of the bedrock source (i.e., 24 mg/l). The �t between the observed (points) and

computed (line) concentrations is excellent for this kind of heterogeneous material.

It indicates that the unknown location of this contaminated water has chloride

concentration of about 1000 mg/l. Fit with the lag of 6 years means probably the

source was originated in 1956 instead of 1950 as given in the simulation or it took 6

years for the salt to migrate through the unsaturated zone. The computed chloride

concentrations are very high for all the other wells.

The results of the second simulation are also given in Figure 6.6. Breakthrough

plots (Figure 6.6 a, d, & e) show an excellent agreement between observed and

computed concentration except at the latter times for K1 and K5. Changes in the

external stresses may result in di�erent 
ow conditions as simulated for this case,

consequently resulting in di�erent outputs for latter times. It may be concluded

that after 1990, the 
ow condition has changed due to abandoning of K3, K5, and

K6 and installation of the K5A. Computed chloride concentrations on K2 and K6

are also close to those observed at latter times. Low observed values of chloride

at K8 means that this well is not being contaminated from any of these probable

sources of contamination investigated.
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Figure 6.1: Cross-section at x=540800 m; upconing of bedrock water below Green-

brook wells.
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Figure 6.6: Road salt case; breakthrough curves at Greenbrook wells.



Chapter 7

Conclusions and Suggestions

The main objective of this study was to compare di�erent methodologies for capture

zone determination. This objective is achieved by comparing the results of particle

tracking with two advective-dispersive transport models, i.e., a conventional time-

marching transport model (WTC) and a time-continuous (LTG) model.

The LTG method is found to have certain advantages over the time-marching

model (WTC) in the sense of eÆciency and its ability to handle coarser grids, how-

ever it yields oscillatory results when approaching steady state. The time-marching

method (WTC) has a disadvantage in that it requires small time steps especially

at the beginning due to the Courant criterion resulting in signi�cantly more exe-

cution time. This leads to the conclusion that the best approach to generate the

steady state capture zone is by the combined application of LTG and WTC. The

pseudo-steady state results from the LTG can be used as an initial condition for

WTC to get the steady state capture zones.

Particle tracks and transport methods together are clearly more informative

and give better insight than each by itself. While the particle tracks represent the

conventional and easy approach for capture zones, the probability plume is more

realistic in that it considers the uncertainty due to heterogeneities present in the

system, and it eliminates the need to draw an envelope curve around the bundle of
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particle tracks based on personal judgment. The agreement between the results of

two di�erent but compatible methodologies increases the credibility of the results.

This study provided valuable information on the application of di�erent method-

ologies for the delineation of capture zones. These capture zones can be used to

de�ne the wellhead protection areas.

With respect to existing sources of contamination, preliminary results indicate

that the major part of present observed chloride contamination is due to the appli-

cation of road salt. Bedrock water is not expected to lead to any further deteriora-

tion of water quality at the Greenbrook wells. Leachate from the former Kitchener

land�ll may create a problem for one of the Greenbrook wells (K2).

The �ndings of this study reveal that there is a need for detailed sampling to

get the exact locations of the chloride sources for the Greenbrook wells as well

as for the other well �elds. The assumption of steady state 
ow conditions for

determining the contaminant sources may be removed in future studies by using

the actual historical stress periods.
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Appendix A

Capture Zones

The 
ow model of the study area was not fully calibrated for all the well �elds

except the Greenbrook well �eld. The capture zones in the following �gures are

shown only for the purpose of comparing the methodologies of particle tracking

and Wilson's approach for the major well �elds of the Waterloo Moraine given in

Table 5.1. Capture zones are de�ned in terms of the 0.02 probability contour.

The advective-dispersive transport model (LTG) is used for all these well �elds

using the coarse mesh. For some of the well �elds, a �ne mesh is also used to

compare the results using di�erent discritization. The particle tracking code (WA-

TRAC) is used for all the well �elds using the �ne mesh. 2- and 10-year particle

tracks and peak probability capture zones for all the major well �elds are given at

the beginning (Figures A.1 to A.4).

William Street, Strange Street, and two private wells (Sunar-1 and Sunar-2) are

simulated simultaneously due to the overlapping of individual capture zones.

The wells within Waterloo North well �eld are treated separately due to their

depths and screen position in di�erent aquifers. Capture zone for W4 and W10

is determined separately from W5, as these wells are screened in Aquifer 1 while

W5 is screened in Aquifer 2. The time to reach the steady state capture zone is

di�erent for these wells.
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