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Vulnerability Analysis for the Milton and Campbellville 
Wellfields, Regional Municipality of Halton, Ontario  

 
 
 

1 Introduction 
 
The Province of Ontario has introduced legislation under the Clean Water Act to protect drinking 
water at the source, as part of an overall commitment to human health and the environment.  
The Clean Water Act requires that an Assessment Report be completed for each Source Water 
Protection Area.  The purpose of the assessment report is to characterize the watersheds in the 
Source Water Protection Area, calculate a water budget for each watershed, delineate 
vulnerable areas, describe drinking water issues, and identify water quality and water quantity 
threats within each vulnerable area.  The recently released Technical Rules for Assessment 
Reports (Ontario Ministry of the Environment, 2008) defines the requirements of each 
component of the Assessment Report. 
 
Part V of the Technical Rules for Assessment Reports (MOE, 2008) defines three categories of 
vulnerable areas with respect to groundwater drinking water sources that are in need of 
delineation.  These include: 
 

1. highly vulnerable aquifers; 
2. significant groundwater recharge areas; and  
3. wellhead protection areas. 

 
Part V of the Technical Rules for Assessment Reports defines the various types of wellhead 
protection area (WHPA) zones and approved methods for WHPA delineation.  Part VII defines 
the rules for assigning groundwater vulnerability scores to subzones within the WHPAs based 
on a variety of approved vulnerability scoring methods.  
 

1.1 Study Objectives 
 
The objective of this study is to complete a wellhead vulnerability analysis in accordance with 
the Technical Rules for Assessment Reports (MOE, 2008).   This includes:  
 

1. Delineating wellhead protection area (WHPA) for municipal groundwater supply wells 
located in the towns of Milton and Campbellville (Figure 1); and,  

2. Assigning vulnerability scores to subzones within each WHPA based on the time of 
travel from the ground surface to the well screen.   

 
The WHPAs and vulnerability scores determined in this study will provide the information 
needed for a subsequent study to identify and assess potential water quality threats to the 
municipal wells (as described in Part XI of the Technical Rules for Assessment Reports).   
 
The study is being done by the Region of Halton in support of the work needed to complete the 
Assessment Report for the Hamilton-Halton Source Water Protection Region (HH SWPR).  
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1.2 Wellfield Description 
 
The towns of Milton and Campbellville lie within the Town of Milton in the centre of the Regional 
Municipality of Halton (Figure 1).  Municipal water supply to Milton is supplied from two 
wellfields: Kelso and Walker’s Line.  The wells operate under Permit to Take Water (PTTW) 87-
P-3046 issued by the Ontario Ministry of the Environment (MOE).  There are four operating 
wells at the Kelso wellfield (Kelso Wells 3, 4, 5, and 6) and two operating wells at the Walker's 
Line wellfield (Kelso Wells 1 and 2).  Well locations are shown in Figure 2 and Figure 3, 
respectively.  The hamlet of Campbellville operates two wells, Well 1 and 2A under PTTW 7388-
63HQGQ.  Figure 4 shows the location of those wells.  Well 2A is a replacement well for Well 2. 
 
PTTW 87-P-3046 sets limits for the production at some individual wells and for combined 
takings from each wellfield along with limits on the combined production from the wellfields.  
Specifically, Walkers Line Well 1 can pump at a maximum rate of 2,618 cubic metres per day 
(m3/d) and Well 2 can pump at a maximum rate of 2,946 m3/d.  Combined pumping, however, is 
limited to 3,180 m3/d.  Combined pumping from the Kelso wellfield (Kelso Wells 3-6) is limited to 
13,656 m3/d.  There were no restrictions on individual wells.  Under PTTW 7388-63HQGQ, each 
of the Campbellville wells are allowed to pump at a maximum rate of 523.7 m3/d; there is no 
restriction on the combined pumping. 
 
Maximum individual rates and combined rates are also listed in Table 1.  Actual pumping rates 
in 2005 and 2006 are provided in Table 2.   
 
The communities of Milton and Campbellville have been grouped together for this study 
because of the similarity of their geologic and hydrogeologic setting.  A single groundwater 
model was developed for the South Halton area and includes the two communities for the 
purpose of evaluating the wellhead protection areas and aquifer vulnerability.  This model is 
referred to in this report as the "South Halton" model.  
 
 

1.3 Previous Studies 
 

1.3.1 Halton Aquifer Management Plan 

 
While numerous groundwater studies have been undertaken during the development and 
expansion of the municipal wellfields, the Halton Aquifer Management Plan (AMP) provides a 
comprehensive summary of the hydrogeology, wellfield operations, and management policies in 
the study area.  The Halton AMP report includes the following three parts:  
 

 Phase 1: Background Hydrogeology (Holysh, 1995) 
 Phase 2: Municipal Wellhead Protection Program – Technical Study (Holysh, 1997) 
 Phase 3: Policy Discussion Paper (RMOH, 2002) 

 
Phase 1 of the AMP includes a summary of 102 previous technical studies in the Region of 
Halton, including numerous studies in the Kelso and Walker’s Line wellfield areas.  Relatively 
little historic data were available from the Campbellville area. 
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1.3.2 HH SWP Region Studies 

 
The Halton-Hamilton SWP Region is developing a number of technical reports that, along with 
this report, will form the SWP Assessment Report.  Two of the more relevant reports include the 
Watershed Characterization Report and Conceptual Water Budget Report.  These reports were 
being developed in parallel to this study, and although technical data was shared between the 
studies (as discussed below), those reports were not available for review prior to the preparation 
of this report.  
 
 

1.3.3 Previous Groundwater Model Developments 

 
Two groundwater models, covering the Milton and Georgetown areas, were developed as part 
of Phase 2 Halton Aquifer Management Plan (Holysh, 1997).  One of the authors of this report 
(D. Kassenaar) was directly involved in the development of the models and every effort has 
been made to carry forward and update the conceptual ideas outlined in the 1997 AMP model 
development study.  
 
The process of merging the two AMP models into a single integrated model covering all of 
Halton Region was initiated in 1999.  A preliminary version of the integrated regional model was 
used in a localized assessment of the proposed Georgetown 6th Line well in 2002 (Earthfx, 
2002).  
 
Development of the regional model continued to progress between 2002 and 2005 while 
additional field data were being compiled, particularly in the Georgetown area.  At approximately 
the same time, the York Peel Durham Toronto/Conservation Authority Moraine Coalition (YPDT-
CAMC) group was expanding their regional model westward to cover the CVC (Georgetown and 
Acton) watersheds.  While Halton Region is not a member of the YPDT-CAMC programme, 
informal technical meetings were held in 2004 and 2005 to coordinate the technical analysis of 
the overlapping Region of Halton and CAMC model areas.  As a result of those meetings 
Earthfx produced a single set of hydrostratigraphic layer surfaces covering the Region of Halton, 
Conservation Halton (CH) and Credit Valley Conservation (CVC) management areas, in late 
2005.  In addition to updated overburden layers, considerable refinements to the bedrock 
layering were also completed as part of that project.  The updated layer surfaces were 
incorporated into the Halton integrated regional model and a preliminary model calibration was 
prepared (referred to as the Halton 2005 Draft Model).  The 2005 model layer interpretation was 
used to select additional drilling locations in the bedrock valleys in the Georgetown area.  Draft 
capture zones were also prepared for the Georgetown and Milton areas.   
 
The overall approach used in the development of the 2005 Halton Model is very similar to that 
used in the YPDT-CAMC study of the hydrogeology of the Oak Ridges Moraine (Kassenaar and 
Wexler, 2006).  The reader is referred to that document for details on the methodologies for 
model conceptualization, geologic interpretation, hydrostratigraphic surface generation, 
recharge estimation and model calibration.   
 
In addition to their use in the Georgetown investigations, the 2005 hydrostratigraphic model 
layer surfaces were also used in numerous other studies, including: 
 

 HH SWPR Watershed Characterization Report (HH SWPR, 2008a); 
 HH SWPR Tier 1 Water Budget (Earthfx (2008), HH SWPR (2008a) and subsequent 

updates); 
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 Bedrock surface and bedrock valleys in the CVC FEFLOW Model (AquaResource, 
2006); 

 Ontario Geological Survey Groundwater Resource Inventory Project (GRIP) Study of the 
CVC Watersheds (Davies and Holysh, 2008); and 

 Region of Peel WHPA /YPDT West Model Expansion Update (Earthfx, 2007). 
 
In summary, while considerable improvements have been made to the model since the release 
of the Halton AMP, a comprehensive data compilation and update of the WHPAs had not been 
completed until the present study.    
 
 

1.3.4 Campbellville Investigations 

 
Phase 1 of the Halton AMP (1995) concluded that the hamlet of Campbellville is located in a 
hydrogeologically sensitive area.   Model simulations included in Phase 2 of the AMP indicated 
that land use in the Campbellville area could also potentially affect the water quality of the Milton 
municipal wells, however the capture zones for the Campbellville wells were not delineated as 
part of the AMP.   
 
In 2002, Halton Region received MOE funding to investigate the hydrogeology of the 
Campbellville area.  A field investigation and local area study was completed (Azimuth and 
Earthfx, 2002).  Subsequent to that study, additional drilling, geophysical surveys (Dillon, 2007), 
and permit investigations (Lotowater, 2006) were undertaken to improve the understanding and 
operation of the water supply system.  An important outcome of this study will be the combined 
evaluation of the Campbellville and Milton WHPAs.  
 
 

1.4 Halton-Hamilton Project Collaboration  
 
In December 2007, an informal collaboration between the City of Hamilton and the Region of 
Halton was initiated for the purpose of groundwater management in the Halton–Hamilton area.  
A number of reasons for collaboration were identified, including common geologic setting, land 
development pressures along the Hamilton-Halton boundary, and Source Water Protection 
issues.  Earthfx Inc. was hired by both agencies, and while no formal arrangements were made, 
Earthfx undertook to coordinate data and analysis where feasible.  
 
Three areas of coordinated work and analysis were identified, including: 
 

1. Database compilation; 
2. Stratigraphic model layer development; and 
3. Recharge model development. 

 
 

1.4.1 Halton-Hamilton Database Compilation 

 
Earthfx Inc. undertook to develop an integrated relational database covering the entire HH study 
area.  The standardized SiteFX database structure (data model) was chosen for consistency, 
compatibility with other Earthfx software tools (VIEWLOG and SiteFX), and possible future 
collaboration with CVC and GRCA, both of which also use the same software.   
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In brief, the information compiled into the HH database included:  
 

 MOE Water Well Information System (WWIS) borehole logs (as of August 2006) 
 Geotechnical boreholes from the UGAIS database 
 OGS oil and gas borehole data 
 Environment Canada (HYDAT) surface water flow data 
 Environment Canada climate data 
 OGS GRIPS groundwater data compiled by Conservation Halton and Hamilton 

Conservation Authority 
 Geologic outcrop survey data compiled by the City of Hamilton 
 Other miscellaneous quarry, municipal, and consulting report data (including borehole 

logs and aquifer test data).   
 
In addition to the database, a large number of technical reports and maps were electronically 
scanned and compiled into a digital library.   The borehole types and area covered by the 
database is shown in Figure 5 (This area is referred to as the Halton – Hamilton area or the HH 
study area).    
 
The integrated database has proven highly valuable for a number of projects.  This database is 
the foundation for the following modelling projects: 
 

 Development of a regional stratigraphic bedrock model of the Halton-Hamilton area 
 PRMS recharge simulation for the Halton-Hamilton area 
 Tier 1 Water Budget study of the Conservation Halton study area. 
 Cedarvale Wellfield Class EA Expansion 
 WHPA Vulnerability Analysis of the North Hamilton wellfields 
 WHPA Vulnerability Analysis of the Georgetown and Acton wellfields  
 WHPA Vulnerability Analysis of the Milton and Campbellville wellfields (this study) 
 Tier 3 Water Budget Model of the Acton-Georgetown (Halton Hills) area (ongoing). 

 
Continual efforts by the City of Hamilton and the Region of Halton are underway to add 
additional groundwater monitoring and wellfield operation data to this database.  The database 
is currently in a Microsoft Access MDB format; however the volume of water level and wellfield 
production data is approaching the practical limits of MS Access.  Migration of the database to a 
centralized, shared, SQL-Server database is recommended to deal with the increasing 
database size.  The database and models are all accessible through the SiteFX and VIEWLOG 
software.   
 
The current version of the database and related VIEWLOG project files have been provided to 
the Region of Halton, City of Hamilton and the Halton-Hamilton Source Water Protection 
Region.  The database is in active use by each group, however long-term management and 
expansion of this database should be coordinated between the various agencies, for there are 
many common interests and applications.  Coordinated updates of the data are needed if the 
benefits of collaboration are to be maintained.  
 
 

1.4.2 Stratigraphic Model Layer Development 

 
The bedrock geology of the study area is complex and includes two significant geologic 
features, including: 
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 The Niagara Escarpment 
 The Lockport-Amabel stratigraphic transition 

 
Much of the high quality information about the geologic formations is available from quarries 
constructed along the Niagara Escarpment.  The quarries are widely spaced; and one 
advantage of the integrated HH database is that it is regional in scope and therefore provides 
information necessary to extrapolate the bedrock layers across the entire HH study area.    
 
In support of the Halton Hamilton collaboration, Earthfx has developed a consistent set of 
bedrock layers across the entire HH study area.  A detailed description of the layers and their 
development is included in Earthfx, 2009a.  A regional-scale cross section through the HH 
stratigraphic model (section location shown in Figure 6) is presented in Figure 7.  
 
 

1.4.3 PRMS Recharge Model Development  

 
Identifying and understanding the distribution of groundwater recharge and how it is influenced 
by land use activities is important from both a groundwater vulnerability and water budget 
perspective.  Hamilton and Halton agreed, at the outset of this project, to separately fund the 
development of a regionally-consistent estimate of groundwater recharge using the USGS 
PRMS model.  While this recharge estimate was originally planned for use only in the WHPA 
studies, it has recently been used to complete the HH SWPR Tier 1 Water Budget.  Additional 
details about the recharge model are provided later on in this report.  
 
 

1.5 Summary of HH Flow Models 
 
The 2005 Draft Halton Model covered the entire Region of Halton with a model cell size of 
100 m by 100 m.  Although this project was originally conceived as an update to that integrated 
regional model, other issues and model applications emerged over the course of the project.  In 
particular, detailed local-scale issues and applications of the model in the Georgetown area 
justified splitting the model into two subregional-scale models.  The decision was made by the 
Region of Halton in 2008 to split this WHPA analysis project into two components, including the 
North Halton model (covering Georgetown and Acton), and the South Halton Model (this report, 
covering Milton and Campbellville).  The extents of the two Halton models (plus the North 
Hamilton model) are shown in Figure 5, with the outline of the North Halton model in light 
magenta, the South Halton model in dark magenta, and the North Hamilton model boundary in 
blue.  The selection of the model boundaries is discussed later in this report.  
 
In summary, the South Halton model has been used for the following studies: 
 

 Tier 1 Water Budget study of the Conservation Halton study area; 
 WHPA Vulnerability Analysis of the Milton and Campbellville wellfields (this study). 

 
The North Halton model has been and/or will be used for the following studies: 
 

 Cedarvale Wellfield Class EA Expansion; 
 WHPA Vulnerability Analysis of the Georgetown and Acton wellfields ; 
 Tier 3 Water Budget Model of the Acton-Georgetown (Halton Hills) area. 
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Another benefit of the development of two models (and two reports) is that the North and South 
Halton WHPA Vulnerability studies will become part of two different SWP Assessment Reports 
for the CTC and HH SWPR, respectively). 
 
 

1.6 Technical Rules and Methodology 
 
This study followed the requirements of the Technical Rules for Assessment Reports (MOE, 
2008).  It should be noted that the technical rules refer to specific methods but that the 
methodology is not defined.  The methodology used here is consistent with that outlined in the 
Draft Guidance Module 3  – Groundwater Vulnerability Analysis (MOE, 2006) a document that 
has officially been superseded by the Technical Rules for Assessment Reports (MOE, 2008) but 
not yet replaced. 
 
 

1.6.1 WHPA Delineation 

 
Requirements for delineating WHPAs and aquifer vulnerability zones within the WHPAs under 
the Clean Water Act are defined in Part V and Part VII of the Technical Rules for Assessment 
Reports (MOE, 2008), respectively.  WHPA delineation may be done using one of the following 
models and methods (Rule 42): 
 

(1) a computer based three-dimensional groundwater flow model,  
(2) two-dimensional analytical model,  
(3) uniform flow method,  
(4) calculated fixed radius method, or  
(5) a method that, in the opinion of the Director, is equivalent or better than those permitted 

by (1) through (4).  
 
The proposed approach for the delineation of the WHPAs for the Milton and Campbellville 
wellfields was the time-of-travel (ToT) determined through the application of the three-
dimensional groundwater flow model (method 1, above).  This is believed to be the preferred 
method because numerical models can represent spatial variability of aquifer and aquitard 
properties and recharge rates.   
 
Much of this report covers the construction and calibration of the groundwater model.  As noted, 
a single model, the South Halton model, was developed to cover both the Milton and 
Campbellville areas.  This model extends to major watershed divides which serve as natural 
hydrologic boundaries.  A large effort was expended in developing the model, including the 
following tasks: 
 

 review of the physical setting (topography, physiography, surface water hydrology and 
stratigraphy) of the study area; 

 development of a conceptual hydrogeologic model to define hydrostratigraphy and 
general groundwater flow conditions (The methodology for the development of the 
conceptual model layers is further outlined in Section 1.7);  

 development, and calibration of a numerical model to represent groundwater flow under 
annual average conditions; 
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The use of a single model made the analysis of WHPAs and aquifer vulnerability for the two 
communities more efficient.  This approach has the added benefit that the same model can be 
used to address other Source Water Protection issues.  
 
The primary output of the model development and WHPA delineation is a set of surface area 
polygons corresponding to a time of travel to the well.  Specifically, this includes the delineation 
of the following mapped zones, as defined in the Technical Rules: 
 

 WHPA-A (i.e., the surface area within a 100-m radius of the well), 
 WHPA-B (the surface area within a two year Time of Travel (ToT)) 
 WHPA-C (the 5-year ToT zone)  
 WHPA-D (the 25-year ToT zone)  

 
 

1.6.2 Vulnerability Assessment  

 
According to the Technical Rules, aquifer vulnerability can be assessed by one or more of the 
following groundwater vulnerability assessment methods (Rule 37):  
 

(1) intrinsic susceptibility index;  
(2) aquifer vulnerability index;  
(3) surface to aquifer advection time;  
(4) surface to well advection time (SWAT), or  
(5) a method that in the opinion of the Director is equivalent or better than the methods 

permitted by subrules (1) through (4).  
 
From a technical perspective, the SWAT method is preferred.  It uses the same numerical 
model for calculating travel times and the units of vulnerability (in years) are the same as the 
ToT estimates used to delineate the WHPAs.   
 
The SWAT time of travel has two components: (1) the vertical travel time from land surface to 
the water table within the unsaturated zone (UZAT); and (2) the travel time from a point on the 
water table to the well screen (WWAT).  SWAT time estimates are used to delineate zones of 
low, medium and high vulnerability based on thresholds defined in the Technical Rules for 
Assessment Reports (MOE, 2008).   
 
Wellhead vulnerability scores are determined by overlaying the low, medium and high 
vulnerability zones derived from the SWAT analysis on top of the WHPA time-of-travel-zones.  
Each subarea delineated within each WHPA zone is assigned a numerical Intrinsic Vulnerability 
Score (IVS) as defined in the Technical Rules that ranges from 2 (low intrinsic vulnerability) to 
10 (high intrinsic vulnerability).  These are colour-coded and presented as vulnerability maps.   
 
Finally, the relative uncertainty of the WHPA delineation and vulnerability scoring is qualitatively 
assessed based on the hydrogeologic setting, data gaps, data uncertainty, and uncertainty in 
the evaluation methodology.   
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1.7 Model Layer Development Methodology 
 
A critical step in the construction of a groundwater flow model is the interpretation and 
representation of the physical system as three-dimensional (3-D) numerical model layers.  Any 
errors in the representation of the physical system will inherently limit the ability of the model to 
accurately replicate current or future groundwater flow conditions.  In addition, it is our 
experience that much of the insight and understanding of the system is gained during data 
compilation, interpretation and layer construction.  These insights are then tested and evaluated 
during model calibration.  
 
The development of the model layers includes the following interpretation steps.  
 
 

1.7.1 Database Compilation  

 
The model is only as good as the data “foundation” on which the interpretation is based.  The 
first step in the development of the conceptual model is the compilation of an integrated 
database containing all geologic, groundwater, surface water and climate data from the study 
area.  The development of the HH database was discussed in Section 1.4.1. 
 
 

1.7.2 Geologic setting 

 
The development of the model layers begins with a description of the geologic setting.  This is a 
summary of geologic maps, reports, physiography, and stratigraphic framework.  The regional 
stratigraphic framework, usually available from Ontario Geological Survey maps and reports, 
describes the depositional environment, lithologic and physical properties of the bedrock 
formations and quaternary deposits in the area. 
 
 

1.7.3 Stratigraphic model  

 
The first step in the construction of the digital flow model is the development of 3-D stratigraphic 
layers.  During this interpretation phase, the formation “contacts” or boundaries are identified in 
local borehole logs and outcrops.  These borehole and surface contacts, or "picks", are 
extrapolated, using a constrained interpolation process as outlined in Kassenaar and Wexler, 
2006.  Simple extrapolation of the formation contacts is usually insufficient to generate a 
realistic model, so 3-D formation horizon lines were added to constrain the extrapolation and 
represent the geologist’s insight and understanding of the depositional and erosional processes 
that affected the morphology of the geologic units.  
 
 

1.7.4 Hydrostratigraphic model  

 
The second model development task is the construction of 3-D digital hydrostratigraphic layers 
representing the aquifer and aquitard layers present in the study area.  While there are many 
similarities between the stratigraphic and hydrostratigraphic layers in the study area, there are 
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be important differences.  For example, a single stratigraphic formation may be made up of an 
upper weathered aquifer unit and a lower, unweathered, aquitard layer.  Similarly, multiple 
stratigraphic layers may be effectively combined into a single aquifer or aquitard layer for the 
purposes of groundwater model development.  It is also possible that the aquifer might actually 
be a bedding plane fracture between two stratigraphic units.   
 
In this document the term “stratigraphic model” is used to explicitly describe the geologic layers, 
and the term “hydrostratigraphic model” to describe the aquifer and aquitard layers contained 
within that system.  In our experience, the best approach to develop a hydrostratigraphic model 
is to first independently create stratigraphic layers, and only then generate the 
hydrostratigraphic layers.  This allows the geologists to focus on the lithologic characteristics 
and the depositional and erosional processes that led to the current stratigraphic layering, 
without needing to simultaneously consider the groundwater flow system.   
 
The techniques for creating the digital hydrostratigraphic model layers are similar manner to that 
of creating the stratigraphic layers (See Kassenaar and Wexler, 2006).  
 
 

1.7.5 Numerical flow model layers 

 
Finally, the hydrostratigraphic layers are then converted into a format and representation 
suitable for the numerical flow model.  Most numerical flow models require continuous, non-zero 
layer thickness throughout the model domain, whereas local aquifers may “pinch out” and not 
be present. To address this requirement, a pinch out zone may be represented as a thin model 
layer with the physical properties of the next layer above or below the missing layer.  Other 
difference between the hydrostratigraphic model and the numerical flow model layers may 
include vertical subdivision of an aquifer to provide additional numerical resolution, simplification 
of layer geometry in the upper unsaturated zone, or representation of the model layer as a 
simplified vertical or horizontal transmissivity zone.   
 

1.7.6 Conclusions 

 
In summary, the process of building a representative 3D numerical model representation of the 
physical system involves a complex set of interpretative and numerical processing steps.   The 
results of this process are documented in the following section.  
 

1.8 Report Layout 
 
The structure of the report follows the development, construction, calibration and finally 
application of the model, as follows: 
 

 Section 2: Physical Setting - including the development of the model layers. 
 Section 3: Model Development - including calibration of the groundwater flow model . 
 Section 4. Vulnerability Analysis - including WHPA and SWAT analysis, as well as the 

vulnerability scoring.  
 
 
 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  19 

 

2 Physical Setting 
 
 
The physical setting, including topography, physiography, climate, regional hydrology, geology, 
and hydrogeology of the model area are described briefly as they relate to conceptual model 
development, calibration, and application to the SWAT analyses. 
 
This report is not meant to be a comprehensive hydrogeologic description of the study area. 
Sufficient details are provided herein to help the reader of this document understand the model 
results as they relate to the vulnerability assessment.  The reader is referred to the 
Conservation Halton Watershed Characterization and Conceptual Water Budget reports (HH 
SWPR, 2008a and HH SWPR, 2008b) for a detailed discussion of the study area and aquifer 
systems.   
 

2.1 Topography and Physiography 
 
Land surface topography in the model area is shown in Figure 9.  Maximum elevations of about 
380 metres above sea level (masl) occur in the northwest corner of the active model area and 
are associated with the Moffat moraine. Another area of significant topographic elevation is 
associated with the NNE-SSW trending Paris Moraine which forms a major topographic divide 
northwest of the study area.   
 
The most notable topographic feature, however, is the north-south trending Niagara Escarpment 
which sharply divides the area into an upland area to the west and a lower-lying area to the 
east. The Milton Outlier, a part of the Niagara Escarpment that was cut off by erosive processes 
that created the narrow Nassagaweya Valley is also of particular note as the Kelso and Walker’s 
Line wellfields are in close proximity to this feature.  Areas of lower elevation above the 
Escarpment are associated with the modern drainage system which, in some cases, such as 
near Walkers Line and Acton, is superimposed on the underling bedrock valley system.  Re-
entrant valleys lie west of Campbellville and west of Walker's Line. 
 
The till plain below the Niagara Escarpment gently slopes southeastward towards Lake Ontario 
(elevation about 75.2 masl).  Areas of lower elevation in the east occur primarily where the 
Credit River, Sixteen Mile (Oakville Creek), and Bronte Creek have cut through the till and 
overlying glaciolacustrine deposits.  
 
The physiography of the model area is shown in Figure 10 (from Chapman and Putnam, 1984).  
The eastern portion of the study area consists primarily of drumlinized and bevelled till plains 
(referred to as the South Slope and Peel Plain physiographic regions, respectively).  South of 
the South Slope area is the Iroquois Plain, a lowland bordering Lake Ontario containing 
shoreline and deeper lake deposits associated with glacial Lake Iroquois as well as more recent 
Lake Ontario shoreline deposits.  Above the escarpment in the west the Galt Moraine lies along 
the margin of the model area. Segments of the roughly north-south trending Moffat Moraine 
cross the Flamborough plain, a thinly drift covered bedrock (“limestone”) plain in the southwest 
of the study area.  This plain is also marked by a number of west-northwest trending drumlins. 
In the southwest part of the area, there is a sand plain composed of relatively thin deposits of 
fine lacustrine sand overlying bedrock.  
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2.2 Geologic Setting 
 

2.2.1 Bedrock geology 

 
The Region of Halton is underlain by clastic and carbonate sedimentary rocks of Late 
Ordovician to Middle Silurian age, which make up parts of three major depositional sequences 
(Johnson et al, 1991), with outcropping rocks becoming younger from east to west (Figure 12).  
The strata dip gently to the southwest.  The formations of Middle Silurian age have been 
referred to as the Lockport Formation in the area east of Hamilton and as far north as 
Waterdown. North of this (in this study area) the Middle Silurian strata have been traditionally 
referred to as the Amabel Formation.  A stratigraphic column of each of these two 
interpretations is shown in Figure 11.   This distinction is currently under review by the Ontario 
Geological Survey (as discussed later in this section).   
 
The oldest bedrock unit in the area, the Georgian Bay Formation, outcrops in the extreme 
eastern part of the study area; it ranges from terrigenous shale near its base to impure and 
shaley carbonate rock in the upper part of the unit.  It is overlain gradationally by the Queenston 
Formation, a predominantly shale unit with interbeds of limestone and calcareous siltstone.  The 
Queenston Formation is unconformably overlain by the Early Silurian Cataract Group, which 
comprises the Whirlpool, Manitoulin and Cabot Head formations.  The lowest unit, the Whirlpool 
Formation, is mainly fine-grained quartz sandstone and can be up to nine metres thick.  It is 
succeeded by the thin- to medium-bedded fossiliferous dolostone of the Manitoulin Formation, 
which may be as much as 25 m thick.  The contact with the overlying Cabot Head Formation is 
gradational.  The rocks of the Cabot Head Formation are predominantly noncalcareous shale 
with minor interbeds of sandstone, limestone, and dolostone.  These rocks outcrop mainly in the 
lower face of the Niagara Escarpment 
 
The next unit in the succession is the Fossil Hill Formation/Reynales Formation.  These units 
are though to be lateral facies equivalents but where the lateral transition between Reynales 
Formation of the Niagara Peninsula and Fossil Hill Formation of the Collingwood area takes 
place is not well understood (Johnson et al, 1991).  Bond et al. (1976) consider an abandoned 
quarry two kilometres northwest of Glen Williams to be the southern limit of the Fossil Hill 
‘facies’.  The Reynales Formation is composed of argillaceous dolostone and dolomitic 
limestone with shaley interbeds; the Fossil Hill Formation is richly fossiliferous thin-to medium-
bedded dolostone.  The unit is probably no more than two metres thick.  Brett et al. (1995) have 
pointed out that the rocks mapped as Reynales Formation in Ontario are slightly younger than 
the Reynales in the type locality in western New York and are more properly referred to as the 
Merritton (lower) and Rockway formations.  Recent work by Brunton (2008) has reemphasized 
the need to revise Silurian stratigraphic concepts and nomenclature in Ontario.  The Reynales 
(Merritton/Rockway) is disconformably overlain by thickly-bedded dolostone of the Middle 
Silurian Amabel Formation, which forms the caprock of the Niagara Escarpment and is the 
youngest rock unit in the area.  This unit too is undergoing a re-examination in the Guelph area 
by Brunton (2008), who is subdividing the Amabel and correlating the subunits with the 
Irondequoit, Gasport and Goat Island formations of the Niagara Peninsula and western New 
York.  This work has not yet been extended systematically to the Campbellville area.  The 
Amabel Formation is regionally important as a source of groundwater.  In the Guelph area, 
Brunton has found that the major aquifer in the formerly unsubdivided Amabel Formation is 
within what he called the “Gasport hydrogeologic unit” (This unit has also been referred to as 
the “Amabel Production Zone”). 
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All the described units are present in the Campbellville-Kelso area with notable outcrops in the 
face of the Niagara Escarpment north and south of Campbellville and in the Milton outlier.  At 
Campbellville itself the escarpment is buried by glacial and glaciofluvial sediments of 
Quaternary age.  A sketch summarizing the conceptual understanding of the bedrock layers in 
the escarpment, based on recent work by Burton, et al.( 2007) of the Ontario Geological Survey 
(OGS), is presented in Figure 13.   
 
 

2.2.2 Quaternary Geology 

 
Quaternary sediments in the area are mainly products of glacial, glaciolacustrine, and 
glaciofluvial sedimentation during the Late Wisconsinan stage of the Pleistocene Epoch.  
Quaternary sediments in the model area are shown in Figure 14 which is based on OGS (2003) 
digital mapping.  Older sediments are present in bedrock valleys and may be equivalent to the 
Thorncliffe Formation of the Toronto area, which has its type locality in the Scarborough bluffs.  
In its type area, the Thorncliffe Formation is a complex assemblage of sandy deltaic and 
subaqueous fan sediments and related glaciolacustrine silts and clays (Karrow 1967).  In Halton 
Region, similar sediments are known only from limited deep borehole records and their age and 
stratigraphic equivalence have not been determined.  These glaciofluvial/glaciolacustrine 
deposits are locally overlain by discontinuous compact, sandy silt till of unknown age and 
affinity.  This till may correlate with the Catfish Creek Drift (Nissouri Phase) or be part of the 
multiple till sequence deposited during the Port Bruce Phase (Figure 15).  If of Nissouri age, it 
would be roughly equivalent to the unit known informally as the Lower Newmarket Till in the 
Toronto-York-Durham region north of Lake Ontario.  On the cross sections in this report it is 
simply called “lower till”.  This till is overlain in the subsurface by discontinuous 
glaciofluvial/glaciolacustrine sediments that are informally referred to as “intertill sediments”.  
These sediments appear to be texturally variable and locally may be important as aquifers.  
They, in turn, are overlain by another sandy silt to sandy loam till that is probably related to the 
Wentworth Till, which outcrops above the Niagara Escarpment.  This unit is an approximate 
stratigraphic equivalent to the Upper Newmarket Till of the Toronto Region (Karrow 2005).   
 
Overlying the Wentworth Till are variable glaciofluvial sediments that may be related to the 
Maple formation (Karrow 2005), an assemblage of glaciofluvial and glaciolacustrine sediments.  
This unit has been studied in some detail in the Georgetown area by Costello and Walker 
(1972), who considered that these sediments were outwash, laid down in a braided stream 
system associated with the retreat of the Wentworth ice, and overlain or flanked by fine-grained 
glaciolacustrine deposits.  In the subsurface, the distribution of this unit is poorly understood.  
Regionally, the Maple formation correlates with extensive deposits of outwash sand and gravel 
in meltwater channels that are associated with Late Wisconsinan ice marginal recession.  These 
channels are particularly prominent west of the Paris Moraine – which is the limit of the 
Wentworth Till – where they have cut into the Port Stanley Till and earlier ice-contact stratified 
deposits.  There are extensive glaciofluvial deposits mapped at surface in and around 
Campbellville itself (Karrow, 1987, see Map 2509) which includes a large area of hummocky 
“kame deposits” (ice-contact stratified deposits).  The age relationship between these surficial 
deposits and the Halton Till (see below) is somewhat unclear, but it appears from some of the 
borehole data that the glaciofluvial deposits are older than the Halton.  The Campbellville supply 
well and the Walkers Line wells are drilled in areas of glaciofluvial sand and gravel.  
  
The youngest till unit in the area is the Halton Till, which ranges texturally from loam to silty clay 
with generally less than 10% clasts (White, 1975; Karrow 1987, 2005). It outcrops extensively 
east of the Niagara escarpment; the Acton Moraine is effectively the western limit of this till 
within the region.  In the Campbellville area this till is only found below the escarpment.  The 
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Halton Till is locally overlain by fine-grained or sandy glaciolacustrine deposits.  The Kelso wells 
are located in an area of Halton Till outcrop, but the till is relatively thin in this area.  Larger 
streams in the study area, such as Sixteen Mile/Oakville Creek and Fourteen Mile/Bronte Creek, 
have eroded the Quaternary sediments, locally stripping off the cap of Halton Till and exposing 
older sediments (Karrow, 2005a).  Subsequently, these streams deposited moderate thickness 
of alluvial gravel, sand and silt. 
 
 

2.3 Conceptual Stratigraphic Model Layers 
 

2.3.1 Bedrock Surface 

 
The bedrock surface is one of the more important surfaces created for the purpose of 
constructing and constraining the stratigraphic surfaces.  Interpolated bedrock surface 
topography is shown in Figure 17.  The bedrock surface is perhaps the most significant from an 
overall geologic perspective, for the bedrock surface both influenced, and was modified by, the 
subsequent glacial events that deposited the coarse-grained outwash deposits and finer-grained 
till layers.  Other than the Niagara Escarpment, which is clearly visible, the main features of the 
bedrock surface are the re-entrant valleys (for example at Campbellville), and the network of 
buried bedrock valleys incised into the Queenston Shale below the Niagara Escarpment.  
Tracing the position and maximum depth of these valleys was the most critical task in defining 
the three-dimensional stratigraphic model.   
 
 

2.3.2 Bedrock Stratigraphic Model Layers 

 
As noted, the bedrock stratigraphy of the area between the cities of Hamilton, Guelph and 
Milton is highly complex.  One of the more significant challenges to the creation of the 
continuous stratigraphic model layers was addressing the transition from the Lockport formation 
(of the Hamilton Area) and the Amabel Formation (of the Guelph and Milton areas).   
 
Boreholes drilled for quarry development and oil and gas exploration were found to be 
particularly useful for developing the conceptual stratigraphic model.  These data were compiled 
into the database and supplemented by a geodetic survey (performed by the City of Hamilton) 
of the exposed formation outcrops at the numerous waterfalls and road cuts in the Hamilton 
area. 
 
The Old Nelson Quarry (Kerncliffe Park), located just outside of Waterdown, is identified as a 
Provincial ANSI (Area of Natural Scientific Interest).  The MNR ANSI description states “This 
location marks one of the most southerly locations of the Amabel Formation; maybe considered 
the southern edge of the Algonquin Arch influence”.  The following website has the complete 
description: http://nhic.mnr.gov.on.ca/areas/areas_report.cfm?areaid=4259.  
 
This ANSI places the possible transition between the “Lockport” and “Amabel” interpretations in 
the center of the HH SWPR.   For the purpose of this model the Gasport formation was merged 
(transitioned) into the Amabel formation.  (Fortunately, his turned out to be consistent with the 
emerging conceptual model recently proposed by the Ontario Geological Survey.)  The layers 
that make up the bedrock stratigraphic model are listed in Table 3.  
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Additional details about the construction of the bedrock layers, particularly the transition 
between the Lockport and Amabel formation are included in Earthfx (2009).   
 
 

2.3.3 Overburden Stratigraphic Model Layers  

 
The overburden appears to be comprised of at least nine stratigraphic layers (see Section 
2.2.2); however none of those layers are continuous across the entire study area.  Many of the 
till layers in the Campbellville area appear as discontinuous lenses and have likely been 
modified by multiple erosive outwash events that appear to have cut both bedrock and 
overburden layers.  The overall thickness of the overburden layers is shown in Figure 18 and 
ranges from less than 1 m near the Niagara Escarpment to more than 40 m in the deepest 
portions of the bedrock valley system west of Milton. 
 
The processes that are involved in the deposition of the till layers occur on a larger scale than 
the complex high energy events that deposit the sand and gravel layers.  This suggests that it is 
likely better to map the top and bottom of the till layers, and expect that the aquifer materials are 
located in the gaps between.  The following discussion similarly focuses on the regional till 
layers.  
 
Halton Till: The thickness of the Halton Till, shown in Figure 19, is of importance to the 
groundwater flow system primarily because it limits groundwater recharge to the deeper 
aquifers below the escarpment.  The three-dimensional interpretation of the geologic logs 
suggest that the Halton Till thins considerably to the west (Figure 19) and that it is also likely 
eroded in the more deeply incised river and stream valleys.   
 
Wentworth Till: The Wentworth Till (Upper Newmarket equivalent) is also discontinuous and at 
times difficult to identify because of the high composition of silt and cemented sand materials 
(the cementation of the till is easily destroyed during drilling and not easy to detect in cuttings).  
An isopach map of the Wentworth Till above the Niagara Escarpment and the Upper 
Newmarket Till below the escarpment is shown in Figure 20.   
 
Lower till: The lower till (possibly equivalent to the Lower Newmarket Till) is discontinuous and 
is generally located in the lower portions of the bedrock valley systems east of the Niagara 
Escarpment. This till may partially confine the lower aquifer deposits.  An isopach map of the 
lower till is shown in Figure 21 and includes isolated lenses of the Port Stanley Till west of the 
escarpment.  
 
Finally, the Halton-Hamilton stratigraphic model includes overburden surfaces developed with a 
focus on the dominant sediments below the escarpment as shown in Table 4.   
 
Summary: The geologic setting in the study area is complex.  The Palaeozoic sediments of the 
Niagara Escarpment dominate the western portion of the study area, while the bedrock valley 
systems constrain and control the sediment distribution in the eastern portion.  The study area 
has been extensively modified by multiple glacial outwash events, both before and after the 
deposition of the Halton Till.   
 
A southwest to northeast geologic section through the Campbellville and Kelso wellfields is 
presented in Figure 22.  A north to south geologic section through the Kelso and Walkers Line 
wellfields (and the Milton outlier), is presented in Figure 23.   
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2.4 Hydrostratigraphy  
 
An important step in the development of the groundwater flow model and assessment of aquifer 
vulnerability is the interpretation of the hydrostratigraphic layers (the aquifer and aquitard 
layers). The aquifer layers may differ from the stratigraphic layers: for example, the bedrock 
stratigraphic layer beneath the Milton and Campbellville  wells is Queenston shale, however, 
from a hydrostratigraphic perspective, the Queenston includes both an upper weathered aquifer 
and a deeper, unweathered, aquitard.   
 
Developing the hydrostratigraphic model for the study area built on the geologic interpretation 
provided earlier.  As noted, the stratigraphy of the study area is highly complex.  From a 
groundwater perspective, many of the geologic layers can be combined where they are likely to 
respond in a similar manner.  For example, many of the deeper bedrock layers, including the 
lower part of the Amabel Formation down to the Manitoulin and Cabot Head units were 
assumed to behave essentially as a single aquitard.  Simplifications such as these were made 
in developing the current version of the South Halton model. 
 
 

2.4.1 Hydrostratigraphic Layers 

 
The interpreted hydrostratigraphic layers for the South Halton model area (both above and 
below the Niagara Escarpment) are listed in Table 5.  As noted, a number of the stratigraphic 
units have been merged and, for practical purposes, some simplification has occurred.  In 
addition, a transition zone occurs in the vicinity of the Niagara Escarpment where the 
stratigraphic layers from above the escarpment  merge with those below.  While this introduces 
some loss of accuracy in the vicinity of the Niagara Escarpment, the simplification was needed 
to keep the total number of layers to a manageable value (10 versus 20).   
 
Layer 1 - Recent Deposits: Layer 1 represents recent deposits primarily below the Niagara 
Escarpment.  These include Lake Iroquois deposits which include beach sands and less 
permeable deep lake deposits. 
 
Layer 2 - Halton Till: Layer 2 represents the Halton Till, where present.  As noted earlier, the 
unit is thin to missing west of the Niagara Escarpment.  The till is of low permeability and serves 
to limit recharge to the underlying aquifers.   
 
Layer 3: Upper Sediments/ORAC -- This aquifer layer represents the upper sediments above 
the Niagara Escarpment (which may correspond to the Maple Formation) which is 
stratigraphically equivalent to Mackinaw Interstadial.  As noted in Costello and Walker (1972), 
the Maple Formation can be highly variable, including both permeable gravels and low 
permeable silts and even clays, and was classified as a moderate to poor aquifer.  Below the 
escarpment, this layer represents the Oak Ridges Aquifer Complex (similar to that in the YPDT-
CAMC Oak Ridges Moraine model).  The ORAC is generally thin within the study area. 
 
Layer 4 - Wentworth Till/Upper Newmarket Till: The Wentworth Till is the uppermost aquitard 
represented in the model above the Niagara Escarpment.  The Wentworth Till, which 
corresponds to the Middle Till at the IWA Site B-22d 4 km northeast of Cedarvale, is a clayey silt 
to sand till.  Below the Escarpment, the layer represents the upper part of the Newmarket Till of 
the YPDT-CAMC model. 
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Layer 5 - Inter-till sediments/Inter-Newmarket Sediments: Layer 3 represents the Inter-till 
sediments above the Niagara Escarpment which serves as a primary aquifer layer.  The unit 
can be very productive especially where it merges with the underlying Thorncliffe Aquifer 
Complex.  The layer represents the Inter-Newmarket Sediments the YPDT-CAMC model east of 
the Escarpment, but this unit is also thin to missing within the study area.   
 
Layer 6 - Port Stanley Till and Lower Newmarket Till: Layer 4 represents the lenses of low 
permeability Port Stanley Till above the escarpment and the lower part of the Newmarket Till of 
the YPDT-CAMC model below the Escarpment.  As noted earlier, both units are largely absent 
in the study area.   
 
Layer 7 - Guelph Formation/Weathered Bedrock/Thorncliffe Aquifer Complex (TAC): Layer 
5 represents the Guelph Formation, where present.  Where it is he uppermost bedrock unit, it is 
presumed to be weathered and highly permeable.  The layer represents the TAC below the 
escarpment which tends to be found primarily as bedrock valley infill. 
 
Layer 8 - Eramosa Member/Upper Amabel/Sunnybrook Diamict: Layer 6 represents the 
Eramosa Member of the Amabel Formation, where present.  This unit tends to be shaley and 
confines the underlying Amabel Formation.  The layer also includes the upper part of the rest of 
the Amabel Formation which is interpreted from the extensive Guelph area water supply 
investigations (Gartner Lee, 2003), and exists as a wedge that partially confines the Amabel 
Production Zone.  The confinement is thought to occur west of Brookville and Mountsberg.  
Where these units are the uppermost bedrock unit, they are presumed to be weathered and 
much more permeable.  The layer represents the Sunnybrook Diamict of the YPDT-CAMC 
model east of the Escarpment.  This unit is also thin to missing within the study area. 
 
Layer 9 - Amabel Production Zone/Scarborough Aquifer Complex: The Amabel Production 
Zone is confined in the western portion of the model, yet becomes unconfined east of Brookville 
and Mountsberg.  Contacts for the base of the Amabel from the Guelph well data were 
extrapolated using "universal kriging" (a geostatistical technique that includes a trend surface or 
"drift") and produced a very reasonable estimate of the subcrop position.  The top of the Amabel 
production zone appears more variable, possibly because the unit is reefal in nature.  The total 
thickness, where confined, is approximately 12 m, as determined by averaging the thickness 
values from wells in the Guelph area.  The layer represents the SAC of the YPDT-CAMC model 
east of the Escarpment.  This unit is generally found only in the deeper bedrock valleys within 
the study area. 
 
Virtual Layer - Lower Amabel to Whirlpool Formation: The lower bedrock layers are 
generally unproductive and were merged into one low permeability aquitard unit near the base 
of the model.  The unit was represented as a virtual layer in which only vertical flow was allowed 
to take place.  The unit had zero thickness below the escarpment.  
 
Layer 10 - Whirlpool Formation/Weathered Queenston Bedrock: Layer 10 represents the 
Whirlpool sandstone above the escarpment and the weathered Queenston shale below the 
escarpment.  The thickness of the weathered zone is assumed to be 15 m.   
 

2.4.2 Sample Cross Section 

 
A southwest-northeast hydrostratigraphic section through the Campbellville and Kelso wellfields 
is presented in Figure 36 to illustrate showing the layers discussed above.   
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A north-south hydrostratigraphic section through the Kelso and Walker’s Line wells is presented 
in Figure 23 to illustrate showing the layers discussed above.   
 

2.5  Climate 
 
Climate normals have been compiled by Environment Canada (EC) and can be obtained from 
their website (http://res.agr.ca/cansis/nsdb/ecostrat/district/climate.html).  The data are also 
presented by EC as average values for ecodistricts (defined as an ecological land classification 
delineated by EC and characterized by a distinctive assemblages of relief, landforms, geology, 
soil, vegetation, water bodies and fauna).  Ecodistricts vary greatly in size. Three ecodistricts 
(560, 562 and 564) that cover the model area (Figure 24). The climate normals provide regional 
estimates but do not account for local variability.  The data, which are available as annual and 
monthly averages, also do not describe the temporal variation in these values.   
 
Climate normals for precipitation (total, rain, and snow) are presented in Table 6.  Climate 
normals for temperature (mean, minimum, and maximum) and solar radiation, which are 
important parameters for calculating evapotranspiration, are presented in Table 7.  Climate 
normals are also available for vapour pressure, wind speed, hours of bright sunshine, and dew 
point temperature in addition to temperature and precipitation.  Environment Canada used these 
data to derive estimates of evapotranspiration (ET) using the Penman and Thornthwaite 
methods.  Estimates of potential ET (PET) and water surplus on a monthly and annual average 
basis for the three ecodistricts using the Penman method are presented in Table 8.  The amount 
of actual ET depends on a wide range of factors including the actual amount of rainfall, the soil 
moisture capacity, soil permeability, slope, vegetation type, actual solar radiation, wind speed, 
temperature, and humidity,  
 
Detailed long-term climate data are needed to determine the spatial and temporal distribution of 
precipitation and to derive the spatial and temporal distribution of evapotranspiration (ET), 
runoff, and groundwater recharge.  These detailed data were a key input to the PRMS 
simulation of groundwater recharge.  There are 27 climate stations established by Environment 
Canada in or close to the model area that have a period of record of at least 10 years. Locations 
of these stations are shown on Figure 25.  Temperature and precipitation normals for the six 
stations with 30 years of data between 1971-2000, were compiled by Environment Canada (EC, 
2009) and are presented in Table 9.  Daily precipitation and temperature data, along with solar 
radiation data from Toronto (Pearson) Airport, were used in the water balance model developed 
for the study area (described further on).  
 
 

2.6 Surface Drainage 
 
The streams. lakes, and wetlands that drain the study area are shown in Figure 26.  The study 
area encompasses a number of major watersheds including the Bronte Creek, Sixteen Mile 
Creek (also referred to as Oakville Creek) and portions of the Credit and Grand River 
watersheds, as shown in Figure 26.  The Campbellville and Kelso wellfields are located within 
the Sixteen Mile Creek watershed while the Walker’s Line wells are located in the Limestone 
Creek subwatershed of Bronte Creek.  
 
The stream network has been classified by MNR based on the Strahler classification system 
(see legend on Figure 26), which formed the basis for assigning estimates of stream properties 
in the model.  In the Strahler classification scheme, headwater tributaries are assigned a value 
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of 1.  If two same-class tributaries combine (e.g., two Class 1 tributaries), the downstream 
segment is a higher classification.  If a higher and a lower class tributary combine (e.g., a Class 
2 and a Class 1), the downstream tributary is given the same order as the higher-order tributary. 
 
There are a large number of wetlands and wetland complexes within the study area, most of 
them located above the Niagara Escarpment (Figure 26).  One provincially significant wetland 
(PSW), the Nassagaweya Canyon Wetland, is located near the Walker’s Line wellfield.  An 
excellent summary of the natural setting  
 
 

2.6.1 Stream Flow 

 
Figure 27 shows the location of the HYDAT stream gauges monitored by Environment Canada.  
Gauge locations, the periods of record, and average streamflow for the period-of-record are 
presented in Table 10. 
 
Measurements of average streamflow can be used to obtain a rough estimate of losses due to 
evapotranspiration.  For example, average flow in Bronte Creek at Progreston is 1.479 m3/s 
which is equivalent to 376 mm/yr of rainfall over the 124 km2 watershed.  Assuming no large in-
stream water takings and no net lateral groundwater inflow into the catchment, this implies that 
about 488 mm/yr of the Ecodistrict average of 864.6 mm/yr precipitation is lost to ET.   
 

2.6.2 Baseflow 

 
Hydrograph separation techniques were applied to the historical flow records collected at the 
Environment Canada HYDAT gauges to determine the two components of streamflow: (1) 
overland runoff and (2) baseflow.  Baseflow in the study area is assumed to be primarily 
composed of groundwater discharge although discharge from wetlands, wastewater treatment 
plants, impoundments, quarries, and stormwater sewers that intersect the water table can also 
contribute to baseflow.  For example, flow from the Kelso Reservoir and discharge from the 
Milton wastewater treatment plant likely contributes to baseflow in the west branch of Sixteen 
Mile Creek.  Average daily flow from the Milton WWTP was 0.13 L/s in 2007 which is discharged 
below the Oakville Creek (16 Mile Creek) at Milton gauge. 
 
Average baseflow values can provide an estimate of the average rate of groundwater recharge, 
assuming that most of the rainfall recharges the groundwater system within catchment area 
upstream of the gauge.  This assumption is not always valid, particularly where the net 
underflow (inflow minus outflow of groundwater across the surface water catchment boundaries) 
is a significant component of the catchment water balance.   
 
Annual average groundwater contribution to streams in the study area was estimated from long-
term streamflow measurements using a baseflow separation technique referred to as the UK 
method or smoothed minima method (FREND, 1989).  The method connects low flow points on 
the hydrograph and assumes that the amount of groundwater contributing to the storm 
hydrograph is minimal.  This method is appropriate for the till soils that cover much of the Halton 
area and runoff dominates the storm response.  This method may under-predict baseflows in 
areas with significant groundwater contribution to streamflow during storms.  A graph showing 
total flow and estimated baseflow for the a small portion of the period of record for the Oakville 
(Sixteen Mile) Creek at Milton gauge is provided in Figure 28.  Baseflow estimates for the 
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HYDAT gauges are listed in Table 10.  These estimates were compared to simulated rates of 
groundwater discharge to streams as part of the model calibration process.   
 
Some general observations can be made regarding the characteristics of the streams based on 
the results of the baseflow separation: 
 

1. Baseflow represents between 55 to 67% of flow in the mast streams with the exception 
of East Oakville Creek at Omagh (30%).  These values are similar to those for other 
creeks in the Oak Ridges Moraine area; 

2. Streams with headwaters on the till plain had the lowest baseflow values.  This is likely 
due to the lower infiltration potential of the till soils that cover the area.   

3. Streams with headwaters on the moraines above the Niagara Escarpment have higher 
baseflow values.   

 
 

2.7 Water Balance and Groundwater Recharge 
 
The rate of groundwater recharge varies over the study area and is controlled by factors 
including the spatial distribution of precipitation, soil properties, topography, vegetation, and 
land use.  Rates of recharge used in earlier models were estimated based on surficial geology 
(with minor land use corrections) and refined during model calibration (e.g., Kassenaar and 
Wexler, 2006).  To provide a better estimate of recharge, the USGS Precipitation-Runoff 
Modelling System (PRMS) code (Leavesely, 1983) was applied to the Halton and Hamilton area 
(see Section 1.4.3) 
 
 

2.7.1 PRMS Model Development 

 
The PRMS code calculates a water budget for Hydrologic Response Units (HRU), defined as a 
watershed or catchment with similar hydrologic properties.  The code was modified by Earthfx to 
allow each HRU to represent one single cell in a model grid and thereby easily link to the 
MODFLOW groundwater model.  The study area was represented using square cells, each 100 
m on a side.  Each cell was assigned an individual land use and surficial geology class. 
 
The PRMS model was run in “daily” mode and used daily precipitation from nine Environment 
Canada climate stations (Table 11) and temperature from seven climate stations with 
continuous data.  The modelling period of Oct.1, 1989 to Sep.30, 1997 was chosen because it 
included a range of wet and dry years.  Solar radiation data were obtained from Toronto 
(Pearson) Airport.  Land use properties were assigned to land use classes derived from 
SOLRIS land-use data compiled from LANDSAT data (Table 12).  Soil properties (Table 13) 
were assigned to each surficial geology class (obtained from OGS map data (Figure 14)).   
 
The PRMS model tracks volumes of water for each HRU in a number of “storage reservoirs” 
(e.g., interception storage, depression storage, snowpack, shallow soil moisture zone, 
subsurface water (i.e., a perched water zone), and groundwater storage).  Water in the 
snowpack is subject to sublimation and melting/refreezing and the interception, depression, and 
soil moisture storage reservoirs are subject to evaporation and or ET on a daily basis (Figure 
29a).  
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Each HRU can contain pervious and impervious surfaces and the water balance for each 
surface type is computed separately (upper portion of Figure 29a).  The model computes 
interception by vegetation in pervious areas and capture by depression storage in impervious 
areas.  Net precipitation is added to the snowpack, if present, and the snowpack depth, density, 
and temperature are adjusted based on maximum and minimum air temperature, solar 
radiation, and the caloric input of the precipitation (Figure 29b).  Net precipitation and snowmelt, 
if present, are then partitioned between in infiltration (in pervious areas) and runoff.  Runoff was 
computed using the U.S. Soil Conservation Service (SCS) curve number technique (Table 14).  
Deposits in areas of hummocky topography (e.g., the Paris Moraine) were assumed to have 
less runoff and therefore higher recharge rates than similar deposits in non-hummocky areas 
because of focussed recharge in places where runoff collects. 
 
Water entering the soil in pervious areas is subject to ET.  Active soil zone depth is defined by 
the average rooting depth of the predominant vegetation.  Excess water (above field capacity of 
the soil) percolates from the active soil zone to the groundwater reservoir.  If the maximum daily 
percolation rate to groundwater (based on soil hydraulic conductivity) is exceeded, the excess 
percolation is held back in the subsurface reservoir.  This water can discharge to streams as 
interflow or infiltrate back to the groundwater reservoir over time.  The groundwater reservoir 
discharges to baseflow at a rate dependent on a baseflow discharge coefficient and the volume 
of water stored in the reservoir.  The model was calibrated to surface water flow data collected 
at Environment Canada gauges in the study area.  Estimates of baseflow (assumed to be 
mainly groundwater discharge to streams) were also compared to simulated values as part of 
the calibration process. 
 
The PRMS model was applied to a larger region than the South Halton study area so as to 
capture a larger number of stream gauge calibration points, and a broader range of soil types 
and land use conditions.  Catchments from across the Region of Halton and the northern portion 
of the City of Hamilton were included in the PRMS calibration.  The simulated values for 
components of the water budget were averaged over the 8-year simulation period (for 1989 to 
1997) to determine annual average rates for the study period.   
 

2.7.2 PRMS Model Calibration 

 
The PRMS model was calibrated to both total flow and baseflow measurements at the gauges 
across a wide area.  It should be noted, however, that the accuracy of measurements of total 
flow can be somewhat variable; particularly at low and very high flow rates.  It is also important 
to note the limitations of baseflow separation techniques, discussed earlier, and the baseflow 
separation calibration “targets” should not be considered as a direct measurement of 
groundwater discharge.  
 
 

2.7.3 PRMS Model Results 

 
The simulated values for components of the water budget were averaged over the 8-year 
simulation period (for 1989 to 1997) to determine annual average rates for the study period.  
Table 15 presents annual average for components of the water budget as averaged over the 
South Halton model area.   
 
Table 16 compares simulated baseflow with the PRMS model against estimated total flow and 
baseflow values at 23 Environment Canada gauges in the Hamilton-Halton area.  The flow 
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values were averaged for the simulation period and not the entire period of record.  A scatterplot 
of the observed total flow values versus simulated flow from the PRMS model is shown in 
Figure 30.  Ideally, all points should fall on the 45° line. The plot demonstrates that the model 
was able to simulate the observed flows at the low range quite well.  On a regional basis, the 
results in Table 16 demonstrate that the overall estimate of total flow produced by the PRMS 
model is 6.9% higher than the observed total flow.  The overall predicted baseflow calibration 
exceeds the HYDAT baseflow separation processed measurements by 4.9%.  Despite these 
errors, the results suggest that, on a regional scale, the calibration is quite reasonable.   
 
Figure 31 presents the annual average precipitation in mm/yr as interpolated from daily 
precipitation data.  The high precipitation rates observed at the Millgrove gauge during the 
simulation period appear to be consistent with the long-term record at the gauge (Table 7)     
Figure 32 presents the annual average of simulated actual ET (AET) values which includes 
interception and depression storage losses.  Values vary over the study area due to local 
variations in interpolated daily temperature, slope aspect, soil properties, imperviousness, and 
vegetative cover.  Figure 33 shows simulated annual average runoff from both pervious and 
impervious surfaces.  Variations are due to differences in effective precipitation (i.e., 
precipitation after interception losses) and local variations in imperviousness and soil type.  
Finally, simulated rates of annual average net recharge to groundwater (averaged over the 8-
year simulation period) are shown in Figure 34.  These rates were applied to the groundwater 
model with some adjustment during the calibration process as described further on in this 
report.  The values show the combined effects of variation in effective precipitation, overland 
runoff, and AET as well as variability in soil properties such as hydraulic conductivity, hydraulic 
conductivity of frozen soil, field capacity, and depth to water.   
 
Locally, the calibration to the Oakville (16 Mile) Creek and Milton and Bronte Creek at Carlisle  
gauges is very good (see Table 16 and Figure 27).  These are important calibration targets for 
the South Halton model because of their proximity to the Kelso and Campbellville municipal 
wells. The error at the Grindstone Creek near Aldershot and East Oakville (16 Mile) Creek at 
Omagh is higher (between 16 to 19%) although the magnitude of the difference in flow at the 
Grindstone Creek gauge is small.  Similar patterns were noted when comparing estimated 
versus simulated baseflow.  In general, the PRMS model tended to overpredict flows (total, 
runoff, and baseflow) in portions of the South Halton study area, indicating that ET rates are 
probably being underestimated.   
 
In summary, the PRMS model provides a regionally consistent and calibrated estimate of 
groundwater recharge.  The PRMS recharge estimate is more quantitative and justified than a 
recharge estimate based only on surficial geology alone.  The large area covered by the PRMS 
model provides more calibration gauges points, yet the local calibration in the South Halton 
study area is reasonable.  
 

2.8 Groundwater Extraction 
 
Maximum allowable daily takings at individual wells and limits on combined daily takings at the 
municipal wellfields were listed in Table 1.  Operational data are provided to the MOE in annual 
reports for the wellfield which provide data on actual takings.  Information for 2005 through 2007 
was summarized in Table 2.   
 
Groundwater is also extracted from the aquifers in the study area for municipal water supply, 
agricultural use, industrial use, golf course irrigation, and private (domestic) water supply.  
Extraction of over 50,000 litres of water per day from a surface or groundwater source requires 
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a Permit to Take Water (PTTW) from the Ministry of Environment.  Permit locations from the 
2006 PTTW database, sorted by category, and maximum permitted rates (on a log scale) are 
shown in (Figure 35) for groundwater sources.  Permits are designated as surface water, 
groundwater, or both.  No information on how water usage is divided is provided for the 
combined permits.  Permits for pumping tests are not shown, because they were likely issued 
on a temporary basis.  Construction dewatering permits are shown, but it is possible that these 
were intended as temporary permits as well.  Expired permits are not shown but may have been 
renewed since the database was compiled.  Permits for municipal supply wells are also not 
shown.  Maximum rates in the study area range from 0.13 litres per minute (L/min) to 35,000 
L/min.  
 
Actual water use is generally less than the permitted water takings.  Recently, efforts have been 
made by the MOE, CVC, and Halton CA to improve the quality of the data in the PTTW 
database .  Critical information needed in addition to actual water use includes pumped well 
location data, cross-referencing to the MOE ID and borehole logs, and information on aquifer 
pumped.  The updated data were not available to Earthfx at the time of the model calibration but 
should be used in the next model update as part of the ongoing improvement process under the 
Source Water Protection Program. 
 
 

2.9 Aquifer Heads and Groundwater Flow 
 
Groundwater level patterns in the study area reflect the complex aquifer layer geometry, 
recharge patterns, influence of streams, and stresses (i.e., pumping).  Observed groundwater 
levels (also referred to as aquifer heads or potentials) data served as the primary calibration 
targets for the South Halton model.   
 
The first step in the analysis of water level data was to assign an aquifer to each well based on 
well screen information and based on the hydrostratigraphic layers.  Analysis of the water level 
data with respect to hydrostratigraphic layers allowed the determination of rates and direction of 
vertical flow and allowed for correlation of observed water level patterns with properties of the 
different aquifers, such as variation in hydraulic conductivity or thickness.  Distinguishing 
between water levels in the shallow and deeper aquifers made it easier to recognize the 
influence of surface water features on shallow groundwater flow.   
 
Well screen assignment was made based on the position of the well screen relative to a 
particular layer top and bottom.  It should be noted that there are many instances where wells 
are screened partially within aquitards (likely due to interpolation of the surface elevations using 
a subset of the data) and where well screens straddle two aquifer layers, making it necessary to 
apply a level of judgement in the assignment process.  When selecting wells for water level 
analysis, we discarded wells that straddled multiple aquifers.  For wells partially screened within 
aquitards, we included wells partially screened within aquitards only when the screens 
penetrated less than half the thickness of the confining units.  Where no screens were reported 
in the well logs, the screen was assumed to be located at the bottom of the well.  . 
 
Water level data include static water levels originally obtained from the MOE Water Well 
Information System (WWIS) database, static water levels from other geotechnical and 
consultant wells, and average water levels from long-term water-level monitoring sites 
maintained by the Region of Halton.  The MOE data required additional processing to eliminate 
low quality locations and erroneous measurements.  As noted earlier, well data were screened 
to eliminate wells with obvious location or elevation inaccuracies.  Wells with a location QA code 
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of greater than 6 were not included in the assessment.  There were 26943 boreholes in the 
model area of which 21,545 had QA codes less than 6.  The location of wells, sorted by aquifer, 
is shown in Figure 37.  Gaps in the well coverage can be noted in several areas, such as along 
the western model boundary in the vicinity of the Niagara Escarpment north and south of 
Campbellville.  The lack of wells in these areas is most often related to the lack of farms or 
residential developments in these areas due to presence of wetlands and poor farming 
conditions.  Well coverage for the different aquifers is also highly variable, with little data for the 
INS, Guelph-TAC, and better coverage for the ORAC, SAC, and Amabel Production Zone, 
where present.   Some of the aquifer and aquitard layers primarily occur in the bedrock valley 
systems, so their coverage is very limited outside of those valleys.  
 
There are problems that have long been recognized with the static water levels recorded in 
drillers’ logs submitted to the MOE and the data could not be used without some filtering.  
Sources of error include positional and elevation errors and questions as to whether static 
conditions were achieved prior to measurement.  Seasonal and year-to-year variation in water 
levels also introduces random noise in the data most noticeable when analyzing clusters of 
water level data.  It is therefore uncertain whether a particular measurement in the data set is 
accurate and, even if accurate, whether it represents a reasonable measurement of an average 
water level at that point.  The accuracy of maps produced from these data is similarly affected.  
However, the MOE WWIS data are the only data set with sufficient spatial coverage to allow 
mapping of potentiometric surfaces over the entire model area and, in general, the spatial 
trends noted in the data appear consistent and reasonable.   
 
Water level data are posted for the different aquifers using colour-shaded symbols as shown in 
Figure 38 through Figure 41.  Data were filtered by eye to eliminate obvious outliers.  The point 
data for the Amabel and SAC were interpolated using a geostatistical technique referred to as 
“kriging” to determine general patterns of groundwater flow (Data for the other units were too 
sparse to warrant more detailed analysis).  Kriging is a weighted averaging interpolation method 
that attempts to minimize variance and bias in the results while honouring the local values at the 
data points.  Prior to the interpolation, all possible data pairs for static water levels in the SAC 
were examined to determine the relationship between sample variance and lag distance.  A 
theoretical variogram was fitted to the sample data and then used in the construction of the 
variance matrix needed to calculate the weights.  Water levels were interpolated to all model 
grid cells below the Niagara Escarpment.  The analysis was then repeated fro all static water 
level data for wells in the Amabel Production Zone.  A composite map showing the interpolated 
SAC and Amabel water levels is presented in Figure 42. Along with interpolated water levels, 
the kriging analysis produced estimates of the variance and standard error of estimate at each 
interpolation point.  It should be noted that the map is an interpolation of the raw data and does 
not include additional constraints such as requiring the contours to match water surface 
elevations where the contours intersect streams, wetlands, or lakes.   
 
The interpolated water levels show a number of significant features in the study area that 
needed to be matched by the numerical model, including:   
 

 the high water levels in the Amabel in the northwest part of the study area due to 
high recharge in the vicinity of the Moffat Moraine; 

 Lower water levels in the buried bedrock valleys extending from the re-entrants near 
Acton and Kilbride indicating that groundwater from the moraines is draining towards 
these features; 

 generally flat gradients within the study area with the exceptions of the sharp change 
in water levels transitioning across the Niagara Escarpment and in the vicinity of the 
Lake Ontario shoreline; and 
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 the influence of the streams of the groundwater system area as seen in the bending 
of the contours around the streams. 

 
High quality Halton Region monitoring data was compiled and processed for use in a more 
detailed assessment of the calibration in the vicinity of wellfields.  Locations of the high quality 
wells and average water levels are shown in Figure 43.   
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3 Groundwater Model Development  
 
 
The groundwater model for the South Halton area was developed to incorporate the geologic 
and hydrogeologic information described in the preceding section.  Development of the 
numerical model drew upon the knowledge and experience gained from previous modelling 
work done in Halton Region, the YPDT-CAMC study of the hydrogeology of the Oak Ridges 
Moraine, and the Tier1 water budget study for the Halton and Hamilton Source Protection 
Areas.  This section briefly discusses the theoretical background, model code, grid design, 
boundary conditions, and model calibration.   
 
 

3.1 Groundwater Flow Equation 
 
Groundwater flow is governed by Darcy’s Law, which states that flow is proportional to the 
hydraulic gradient and to the hydraulic conductivity of the aquifer material and is given by:  

dx

dh
Kq         (Eq. 1) 

where q is the specific discharge or rate of flow per unit area, K is the hydraulic conductivity, 
and dh/dx is the hydraulic gradient (change in hydraulic head per unit length).  Groundwater 
flow is also governed by the Law of Conservation of Mass which states that, under steady-state 
conditions, all inflows to an area are balanced by outflows.  When the mass balance equation is 
combined with Darcy’s Law, it yields the governing equation of groundwater flow.  The 
groundwater flow equation for two-dimensional flow in a confined aquifer with recharge, 
discharge, and leakage from above and below can be written mathematically (Bear, 1979) as:  
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where: Txx = transmissivity in the x direction; 

 Tyy = transmissivity in the y direction;  

 h = hydraulic head; 
 K’ = vertical hydraulic conductivity of an overlying (or underlying) confining 

unit 
 B’ = thickness of the overlying (or underlying) confining unit; 
 HO/H

U 
= head in the aquifer layer overlying/underlying the confining unit; 

 N = rate of groundwater recharge; 
 Q’K = pumping rate (per unit area) at well k 

 
A similar equation can be written for each aquifer in a layered sequence of aquifers and 
confining units.  When an aquifer layer is unconfined, the transmissivity terms TXX and TYY are 
replaced by the effective transmissivity, equal to KXX(h-b) and KYY(h-b)where b is the base of the 
aquifer layer and Kxx and Kyy are the hydraulic conductivities in the x and y directions . 
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Equation 2 is a differential equation which forms the basis of the mathematical model developed 
for the study area.  The equation is “solved” to determine aquifer heads at all points in the model 
area.  Information in the form of aquifer properties, recharge and discharge rates, and 
conditions along the study area boundaries, are provided as input to the model to make the 
solution unique to the study area.  Numerical methods were used to solve Equation 2 because 
study area boundaries are irregular and aquifer/aquitard properties, aquifer geometry 
(stratigraphy), and rates of recharge and discharge vary spatially within the study area.  
 
 

3.2 Model Codes 
 
The groundwater flow model used to solve Equation 2 in this study was the U.S. Geological 
Survey MODFLOW code.  This code is recognized worldwide and has been extensively tested 
and verified.  The MODFLOW code is extremely well-suited for modelling regional and local-
scale flow in multi-layered aquifer systems and can easily account for irregular boundaries, 
complex stratigraphy, and spatial variations in hydrogeologic properties.  The version of 
MODFLOW used is documented in McDonald and Harbaugh (1988) and Harbaugh and 
McDonald (1996).  Best practices for groundwater modelling and professional judgement were 
followed when applying and calibrating the numerical models as outlined in the ASTM (2000) 
standards for groundwater flow modelling. 
 
The study made extensive use of VIEWLOG (VIEWLOG Systems Inc., Version 3.9) to view, 
analyze, and manage hydrogeologic data.  VIEWLOG allowed a direct link to the extensive 
relational database that was constructed for the project.  Along with the ability to facilitate 
geologic data analysis and spatial data management, VIEWLOG has an add-on module with 
pre-and post-processing functions for MODFLOW and MODPATH.  The MODFLOW module 
was used to facilitate model construction and model calibration as well as interpretation and 
presentation of model results.   
 
 

3.3  Grid Design 
 
MODFLOW uses the finite-difference method and requires that the study area be subdivided 
vertically into several layers, where each layer can represent a hydrogeologic unit (such as a 
stratigraphic layer) or a sublayer within a hydrogeologic unit.  The study area is also subdivided 
horizontally into a grid of small rectangular cells.  In general, a better representation of the 
spatial change in water levels is achieved by using smaller cells in areas of steep groundwater 
gradients.  Aquifer properties, such as top and bottom elevations for each layer, hydraulic 
conductivity, and recharge and discharge rates, are assigned to each cell.  Boundary conditions 
are specified for cells that lie along lines corresponding to the physical boundaries of the flow 
system.   
 
The finite-difference grid design used to represent the model area started with square cells, 
each 50 m on a side.  The grid was refined in the vicinity of the Milton and Campbellville 
wellfields to provide better grid resolution around the wells and in the bedrock valley system.  A 
portion of the finite-difference grid in the vicinity of the wellfields is shown in Figure 44.  The 
square cells in the corner of the figure measure 50 m by 50 m.  The square cells containing the 
production wells measure 12.5 m by 12.5 m.   
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The model grid consists of 885 rows by 890 columns with 10 layers.   The hydrostratigraphic 
layers were adjusted to assure continuous, non-zero layer thickness throughout the model 
domain. A southwest-northeast section through model layers in the Campbellville and Kelso 
wellfields is presented in Figure 36 to illustrate layer continuity. 
 
MODFLOW works in a local, grid coordinate system based on row and column numbers.  We 
used the VIEWLOG pre-processor to help translate geo-referenced map data into MODFLOW 
input.  The local origin for the model grid was at UTM coordinates 568500 E and 4719500 N.  All 
digital maps and well data for the study area were referenced using UTM NAD83 (Zone 17) grid 
coordinates.  
 

3.4 Model Boundaries 
 
MODFLOW can represent three general types of conditions along the physical boundaries of 
the model.  All three boundary condition types, constant head, no-flow, and head-dependent 
discharge boundaries, were employed in the numerical model to represent natural hydrologic 
boundaries.  The natural hydrologic boundaries were generally well outside the likely area to be 
affected by municipal pumping. 
 
Constant-head boundary cells were used to represent the Lake Ontario shoreline (Figure 8).  
Heads were set at 75.2 masl.  Groundwater discharge can occur to constant-head cells.  A no-
flow boundary condition was applied along the lateral boundary of the model area (Figure 8), 
indicating that flow across the external boundaries near the major streams was expected to be 
small.  A no-flow boundary condition was applied at the base of the lowest model layer, which 
represents the deep unweathered bedrock layers.   
 
Groundwater discharge to streams was simulated using two different types of head-dependent 
discharge boundaries, referred to in MODFLOW terminology as “rivers” and “drains” (McDonald 
and Harbaugh, 1988).  MODFLOW drains were used to simulate discharge to the headwater 
tributaries of the streams (Strahler Class 1, 2, and 3).  The key assumption regarding drains is 
that leakage occurs in only one direction, from the aquifer to the drain (Figure 46a and b).  
When aquifer heads drop below the controlling elevation of the drain, the drain is presumed to 
go dry and no flow occurs from the drain back to the groundwater system.  A MODFLOW 
parameter, called the “drain conductance”, groups the streambed properties (hydraulic 
conductivity and thickness) and the wetted area.  Drain conductance values and drain 
elevations were specified for each drain segment that passed through a model cell.   
 
MODFLOW rivers were used to simulate discharge to the lower reaches of major streams 
(Strahler Class 4 and above).  The key assumption regarding MODFLOW rivers is that leakage 
can occur in either direction when the aquifer head is above the bottom elevation of the 
streambed (Figure 46c and d).  When aquifer heads drop below the base of the streambed, the 
river is assumed to be perched and water leaks out of the river at a constant rate based on the 
difference between the river stage and the elevation of the streambed bottom.  A MODFLOW 
parameter, called the “river conductance”, groups streambed properties and the wetted area.  
River conductance, river stage, and streambed bottom elevation values were assigned to each 
river segment that passed through a model cell.   
 
Some simplification was necessary to automate the process of assigning stream properties.  
Stream reaches were first assigned a Strahler classification number (see Figure 26) and then 
each stream reach was assigned an average width and bed thickness (B’) based on the Strahler 
number.  Stream segments were assigned a model layer based on the uppermost active model 
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layer.  Streambed hydraulic conductivity (K’) values were assigned a streambed conductance 
(K’/B’) in the range of silt to silty-fine sand (1.0x10-6 m/s) by default.  If the cell had a lower 
hydraulic conductivity than the base value of 1x10-6 m/s, then the drain segment was assigned a 
value of 0.2 times the cell value.  Drain segments were assigned a 1-m bed thickness while river 
segments were assigned a 2-m bed thickness.  Controlling drain and river elevations were 
assigned based on the DEM for the study area.  VIEWLOG was used to determine stream 
length and conductance estimates and prepare the river and drain data sets.  A total of 35,166 
drain segments and 13,491 river segments were used to represent streams in the model area.  
 
Wetland areas and lakes (Figure 26) were also treated as MODFLOW drains.  Each cell 
underlying the wetland was assigned a drain conductance calculated using a length and width 
equal to the length and width of the MODFLOW cell and a hydraulic conductivity (K’) value set 
to 1.0x10-7 m/s unless the wetland was located on a lower permeability unit.  An additional 
25,569 drain segments were used to represent the wetlands in the model.  Figure 47 shows the 
location of all MODFLOW river and drain cells representing the streams, lakes, and wetlands in 
the study area. 
 
 

3.5 Groundwater Recharge and Discharge 
 
As discussed earlier (Section 2.7), average annual groundwater recharge was estimated using 
the PRMS model.  Recharge was assigned to each model cell simulated using the RECHARGE 
module of the MODFLOW code.  If a layer went "dry" (i.e., the simulated head fell below the 
layer bottom), recharge was passed to the underlying layer.   
 
Simulated pumping rates for the Milton and Campbellville wells municipal wells were assigned 
based on the rates suggested by the Region of Halton as representative of actual rates rather 
than the maximum permitted wellfield rates.  Allocation of pumping to individuals wells is shown 
in Table 1.  As noted earlier, extraction for other users was not simulated due to lack of reliable 
data on actual water takings.  
 
 

3.6 Model Calibration 
 
The following sections discuss the approach taken to calibrate the groundwater model, 
calibration targets, and results of model calibration.  Calibration of the groundwater flow model 
was performed using a systematic trial-and-error process in which results of successive model 
runs were used to improve the initial estimates of model parameters (primarily hydraulic 
conductivity and vertical anisotropy).  The PRMS estimates of recharge were varied slightly as 
part of this process.  Spatial analysis of residuals (i.e., the difference between simulated and 
observed values) helped to highlight areas where the model was or was not performing well.  
Statistical tests, in which the observed and simulated groundwater heads and baseflow 
estimates were compared, helped determine whether the calibration met the required 
goodness-of-fit criterion.  
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3.6.1 Calibration Targets  

 
The primary targets for regional water level calibration were the observed static water levels 
obtained from the MOE Water Well Information System (WWIS) database.  Water level analysis 
was discussed in an earlier section.  It should be noted that the geostatistical analysis of the 
variance in the MOE WWIS data in the study area indicated a variogram nugget of 4 m2, 
suggesting an intrinsic local-scale standard error of approximately ±2 m.  Trying to achieve a 
calibration at a greater accuracy than the intrinsic error in the static water level data is not 
justified.  Accordingly, the focus of the regional calibration to the MOE WWIS data was on 
matching head and flow patterns on a broader scale.   
 
Another important target for the flow model calibration was to match annual average simulated 
baseflow to estimated baseflow at the Environment Canada streamflow gauges.  Gauge 
locations within the study area were shown on Figure 27.  Estimated baseflows for the period of 
record were presented in Table 10, but because there are inherent errors and uncertainty in the 
application of automated hydrograph separation techniques, the baseflow values cannot be 
treated as absolute values.   
 
 

3.6.2 Calibrated Hydraulic Conductivities 

 
Maps showing the final calibrated hydraulic conductivity distribution for model layers 3, 5, 7 and 
9 are shown in Figure 48 through Figure 51, respectively.  A consistent scale was used in the 
figures to facilitate comparison.  The zones of higher hydraulic conductivity in Layer 7 (Figure 
50) represent the bedrock valley infill.  The high conductivity zone in Layer 9 represents the 
zone where the Lower Amabel subcrops above the Niagara Escarpment (Figure 51).  Local 
adjustments of hydraulic conductivities were needed in the vicinity of some municipal wells to 
match observed water levels in the pumped wells and nearby monitoring wells.   
 
 

3.6.3 Simulated Water Levels  

 
A map showing the simulated heads in model Layers 3, 5, 7, and 9, which represents the Upper 
Sediments/ORAC, Inter-Till Sediments/INS, Guelph Fm./TAC, and Amabel Production 
Zone/SAC, respectively, are presented in Figure 52 to Figure 55.  White areas on the figures 
denote "dry" cells, that is, places where the simulated water level lies below the base of the 
model layer.  This occurs primarily in areas where there is severe topographic change, such as 
along the Niagara Escarpment, where water levels likely drop into the deeper layers which 
outcrop.  The shaded areas appear patchier for the upper layers because the geologic units 
tend to be discontinuous and/or are unsaturated.   
 
The simulated water levels in Layer 9 (Figure 55) show a close match to the interpolated map of 
observed water levels (Figure 42) and reproduce the general patterns discussed earlier.   
Simulated water levels show more depression in the vicinity of the streams, indicative of 
groundwater discharge to the streams.  The difference between the interpolated and simulated 
heads in these area is most likely due to data sparsity.   
 
Observed heads for all layers are also posted on the figures.  Most of the coloured dots (plotted 
with the same colour scale) blend in to the colour fill for the simulated water levels indicating a 
good match.  The poorest match is in Layer 7 in the northwest corner of the model near 
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Morriston where predicted water levels are much higher than observed.  Simulated heads are 
also high in the transition zone near the Niagara Escarpment at Limehouse.  Both these areas 
are distant from the Milton and Campbellville wellfields.  Additional refinement of the model to 
improve the match in the latter area is planned for the Tier 3 water budget study.     
 
Scatterplots of the observed static water levels in the each aquifer versus simulated heads in 
the respective model layer are shown in Figure 56 through Figure 58.  Ideally, all data points 
should fall on the 45 line shown on the graph.  The scatterplots show that most data points fall 
within bands defined by ±5 to 6 m, except for Layer 7 (±8.6 m).  The model generally tends to 
over-predict rather than under-predict heads over most of the area except in the north-central 
part of the study.  The match to the observed heads in the SAC within the range of water levels 
in the Campbellville and Milton area is quite good and shows little bias.  . 
 
Three calibration statistics were used to assess and demonstrate model accuracy: the mean 
error (ME), mean absolute error (MAE), and root mean squared error (RMSE).  These are given 
by Anderson and Woessner (1992) as:  
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where: ho = Observed hydraulic head; 
 hs = Simulated hydraulic head; and, 
 n = Number of wells. 
 
Calibration statistics comparing the 3205 observed MOE water levels to the simulated heads 
are presented in  Table 17  
 
The magnitude of the absolute error ranges from very small (-0.12 m) to 7.3 m.  The negative 
sign on the ME value indicates that simulated values are, on average, lower than the observed 
values.  The range of the MAE (4.6 to 8.6 m) and RMSE (5.9 to 9.9 m) provide good estimates 
of the average magnitude of the difference between the observed and simulated values.   
 
Values for MAE and RMSE are often compared to the overall response of the model (Anderson 
and Woessner, 1992); in this case, the range in observed heads over the study area.  The total 
range of observations varies from 110 m to 260 m, depending on the particular aquifer.  
Accordingly, RMSE ranged from 2.7% of the range for Layer 3 to 9.0 for Layer 7.  The statistics 
for Layer 7 are influenced to a large extent by the sparsity of data within that unit.  The 
MODFLOW mass balance error for the model was less than 2%. 
 
 

3.6.4 Simulated Groundwater Discharge to Streams 

 
Figure 59 shows a colour-coded map of simulated groundwater discharge to streams, in L/s, for 
each model cell that is intersected by a stream reach.  Values are colour plotted on a log scale 
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to better distinguish the low flow values.  Cell-by-cell discharge values can be summed up along 
a reach to get the net groundwater discharge along the stream reach.  Values were summed up 
over the contributing area to the Environment Canada gauges to calculate the total simulated 
groundwater discharge. 
 
Table 18 compares the model estimate of the groundwater discharge to the calculated baseflow 
at the four key gauges with catchment completely covered by the model area.  Excellent 
matches were achieved at the Bronte Creek at Carlisle and Oakville (16 Mile) Creek at Milton 
gauges (gauges near to the wellfields) but poorer matches were achieved at the East Oakville at 
Omagh and Grindstone Creek gauges (both of which are quite far from the wellfields).   
 
It is possible that the poor match at East Oakville Creek is due, in part, to the specifying a no-
flow condition along the Oakville Creek watershed boundary (the north eastern boundary of the 
model, as shown in Figure 8).  Some groundwater flow may be lost to the Credit watershed in 
the upper part of the East Oakville Creek subwatershed and to Joshua's Creek in the lower part 
of the subwatershed.  The baseflow separation estimate for the Omagh gauge is also, on a 
percent basis, considerably lower than the other gauges (see Section 2.6.2 for a discussion).   A 
higher baseflow estimate would match the model prediction more closely.  
 
 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  41 

 

4 Vulnerability Analysis 
 

4.1 WHPA Delineation 
 
Part V of the Technical Rules for Assessment Reports defines the different zones surrounding a 
municipal well that make up a WHPA.  The WHPA-B, WHPA-C, and WHPA-D zones are based 
on the time-of travel from the well.  These are listed in Table 19 and shown schematically in 
Figure 60a.   
 
Capture zones and time-of-travel zone analyses were conducted using the USGS MODPATH 
code (Pollock, 1989).  MODPATH uses simulated heads and flow rates from the MODFLOW 
output along with estimates of aquifer porosity to calculate average groundwater velocity.  The 
MODPATH code uses these velocities to track virtual particles from their point of entry to a point 
of discharge.  For example, it can track the path of a particle assumed to enter the aquifer as 
recharge to a point where it discharges to a well or stream.  Whenever the virtual particle 
crosses the boundary of a finite-difference cell, the particle location and time are recorded.  
These points are linked to form pathlines.  Multiple virtual particles can be released to ensure 
that all likely pathways are defined.  MODPATH also has the ability to backward-track particles 
from a discharge point (e.g., a well) back to the point of entry to the aquifer as shown 
schematically in Figure 60b.   
 
To delineate the ToT zones, up to several thousand virtual particles were placed in the centre of 
the cell containing a production well.  The particles for each well were tracked backwards in time 
as they moved through the aquifers and aquitards back to the point of recharge.  ToT zones 
were created by manually drawing a polygon around the well that encompassed all particle 
locations at 2, 5, and 25 years.  Figure 61 shows the backward particle tracks from the wells at 
the end of 25 years of travel.  WHPAs based on these time-of-travel zones are shown in Figure 
62 for the Kelso and Campbellville municipal wells.  WHPA-A zones, based on the 100-metre 
radius around the wellhead, have been added to each figure.  The particle pathways and WHPA 
zones shown in these figures are more complex than shown in the MOE sketch (Figure 60b) 
due to local variation in aquifer and aquitard properties and recharge rates and due to 
interference between wells.   
 
It should also be recognized that the ToT zone is based on the vertical projection of the three-
dimensional particle tracks onto a two-dimensional map.  This has little effect when dealing with 
unconfined aquifers, but is a very conservative assumption when dealing with municipal wells 
screened in confined aquifers.  The vertical travel time through the confining units can add years 
to the actual time of travel from the surface.  The difference between the time of travel 
represented by the WHPA zones and the actual time of travel is considered when assigning 
vulnerability scores to subzones within the WHPAs, as described in the following section.   
 

4.2 Vulnerability Assessment 
 

4.2.1 Overview 

 
Part IV of the Technical Rules for Assessment Reports defines areas of high, medium, and low 
groundwater vulnerability for each of the allowed assessment methods. The purpose of 
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vulnerability assessment is to identify those zones within the WHPAs that are particularly 
sensitive to contamination from a surface source.   
 
The Technical Rules for Assessment Reports outline multiple methods for the assessment of 
the vulnerability, as discussed in Section 1.6.  The Surface to Well Advective Time (SWAT) 
method was chose for this project because it is numerically consistent with the numerical model 
used to delineate the WHPAs.    
 
For the SWAT method, the classification is based on actual travel times from the surface to the 
well as follows: 
 

(a) areas of high vulnerability are those areas with travel times less than 5 years;  
 

(b) areas of medium vulnerability are those areas with travel times greater than or equal to 5 
years but less than or equal to 25 years, and  

 
(c) areas of low vulnerability are those areas with travel times greater than 25 years. 

 
These zones are shown schematically in Figure 60c.   
 
Surface to well advective travel times (SWAT) consists of two components, the vertical travel 
time through the unsaturated zone above the water table (Unsaturated Zone Advective Time or 
UZAT) and the travel time from the water table to the well through the saturated zone (Water 
table to Well Advective Time or WWAT).  Determining vertical time of travel through the 
unsaturated zone is highly complex and depends on the unsaturated hydraulic conductivity of 
the soil, soil moisture, and tensions (i.e. negative pressure-heads) in the unsaturated zone.  
Unsaturated hydraulic conductivity and pressure-head can be related to moisture content 
through characteristic curves developed for each soil type.  Unfortunately, the data on 
unsaturated soil properties is very limited and calculation of unsaturated travel times would be 
highly uncertain.   
 

4.2.2 UZAT Analysis 

 
As an alternative to complex unsaturated flow calculations, Guidance Module 3 (MOE, 2006) 
suggests a simplified method wherein the annual rate of groundwater recharge is assumed to 
be an approximation for the average rate of moisture movement through the unsaturated zone.  
Accordingly, UZAT values can be estimated as: 
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      (Eq. 1) 

where: 
UZAT = advective time of travel through the unsaturated zone 
dwt = depth to the water table 
θm = mobile moisture content 
qz = infiltration rate 

 
Infiltration rates were obtained from the groundwater recharge values computed by the PRMS 
model.  Depth to water table, dwt, was estimated by subtracting the interpolated (or modelled) 
water-table surface from land surface elevation.  Guidance Module 3 (MOE, 2006) suggests 
values for mobile moisture content based on soil type as shown in Table 20.  As an example, 
assuming an infiltration rate of 320 millimetres per year for a sand with a θm of 0.10 and a dwt of 
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10 m, the UZAT would equal 3.2 years.  A loam soil with a recharge rate of 160 mm/year would 
have a UZAT of 20.8 years, and a clay soil with a recharge rate of 10 mm/year would have a 
UZAT of 40 years. 
 
UZAT times, in years, based on the above assumptions, are shown in Figure 63.  The magenta 
areas have UZAT values greater than 25 years.  Estimated UZAT times are low within the 
immediate vicinity of the well fields but there are large areas with UZAT times over 25 years 
north of the Kelso wells and north and east of the Walker's Line wells. 
 
It should be noted that the above described estimation method for UZAT values is reasonable 
when considering a contaminant that is leached by precipitation, such as road salt or agricultural 
pesticides or fertilizers.  Surface releases of contaminated fluids (e.g., a spill from a wastewater 
lagoon or a leaky storage tank), however, can locally saturate the soil and move downward 
through a sandy or sandy-silt soil in orders of magnitude less time (i.e., hours or days rather 
than years).  Therefore, if the contaminants of concern in a particular area are likely to be 
released by spills and leaks rather than leaching, it is a reasonable assumption to omit UZAT 
times from the SWAT analysis.  Accordingly, the SWAT times calculated for this study area 
utilized the WWAT values only. 
 

4.2.3 WWAT Analysis 

 
WWAT values were determined by releasing virtual particles from cells in the uppermost active 
groundwater model layer (i.e., the layer containing the water table) within a buffer around the 25 
year time of travel zone.  Locations of the particle starting points, colour-coded by the starting 
layer, are shown in Figure 64.  The particles were forward-tracked from the water table to their 
point of discharge, either a stream, lake/wetland, or well.  The times-of-travel for particles 
ending up in the municipal wells are assigned back to the originating cell. 
 
WWAT times for particles arriving at the Milton and Campbellville wells are shown in Figure 65.  
The magenta areas have WWAT values greater than 25 years. The white areas on the map 
within the 25-year ToT zone indicate that the particles released from cells in this area did not 
arrive at the wells and, presumably, discharge to a stream or wetland or exit the wellfield study 
area.  These areas were considered to have extremely low vulnerability.   
 
The use of WWAT values allows the intrinsic vulnerability to be expressed in terms of true 
advective travel times as opposed to other methods which use relative index values.  It should 
be recognized, however, that the advective travel times are calculated without consideration of 
the nature of the potential contaminants, release mechanisms, and attenuation processes (e.g., 
diffusion, dispersion, adsorption and chemical transformation). 
 
The WWAT times were reclassified and used to delineate areas of high (0 - 5 year WWAT), 
medium (5 - 25 year WWAT), and low (> 25 year WWAT) vulnerability as shown schematically 
in Figure 60c.  Maps of vulnerability zones based on WWAT values are shown in Figure 66.  
Areas with no shading within the 25-year ToT zone were not assigned vulnerability scores 
because the forward tracking indicated that the particles did not discharge to the municipal 
wells.  As discussed earlier, to be conservative, the UZAT scores were not included in the 
vulnerability scoring discussed below.   
 

4.3 Wellhead Vulnerability Scoring  
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Finally, the vulnerability zones were superimposed on the WHPA time-of-travel zones.  The 
vulnerability zones and WHPA polygons were intersected to create subzones around the high, 
medium, and low vulnerability zones within each WHPA zone as shown schematically in Figure 
60d.  Vulnerability scores are assigned to each subzone based on values provided in the 
Technical Rules for Assessment reports as listed in Table 21 . 
 
Results for the Milton and Campbellville wells are shown in Figure 67.  The distribution of the 
vulnerability scores appears complex because of the aquifer geometry and assumed distribution 
of hydraulic conductivity values.  In general, areas with higher vulnerability scores are centered 
around the wells and extend upgradient along the axis of the assumed high hydraulic 
conductivity zone in the TAC.   
 
Adjustments to these scores may be needed to account for the presence of constructed 
preferential pathways that might bypass the natural protective geologic layers (e.g., improperly 
constructed wells; improperly decommissioned wells, and pits and quarries).  Where applicable, 
the WWAT value should be increased by one step (e.g., from low to medium or medium to high) 
to reflect the higher vulnerability caused by the constructed pathway.  It is recommended that 
the municipalities begin a program to locate, catalogue, and properly decommission its 
abandoned wells and provide financial assistance to well owners to properly decommission their 
abandoned wells.  Such a program has been carried out successfully in other regions.  Priorities 
can be assigned to each area based on the results of the WWAT analysis.   
 
Three constructed pathways are present in the wellfield areas.  The gravel extraction operations 
immediately west of the Walker’s Line wellfield (Figure 3) has removed a portion of the 
unsaturated zone.  If only gravel has been removed, and not a confining layer, the effect of the 
gravel extraction might not have significantly changed the vulnerability.  Further study of the 
gravel pit is recommended.   
 
The Kelso reservoir was excavated into the subsurface beside the wellfield, however the 
construction details are not known.   Some studies have been performed investigating the link 
between the wellfield and the reservoir however those reports were not located as part of the 
study. Again, further study is recommended.   A third significant constructed pathway is the 
former Campbellville Sand and Gravel pit, located northwest of the Kelso reservoir.  This pit was 
excavated below the water table and is currently being infilled with external fill materials.  Some 
monitoring is being performed. It is recommended that further study of this operation be 
undertaken.  
 
Natural preferential pathways, such as erosion or fracturing of the confining units, can be 
accounted for explicitly in the numerical models.  However, despite efforts to characterize the 
geology of the study area, it is unlikely that the geology will ever be known well enough to be 
able to directly account for all such local-scale phenomena in the vulnerability assessments.    
As noted in the National Research Council study of groundwater vulnerability assessment 
methods (1) al groundwater is vulnerable to some degree; (2) uncertainty is inherent in all 
vulnerability assessments; and (3) it is easier to identify areas of high risk than to differentiate 
between areas of moderate or low risk.  Because of uncertainty in these assessments, as 
discussed further below, the results of the ToT and WWAT analyses should best be viewed as a 
tool for identifying the higher risk areas that should receive priority for contaminant risk 
assessment, improved water quality monitoring and decommissioning of abandoned wells.  
Areas identified as moderate and low vulnerability may still require additional investigation and 
monitoring.   
 
These analysis are a first, but very important, step in conducting a risk-based assessment of 
potential threats to the municipal supply wells from past, current, or future land-use activities.  
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Further steps include conducting a contaminant threats inventory (as per the MOE Issues 
Evaluation/Threats Inventory Guidance Module) and conducting a parcel-by-parcel risk analysis 
based on the hazard to human health posed by contaminants on the site and the vulnerability of 
the drinking water source (as per the MOE Water Quality Risk Assessment Guidance Module). 
 
 

4.4 Uncertainty Assessment  
 

4.4.1 Overview 

 
There is a degree of uncertainty associated with the ToT, WWAT and vulnerability scoring 
analyses; however, it is impossible to provide a quantitative assessment of the level of 
uncertainty.  Rather, one can only say that the level is low, moderate, or high. 
 
Appendix 6 of the MOE Guidance Module (MOE 2006) indicates that it would be reasonable to 
expect a low level of uncertainty in areas where data density is high, where hydrogeologic 
studies have been conducted, and where numerical models have been developed.  This study 
generally satisfies these criteria.  It is recognized, however, that the hydrogeologic analyses 
have an intrinsic level of uncertainty because of the complexity of the study area and the 
recognition that one can never have enough data to fully know how conditions vary in the 
subsurface.   
 

4.4.2 Uncertainty Related to Data Distribution  

 
The degree of confidence related to the ToT and vulnerability scoring analyses depends on data 
density.  From a regional perspective, there is better coverage of MOE WWIS data to the west 
and east of the wellfields, but there is relatively less data in the immediate vicinity of the Niagara 
Escarpment, where the majority of the capture zones are located.  While this results in less 
data, the benefit is that the WHPA zones are in a relatively less developed areas.   
 
The intrinsic biases in the MOE WWIS well log data is another source of uncertainty.  In 
general, well owners only drill as deep as necessary, often completing the borehole in the top of 
the first aquifer encountered.  This has resulted in a general tendency to record the extent of low 
permeability materials overlying the aquifers, but the wells provide limited information on the 
total thickness of the aquifer or on the properties of deeper aquifers and aquitards.  Municipal 
wells are often located in deeper aquifer systems, below the level most commonly drilled for 
small private well supplies.  Other biases, such as the lack of geologic training for drillers and 
the poor sampling techniques associated with water well drilling methods, also add to the level 
of uncertainty  
 
 

4.4.3 Uncertainty Related to Aquifer Confinement  

 
Uncertainty in the ToT and WWAT results for the municipal wells in the deep overburden might 
be considered high, because of a lack of sufficient well data to accurately map the 
discontinuous till units.  While the Halton Till is relatively thick in the eastern portion of the study 
area, it thins to the west and becomes patchy in the vicinity of the wellfields.  Gaps in the 
confinement provided by the tills would allow more rapid travel of contaminants to the deeper 
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wells than the model may have predicted.  Other studies of the Halton Till (eg. Kassenaar and 
Wexler, 2006) have indicated that the Halton Till can be weathered and leaky even when it is 
several metres thick.  
 
 

4.4.4 Groundwater Model Calibration and ToT Uncertainty 

 
There are inherent limits in the level of confidence associated with all numerical modelling due 
to the quality of the input data as well as the simplifying assumptions made during model 
development.  While the numerical model produced good matches to the observed water levels 
and baseflows, the ability of the flow model to exactly reproduce local flow patterns is not as 
certain.  Intrinsic errors in the WWIS data used to map the water table and potentiometric 
surfaces imply that we can never know the true water levels and flow patterns to a high level of 
certainty.  Subtle variations in the flow directions near the wells, caused by local variation in 
aquitard or aquifer thickness, aquifer and aquitard hydraulic conductivity values, and/or 
recharge rates can lead to significant changes in the flow paths of the particles.  Unfortunately, 
available geologic data are limited and, therefore, the level of uncertainty in defining the three-
dimensional flow patterns and determining ToT zones to a high level of precision is impossible.  
As Halton Region continues to expand their monitoring network and obtain additional high 
quality data within the ToT zones, the level of certainty associated with the ToT delineation will 
increase. 
 
There are additional factors that increase the uncertainty in calculating travel times.  For 
example, the times of travel scale linearly with the porosity of the formations and are highly 
sensitive to the values assumed.  Porosity values are not used in the flow model and are, 
therefore, not part of the normal model calibration process.  No specific measurements of 
porosity were available for this study, so values for the various formations were estimated based 
on published values (e.g., Freeze and Cherry, 1979, p. 37).  To be conservative, we used 
values that were lower for the till aquitard layers (assuming that the tills behave as fractured 
media), thus resulting in greater velocity and therefore shorter travel times. 
 
 

4.4.5 Vulnerability Mapping Uncertainty 

 
Of the recommended methods listed in the Technical Rules for Assessment Reports (MOE, 
2008), the WWAT component of the SWAT method is by far the most scientifically sound.  It is 
based on assessing true travel times using locally determined hydraulic properties that have 
been adjusted and refined through model calibration.  The model that the WWAT analyses was 
based on was developed using recognized hydrogeologic and hydraulic principles and have 
been calibrated to match the observed heads and, more importantly, the model was calibrated 
to best match the observed directions of flow by carefully representing factors that influence flow 
patterns such as local variations in aquifer properties, recharge rates, aquifer and aquitard 
thickness and continuity as well as the effects of pumping from nearby wells and the influence of 
streams.  However, as indicated by the discussions above, it is difficult to quantitatively assess 
the certainty of the ToT zones in an unbiased way and it is even more difficult to assess 
uncertainty in the WWAT values within the ToT zones. 
 
Data from other sources, such as isotope data (for age-dating the water), geochemical data, 
and water quality indicators can provide some corroboration of the calculated travel times.  As 
an example, high chloride and nitrate levels, where present, often indicate contamination from 
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surface sources such as road salt, agriculture, and un-serviced residential development and 
therefore, are indicative of relatively short travel times.  The presence of tritium in the water can 
also indicate short travel times.  The absence of these indicators, however, only confirms that 
the travel times are greater than the period of time in which pumping at the well has induced 
flow towards the wells.   
 
The use of WWAT zones to subdivide areas within the ToT zones adds another level of 
uncertainty because the WWAT results cannot be field-verified or easily tested.  The 
assignment of high vulnerability scores to the 100-m radius, regardless of actual travel times, is 
an implicit recognition that the level of uncertainty is unacceptable when it comes to potential 
sources of contamination in close proximity to the wells.  The creation of multiple small zones 
whose boundaries may shift (as pumping rates change or as new data become available) will 
also present a difficult challenge to municipal planners responsible for incorporating these 
discontinuous areas into long-term municipal plans.   
 
One subjective process that introduces additional uncertainty in the vulnerability scoring is the 
re-classification of the WWAT values into High, Medium, and Low based on the assumed time 
of travel.  Thresholds were set at 0 to 5, 5 to 25, and greater than 25 years which seem 
reasonable at first.  The 0 to 5 year period is actual a relatively short time frame in which to 
recognize a potential threat, detect the contaminant in the groundwater system, and develop a 
response to the problem.  These areas, therefore, present the highest level of risk to the supply 
wells.  Sufficient lead time would be afforded in areas with travel times greater than 5 years to 
react to contamination from known sources.  However, the ability to detect contamination from 
unknown sources within these zones is not guaranteed even with a well-designed network of 
sentry wells.  Even in the areas with travel times greater than 25 years, it is still possible that 
contaminants from unrecognized sources or pathways will arrive at the well within the time 
period that the well is in use.  A threshold of WWAT values greater than the projected lifetime of 
the well (with a factor of safety) may be more justifiable for assigning areas a low-risk score.   
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5 Summary 
 
 
The purpose of this report was to document the calibration of the South Halton model and its 
use in delineating time-of-travel zones and estimating advective travel times from the surface to 
municipal supply wells. The current model calibration is reasonable. Vulnerability zones were 
defined for the Milton and Campbellville wellfields based on the water table to well advective 
times calculated with the model.  These, in turn, were intersected with the ToT zones to create 
vulnerability subareas within each ToT zone.  Each subarea was assigned a vulnerability score 
in accordance with MOE guidelines (MOE, 2006).  Maps of the vulnerability scores were 
presented for the Milton and Campbellville wells.  
 
 

6 Limitations 
 
Services performed by Earthfx Incorporated were conducted in a manner consistent with that 
level of care and skill ordinarily exercised by members of the environmental engineering and 
consulting profession. 
 
This report presents the results of data compilation and computer simulations of a complex 
geologic setting.  Data errors and data gaps are likely present in the information supplied to 
Earthfx, and it was beyond the scope of this project to review each data measurement and infill 
all gaps.  Models constructed from this data are limited by the quality and completeness of the 
information available at the time the work was performed.  Computer models represent a 
simplification of the actual geologic conditions.  The applicability of the simplifying assumptions 
may or may not be applicable to a variety of applications.    
 
This report does not exhaustively cover an investigation of all possible environmental conditions 
or circumstances that may exist in the study area.  If a service is not expressly indicated, it 
should not be assumed that it was provided.  It should be recognized that the passage of time 
affects the information provided in this report.  Environmental conditions and the amount of data 
available can change.  Discussions relating to the conditions are based upon information that 
existed at the time the conclusions were formulated. 
 
 
All of which is respectively submitted, 
 

EARTHFX INC. 
 

                                                           
E.J. Wexler, M.Sc. M.S.E., P.Eng.                                              Dirk Kassenaar, M.Sc., P.Eng. 
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Municipal 
Wells 

Easting 
(m) 

Northing
(m) 

Permit 
ID 

Individual
Maximum

Daily 
Taking 
(L/day) 

Wellfield 
Maximum 

Daily 
Taking 
(L/day) 

Pumping
Rate 

used in 
Model 
(L/day) 

Campbellville Well 1 582555 4815696 523730
Campbellville Well 2a 582554 4815696

7388- 
63HQGQ 523730

-na- 74,995

Walkers Line Well 1 586762 4813056 2,618,000 1,097,280
Walkers Line Well 2 586724 4812987 2,946,000

3,180,000 
1,097,280

Kelso Well 3  585371 4818490 -na- 
Kelso Well 6  585371 4818490 -na- 

2,522,016

Kelso Well 4 585381 4818509 -na- 3,531,168
Kelso Well 5 585334 4818515

87-P-3046

-na- 

13,635,000 

7,580,736

Table 1: Maximum permitted water taking for the Campbellville and Milton wells. 

 
 
 

Municipal 
Wells 

 

Actual 
Average 

Daily 
Taking 
2005 

(L/day) 

Actual  
Average 

Daily 
Taking 
2006 

(L/day) 

Actual  
Average 

Daily 
Taking 
2007 

(L/day) 
Campbellville Well 1 45,219 56,662 32,459
Campbellville Well 2a ND* ND* ND*
Walkers Line Well 1 1,711,219 1,201,670 1,478,328
Walkers Line Well 2 ND* ND* ND*
Kelso Well 3  ND ND 18,043
Kelso Well 6  ND ND 674,689
Kelso Well 4 ND ND 3,600,168
Kelso Well 5 ND ND 3,998,812
Total Kelso 7,660,034 7,502,436 7,783,275
Total Milton ND ND 9,208,950
    ND - No data available in the Halton database. 
    ND* - No data available in the Halton database.  Well may not have been active.

Table 2: Actual water taking for the Campbellville and Milton wells in 2005 through 2007.  
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Surface Name  Stratigraphic unit(s) method 
Top of Guelph Guelph Formation top picks 
Top of Eramosa Eramosa Formation top picks 
Top of Vinemont Vinemont Member thickness 
Top of Goat Island Goat Island Formation top picks 
Top of Gasport  Gasport Formation, Amabel Formation top picks 
Top of Rochester from thickness Rochester Formation thickness 
Top of Irondequoit from thickness Irondequoit Formation thickness 
Top of Reynales from thickness Merritton and Rockway formations thickness 
Top of Thorold from thickness Thorold Formation thickness 
Top of Grimsby from thickness Grimsby Formation thickness 
Top of Cabot Head from thickness Cabot Head Formation thickness 
Top of Manitoulin from thickness Manitoulin Formation thickness 
Top of Whirlpool from thickness Whirlpool Formation thickness 
Top of Queenston Queenston Formation top picks 
Note: method refers to the type of data interpolated and the actual technique of surface 
construction.  For “top picks, elevation picks of the formation top were used in the interpolation 
to directly produce a “top of “ surface.  The “thickness” method involved interpolating the 
thickness of a unit and adding this interpolated thickness to the “top of” surface of the underlying 
stratigraphic unit to get a final surface. 

Table 3: Bedrock stratigraphic model layers 

 
 

Surface Name Stratigraphic unit(s) 
Top of Recent Deposits (ground surface) Recent and post glacial sediments 
Top of Halton Aquitard Halton Till1 
Top of Oak Ridges Aquifer Maple formation 
Top of Newmarket Aquitard Wentworth Till2 
Top of Inter Newmarket Sediments Inter till sediments 
Top of Lower Newmarket Aquitard Port Stanley Till2 
Top of Thorncliffe Formation Older sediments including the Thorncliffe 

Formation (strict sense)3  
Top of Bedrock Bedrock surface 
Notes: 
1 - Very limited occurrence above the escarpment 
2 - The names of the surfaces are using the standard names from the Toronto region – 
both Wentworth and Port Stanley tills are of Port Bruce age, the lower Newmarket till is 
probably equivalent to the Catfish Creek Till of Nissouri Phase age. 
3 - Also limited occurrence above the escarpment; the Thorncliffe Formation (strict 
sense) is not found above the escarpment. 

Table 4: Overburden stratigraphic layers (below escarpment) 

 
 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  55 

 
 

West part of Study Area 
(above Niagara Escarpment) 

East part of Study Area 
(below Niagara Escarpment) 

Layer 
No. 

Hydrostratigraphic Unit Type Hydrostratigraphic Unit Type 
1 Recent Deposits (where present) Poor Aquifer  Recent Deposits Poor Aquifer
2 Halton Till (where present) Aquitard  Halton Till Aquitard 
3 Upper Sediments (Maple Fm.?) Poor Aquifer  Oak Ridges Aquifer Complex Aquifer 
4 Wentworth Till Aquitard  Upper Newmarket Till Aquitard 
5 Inter-till Sediments Aquifer  Inter-till Sediments Aquifer 
6 Port Stanley Till Aquitard  Lower Till Aquitard 
7 Guelph Fm./Weathered Bedrock Aquifer  Thorncliffe Aquifer Complex Aquifer 
8 Eramosa/Upper Amabel Aquitard  Sunnybrook Diamict Aquitard 
9 Amabel Production Zone Aquifer  Scarborough Aquifer Complex Aquifer 

VL* Lower Amabel to Cabot Head Aquitard    
10 Whirlpool Fm. Poor Aquifer  Weathered Queenston Fm. Poor Aquifer

                *VL - Virtual MODFLOW layer (vertical leakage only): 

Table 5: Summary of hydrostratigraphic layers above and below the Niagara Escarpment 

 
 

Parameter Ecodistrict Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
560 59.4 56.5 68.3 72.2 74.9 79.5 81.1 95.9 88 72.8 83.2 80.2 909
562 52.6 49.1 59.9 63.7 68.2 72.1 74.1 88 76.8 66.6 75.8 71.8 817

Total 
Precipitation 

(mm) 564 56 53.3 68.3 69.9 71.5 76.6 73.6 87.2 84 68.9 77.7 79.1 864.6
               

560 19.5 24.1 45.7 64.8 74.6 79.5 81.1 95.9 88 71.6 72.8 41.5 757.3
562 19.3 21.5 38.9 57.3 68 72.1 74.1 88 76.8 65.5 68.4 39.1 687.6

Rain 
(mm) 564 22.7 27 50.6 65.3 71.4 76.6 73.6 87.2 84 68.5 71.8 48.6 747.8

               
560 39.3 33 22 7.4 0.3 0 0 0 0 1.3 10.8 38.4 151.8
562 32.6 27.3 20.5 6.1 0.2 0 0 0 0 1.1 7.4 32.4 127.8

Snow 
(mm) 564 33.2 27.1 17.1 4.5 0.1 0 0 0 0 0.4 5.9 29.8 117.6

Table 6: Precipitation (total, rain, and snow) for each ecodistrict in the model area. 
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Parameter 
Eco- 

district
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total

560 -7.4 --6.8 -1.6 5.8 12.3 17.3 20.1 19.0 14.8 8.5 2.6 -4.1 6.7
562 --6.9 -6.1 -1.0 6.0 12.4 17.5 20.5 19.5 15.2 8.8 3.1 -3.5 7.2

Mean 
Temperature 

(°C) 564 -5.7 --5.0 0.0 6.5 12.6 17.9 21.0 20.1 15.9 9.7 4.0 -2.4 7.9
               

560 -11.4 -11.2 -6 0.6 6.5 11.3 14.1 13.3 9.4 3.6 -1.0 -7.6 1.8
562 -11.1 -10.5 -5.4 0.7 6.6 11.4 14.3 13.6 9.8 3.8 -0.6 -7.2 2.1

Minimum 
Temperature 

(°C) 564 -9.5 -9.0 -4.1 1.6 7.2 12.4 15.4 14.8 11.0 5.1 0.5 -5.9 3.3
               

560 -3.6 -2.6 2.7 10.9 18.1 23.1 26.0 24.7 20.2 13.4 6.1 -0.8 11.5
562 -3.0 -2.0 3.3 11.2 18.5 23.5 26.5 25.3 20.5 13.7 6.6 -0.2 12.0

Maximum 
Temperature 

(°C) 564 -2.0 -1.1 4.0 11.4 18.1 23.4 26.4 25.3 20.9 14.2 7.6 1.0 12.4
               

560 5.96 9.43 13.1 16.3 19.4 22.2 22.1 18.5 13.8 9.07 4.88 4.28 13.25
562 5.79 8.68 12.8 16.6 19.7 22.0 22.1 18.6 13.7 9.06 4.89 4.07 13.17

Mean Daily 
Solar Radiation 

(MJ/m2/day) 564 5.71 8.82 12.8 16.3 19.6 22.1 22.1 18.6 13.8 9.08 4.89 4.10 13.16

Table 7: Temperature (mean, minimum, and maximum) ands daily solar radiation for each ecodistrict in the model area. 

 
 

Parameter Ecodistrict Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
560 0 0 10.3 61.2 98.5 120. 131. 102. 66.2 29.6 7.43 0.0 626
562 0 0 13.1 65.1 104. 124. 137. 110. 67.5 31.6 8.30 0.0 661

Potential ET 
Penman 

(mm) 564 0 0 19.7 65.0 100. 122. 135. 108. 69.6 32.8 9.89 0.43 662
               

560 59.4 56.5 58.0 11.0 -23.6 -40.5 -49.9 -6.01 21.8 43.2 75.8 80.2 282.9
562 52.6 49.1 46.8 -1.38 -36.0 -52.2 -62.9 -21.6 9.34 35.0 67.5 71.8 156.4

Water Surplus 
(mm) 

564 56.0 53.3 48.6 4.89 -28.5 -45.3 -61.2 -20.5 14.4 36.1 67.8 78.7 202.7

Table 8: Estimated potential ET and water surplus for each ecodistrict in the model area. 
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Daily Observation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly
Burlington TS (6151064) 

Rainfall (mm) 32 33.1 53.3 69.9 80.4 70.8 71.6 76.8 89 73.8 72.5 32 770.7
Snowfall (cm) 35.2 24.1 16.4 3.3 0 0 0 0 0 0 5.4 23.9 108.2
Precipitation (mm) 67.2 57.1 69.6 73.2 80.4 70.8 71.6 76.8 89 73.8 77.9 71.5 878.9
Mean Temperature (ºC) -4.8 -3.9 0.9 7.2 13.8 19.3 22.3 21.4 16.8 10.4 4.4 -1.3 8.9

Christie Conservation (6151512) 
Rainfall (mm) 19.8 21.7 47.5 68 78.1 70.3 86.7 89.4 102.1 69.1 76.4 43.6 772.6
Snowfall (cm) 34.1 21.5 13.6 3.7 0 0 0 0 0 0 4.2 22.6 99.7
Precipitation (mm) 53.9 43.2 61.1 71.7 78.1 70.3 86.7 89.4 102.1 69.1 80.6 66.2 872.4

Georgetown WWTP station (6152695) 
Rainfall (mm) 29.5 27.2 43.7 68.7 74.6 80.1 74.9 84.9 84.3 66.7 70.1 39.1 743.8
Snowfall (cm) 37.3 31.4 22.7 6.7 0.3 0 0 0 0 0.5 8.9 33.8 141.5
Precipitation (mm) 66.7 58.6 66.3 75.4 74.9 80.1 74.9 84.9 84.3 67.2 79.0 72.7 885.0
Mean Temperature (ºC) -6.6 -5.5 -1.0 5.8 12.3 17.0 19.7 18.8 14.4 8.1 2.4 -3.4 6.8

Hamilton RBG (6153300) 
Rainfall (mm) 27.9 26.6 53.4 68.6 81.8 71.6 74.9 84.6 84.9 72.4 73.8 48 768.5
Snowfall (cm) 35 29.1 20 4.7 0 0 0 0 0 0 7.2 30.1 126.1
Precipitation (mm) 59.5 55 75.7 73.5 81.8 71.6 74.9 84.6 84.9 72.5 81.5 77.1 892.6
Mean Temperature (ºC) -5 -4.4 0.5 6.9 13.3 18.8 22 20.9 16.4 10 4.2 -1.6 8.5

Millgrove (6155183) 
Rainfall (mm) 32.1 31.1 52.8 74.2 87.1 89.7 83.4 83.1 96.5 78.8 77.9 44.3 830.7
Snowfall (cm) 39.2 31.1 22.5 5.3 0 0 0 0 0 0.2 9.2 34.9 142.3
Precipitation (mm) 71.3 62.2 75.2 79.4 87.1 89.7 83.4 83.1 96.5 78.9 87 79.2 973
Mean Temperature (ºC) -6 -5.3 -0.3 6.4 13 18 20.6 19.8 15.6 9.2 3.2 -2.6 -6

Oakville Southeast WPCP (615N745) 
Rainfall (mm) 30.6 27.7 46.6 65 70.3 71.3 72.9 78.4 78.5 68.8 68.8 47 725.9
Snowfall (cm) 28.1 16.5 15.3 2.6 0 0 0 0 0 0 2.7 17.6 82.8
Precipitation (mm) 58.8 44.2 61.9 67.6 70.3 71.3 72.9 78.4 78.5 68.8 71.5 64.6 808.7
Mean Temperature (ºC) -4.9 -4.2 0.1 6.2 12.1 17.5 20.7 20 15.5 9.3 3.9 -1.8 --

Table 9: Climate normals (1971-2000) for Environment Canada stations in or near the study area (EC, 2009).  

 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  58 

 

Gauge 
ID 

Gauge Location 
Start
Year

End 
Year 

Catch- 
ment 
Area 
(km2) 

Average
Total 
Flow 
(m3/s) 

Estimated
Average 
Baseflow

(m3/s) 

Estimated
Baseflow

Ratio 

02HB004 East Oakville Creek near Omagh 1960 present 199 1.550 0.472 0.30
02HB005 Oakville Creek at Milton 1960 present 95.6 1.189 0.658 0.55
02HB006 Grindstone Creek above Hwy. 403 1958 1965 72.5 0.561 0.306 0.54
02HB011 Bronte Creek near Zimmerman 1963 present 235 2.692 1.721 0.64
02HB012 Grindstone Creek near Aldershot 1965 present 82.6 0.839 0.459 0.55
02HB016 Bronte Creek at Progreston 1977 1985 124 1.479 0.985 0.67
02HB022 Bronte Creek at Carlisle 1989 present 117 1.238 0.821 0.66

Table 10: Streamflow statistics and estimated baseflow for the gauged catchments 

 

 

Gauge
ID 

Gauge Name Easting Northing
Data
Type

Start
Year

6152695 Georgetown WWTP 590078 4831755 P/T 1962
615N745 Oakville Southeast WPCP 610518 4815398 P/T 1970
6155183 Millgrove 583792 4796499 P/T 1951
6153300 Hamilton RBG 590599 4792885 P/T 1950
6151064 Burlington TS 594578 4798493 P/T 1951
6157431 Sandhill 595165 4852191 P 1981
6142400 Fergus Shand Dam 553688 4842471 P/T 1939
6149387 Waterloo Wellington A 549895 4810973 P/T 1970
6141100 Cambridge-Stewart 556731 4799921 P 1973

Table 11: Precipitation and temperature stations used in the PRMS simulations. 
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Land Use Type 

Imper- 
vious 

Fraction
(0 - 1) 

Depres-
sion 

Storage
(mm) 

Vegeta- 
tion 

Index1 

(0 – 3) 

Cover 
Density
Winter 
(0 – 1) 

Cover 
Density 
Summer 
(0 – 1) 

Winter 
Radiation

Trans- 
mission 
(0 – 1) 

Snow 
Inter 

ception
Storage

(mm) 

Summer
Rain 
Inter 

ception 
(mm) 

Winter 
Rain 
Inter 

ception
(mm) 

Water 1 50.8 0) 0 0 1 0 0 0
Coastal Mudflats 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Intertidal Marsh 0.4 7.62 2 0.2 0.55 0.65 2.032 1.778 0.762 
Supertidal Marsh 0.4 7.62 2 0.2 0.55 0.65 2.032 1.778 0.762 
Freshwater 1 50.8 0 0 0 1 0 0 0
Deciduous Swamp 0.3 25.4 2 0.4 0.8 0.55 5.08 1.778 0.762 
Conifer Swamp 0.3 25.4 2 0.4 0.8 0.55 5.08 2.286 1.016 
Open Fen 0.4 25.4 2 0.4 0.8 0.65 2.032 2.032 0.762 
Treed Fen 0.4 25.4 2 0.5 0.9 0.65 2.54 2.54 1.016 
Open Bog 0.4 25.4 2 0.4 0.8 0.65 2.032 1.778 0.762 
Treed Bog 0.4 25.4 2 0.5 0.9 0.65 2.54 2.286 1.016 
Tundra Heath 0.4 12.7 2 0.3 0.55 0.65 2.032 1.778 0.762 
Dense Deciduous 0 0 3 0.45 0.9 0.25 3.048 3.556 1.27 
Dense Coniferous  0 0 3 0.5 0.8 0.15 3.81 3.048 1.27 
Coniferous Plantation 0 0 3 0.4 0.7 0.25 3.81 2.794 1.27 
Mixed Deciduous 0 0 3 0.5 0.85 0.25 3.048 3.302 1.27 
Mixed Coniferous 0 0 3 0.45 0.85 0.15 3.81 3.048 1.27 
Sparse Coniferous  0 0 3 0.5 0.7 0.15 3.81 2.794 1.27 
Sparse Deciduous  0 0 3 0.4 0.75 0.25 3.048 3.048 1.27 
Recent Cutovers 0 0 1 0.4 0.7 0.95 2.032 2.032 1.016 
Recent Burns 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Old Cuts and Burns 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Mine Tailings 0.4 12.7 1 0.1 0.2 1 1.27 2.032 1.016 
Settlement 0.3 1.27 2 0.4 0.7 0.95 2.032 2.032 1.016 
Pasture 0 0 2 0.5 0.9 0.4 3.048 2.54 1.27 
Cropland 0 0 2 0.3 0.9 0.7 2.032 2.54 0.762 
Alvar 0.3 1.27 2 0.3 0.5 0.95 1.778 1.778 0.762 
Unclassified 0 0 2 0.3 0.5 0.95 2.032 2.032 1.016 
Open Cliff and Talus 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Shoreline 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Open Shoreline 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Open Bluff 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
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Land Use Type 

Imper- 
vious 

Fraction
(0 - 1) 

Depres-
sion 

Storage
(mm) 

Vegeta- 
tion 

Index1 

(0 – 3) 

Cover 
Density
Winter 
(0 – 1) 

Cover 
Density 
Summer 
(0 – 1) 

Winter 
Radiation

Trans- 
mission 
(0 – 1) 

Snow 
Inter 

ception
Storage

(mm) 

Summer
Rain 
Inter 

ception 
(mm) 

Winter 
Rain 
Inter 

ception
(mm) 

Open Sand Barren/Dunes 0 0 1 0.1 0.2 0.95 2.032 1.778 0.762 
Open Tallgrass Prairie 0 0 2 0.4 0.8 0.65 2.032 2.032 1.016 
Tallgrass Savannah 0 0 3 0.3 0.8 0.5 2.032 2.286 1.27 
Tallgrass Woodland 0 0 3 0.4 0.8 0.3 2.032 2.54 1.27 
Coniferous Forest 0 0 3 0.5 0.8 0.15 3.81 3.048 1.27 
Mixed Forest 0 0 3 0.45 0.8 0.2 3.302 3.302 1.524 
Deciduous Forest 0 0 3 0.4 0.9 0.25 3.048 3.556 1.27 
unknown 0 0 2 0.3 0.6 0.7 2.032 2.032 0.762 
Annual Crop 0 0 2 0.2 0.9 0.95 1.27 2.54 0.762 
Mixed Crop 0 0 2 0.3 0.9 0.7 2.032 2.54 1.016 
Perennial Crop 0 0 2 0.5 0.85 0.4 3.048 2.286 1.524 
Idle Land 0 0 2 0.3 0.4 0.8 2.032 2.032 1.016 
Plantations - Trees 0 0 3 0.5 0.8 0.25 2.54 2.54 1.27 
Hedge Rows 0 0 3 0.5 0.8 0.25 2.54 2.54 1.27 
Orchards 0 0 3 0.5 0.8 0.25 2.54 2.54 1.27 
Vineyards 0 0 2 0.4 0.7 0.3 2.286 2.286 1.016 
Transportation 0.35 1.27 2 0.25 0.55 0.95 2.032 2.032 1.016 
Extraction 0.4 12.7 1 0.1 0.2 1 1.27 2.032 1.016 
Built-Up Area Pervious 0 0 2 0.3 0.55 0.95 2.032 2.032 1.016 
Built-Up Area Impervious 0.33 1.27 2 0.3 0.55 0.95 2.032 2.032 1.016 
Swamp 0.4 25.4 2 0.3 0.6 0.55 5.08 2.032 0.762 
Fen 0.4 25.4 2 0.4 0.8 0.65 2.032 2.032 0.762 
Bog 0.4 25.4 2 0.4 0.8 0.65 2.032 2.032 0.762 
Marsh 0.4 25.4 2 0.4 0.8 0.65 2.032 2.286 1.016 
Open Water 1 50.8 0 0 0 1 0 0 0
Shallow Water 1 50.8 0 0 0 1 0 0 0
Undefined 0 0 2 0.3 0.9 0.7 2.032 2.54 1.016 
1 Vegetative Index Code -- 0-bare, 1-grass, 2-shrub, 3-tree 

Table 12: Land use related parameter values (see Leavesley et al., 1983; Chow, 1964; Linsley et al., 1975).  
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Surficial Geology 

Soil
Type
(1-3) 

Soil
Code

for 
CN 

Poro-
sity 

Field
Capa-
city 

Wilting
Point 

Re- 
charge 
Zone 
Depth 
(cm) 

Total
Soil 

Zone
Depth
(cm) 

Re- 
charge
Zone 

Storage
(cm) 

Total 
Soil  

Zone 
Storage

(cm) 

Hydraulic
Conduc-

tivity 
(m/s) 

Hydraulic
Conduc-
tivity of 
Frozen 

Soil 
(m/s) 

Bedrock  3 AB 0.05 0.03 0.01 91 183 1.83 3.66 8.00E-06 4.00E-07
Older Clay-silt  Till 3 BC 0.35 0.13 0.08 61 122 2.74 5.49 3.00E-05 1.50E-06
Sandy Silt Till 2 AB 0.35 0.13 0.08 61 122 2.74 5.49 3.00E-05 1.50E-06
Clay Till 3 BC 0.4 0.3 0.23 91 183 6.4 12.8 5.00E-08 2.50E-09
Ice Contact Sand and Gravel 3 A 0.35 0.13 0.08 61 122 2.74 5.49 5.00E-05 2.50E-06
Outwash Sand and Gravel 1 A 0.35 0.17 0.08 91 183 8.23 16.46 5.00E-08 2.50E-09
Outwash Sand 1 A 0.35 0.17 0.08 91 183 8.23 16.46 5.00E-08 2.50E-09
Outwash Gravel 1 A 0.4 0.3 0.23 91 183 6.4 12.8 1.00E-07 5.00E-09
Glaciolacustrine Clay and Silt 3 B 0.4 0.3 0.23 91 183 6.4 12.8 5.00E-07 2.50E-08
Glaciolacustrine Sand 1 A 0.4 0.3 0.23 61 122 4.27 8.53 1.00E-06 5.00E-08
Older Alluvium - Sand and Gravel 1 A 0.35 0.08 0.03 30 61 1.37 2.74 2.00E-04 1.00E-05
Modern Alluvial Sand 1 A 0.35 0.08 0.03 30 61 1.37 2.74 2.00E-04 1.00E-05
Modern Alluvium 2 A 0.35 0.08 0.03 30 61 1.37 2.74 5.00E-04 2.50E-05
Organic Deposits 3 BC 0.35 0.08 0.03 30 61 1.37 2.74 5.00E-04 2.50E-05
Ice Contact Sand 1 A 0.35 0.07 0.02 30 61 1.52 3.05 5.00E-03 2.50E-04
Undefined 2 AB 0.4 0.35 0.25 91 183 9.14 18.29 5.00E-07 2.50E-08
Note: Soil Type Code -1-sand, 2-loam, 3-clay 

Table 13: Soil properties related to surficial geology (see Todd, 1980; Linsley et al., 1975; Chow, 1964).  
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Soil Type Land Use Class 
A AB B BC C D 

Water 32 45 58 65 72 79 
Coastal Mudflats 32 45 58 65 72 79 
Intertidal Marsh 32 45 58 65 72 79 
Supertidal Marsh 32 45 58 65 72 79 
Fresh Water 32 45 58 65 72 79 
Deciduous Swamp 32 45 58 65 72 79 
Conifer Swamp 32 45 58 65 72 79 
Open/Treed Fen 32 45 58 65 72 79 
Open/Treed Bog 32 45 58 65 72 79 
Tundra Heath 32 45 58 65 72 79 
Dense Deciduous/ Coniferous 30 42 55 63 70 77 
Coniferous Plantation 30 42 55 63 70 77 
Mixed-Deciduous/ Coniferous 30 42 55 63 70 77 
Sparse Deciduous/ Coniferous 30 42 55 63 70 77 
Recent Cutovers 49 59 69 74 79 84 
Recent Burns/ Old Cuts and Burns 49 59 69 74 79 84 
Mine Tailings 68 73 79 82 86 89 
Settlement 49 59 69 74 79 84 
Pasture 32 45 58 65 72 79 
Cropland 49 59 69 74 79 84 
Alvar 30 42 55 63 70 77 
Unclassified 49 50 58 67 75 84 
Open cliff and Talus 68 74 79 82 86 89 
Shoreline/ Open Shoreline 49 59 69 74 79 84 
Open Bluff 68 74 79 82 86 89 
Open Sand Barren/Dunes 39 50 61 67 74 80 
Open Tallgrass Prairie 39 50 61 67 74 80 
Tallgrass Savannah 32 45 58 65 72 79 
Tallgrass Woodland 32 45 58 65 72 79 
Forest/ Coniferous/ 30 42 55 63 70 77 
Coniferous Forest 30 42 55 63 70 77 
Mixed Forest 30 42 55 63 70 77 
Deciduous Forest 30 42 55 63 70 77 
Annual Crop 58 65 70 74 78 81 
Mixed Crop 51 59 67 71 76 80 
Perennial Crop 39 50 61 67 74 80 
Idle Land 49 50 58 67 75 84 
Plantations-Trees 32 45 58 65 72 79 
Hedge Rows 32 45 58 65 72 79 
Orchards/ Vineyards 32 45 58 65 72 79 
Transportation 49 59 69 74 79 84 
Extraction 68 73 79 82 86 89 
Built-Up Area Pervious 49 59 69 74 79 84 
Built-Up Area Impervious 49 59 69 74 79 84 
Swamp Fen/Bog/Marsh 32 45 58 65 72 79 
Open Water/ Shallow Water 32 45 58 65 72 79 
Undefined 32 45 58 65 72 79 

Table 14: CN values based on land use classes and soil properties (see Chow, 1964).  
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Water Balance Item 

Annual 
Average 

Value 
(mm/yr) 

Precipitation 937.2 
    Potential ET 735.0 
    Interception Losses 94.2 
    Depression Storage Losses   30.9 
    Actual ET from Soil Water 439.2 
Total AET 564.3 
    Runoff - Pervious Surfaces 126.3 
    Runoff - Impervious Surfaces   53.6 
Total Runoff  179.8 
Net Recharge 198.3 

Table 15: Water balance from the PRMS model  
(values averaged over the simulation period and model area).  
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Summary of PRMS model results for the entire Hamilton Halton Study Area (Note: all flows in m3/sec)

Catchment_Name         Area 

(km^2)

Total Flow 

Simulation 

Total Flow 

Observed

Diff (Sim-

Obs)

Diff_flow 

(%)

Runoff 

Simulated 

Runoff 

Observed 

Diff (sim-

obs)

Diff_RO  

(%)

BaseFlow 

Simulated 

BaseFlow 

Observed  

Diff (sim-

obs)

Diff_Baseflow 

(%)

Comment

Etobicoke Creek Below QEW 211.15 2.54 2.53 0.01 0.40% 1.71 1.74 -0.03 -1.72% 0.83 0.79 0.04 5.06%
Oakville Creek at Milton 100.81 1.31 1.31 0 0.00% 0.49 0.42 0.07 16.67% 0.82 0.88 -0.06 -6.82%
Fairchild creek near brantford 392.11 4.82 3.92 0.9 22.96% 1.85 1.55 0.3 19.35% 2.96 2.37 0.59 24.89%
East Oakville Creek near Omagh 194.06 2.07 1.74 0.33 18.97% 1.15 0.96 0.19 19.79% 0.91 0.78 0.13 16.67%
Grindstone Creek Near Aldershot 79.98 1.03 0.89 0.14 15.73% 0.49 0.33 0.16 48.48% 0.54 0.56 -0.02 -3.57%
Bronte Creek at Carlisle 113.58 1.45 1.44 0.01 0.69% 0.53 0.34 0.19 55.88% 0.92 1.1 -0.18 -16.36%
Speed River below Guelph 565.86 6.7 6.22 0.48 7.72% 2.04 1.72 0.32 18.60% 4.66 4.5 0.16 3.56%
Ancaster Creek at Ancaster 7.46 0.096 0.094 0.002 2.13% 0.052 0.032 0.02 62.50% 0.042 0.064 -0.022 -34.38% missing 3yr data
Spencer Creek Near Westover 62.59 0.77 0.62 0.15 24.19% 0.36 0.16 0.2 125.00% 0.41 0.46 -0.05 -10.87%
Spencer Creek at Highway No5 134.55 1.73 1.75 -0.02 -1.14% 0.77 0.55 0.22 40.00% 0.99 1.21 -0.22 -18.18%
Redhill Creek at Hamilton 50.44 0.636 0.697 -0.061 -8.75% 0.4 0.48 -0.08 -16.67% 0.234 0.217 0.017 7.83% missing 1yr data
Stoney Creek at Stoney Creek 16.36 0.18 0.17 0.01 5.88% 0.088 0.128 -0.04 -31.25% 0.094 0.044 0.05 113.64% missing 3yr data
Spencer Creek at Dundas 163.47 2.15 2.18 -0.03 -1.38% 0.93 0.77 0.16 20.78% 1.22 1.42 -0.2 -14.08%
Redhill Creek at Albion Falls 25.52 0.33 0.4 -0.07 -17.50% 0.23 0.26 -0.03 -11.54% 0.104 0.138 -0.034 -24.64% missing 1yr data
Etobicoke Creek at Brampton 71.43 0.8075 0.665 0.1425 21.43% 0.47 0.4675 0.0025 0.53% 0.335 0.1975 0.1375 69.62% missing data 1993/09/18 - 1997/9/30
Lutteral Creek near Oustic 70.85 0.75 0.63 0.12 19.05% 0.25 0.29 -0.04 -13.79% 0.5 0.35 0.15 42.86% missing data 1991/4/26 - 1997/9/30
Speed River near Armstrong Mills 179.97 2.2 2.32 -0.12 -5.17% 0.56 1.04 -0.48 -46.15% 1.63 1.27 0.36 28.35%
Blue Springs Creek near Eden Mills 39.97 0.48 0.61 -0.13 -21.31% 0.13 0.12 0.01 8.33% 0.34 0.5 -0.16 -32.00%
Eromosa River above Guelph 231.85 2.69 2.7 -0.01 -0.37% 0.82 0.79 0.03 3.80% 1.87 1.91 -0.04 -2.09%
Credit River West Branch at Norval 138.72 1.73 1.41 0.32 22.70% 0.65 0.47 0.18 38.30% 1.08 0.94 0.14 14.89%
Credit River Erin Branch above Erin 36.1 0.48 0.47 0.01 2.13% 0.1 0.11 -0.01 -9.09% 0.38 0.36 0.02 5.56%
West Humber River at Highway No.7 137.79 1.39 1.25 0.14 11.20% 0.84 0.91 -0.07 -7.69% 0.54 0.34 0.2 58.82% About 3% area outside model boundary
Black Creek below Acton 25.59 0.32 0.26 0.06 23.08% 0.12 0.08 0.04 50.00% 0.2 0.19 0.01 5.26%
Sum of all gauges 36.6595 34.276 2.3835 6.95% 15.03 13.7175 1.3125 9.57% 21.609 20.5905 1.0185 4.95%  

Table 16: PRMS model calibration details. 

 
 

Model Result By Aquifer/Layer 

Number
of 

Wells 
(n) 

ME  
(m) 

MAE 
(m) 

RMSE
(m) 

Range 
in Obser-
vations 

(m) 

RMSE as
Percent

of Range
(%) 

Layer 3 - Upper Sediments/ORAC          585     -1.32      4.58     5.88 215 2.7
Layer 5 - Inter-Till Sediments /INS 118 -0.12 4.85        6.5 170 3.8
Layer 7- Guelph Fm./TAC 54 -7.32 8.63 9.89 110 9.0
Layer 9 - SAC 1424 -2.89 5.5 7.46 260 2.9
Layer 9 - Amabel Production Zone 827 -4.47 6.12 7.85 140 5.6

Table 17: Calibration statistics for heads (MOE and High Quality data).  
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Gauge 
ID 
 

Stream Gauge Name 
Estimated
Baseflow

(m3/s) 

Simulated
Baseflow

(m3/s) 
02HB005 Oakville Creek at Milton 0.658 0.606
02HB004 East Oakville Creek near Omagh 0.472 0.966
02HB012 Grindstone Creek Near Aldershot 0.459 0.683
02HB022 Bronte Creek at Carlisle 0.821 0.834

Table 18: Comparison of estimated baseflow to simulated groundwater discharge to streams in the model area. 
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Zone 
Name 

Delineation 
Method 

WHPA A  100-metre radius 
WHPA B   0 to 2-year ToT zone (outside WHPA A) 
WHPA C   2 to 5-year ToT zone 
WHPA D   5 to 25-year ToT zone 

Table 19: Time of Travel (ToT) zones and corresponding sensitivity zones. 

 
 

Overburden 
Material 

Mobile 
Moisture Content

Sand 10% 
Loam 25% 
Clay 40% 

Table 20: Mobile moisture content values based on soil description (from MOE, 2006). 

 
 
Surface to Well Advective Time (SWAT) 

 High 
0 to 5 years 

Medium 
5 to 25 years

Low 
> 25 years 

A within 100-m radius 10 10 10 

B 100 m radius to 2-year ToT 10 8 6 

C 2-year to 5-year ToT 8 6 2 W
H

P
A

 

D 5-year to 25-year ToT (6) 4 2 

Table 21: Vulnerability Scoring Matrix. 
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9 Figures 
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Figure 1: Halton Source Protection Area (part of the Hamilton-Halton Source Protection Region) 
showing locations of the Milton and Campbellville (map from Conservation Halton). 
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Figure 2: Location of municipal wells in the Kelso wellfield. 
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Figure 3: Location of municipal wells in the Walker's Line wellfield. 
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Figure 4: Location of municipal wells in the Campbellville wellfield. 
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Figure 5: Halton-Hamilton Database and Model Coverage 
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Figure 6: Regional Stratigraphic Model Cross Section 1 Location 
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Figure 7: Regional Stratigraphic Model Cross Section 1 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  75 

 

Figure 8: Extent of the South Halton model area and conditions along model boundary. 
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Figure 9: Land surface topography (digital data from Ontario Ministry of Natural Resources). 
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Figure 10: Physiography of the Study Area (from Chapman and Putnam, 1984). 
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Figure 11: Bedrock stratigraphy of the Halton-Hamilton area (after Telford, 1978).   
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Figure 12: Paleozoic Geology (data from Ontario Geological Survey (Armstrong and Dodge, 2007)). 
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Figure 13: Conceptual stratigraphic model of the Niagara Escarpment (from Brunton et al., 2007). 
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Figure 14: Surficial geology (data from OGS, 2003). 
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Figure 15: Stratigraphic and time-distance relationships of the tills and ice advances between Toronto and Woodstock, Ontario (after Karrow, 
2005a).   
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Figure 16: West-East conceptual (schematic) cross section through the study area (not to scale).  
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Figure 17: Interpolated bedrock surface topography. 
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Figure 18: Thickness of the overburden in the study area. 
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Figure 19: Thickness of the Halton Till. 
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Figure 20: Thickness of the Wentworth and Upper Newmarket Tills. 
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Figure 21: Thickness of the Port Stanley Till and Lower Newmarket Till. 
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Figure 22: Southwest-Northeast geologic cross section through the Campbellville and Kelso wellfields. 
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Figure 23: North-South geologic cross section through the Kelso and Walkers Line wellfields. 
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Figure 24: Ecodistrict locations. 
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Figure 25: Environment Canada climate stations within or near the study area with at least 10 years of record. 
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Figure 26: Subwatersheds, wetlands (shown in green), and Strahler stream classification. 
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Figure 27: Environment Canada (HYDAT) surface water flow gauges. 
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Figure 28: Total and estimated baseflow (smoothed minima method) for the Oakville (Sixteen Mile) Creek at Milton gauge. 
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Figure 29: Flow chart for (a) the PRMS code and (b) the snowpack sub-model. 
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Figure 30: PRMS calibration: simulated versus observed total flow (for details see Table 16). 
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Figure 31: Interpolated annual average precipitation for 1989 to 1997, in mm/yr. 
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Figure 32: Simulated annual average actual ET (including interception and depression storage losses) for 1989 to 1997, in mm/yr. 
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Figure 33: Simulated annual average overland runoff from pervious and impervious surfaces for 1989 to 1997, in mm/yr. 
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Figure 34: Simulated net recharge to groundwater (mm/yr) from the PRMS model. 
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Figure 35: Permit to Take Water locations and maximum pumping rates for groundwater and combined takings. 
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Figure 36: West-East hydrostratigraphic section through the Campbellville and Kelso wellfields. 
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Figure 37: Location of wells with static water level data, by aquifer. 
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Figure 38: Static water level data for wells in the Upper Sediments (above the Niagara Escarpment) and ORAC. 
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Figure 39: Static water level data for wells in the Inter-Till Sediments and INS. 
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Figure 40: Static water level data for wells in the Guelph Fm. (above the Niagara Escarpment) and TAC.. 
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Figure 41: Static water level data for wells in the Amabel Production Zone (above the Niagara Escarpment) and SAC. 
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Figure 42: Interpolated static water level data for the Amabel Production Zone (above the Niagara Escarpment) and the SAC (below). 
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Figure 43: Groundwater monitors in the Campbellville and Milton area showing average static water level. 
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Figure 44: Portion of the model grid in the Campbellville and Milton area 
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Figure 45: Model section through the Campbellville and Kelso wellfields showing layer continuity. 
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Figure 46: MODFLOW "rivers" and "drains" showing (a) one-way leakage from aquifer to drain; (b) no leakage when aquifer head falls below 
drain elevation; (c) two-way leakage between aquifer and river; and (d) constant leakage from river when head falls below river bed bottom. 

 
 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  114 

 

Figure 47: Location of MODFLOW river and drain cell used to represent streams, lakes, and wetlands. 
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Figure 48: Calibrated hydraulic conductivity for Layer 3 – Upper Sediments and ORAC 
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Figure 49: Calibrated hydraulic conductivity for Layer 5 – Inter-Till sediments and INS 
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Figure 50: Calibrated hydraulic conductivity for Layer 7 – Guelph (above Niagara Escarpment) and TAC (below). 
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Figure 51: Calibrated hydraulic conductivity for Layer 9 – Amabel Production Zone and SAC. 
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Figure 52: Simulated potentials in Layer 3 at current permitted pumping versus observed water levels.  



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  120 

 

Figure 53: Simulated potentials in Layer 5 (INS and Inter-till sediments) versus observed water levels.  
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Figure 54: Simulated potentials in Layer 7 (Guelph and TAC) versus observed water levels.  
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Figure 55: Simulated potentials in Layer 9 (Amabel Production Zone and SAC) versus observed water levels.  
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Figure 56: (a) Observed static water levels in the Upper Sediments/ORAC versus simulated potentials in Layer 3 and (b) ) Observed static 
water levels versus in the Inter-Till Sediments/INS versus simulated potentials in Layer 5. 
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Figure 57: (a) Observed static water levels in the Guelph Fm./TAC versus simulated potentials in Layer 7 and (b) ) Observed static water 
levels versus in the SAC versus simulated potentials in Layer 9. 
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Figure 58: Observed static water levels in the Amabel Production Zone versus simulated potentials in Layer 9. 
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Figure 59: Simulated groundwater discharge to streams and wetlands (L/sec). 
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   (a)       (b) 
 

    
   (c)       (d)    

Figure 60: Sketch showing (a) time of travel based Wellhead Protection Areas, (b) backward 
tracking of particles from the well to discharge point to define time-of-travel zones, (c) intrinsic 
vulnerability zones based on surface to well advection times, and (d) intersection of time-of-
travel and WHPAs to assign vulnerability scores. 
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Figure 61: Particle tracks from the municipal wells at 25 years of (backward) travel. 



Vulnerability Analysis for the Milton and Campbellville Wellfields September, 2009 
 

Earthfx Inc.  129 

 

Figure 62: Wellhead protection areas for the Campbellville and Milton wells based on time of travel. 
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Figure 63: Estimated unsaturated zone advective times (in years) in the Milton and Campbellville areas. 
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Figure 64: Starting points for forward particle tracking (colour indicates uppermost active model layer). 
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Figure 65: Estimated water table to well advective times (WWAT), in years, for particles arriving at the Milton and Campbellville wells.  
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Figure 66: High, medium, and low vulnerability zones based on water table to well advective times to the Milton and Campbellville wells.  
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Figure 67: Vulnerability scores for the Milton and Campbellville wells based on overlaying the WHPAs on the vulnerability zones. 


