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1.0 Introduction 

In the fall of 2005, the Ontario government introduced Bill 43, the Clean Water Act (the “Act”) to protect 
drinking water at the source as part of an overall commitment to human health and the environment.  
Protecting “source water” is the first step in a multi-barrier approach to ensure the quality and 
sustainability of our drinking water supplies  (Ontario Ministry of the Environment, 2006a).  A focus of the 
government’s legislation is the production of locally-developed, science-based Assessment Reports and 
Source Protection Plans.  The Assessment Report, to be prepared by the Source Protection Authority, 
includes a watershed characterization, a water budget, municipal water supply strategies (aligned with 
drinking water systems), a groundwater and surface water vulnerability assessment, a threats assessment 
and issues evaluation, and water quality and quantity risk assessment studies.  Upon completion of the 
Assessment Reports, Source Protection Plans will be developed for the Source Protection Regions.  The 
Source Protection Plan will outline locally based risk management measures to reduce or to prevent risks 
to drinking-water supplies and include a recommended implementation strategy. 

Groundwater Vulnerability Assessments are completed to meet the requirements of the Act and they 
identify vulnerable areas, characterize the relative vulnerability of the municipality’s supply aquifers as 
high, medium or low, and assign vulnerability scores to zones within the vulnerable areas.  The Province’s 
Technical Rules for the Assessment Report (MOE, 2009) provide legal definitions of vulnerable areas, 
vulnerability scoring, and the assessment of water quality threats.  The Province also developed and 
released “ASSESSMENT REPORT: Draft Guidance Module 3, Groundwater Vulnerability Analysis” (MOE, 
2006b) to recommend methodologies to delineate vulnerable areas and develop vulnerability maps.  
These documents were developed for guidance purposes only and may not be consistent with the 
requirements of the Technical Rules (MOE, 2009). 

1.1 WELLHEAD PROTECTION AREAS 

Contamination of groundwater results from a wide range of activities.  Improper waste disposal, leaking 
underground storage tanks, former industrial sites, urban runoff, road salts, and other sources can lead to 
poor groundwater quality if not managed properly.  Once groundwater is contaminated, it may be 
unsuitable for drinking water or it may require expensive treatment processes to remove the 
contaminants.  Wellhead Protection Areas (WHPAs) are used in the environmental planning context to 
identify lands where contamination could be introduced into a municipal drinking water well. 

A WHPA is a planning term used to describe scientifically-based ‘capture zones’ delineated for active 
municipal water supply wells.  A capture zone is the area of land surrounding a groundwater extraction 
well where water located at and below the ground surface may travel towards that well within a defined 
period of time.  WHPAs and capture zones are projections to ground surface and do not indicate that a 
contaminant released or spilled on the ground surface will travel to the municipal supply well within the 
specified period of time (e.g. 2 years).  The time for a drop of water released at surface to reach a 
municipal well screened at depth, or beneath a confining layer, may be much longer than the capture zone 
time-of-travel suggests.  This is because the vertical time-of-travel from surface to the top of the aquifer is 
not incorporated into the WHPAs.  The first step to meet the requirements of the Groundwater 
Vulnerability Assessment is the delineation of regulated vulnerable areas, which include Wellhead 
Protection Areas (WHPAs), Highly Vulnerable Aquifers and Significant Groundwater Recharge Areas. 
This study focuses on the delineation of the WHPAs, which will be treated with specific policies within the 
Source Protection Plan.   

The Technical Rules (MOE, 2009) require that the following Wellhead Protection Areas be delineated for 
each municipal drinking water supply well: 

1) WHPA-A: the surface and subsurface area centred on the well with an outer boundary identified 
by a radius of 100 metres; 
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2) WHPA-B: the surface and subsurface areas within which the time-of-travel to the well is less than 
or equal to two years but excluding WHPA-A; 

3) WHPA-C: the surface and subsurface areas within which the time-of-travel to the well is greater 
than two years, but less than or equal to five years; and,  

4) WHPA-D: the surface and subsurface areas within which the time-of-travel to the well is greater 
than five years, but less than or equal to twenty-five years. 

1.2 PREVIOUS HYDROGEOLOGIC STUDIES 

The Pullen Well lies within the eastern reaches of the Township of Amaranth, near the Town of 
Orangeville.  Several local scale studies were conducted on the Pullen Well to determine its potential 
suitability for use as a municipal or communal water supply well.  Due to its proximity and as it draws 
water from several Town of Orangeville municipal supply wells, discussion is provided on the 
hydrogeology of the area surrounding the Pullen Wells, and the nearby Town of Orangeville wells.  The 
following studies were undertaken and are relevant to the development of the conceptual understanding of 
the hydrogeology of the Pullen Well and surrounding local areas;  

• Results of Additional Field Investigations Proposed Hamount Valleygrove Developments, Township of 
Amaranth (Terraprobe, 2006a); 

• Hydrogeologic Investigations, Proposed Hamount and Valleygrove Residential Subdivisions, 
Township of Amaranth (Terraprobe, 2006b);  

• Town of Orangeville, Well Performance Evaluation (Burnside, 2005); 

• Interactions Between Pumping of Pullen, Transmetro and Dudgeon Wellfields and Upper Branch of 
Lower Monora Creek (Burnside and Gartner Lee, 2004); 

• Groundwater Under Direct Influence of Surface Water (GUDI) Study for the Town of Orangeville Wells 
(Burnside, 2002); 

• Groundwater Management Plan – Town of Orangeville (Gartner Lee, 1998); and 

• Hydrogeological Assessment of PW1 and PW2, Transmetro Wellfield (Burnside, 1996). 

1.3 ONGOING HYDROGEOLOGIC/ MODELLING STUDIES  

In 2007, the Ministry of Natural Resources retained a team including AquaResource Inc. (AquaResource) 
EbnFlo Environmental (EbnFlo), and Burnside and Associates, Ltd. (Burnside) to complete a detailed 
water budget study to assess the current and future municipal groundwater supplies within the Towns of 
Orangeville and Mono, and the Township of Amaranth.  This study (Towns of Orangeville, Mono, and 
Amaranth Tier Three Water Budget and Local Area Risk Assessment) is ongoing, and one of the major 
components of the Tier Three Assessment is the development of a conceptual and detailed three-
dimensional groundwater flow model of the groundwater flow system, with a focus on the detailed 
hydrogeological characterization around each wellfield.  The Tier Three groundwater model was 
developed with extensive local hydrogeologic data and characterization and was calibrated with water 
level monitoring data collected from the Town of Orangeville’s monitoring wells and a long term pumping 
test carried out by the Town of Orangeville involving the Transmetro (Well 12), Dudgeon (Well 8C) and 
Pullen Wells.  A draft Tier Three Assessment report was completed in 2008 (AquaResource et al., 2008), 
and is currently being updated in response to Peer Review comments.  

The calibrated steady-state groundwater flow model built and calibrated for the Tier Three Assessment 
was used in this study to delineate the time of travel capture zones for the Towns of Orangeville and 
Mono.  The steady-state flow solution is suitable for the prediction of wellhead protection areas as the 
capture zones are based on long-term hydrogeologic conditions.  Information on the model input 
parameters is provided below; however, additional information on the conceptual model development and 
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the model calibration is presented in the Towns of Orangeville, Mono, and Amaranth Tier Three Water 
Budget and Local Area Risk Assessment (AquaResource et al., 2008). 
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2.0 MODFLOW Groundwater Flow Model 

2.1 MODEL SELECTION 

The MODFLOW code was selected to develop the numerical groundwater flow model for the Tier Three 
Water Budget Pilot Project and for use in delineating the Orangeville and Mono capture zones.  
MODFLOW is a three-dimensional, saturated, finite difference groundwater modelling code developed by 
the United States Geological Survey (McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996). 
MODFLOW simulates the flow of groundwater through porous media through the calculation of a series of 
partial-differential equations that describe the relationship between flow, pressure, and the properties of 
the porous media.   

MODFLOW was used in this project to simulate groundwater flows and pressures in the Orangeville, 
Mono, and Amaranth areas.  Hydrogeologic and geologic information regarding groundwater flow, and 
groundwater-surface water interactions, and information regarding the material properties of the 
aquifers/aquitards that exist in the area were assembled and used to generate the conceptual 
groundwater flow model in the area.  This conceptual understanding was then translated into the 
numerical representation necessary for MODFLOW.   

2.2 MODEL INPUT PARAMETERS 

2.2.1 Hydraulic Conductivity Values 
The hydraulic conductivity distribution in each model layer was assigned based on the properties of the 
aquifer or aquitard they represent.  Initial hydraulic conductivity values were based on review of available 
hydraulic data and final hydraulic conductivity values were determined through the model calibration 
process.  Table 1 outlines the range of hydraulic conductivity and transmissivity values estimated from 
aquifer testing data for bedrock (BR) and overburden (OB) aquifers and the modelled hydraulic 
conductivity and transmissivity values.  

Table 1: Field Based and Modelled Hydraulic Conductivity and Transmissivity Values 

Well 
Tested Aquifer 

Hydraulic Conductivity 
(m/s) Transmissivity (m2/d) Reference for Reported/ 

Estimated Conductivity Values Field 
Estimates  

Modelled 
Values  

Field 
Estimates 

Modelled 
Values 

Well 2A BR  7.17E-05 5.50E-05 140 151 Crowley Groundwater Ltd., 1979. 
Well 2A BR  2.20E-05 43 Trow, Dames and Moore, 1991.   
Well 5 OB  1.58E-03 

4.00E-03 

835 

2600 

Trow, Dames and Moore, 1991.   
Well 5/5A OB  2.69E-03 1416 Mayhew, G.H., 1978.  Well 5/5A OB  3.33E-03 1755 
Well 5A OB  1.96E-03 1035 Trow, Dames and Moore, 1991.   
Well 6 BR   1.58E-04 5.50E-05 355 152 Trow, Dames and Moore, 1991.   
Well 7 BR  3.59E-05 

5.50E-05 
75 

151 
Trow, Dames and Moore, 1991.   

Well 7 BR  8.27E-05 173 Gartner Lee, 1998.  
Well 7 BR  5.17E-05 108 Terraqua Investigations, 1995.   
Well 8A/ 8B BR  8.16E-06 5.50E-05 43 152 Wilson Associates, 1989.  Well 8C BR  8.28E-06 46 
Well 9A BR  5.20E-04 9.00E-05 409 126 Burnside, 1993.  Well 9B BR  1.24E-03 461 
Well 10 OB  1.42E-03 4.00E-04 711 to 717 726 Wilson Associates, 1993. 
Well 11 BR   1.84E-05 5.50E-05 48 138 Gartner Lee, 1998.  

Well 12 
BR  1.19E-03 

5.50E-05 
2678 

151 
Burnside and Gartner Lee 2004  

BR  8.41E-05 189 Franklin Geotechnical, 1989.  

Pullen BR  3.50E-04 5.50E-05 900 134 Terraprobe, 2006.   
BR  7.00E-04 210 Terraqua Investigations, 1995 
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Well 
Tested Aquifer 

Hydraulic Conductivity 
(m/s) Transmissivity (m2/d) Reference for Reported/ 

Estimated Conductivity Values Field 
Estimates  

Modelled 
Values  

Field 
Estimates 

Modelled 
Values 

Coles 1 OB  3.42E-05 4.00E-05 65 86 Wilson Associates, 1989.  
Coles 2 OB  1.37E-05 26 Terraqua Investigations, 1995.   

Cardinal 
Woods 1 

BR  1.07E-04 
5.50E-05 

369 
108 

Burnside, 2000.  BR  1.19E-04 410 
BR  1.53E-05 53 Terraqua Investigations, 1995.   

Cardinal 
Woods 2  

BR  8.04E-05 
5.50E-05 

278 
108 

Burnside, 2000. BR  1.70E-04 586 
BR  9.84E-06 34 Terraqua Investigations, 1995. 

Cardinal 
Woods 4 
(Brett Farm) 

BR 7.76E-05 
5.50E-05 

n/a 
108 

Burnside, 2000 
BR 1.13E-06 n/a Burnside, 2000 
BR 3.00E-04 n/a Terraqua Investigations, 1995.   

 

The modelled hydraulic conductivity and transmissivity values lie within the range of field measured values 
for the majority of the municipal wells.  Wells 8B, 8C, 12, and the Pullen Well lie in close proximity to one 
another and all extract water from the Amabel Formation aquifer.  The field estimated transmissivity 
values vary widely from 43 to 2678 m2/day.  The model calibration started with a hydraulic conductivity at 
the upper limit of the range of field-based conductivities; however, the model-predicted drawdown in the 
pumping wells was significantly lower than observed during the transient calibration to the three well 
pumping test in this area (i.e., calibration to pumping in Wells 12, 8C and Pullen).  The hydraulic 
conductivity applied in the model in this area was lowered, and higher hydraulic conductivity zones were 
added around Pullen and Well 12, however, the observed drawdown in Pullen, Well 12 and Well 8C in the 
transient calibration could not be reproduced by the model with these elevated conductivity values.  
Lowering the hydraulic conductivity of the bedrock aquifer to values estimated by Terraqua Investigations 
(1995; 210 m2/d at Pullen) and Franklin Geotechnical (1989; 151 m2/day at Well 12) produced an 
excellent calibration to the three-well pumping test (see AquaResource et al., 2008 for details).  Hydraulic 
conductivity estimates of Terraprobe (2006) and Burnside and Gartner Lee (2004) are believed to over 
predict the transmissivity of the bedrock, whereas transmissivity values estimated in earlier studies are 
interpreted to be more representative of the local conditions in the vicinity of these wellfields.  The 
calibration to steady-state and transient water levels provides additional confidence in the model in this 
area. 

The transmissivity in the model at Well 5/5A is higher than the field-estimated values due to the difference 
in the saturated thickness simulated in the model.  The model simulates a saturated thickness at Wells 
5/5A of approximately 7.7 m, which translates to a transmissivity of 2700 m2/d at the well.  Field test 
values assume a saturated thickness of 5 m (transmissivity of approximately 1700 m2/d).  The high 
conductivity zone (4x10-3 m/s) is restricted to an isolated area around the well (geologically interpreted to 
be an outwash feature), and the field values may represent this zone and the surrounding aquifer 
properties (producing a lower transmissivity estimate).  The hydraulic conductivity of this zone was 
reduced in the lower hydraulic conductivity sensitivity analysis scenario (discussed below), and under this 
scenario the transmissivity (1700 m2/d) falls within the range of the field estimated values (Table 1). 

2.2.1.1 Local Hydraulic Conductivity Values 

The well log for the Pullen Well describes the overburden at the well as an upper unit of sandy clay (likely 
interbeds of sand and clay; 4.6 m thick), underlain by an upper aquifer consisting of sand and gravel (18 
m thick), and a lower aquitard (31 m thick).  Bedrock in the well log is encountered at 54.0 m below 
ground surface, with the base of the Amabel Formation interpreted to be at 87 m below ground surface 
(contact between upper ‘light brown limestone’ and lower ‘blue limestone’).     

Within the MODFLOW model, the saturated portion of the overburden system at the Pullen Well contains 
an upper sand unit (Kx = Ky = 4x10-5 m/s) with clay interbeds (Kz = 3x10-7 m/s) associated with the 
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Orangeville Moraine, underlain by 31 m of aquitard material (Kx = Ky = 2x10-6 to 2x10-8 m/s; lower tills), 
which is underlain by the bedrock aquifer (Amabel Formation; Kx = Ky = 5.5x10-5 m/s) at 52 m below 
ground surface.  The thickness of the Amabel Formation aquifer at the Pullen Well is simulated to be 31 m 
(c.f., interpreted thickness of the Amabel Formation at the Pullen Well of 33 m).   

2.2.2 Effective Porosity Values 
Groundwater flow models provide estimates of the Darcy flux or flow rate of groundwater per unit cross-
sectional area through porous media (i.e., overburden or rock).  To estimate the linear groundwater 
velocity, representing the speed at which a particle of water might travel, this flux is divided by the 
“effective” porosity of the porous media.  Effective porosity differs from the total porosity of a porous media 
and is typically much smaller than the total porosity.  While a porous media may have a high proportion of 
pore space, many of those pores may not be connected. The effective porosity is meant to represent the 
fraction of pore space that is connected providing a path for groundwater to travel from one point to 
another. 

In fractured bedrock aquifers, porosity consists of both the space between grains and fractures.  A 
proportion of each of these will be disconnected and will not act as pathways for groundwater to travel.  
The effective porosity in fractured rock therefore consists of both connected matrix pores and fractures.  
Tracer tests provide the best means for estimating effective porosity in fractured rock as these tests 
integrate the influence from both the connected matrix and fracture porosity features.  

The estimated effective bedrock porosity impacts the size of delineated time-of-travel capture zones (e.g., 
the 2-year, 5-year, and 25-year time-of-travel) because the calculated linear velocity is inversely 
proportional to the specified “effective” porosity value.  Consequently, it is typical to use a lower estimate 
of effective porosity when delineated capture zones for WHPAs to ensure that those areas are 
conservatively large enough to account for uncertainty in the parameter estimates.     

Flow and porosity data were collected as part of a bedrock hydrogeological study in nearby Cambridge, 
Ontario.  These studies included the use of televiewer logs, flow profiles, tracer tests and packer tests to 
identify flow horizons and estimate porosity in the Guelph and Amabel Formation bedrock (bedrock 
production aquifers in the Orangeville area).  The studies concluded that fractures are the most important 
features in contributing to the overall transmissivity of the bedrock aquifer, but areas with higher 
concentrations of vuggy, or secondary porosity, also provide localized higher transmissivity zones.  

Four tracer tests were conducted in Cambridge Ontario (Beak Consultants et al., 1995; Lotowater, 1997), 
and analysis of the tracer test results estimated the effective porosity range for use in a groundwater flow 
to be 0.07% to 11% (Duke Engineering and Services Inc., 1998).  AquaResource reviewed the tracer test 
results and estimated the most representative effective porosity for use in the Orangeville and Mono 
capture zone delineation was 3.9%, based on the distance and length of time over which the tracer tests 
in Cambridge were conducted.  Duke Engineering and Services Inc. (1998) also conducted numerical and 
analytical modelling using a dual porosity code (SWIFT-II) to show that effective porosity of 3% provided a 
reasonable approximation of dual porosity at the spatial and temporal scale of typical capture zones.  
Based on the results of the tracer tests, and dual porosity modelling, the range of bedrock porosities 
representative of the Orangeville area is outlined in Table 2.   

Table 2: Modelled Porosity Values 

Lithology 
Effective Porosity (%) 

Base Case Low  High 
Competent Bedrock Aquifer  3 1 9 
Weathered Guelph and Amabel Formation Bedrock 5 3 10 
Bedrock Aquitard 7 5 10 
Overburden Aquifers/ Aquitards 25 15 35 
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2.2.3 Boundary Conditions 
Boundary conditions applied in the groundwater flow model were chosen to approximate the regional 
groundwater flow patterns and to approximate the major groundwater fluxes within the Study Area.  
Boundary conditions applied in the model include groundwater recharge (provided from the HSP-F 
model), flow into and out of surface water features (streams, rivers, lakes), groundwater pumping wells, 
and flow into and out of the model along its perimeter (Figure 1).  

2.2.3.1 Specified Head Boundary Conditions  

Specified head boundary conditions are boundaries where the value of the head is assigned to specific 
cells within the model, and the amount of discharge into or out of the model cell fluctuates to satisfy the 
specified head condition.  Physically, these boundary conditions (constant heads) are commonly used to 
simulate areas where aquifer potentials are expected to remain at a constant level such as the flow of 
water into or out of the model domain.  Specified or constant head boundary conditions were applied at 
locations along the perimeter of the groundwater flow model where groundwater was interpreted, from 
observed water levels, to flow into or out of the model domain (Figure 1). 

2.2.3.2 Specified Flux Boundary Conditions 

Specified flux boundary conditions are boundary conditions for which a flux value is assigned to specific 
model cells.  The hydraulic head within the cell is allowed to fluctuate to meet that flux condition.  These 
boundary conditions were used to represent groundwater extraction wells and recharge to the 
groundwater system. No-flow boundaries are another type of specified flux boundary where the rate of 
lateral flow across the boundary is assumed equal to zero.  In this study, no-flow boundaries were used to 
represent groundwater divides in the northern, southern, and eastern portions of the model domain 
(Figure 1).  The location of these divides was based on a regional-scale potentiometric surface mapped 
based on hydraulic head measurements in Ministry of the Environment (MOE) water well records.    

2.2.3.3 Head Dependent Boundary Conditions  

Head dependent boundary conditions are boundaries where a flux across a boundary is calculated given 
a value of head assigned to specific model cells.  The flux is dependent on the difference between a 
specified head and the calculated heads in the surrounding model cells.  These head-dependent flow 
boundary conditions include river and drain boundary conditions that were applied in the model to 
represent discharge of water into or out of surface water features such as rivers, creeks and wetlands 
(Figure 1).   

2.2.3.4 Municipal Pumping Wells 

The Towns of Orangeville and Mono rely on groundwater for all their drinking water supplies.  Most of the 
water supply wells are completed in the bedrock aquifer referred to as the Guelph–Amabel Formation 
aquifer; however, a few wells are completed in coarse-grained overburden aquifers.  Figure 2 illustrates 
the locations of the water supply wells for the Towns as well as the Pullen Well in the Township of 
Amaranth (Table 3). 

The 2008 Average Day Demand is based on continuous flow averaged over a year and is provided as a 
comparison to the capture zone delineation rates (Table 3).  In 2008, the average total groundwater 
production for the Orangeville municipal wells was approximately 8,636 m3/d, which is well below the total 
permitted rates of 17,555 m3/d for the Orangeville Wells.  The Orangeville capture zones were delineated 
at a rate that was determined to be the maximum future average annual groundwater demand that can be 
sustained by the wells.  The rates were run to steady-state and the model predicted drawdown at each 
Orangeville well was compared to the available drawdown (relative to current water level elevations in the 
wells and the safe operating water level elevation) to ensure the wells could pump long term at these 
elevated rates.  The model was run iteratively in an attempt to partition the required long term pumping 
across the municipal wells, such that the wells could sustain the elevated pumping rates, and there was 
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minimal impact on surface water features.  The rates outlined in Table 3 as capture zone delineation rates 
are the outcome of this exercise; the model predicted drawdown at each municipal well is within the safe 
available drawdown.  These rates are estimated maximum average annual rates that could be sustained 
by the Town of Orangeville wells.  Higher daily pumping rates may be temporarily experienced by the 
wells; however, they cannot be sustained over the long term.  As such, these maximum average annual 
(future) water demand values were used to delineate the capture zones for the Orangeville wells.   

Table 3: Municipal Pumping Rates  

Town Municipal Well Aquifer 
Pumping Rates (m3/day) 

Permitted 
Rates 

2008 Average Day 
Demand 

Capture Zone 
Delineation4 

O
ra

ng
ev

ill
e 

Well 2A Bedrock 864 286 440 
Well 5/ 5A Overburden 6,000 3,359 3,500 
Well 6 Bedrock  3,456 1,358 1,600 
Well 7 Bedrock 1,309 755 1,235 
Well 8B, 8C Bedrock 655 478 550 
Well 9A/ 9B Bedrock 878 559 560 
Well 10 Overburden 1,395 121 1,235 
Well 11 Bedrock 1,309 939 1,235 
Well 12 Bedrock 1,309 781 1,240 

M
on

o 

Cardinal Woods 31 Bedrock 1,571 240 392 
Cardinal Woods 11 Bedrock 817 8 196 
Cardinal Woods 41 Bedrock 753 0 196 
Coles Wells 1/ 22 Overburden 655 82 116 
Island Lake PW13 Overburden 1,966 5 

347 
Island Lake TW13 Overburden 820 118 

A
m

ar
-a

nt
h 

Pullen Well Bedrock 7375 0 2206 

Notes:  1 Total permitted of 1571 m3/d from either Cardinal Woods Well 3, or Cardinal Woods Wells 1 and 4.   
                 Projected rate for Cardinal Woods Well Field was 392 m3/d (from CW3, or CW1 and CW4). 

2 Each well permitted for 570 m3/d but combined taking of 655 m3/d. 
3 72 hour combined daily average of 2,614 m3/d. 
4 Based on total future sustainable demand estimates (as per outlined below) 
5 Permit has expired; previous permitted rate was 737 m3/d 
6 Rate based on average day demand required to meet the needs of an estate subdivision. 
 

The permit for the Pullen Well has recently expired and a new permit to take water has been requested 
and is being reviewed by the Ministry of the Environment.  The previous permit had a maximum daily rate 
of 737 m3/d.  It is expected that the Pullen Well will be used to service a rural residential community 
located near the well, and based on the number of dwellings proposed, and an estimated demand per 
dwelling, the average day rate of 220 m3/d was estimated to be taken from the well into the future.  As 
such, this rate was used in the delineation of the capture zone for the wellfield.  

The permitted pumping rates for the Town of Mono (Table 3) are also significantly higher than the 2008 
average rates.  The capture zone delineation rates were determined in consultation with the Town of 
Mono, who noted that there are limitations on growth in the Town due to the Greenbelt Act, and as such, 
only a few additional subdivisions can be added to the Town.  The increase in population in areas 
designated in the Town of Mono Official Plan were used to estimate the future demand from the Town of 
Mono supply wells.  Based on the Official Plan, Town of Mono staff estimated an additional 175 dwellings 
would be added in the Cardinal Woods area and 300 dwellings in the Purple Hill area (supply from Island 
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Lake Wells).  Each dwelling was estimated to require 0.75 m3/day of water; this equated to a long term 
capture zone delineation rate of 392 m3/d for the Cardinal Woods wellfield, 116 m3/d from the Coles 
Wellfield, and 347 m3/d from the Island Lake wellfield. 

The capture zones for the Cardinal Woods wellfield were delineated using two different pumping 
scenarios to reflect conditions of the Town’s Permit to Take Water which doesn’t allow Wells 1, 3 and 4 to 
pump at the same time.  The first scenario simulated only Well 3 as active, and the second scenario 
simulated Wells 1 and 4 as active, and Well 3 inactive.  The model scenarios were configured this way to 
delineate the maximum capture area that would result from the two operating schemes.   

2.2.3.5 Recharge 

Groundwater recharge specified across the top surface of the groundwater flow model was estimated 
using a calibrated HSP-F surface water model, also developed in the Tier Three Assessment 
(AquaResource et al., 2008).  For additional information on the development and calibration of the surface 
water model, refer to AquaResource, EbnFlo and Burnside (2008).  

2.3 MODEL CALIBRATION 

The groundwater flow model was calibrated as part of the Tier Three Assessment to steady-state 
conditions and transient conditions.  The calibration process undertaken is outlined in detail in the draft 
Tier Three Assessment report (AquaResource et al., 2008).  In general, the hydraulic heads used as 
calibration targets were collected from 1960 to present, consistent with the time period of the surface 
water model calibration period (1960 to 2006). 

2.3.1 Hydraulic Heads  
The calibration of the MODFLOW model was assessed using several criteria which included calibration to 
over 1100 steady-state head values reported in MOE water well records (from 1960 to present day), as 
well as the range of hydraulic heads reported in Town of Orangeville monitoring wells.  The aim was to 
minimize the difference between the model predicted and model calculated heads. Calibration statistics 
are as follows (see Appendix A for scatterplots and graphs): 

Normalized root mean squared (NRMS) error = 3.4% for higher quality wells (i.e., monitoring wells; 
3.5% for MOE wells).  This percentage value allows the goodness-of-fit in one model to be compared with 
another model, regardless of the scale.  Typically, a model is considered representative when the NRMS 
is less than 10% (Spitz and Moreno, 1996)  

Root mean squared (RMS) error = 3.0 m for higher quality wells (and 6.8 m for MOE wells).  The RMS is 
similar to a standard deviation, providing a measure of the degree of scatter about the 1:1 best-fit line.  
The measure indicates that the majority statistical population of predicted water levels would fall within 3.0 
m of the observed value for the monitoring wells, and within 7.2 m for MOE wells.  Water levels associated 
with the MOE water well information system are collected over decades and reflective of the snapshot in 
time when they are collected.  As such, water levels may vary seasonally by 2 to 5 m, depending on the 
geologic environment, and the location and elevation reliability of these wells. 

Mean Error = -1.6 m for higher quality wells and -0.7 m for MOE wells.  The mean error is a measure of 
whether, on average, predicted water levels are higher or lower than those observed (ideally it should be 
close to 0).  This statistic indicates that on average, the simulated water levels are lower than the 
observed values by 1.6 m. 

Mean Absolute Error = 2.2 m for higher quality wells and 5.1 m for MOE wells.  The mean absolute error 
is a measure of the average deviation between observed and simulated water levels.  The value of 2.2 to 
5.1 m is less than the population statistic (RMS) and within the range of the expected error considering the 
data sources.  
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The model was also calibrated to drawdown in three municipal wells (Orangeville Well 12, Well 8C, and 
the Pullen Well in Amaranth) during a 44-day pumping test involving three municipal wells (see Tier Three 
Water Budget and Local Area Risk Assessment report for additional information).  Appendix B contains 
the transient calibration at three monitoring wells in the area, and illustrates an excellent match to 
observed conditions during the test.   

Appendix B also illustrates the model calibration locally in the area surrounding the municipal wells.  The 
calibration residuals (average observed heads minus the model predicted heads) are illustrated in maps, 
and the range in observed heads compared to the model predicted heads are also illustrated graphically 
in Appendix B.   The model predicted head in the higher quality wells is generally less than 2 m from the 
average observed hydraulic head value, and within, or very close to the range of observed heads 
(Appendix A). 

Appendix C contains the mass balance for the calibrated steady-state model.  Negative flow rates 
indicates flow of water out of the model (i.e. groundwater discharge, pumping wells, etc), while positive 
flows indicate flow of water into the model (i.e., recharge).  A mass balance error less than 1% is 
considered appropriate for a calibrated groundwater flow model.  The groundwater flow model used to 
delineate the Orangeville and Mono capture zones has a mass balance error of 0.42%.  

2.4 SENSITIVITY ANALYSIS 

Sensitivity analyses are performed to determine the impact of uncertainty in parameter estimates on the 
results of the modelling.  Some groundwater flow model input parameters have lower degrees of certainty 
than others.  For example, boundary conditions have a higher degree of certainty (i.e., locations of 
features are known; average pumping rates are known), while other parameters have greater uncertainty 
(i.e., porosity, hydraulic conductivity, etc).  A set of sensitivity scenarios was designed to assess the 
impact of parameter uncertainty on the delineated capture zones.  The scenarios focused on the 
uncertainty associated with: 1) hydraulic conductivities and recharge, 2) porosity, and 3) alternate 
conceptual models for the location of overburden and bedrock conductivity zones.  

The sensitivity analysis involved adjusting the base case model parameters in the calibrated MODFLOW 
model while maintaining the calibration, and evaluating the change in particle tracking results used to 
delineate the capture zones.  The size and extent of the resulting capture zones were then assessed 
relative to the base case calibrated model and the other sensitivity scenarios.  Seven models were 
created as outlined in Table 4 below.  Each of the scenarios was run twice; initially with the Pullen Well 
and Cardinal Woods Well 3 active (Cardinal Woods Wells 1 and 4 inactive), and second, with Cardinal 
Woods Wells 1 and 4 active, and Cardinal Woods 3 and the Pullen Well inactive.  This was done to 
produce conservative capture zones that are representative of all future potential pumping conditions.  

Table 4: Sensitivity Analysis Scenarios 

Scenario Recharge Hydraulic 
Conductivity 

Porosity (%) 
Guelph / Amabel Bedrock 

Aquitard 
Over-

burden Weathered Competent 
Base Case Base case Base case 5 3 7 20 
1 - High 
Conductivity and 
Recharge 

Increased by 25% Increased by 50% 5 3 7 20 

2 - Low 
Conductivity and 
Recharge 

Decreased by 25% Decreased by 50% 5 3 7 20 

3 - Low Porosity Base case Base case 3 1 5 15 
4 - High Porosity Base case Base case 10 9 10 35 

5 - Valley Extend lower aquifer northward from Well 10 to Island Lake to account for buried bedrock valley 
uncertainty.  (Base case recharge and  hydraulic conductivity distribution) 

6 - Bedrock  Modify extent of hydraulic conductivity representing the Eramosa Fm aquitard southeast of Wells 
9A/9B towards Wells 6, and 11.  (Base case recharge and  hydraulic conductivity distribution) 
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The first two sensitivity cases involved increasing and decreasing the hydraulic conductivity and recharge 
applied in the model (Table 4).  The hydraulic conductivity of the Amabel Formation was changed from 
5.5x10-5 to 8.3x10-5 m/s in the higher hydraulic conductivity and recharge scenario, and to 3.7x10-5 m/s in 
the lower hydraulic conductivity and recharge scenario.  The base case recharge applied to the 
Orangeville Moraine area was 320 mm/yr and was adjusted to 400 mm/yr and 256 mm/yr in the higher 
and lower hydraulic conductivity and recharge scenarios, respectively. 

The third and fourth sensitivity cases involved increasing and decreasing the modelled porosity for the 
overburden and bedrock units (Table 4).  The base case porosity for the competent Amabel Formation 
bedrock was changed from 3% in the base case model to 1% and 9% in the low and high porosity 
sensitivity scenarios, respectively.   

The fifth sensitivity scenario included carrying the higher conductivity zone representing coarse-grained 
buried bedrock valley infill from Well 10 northwards toward Island Lake.  Review of sparse borehole data 
in the area suggests that the bedrock shallows in this area and overburden is fine-grained; however, due 
to uncertainty associated with the location and lithologic information, a higher hydraulic conductivity zone 
was carried northward towards Island Lake to assess the uncertainty in this area. 

The sixth sensitivity scenario involved modifying the extents of the hydraulic conductivity zone 
representing the Eramosa Formation bedrock.  Lithologic information associated with higher quality 
borehole logs at Wells 9A/B and Wells 6 and 11 indicates the aquitard pinches out between Well 9A/9B 
and Wells 6 and 11; however, the location of this contact is poorly understood.  The hydraulic head 
difference between the upper and lower bedrock aquifers helped to constrain this location, but a sensitivity 
analysis was conducted to determine the potential change in particle flowpaths in the vicinity of these 
wellfields.  

2.4.1 Results of Sensitivity Analysis  
The impact of the sensitivity analysis on the model calibration is outlined on Table 5 below, and plots of 
the resultant 25 year time of travel particle pathlines are included in Appendix E.   

Table 5: Sensitivity Analysis Results 
Scenario Wellfield NRMS (MOE Wells) NRMS (High Quality)

Base Case All Wellfields 3.53% 4.42% 
1 - High K, recharge  All Wellfields 3.81% 4.72% 
2 - Low K, recharge All Wellfields 3.62% 5.23% 
3 - Low Porosity All Wellfields 3.53% 4.42% 
4 - High Porosity All Wellfields 3.53% 4.42% 
5 - Valley Infill Well 10, Coles Wells 3.53% 4.56% 
6 - Bedrock Aquitard Wells 2, 9A/9B, 11, 6. 3.60% 4.54% 
 

The 25-year time-of-travel pathlines delineated in the sensitivity scenarios are comparable to the 25-year 
pathlines derived from the base case scenario (Appendix D).   The pathlines for the higher hydraulic 
conductivity and higher recharge scenario is similar to the 25-year pathlines derived in the base case 
model (Appendix D, Figure D1), and while the model calibration is poorer than the base case, it is within 
an acceptable statistical range.  The lower hydraulic conductivity pathlines are also very similar to the 
pathlines delineated in the base case model (Appendix D; Figure D2), with the capture zones extending 
wider and broader than the pathlines in the base case model, especially around Wells 6 and 11, and Wells 
8B and 8C.   

As predicted, changes to bedrock and overburden porosity led to considerable changes in particle pathline 
length, especially in the early time-of-travel capture zones (2-year and 5-year; Appendix D; Figures D3 
and D4). Increases in effective porosity led to smaller time-of-travel capture zones, while decreases in the 
porosity led to longer and larger capture zones.  Effective porosity values do not affect the simulated 
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groundwater flow direction, but are used in the velocity calculation and for particle tracking; as such, the 
changes to the effective porosity values did not change the model calibration statistics. 

The uncertainty associated with the modelled hydraulic conductivity distribution northwest of Well 10 was 
also examined in the sensitivity analysis (Appendix D; Figure D5 and D6).  The resultant particles 
extended in a more northerly direction; however, the overall shape and extent was comparable to that of 
the base case model (Appendix D; Figure D7).  

The uncertainty associated with the confining bedrock aquitard (Eramosa Fm) between Wells 6 and 11, 
and the wellfields to the northwest was also tested as a sensitivity scenario (Appendix D; Figure D8).  
The resulting capture zones are very similar to the base case capture zones (Appendix D; Figure D9). 
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3.0 Capture Zone Delineation Methodology   

The methodology followed in this study includes the delineation of capture zones for the Township of 
Amaranth’s Pullen Well using an existing calibrated groundwater flow model.  Wellhead protection areas 
were then delineated from these capture zones.  The following sections describe the methodology in 
greater detail. 

3.1 CAPTURE ZONE DELINEATION 

Groundwater flow models are used to delineate capture zones using particle-tracking techniques that 
estimate the path and trajectory of hypothetical particles of water for defined time periods.  The 
groundwater flow model is used to simulate the velocity and trajectory of groundwater through overburden 
and bedrock and is developed to represent the ‘real world’ groundwater flow system as well as possible.  
Particle-tracking techniques are used to estimate the directions and paths that groundwater may travel 
based on the model simulated groundwater flow, and thus can be used to estimate the land areas within 
which groundwater may migrate towards a well. 

3.1.1 Particle Tracking 
Particle tracking was conducted using MODPATH, an advective particle tracking code that uses the three 
dimensional hydraulic head solution from the calibrated steady-state MODFLOW groundwater flow model 
to track fictitious particles through the modeled flow domain.  MODPATH takes the cell by cell information 
(with the specified grid cell porosities) to calculate the flow path of a particle of water from a specified 
starting location.  Particles can be released anywhere in the model domain and tracked backward or 
forward in time through the subsurface until they reaching the surface of the model, or a model boundary 
condition.   

In this project, hypothetical particles of water were released in a 15 m radius around the perimeter of each 
municipal pumping well (simulated with cell size <10 m) within the model and tracked backwards in time 
through the saturated groundwater flow field for the base case and each of the sensitivity analysis 
scenarios.  Particles were released at the top, bottom and mid-point of the screened interval (or open 
hole) to capture the flow field towards each municipal production well screen or the open portion of 
bedrock wells.  A well performance study that involved flow profiling was used to constrain the location of 
the particles in overburden and open hole bedrock wells assessed in the study (Burnside, 2005).   

Time-of-travel capture zones are delineated to encompass the areas that surround all backward particle 
tracking pathlines that arrive at a well during a specific period of time.  For example, the 2-year time-of-
travel capture zone is the area around a well within which particles will take 2 years or less to reach the 
well.  As such, the 2-year time-of-travel capture zone is delineated by drawing a polygon around all 2-year 
pathlines.  5- and 25-year capture zones were also delineated in the same fashion.  Where capture zones 
intersect, the resultant time-of-travel capture zones were merged into one polygon.  Forward particle 
tracking was also undertaken by releasing a grid of particles on the top surface of the model and tracking 
the particles forward in time to boundary conditions (groundwater wells, surface water features, etc).  
Pathlines for particles that travel through the subsurface and reach municipal groundwater wells were 
attributed and included in the time-of-travel pathlines for the base case to delineate the final time-of-travel 
capture zones.  

Time-of-travel capture zones were delineated for the base case model and each of the sensitivity cases 
outlined in Table 4.  The forward and backward particle pathlines for all scenarios were overlain in GIS 
and one composite capture zone was drawn around the 2-, 5- and 25- year time-of-travel pathlines. 

Capture zones in this study are conservatively based on the maximum horizontal extent of pathlines in 
bedrock and overburden for the time-of-travel conditions.  The estimate is conservative as the pathlines 
are projections to ground surface and do not take the vertical distance between the aquifer and the ground 
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surface into account; particles of water are assumed to be instantaneously transmitted upward to the 
ground surface. 

3.2 WELLHEAD PROTECTION AREA DELINEATION METHODOLOGY 

Once the time-of-travel capture zones were compiled, the wellhead protection areas for the wells were 
delineated with a polygon that encompass the respective backward and forward time-of-travel capture 
zones.   

Four WHPAs were delineated for each municipal well; WHPA-A, WHPA-B, WHPA-C, and WHPA-D.  The 
100 m fixed radius zone (WHPA-A) was delineated around each active municipal production well, 
independent of the time-of-travel capture zones.  WHPA-B was delineated as the area outside the WHPA-
A, within which the time-of-travel to the well is less than or equal to two years.  WHPA-C was delineated 
as the area outside WHPA-B, within which the time-of-travel to the well is greater than two years, but less 
than or equal to five years. Lastly, WHPA-D was delineated as the area outside WHPA-C, within which the 
time-of-travel to the well is greater than five years, but less than or equal to twenty-five years.   
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4.0 Capture Zone and WHPA Delineation Results 

4.1 CAPTURE ZONES 

Figure 3 illustrates the time-of-travel capture zones and pathlines delineated for the municipal wells at the 
pumping rates listed in Table 3.  A water balance conducted on the steady-state capture zones confirmed 
that the recharge applied in the model within the steady-state capture zone areas (not illustrated) is 
greater than the pumping rates at the wellfields.  This water balance check was important as advective 
particle tracking represents preferential flow paths only and does not guarantee a mass balance. 

As illustrated on Figures 3 and 4, the capture zones extend in a westward direction towards the 
Orangeville Moraine.  The width of the capture zone is fairly thin, due to the relatively low pumping rate of 
the Pullen Well (220 m3/d), and the high transmissivity of the production aquifer.  

4.2 WELLHEAD PROTECTION AREAS 

Figure 4 illustrates the 2-, 5-, and 25-year wellhead protection areas (WHPA-B, WHPA-C and WHPA-D 
zones) delineated using the groundwater flow model.  The wellhead protection areas are based on the 
particle pathways derived in the base case and sensitivity scenarios, as illustrated on Figure 3.  
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5.0 Summary 

This report presents a set of updated wellhead protection areas for the Township of Amaranth’s Pullen 
Well.  These areas will be used in support of Source Protection activities for the groundwater vulnerability 
assessment.  

The approach used to delineate these capture zones included of a set of backward particle tracking, 
initiated at the top, bottom and midpoint of the well screen.  These particles were tracked backwards in 
time and particle pathlines were exported for the 2-, 5- and 25-year time periods.    

The impact of uncertainty in the hydraulic conductivity values, effective porosity estimates and alternate 
conceptual models were assessed and the capture zones delineated represent the best estimate of 
groundwater flow under these conditions.   

Wellhead protection areas were delineated for all municipal wells for the required 2-, 5-, and 25-year time-
of-travel (WHPA-B, -C, -D) for use in the Groundwater Vulnerability and Water Quality Threats 
Assessments.  WHPAs may also be used by the Township of Amaranth to update the wellhead protection 
areas designated in their current official plans. 

Refinements to the understanding of groundwater recharge rates, aquifer / aquitard continuity, and 
hydraulic parameter values may result in modifications to the predicted wellhead protection areas.  As a 
result, wellhead protection areas could be updated as additional data are collected, as the understanding 
of the subsurface geology and hydrogeology are refined, or as wells are decommissioned or new wells 
brought online.  
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Appendix A:  
Steady State Calibration Statistics and High Quality Residuals in Orangeville 
Monitoring Wells 
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Calibration Statistics – all Ministry of Environment Wells 

 
Calibration Statistics – Higher Quality Wells 
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Local Calibration – Wells 2A, 5/5A, 7 and 9A/B 
 

 

Well 5/5A 

Well 2A 

Well 7 

Wells 9a/b 
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Local Calibration – Wells 6 and 11 
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Local Calibration – Well 10 
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Local Calibration – Well 8B, 8C, 12 and Pullen Well 
 
 

 

Wells monitored only 
before, during and after the 
44 day pumping test  
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Appendix B:  
Transient Calibration Results  
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Appendix C:  
MODFLOW Mass Balance 
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Mass Balance - Steady State Flow Solution  

 
Cumulative Volumes Report [m3]: 

IN: OUT:  
Storage = 0 m3 

Constant Head =  2,500,665,088 m3 
Wells = 0 m3 

Drains =  0 m3 
Recharge =  5,216,635,904 m3 
 River Leakage = 988,202,496 m3 
Stream Leakage = 0 m3 
  
Total IN =  8,705,503,232 m3 
 

Storage = 0 m3 
Constant Head =  3,868,002,816 m3 
Wells = 52,1985,952 m3 
Drains =  641,381,568 m3 
Recharge =  0 m3 
 River Leakage = 3,711,025,664 m3 
Stream Leakage  = 0 m3 
 
Total OUT =  8,742,395,904 m3 

IN - OUT = -36,892,672.00 m3

Discrepancy = -0.42% 
 
  
Rates for Time Step Report [m3/d] 

IN:  OUT:  
Storage = 0 m3/day 
Constant Head =  68,511.4 m3/day  
Wells = 0 m3/day  
Drains =  0 m3/day 
Recharge =  142,921.5 m3/day  
 River Leakage = 27,074.0 m3/day  
Stream Leakage = 0 m3/day  
  
Total IN =  238,507 m3/day  

Storage = 0 m3/day  
Constant Head =  105,972.7 m3/day  
Wells = 14,301 m3/day  
Drains =  17,572 m3/day  
Recharge =  0 m3/day  
 River Leakage = 101,672 m3/day 
Stream Leakage = 0 m3/day 
 
Total OUT =  239,518 m3/day 

IN - OUT = -1010.8 [m3/day]
Discrepancy = -0.42% 
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Appendix D:  
Sensitivity Analysis Input and Particle Pathline Results 



Figure Figure D1D1:  :  High  Hydraulic Conductivity and Recharge Sensitivity Case Results; Sensitivity Case Results; 
2525--year TOT year TOT PathlinesPathlines



Figure Figure D2D2:  :  Low Hydrauilic Conductivity and Recharge Sensitivity Case Results;  Sensitivity Case Results;  
2525--year TOT year TOT PathlinesPathlines



Figure Figure D3D3: : Low Porosity Sensitivity Analysis 25Sensitivity Analysis 25--year TOT year TOT PathlinesPathlines



Figure Figure D4D4: : High Porosity Sensitivity Analysis 25Sensitivity Analysis 25--year TOT year TOT PathlinesPathlines



Island Lake

Figure Figure D5D5: : Bedrock Valley - Depth to Bedrock between  Island Lake Reservoir 
(north) and Orangeville Well 10 (south)



Island Lake
Base Case Conductivity Zones Sensitivity Analysis Conductivity Zones

Figure D6: Bedrock Valley Hydraulic Conductivity Zones



Figure Figure D7D7: Bedrock Valley: Bedrock Valley Sensitivity Analysis 25Sensitivity Analysis 25--year TOT year TOT PathlinesPathlines



Base Case Conductivity Zones Sensitivity Case Uncertainty Zones
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Amabel Fm
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Figure Figure D8D8: Bedrock Aquitard  (Model Layer 6) Hydraulic Conductivity Zones: Bedrock Aquitard  (Model Layer 6) Hydraulic Conductivity Zones



Figure Figure D9D9: : Bedrock Aquitard Sensitivity Analysis 25Sensitivity Analysis 25--year TOT year TOT PathlinesPathlines



Figure Figure D10D10: : All Sensitivity Analysis 2Sensitivity Analysis 2--year TOT year TOT PathlinesPathlines



Figure Figure D11D11: : All Sensitivity Analysis 5Sensitivity Analysis 5--year TOT year TOT PathlinesPathlines



Figure Figure D12D12: : All Sensitivity Analysis 25Sensitivity Analysis 25--year TOT year TOT PathlinesPathlines




