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Executive Summary 
 

GENERAL 
This report presents results of an analysis of intrinsic vulnerability to contamination at all active 
municipal wells in the Regional Municipality of York.  The study was completed as part of York 
Region’s source water protection initiative supported through the Ministry of Environment’s 
2005-2006 Source Protection Grant Program. The project was carried out in accordance with 
the objectives outlined in the MOE Draft Guidance Module 3 for Groundwater Vulnerability 
Analysis (MOE, 2006) and the Region of York’s Request for Proposal (RFP) P-06-73.   We have 
fully complied with the modules and data standard requirements outlined in the MOE document.  
Results of this study are to provide the foundation for the future Water Quality Risk Assessment 
and analysis of threats to municipal drinking water sources and supplies. 
 

STUDY COMPONENTS 
The study area includes 37 active municipal groundwater supply wells operated by York Region.  
The Schomberg, Aurora, Newmarket, Ansnorveldt, Holland Landing, Queensville, Ballantrae, 
and Mt. Albert wellfields are located north of the regional groundwater divide that runs parallel to 
the east-west axis of the Oak Ridges Moraine (ORM).  The Nobleton, Kleinburg, King City, and 
Stouffville wellfields are located south of the regional groundwater divide.  The northern 
wellfields are within the jurisdiction of Lake Simcoe Region Conservation Authority (LSRCA) 
while the southern wells are within the jurisdiction of the Toronto and Region Conservation 
Authority (TRCA). 
 
Most of the wells are screened in the deeper, confined aquifers (i.e., the Thorncliffe aquifer 
complex (TAC) or the Scarborough aquifer complex (SAC)).  Previously defined wellhead 
protection areas (WHPA) based on conservative time-of-travel (TOT) analyses do not account 
for the true time of travel from ground surface to the well screen.  The purpose of this study was 
to conduct a more realistic assessment of the vulnerability of York Region’s municipal wells to 
contamination from surface and near-surface sources.  This involved (1) refinement of the TOT 
analyses conducted as part of the 2001 Ministry of Environment (MOE) Groundwater Studies 
Initiative; (2) use of forward particle-tracking techniques to determine the water-table-to-well 
advective times (WWAT); and (3) assignment of intrinsic vulnerability scores (IVS) to areas 
within the TOT zones as per the Ontario Ministry of the Environment (MOE) Guidance Module 3 
(MOE, 2006).  Additional objectives of this study were to (1) collect, organize and analyze data 
required to conduct the TOT and WWAT analyses; (2) identify data gaps and data uncertainty; 
(3) assess the relative uncertainty of the IVS scoring due to data gaps and uncertainty; and (4) 
provide assistance to York Region staff in interpreting study results and provide 
recommendations on how to reduce the levels of uncertainty. 
 

STUDY METHODOLOGY 
A key task of this project was to (1) collect, organize and analyze data required for WWAT 
analyses and vulnerability scoring and (2) provide recommendations for filling any critical data 
gaps identified.  The critical review of existing data for the 37 municipal well operated by York 
Region concentrated on analyzing borehole information from supply wells, observation wells, 
and exploratory test well drilling in the areas surrounding the municipal wells.  Transient water 
level data, collected by York Region over several decades, were also analyzed to ascertain 
whether the data could be used to determine the degree of confinement at the deeper municipal 
supply wells.  Data from the King City wellfield, for example, showed that the water level 
response in the upper aquifer was not correlated to pumping in the lower aquifer.  This 
suggested that the shallow system is isolated from the deeper aquifer system.  Data from other 
wellfields were less conclusive, because the shallow wells were affected by seasonal effects, 
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which also correlate with seasonal changes in pumping.  Water quality data were analyzed in a 
separate study by Genivar Ontario Incorporated (Genivar, 2007). 
 
The study used a numerical groundwater flow model developed for the CAMC-YPDT Oak 
Ridges Moraine Hydrogeology Program (Kassenaar and Wexler, 2006).  The report provides an 
overview of the geologic and hydrologic setting of the area and a description of the conceptual 
model that integrates the physical, geologic, and hydrogeologic features of the study area and 
provides the basis for the eight-layered numerical model.   
 
Refinement of the model since the original development and changes in permitted pumping 
rates at some of the municipal wells were incorporated in updating of the previous TOT zones.  
Guidance Module 3 (MOE, 2006) provided the main reference for procedures used to delineate 
TOT zones for the York Region municipal wells, to assess the relative vulnerability, and assign 
vulnerability scoring for all these municipal wells.   
 

STUDY RESULTS 
Data Review and Data Reconciliation -- Data collection, organization and analysis involved a 
number of preliminary tasks including (1) synchronization and re-integration of the York Region 
monitoring data with the May 2006 YPDT-CAMC database release, (2) reconciliation of historic 
monitoring locations and database names; and (3) updating of well locations based on new 
GPS survey data.  These tasks resulted in the full integration of York Region’s field data with the 
YPDT-CAMC master database.  While data reconciliation was not specifically part of the 
Groundwater Vulnerability Analysis, the effort facilitated the analysis of the monitoring data to 
determine the degree of aquifer confinement based on temporal trends and observed water 
level response and helped in identifying data gaps and evaluating uncertainty. 
 
Data Summary --York Region maintains 37 active and 7 inactive pumping wells located in 13 
major wellfields.  Wellfield operations are currently monitored by 97 wells with digital data 
loggers and 152 wells with manual water level readings (37 wells have both logger and manual 
data sets).  The majority of the monitoring wells are located in the northern part of York Region, 
immediately north of Newmarket.  There is no consistent pattern to the spatial coverage of the 
monitoring network.   
 
An analysis of the vertical distribution of the screened zone in the monitoring well showed that 
spatial coverage in the upper aquifer (i.e., above the top of the Thorncliffe Formation) was less 
comprehensive than for the lower aquifers.  Although fewer pumping wells are located in the 
upper aquifer, it is important to monitor the shallow aquifer for potential contaminants and the 
impacts of pumping on groundwater levels and discharge to streams.   
 
The study identified other sources of high-quality geologic and hydrologic data that could be 
incorporated by York Region to help augment their monitoring programs and improve the 
understanding of the local hydrogeology in the wellhead protection areas.  The digital library of 
consultant and government reports, available in the YPDT-CAMC database, was identified as a 
particularly important source of high-quality data that can be “mined” to improve the overall 
understanding of the groundwater system.  
 
Time of Travel Zones -- The groundwater flow model was used to delineate time-of-travel 
(TOT) zones for the municipal supply wells based on the current maximum permitted water 
takings.  Assigning pumping rates to individual wells within wellfields that have caps on 
cumulative pumping (e.g. the Yonge Street Area wells) was done in a conservative manner.  
This was done because well operations may change over time (for example, a well that 
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historically had a low pumping rate may suddenly be required to pump at full capacity and a 
larger protection area would be required). 
 
Wellhead protection areas (WHPA) were defined as per Guidance Module 3 (MOE, 2006) 
where Zone A (Pathogen Security/Prohibition Zone) is a 100-metre radius around the pumping 
well; Zone B (Pathogen Management Zone) is the 2-year TOT zone; Zone C 
(DNAPL/Contaminant Protection Zone) is the 5-year TOT zone; and Zone D (Secondary 
Protection Zone) is the 25-year TOT zone.  The WHPAs represent the vertical projection of the 
true, three-dimensional TOT surfaces onto a two-dimensional map.  This simplification 
represents a very conservative approach for wells in confined aquifers because not all water 
particles entering at land surface will arrive at the well within the specified time interval.  Vertical 
travel through the confining layers can add tens or hundreds of years to the total travel time. 
 
TOT zones were defined using conservative estimates of aquifer porosity in the calculation of 
average groundwater velocities.  The small values used result in higher velocities and therefore 
shorter travel times.  The simulated 2-, 5-, 10-, and 25-year TOT zones for all wellfields were 
presented in a series of maps.  The TOT zones differed slightly from the ones defined 
previously (e.g., Gartner Lee Limited, 2006a - 2006e) due primarily to the changes assumed in 
the rates of pumping and updating of geologic surfaces and model parameters.  The shapes of 
the capture zones are determined primarily by the regional flow patterns, variations in aquifer 
properties, proximity to features such as bedrock valleys and tunnel channels, and mutual 
interference between wells.  The results demonstrated the importance of using a larger-scale 
model to simulate the effect of mutual interference between nearby wells on the shape of the 
TOT zones.   
 
Wellhead Protection Area Implementation 
MOE Guidance Module 3 identifies the Surface-to-Well Advective Time (SWAT) method as a 
means of identifying highly vulnerable sub-areas within the wellhead protection areas.  The 
SWAT analysis is composed of two parts: (1) estimating travel time through the unsaturated 
zone down to the water table (UZAT); and (2) estimating travel time from the water table to the 
well screen (WWAT).  MOE Guidance Module 3 also recognized that (1) there is limited 
information on soil properties in the unsaturated zone, (2) the unsaturated zone may be thin in 
areas, and (3) large spills of contaminants may travel through the unsaturated zone much faster 
than the natural rate of infiltration.  Because of these factors, the Guidance Module states that 
some municipalities may choose to eliminate the UZAT part of the SWAT calculation.  In line 
with York Region’s conservative approach to wellhead protection, only the WWAT component of 
the SWAT analysis was considered in this study.   
 
The relative vulnerability of sub-areas within each WHPA was assessed using the WWAT 
values to categorize relative vulnerability as High, Medium, or Low (H, M, and L) as per MOE 
Guidance Module 3.  To conduct the WWAT analysis, virtual particles were placed along the top 
face of all model grid cells within the 25-year TOT zone and then tracked to their discharge 
point.  The total travel time for tracks ending at a production well was assigned to the originating 
cell.  Results for wells in the Oak Ridges Aquifer Complex (ORAC), (e.g., the shallow Stouffville 
wells) matched the results of the previous TOT analyses.  WWAT analyses for the confined 
wells showed that most of the TOT areas had WWAT values greater than 25 years, indicating 
lower vulnerability than would be indicated by the TOT analyses alone.  In some cases, 
particularly for the deeper wells, very little of the water entering within the TOT zones actually 
discharged to the wells.  These areas were considered to have extremely low vulnerability. 
 
WHPA sensitivity zones (Zones A, B, C, and D) were then intersected with the relative aquifer 
vulnerability zones (H, M, L) to assign intrinsic vulnerability scores (IVS) ranging from 2 (low 
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vulnerability) to 10 (high vulnerability) as per MOE Guidance Module 3.  Maps were prepared for 
each wellfield to show (1) pathogen intrinsic vulnerability scores, (2) DNAPL intrinsic 
vulnerability scores, and (3) general contaminant intrinsic vulnerability scores.   
 
Uncertainty Assessment 
Uncertainty associated with the WWAT and IVS methods was attributed to the uncertainty in the 
three processes involved in developing final IVS values: (1) the numerical groundwater flow 
model, (2) the TOT delineation, and (3) the WWAT assessment.  The numerical model used in 
this study is very detailed and well calibrated.  However, there is uncertainty associated with the 
WWIS water well data used in building the model.  As more high-quality geologic and 
hydrogeologic data are obtained over time and the model is updated periodically, the level of 
uncertainty associated with the numerical model will decrease. 
 
Even though a numerical model produces a good match to the observed water levels and 
groundwater discharge, it does not follow that the model can predict the exact extent of the TOT 
zones.  This is due to (1) limitations in the data used to build the model; (2) intrinsic errors in the 
WWIS data used to produce maps of the water table and potentiometric surfaces that served as 
calibration targets; and (3) the effect of localized variation in aquitard or aquifer thickness, 
aquifer and aquitard hydraulic conductivity values, and/or recharge rates.  While it is difficult to 
match the exact extent of the TOT zones, by focussing the model calibration effort on matching 
the observed patterns of flow, the certainty that the model predicted the likely extent of the TOT 
zones was increased.  By using conservative assumptions where possible, it is likely that we 
have increased the possibility that an area that did not need protection will be protected but we 
have thereby decreased the possibility of not protecting an area that truly needs protection. 
 
Additional simulations were conducted to examine sensitivity and uncertainty in the TOT 
delineations.  These showed that results were most sensitive to hydraulic conductivity in the 
TAC and less sensitive to the hydraulic conductivity of the overlying Newmarket Till (within the 
range tested).  Results were extremely sensitive, however, to the assumed presence or 
absence of the till unit.  We tested a stochastic technique to examine sensitivity and uncertainty.  
The results confirmed that the TOT zones are not very sensitive to the assumed value for 
hydraulic conductivity of the Newmarket Till (within the range tested).  The method was difficult 
to implement for other parameters such as the hydraulic conductivity of the TAC.  TOT zones 
are highly sensitive to aquifer porosity but little data on porosity are available.  We used 
conservative values that were less than half of typical values thus resulting in larger TOT zones. 
 
With respect to uncertainty of the IVS scoring, it should be noted that of the recommended 
methods listed in Guidance Module 3 (MOE, 2006) for vulnerability assessment, the WWAT 
method is the most scientifically sound because it is based on assessing travel times using 
numerical models that have been calibrated to match observed water levels and flow directions   
However, subdivision of the TOT zones into multiple sub-areas based on the WWAT analyses 
adds an unknown level of uncertainty because the WWAT results cannot be field-verified or 
easily tested.  The creation of multiple sub-areas whose boundaries may shift (if pumping rates 
change or as new data become available) also presents a difficult challenge to municipal 
planners responsible for incorporating these areas into long-term municipal plans.  It is 
recommended that alternate simplified methods of scoring be examined. 
 
In summary, we have applied sound scientific principles and hydrogeologic modelling 
techniques to delineate TOT zones and to assign intrinsic vulnerability scores to areas within 
the TOT zones.  We have made conservative assumptions in applying the models including the 
pumping rates and aquifer porosity values.  We still recognize that there is uncertainty 
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associated with the TOT delineation and that application of the IVS methods introduces a new 
level of uncertainty.  Accordingly, we recommend that: 
 

• The TOT results be adopted to protect the larger area around the municipal wells, 
where possible, and especially in the areas outside of the “Yonge Street aquifer” 
(YSA).   

• Within the YSA, providing a uniformly high level of protection to the full TOT zones 
may not be practical.  Results of the IVS analyses should be used primarily as a 
means of establishing priorities for monitoring, planning, and data collection. 

• Results of the IVS scoring will likely be used as input into a parcel-by-parcel water 
quality risk assessment used to rank individual properties that pose a significant risk 
to the drinking water sources.  The inherent uncertainty in the IVS scoring should be 
strongly considered in these analyses. 

• The models and TOT zones should be updated periodically as new data on aquifer 
and aquitard properties, continuity of aquitards, and location of tunnel channels and 
bedrock valleys become available. 

• TOT zones should also be updated if significant changes in wellfield operations 
(such as decommissioning a well) are planned. 

• York Region should review the existing monitoring program to address how effective 
the network is in assessing pumping impacts, water quality, ecological impact, 
seasonal and drought sensitivity, private well interference, and future water supply 
issues. 

• York Region should continue to improve its monitoring network over time and 
incorporate the available high-quality data, especially within the TOT zones, and 
thereby reduce the level of uncertainty associated with the numerical models. 

• York Region should seek to increase monitoring of the upper aquifer in the WHPA 
areas.  Although few production wells are located in the upper aquifer, it is important 
to monitor the shallow aquifer for potential contaminants.   

• York Region should initiate a program to locate, catalogue, and properly 
decommission its abandoned wells and provide financial assistance to well owners to 
properly decommission their abandoned wells.  Priorities can be assigned to each 
abandoned well based on the results of the IVS analysis 
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Vulnerability Assessment and Scoring of Wellhead 
Protection Areas, Regional Municipality of York  

 
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.  A 
key objective of the legislation is the production of locally-developed, science-based source 
water assessment reports and protection plans. 
 
One component of the source water assessment (SWA) addresses the intrinsic vulnerability of 
groundwater aquifers within a Source Protection Area.  According to Guidance Module 3, one of 
several technical guidance documents issued by the Ontario Ministry of Environment (MOE), 
the SWA must identify vulnerable areas and then map the relative vulnerability of the aquifers 
within each vulnerable area (MOE, 2006).  Vulnerable areas considered in the SWA include: (1) 
Wellhead Protection Areas around existing municipal drinking water supply wells; (2) highly 
vulnerable aquifers (HVA); (3) significant groundwater recharge areas (SGRA); and (4) future 
municipal supply areas (FMSA).   
 
The study described in this report specifically addresses the mapping of Wellhead Protection 
Areas (WHPA) around the municipal drinking water supply wells in the Regional Municipality of 
York.  The report documents the methods used to delineate the 100-metre (m), 2-year, 5-year, 
and 25-year time-of-travel (TOT) zones around each well.  In addition, the report describes the 
use of the water-table-to-well advective time (WWAT) method to estimate the total travel time 
(both horizontal and vertical) from the water table to each well.  Travel time through the 
unsaturated zone (UZAT) was not considered in these analyses because of the uncertainties 
involved.  The results of the WWAT analyses were used to assign intrinsic vulnerability scores 
(IVS) and delineate zones of higher vulnerability within the TOT zones.  The level of confidence 
in the IVS results is also discussed.  IVS maps produced in this study can be used by York 
Region to assess areas of increased risk to municipal water supplies from surface and near-
surface sources of contamination and allow the Region to focus further assessments, 
monitoring, and groundwater protection efforts on these higher risk areas. 
 
The location of the municipal wellfields with respect to other major geographic features is shown 
in Figure 1.  Locations of the individual wells are shown in Figure 2 through Figure 4.  UTM 
coordinates for the wells are provided in Table 1.  
 
The Schomberg, Aurora, Newmarket, Ansnorveldt, Holland Landing, Queensville, Ballantrae, 
and Mt. Albert wellfields are all located north of the regional groundwater divide which generally 
runs parallel to the east-west axis of the Oak Ridges Moraine.  The Mt. Albert wells fall within 
the Black River watershed, the wells in Queensville fall within the Maskinonge River watershed, 
and the remaining wellfields fall within the Holland River watershed.  These watersheds are 
managed by the Lake Simcoe Region Conservation Authority.  The Nobleton, Kleinburg, King 
City, and Stouffville wellfields are located south of the regional groundwater divide.  Most fall 
within the Humber River watershed.  The Stouffville wells fall within the Rouge River and Duffins 
Creek watersheds.  The southern watersheds are managed by the Toronto and Region 
Conservation Authority.   
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Table 1: Active Municipal Well Locations. 

 
Well Name 

 
MOE Well 

Record Number 

 
Northing 

 
Easting 

Ansnorveldt-1 692672 616813 4882064 
Ansnorveldt-2 NA 616821 4882055 
Aurora-1 6908523 622589 4873415 
Aurora-2 6908520 622577 4873385 
Aurora-3 6908524 622573 4873362 
Aurora-4 6915114 622581 4873373 
Aurora-5 6918439 622621 4875027 
Aurora-6 6921375 624395 4875372 
Ballantrae #1 6923496 634580 4876920 
Ballantrae #2 6923533 634575 4876941 
Holland Landing 1 6912655 622192 4883499 
Holland Landing 2 6914319 622358 4883980 
King City 3 6915645 617212 4865527 
King City 4 6915645 617249 4865535 
Kleinberg 2 6907094 610712 4856217 
Kleinberg 3 6921378 608341 4855089 
Mt. Albert-1 6914352 635240 4887690 
Mt. Albert-2 6922568 635225 4887646 
Newmarket-1  621924 4878474 
Newmarket-2 6904204 621906 4878549 
Newmarket-13 6914314 622297 4876467 
Newmarket-14 6914611 625759 4880650 
Newmarket-15 6915134 621693 4879513 
Newmarket-16 6916976 622290 4876491 
Nobleton 2 6902458 608010 4861743 
Nobleton 3 6908538 608342 4862013 
Queensville-1 6922338 625852 4889140 
Queensville-2 6921868 625853 4889114 
Queensville-3 6922299 624272 4886641 
Queensville-4 6922300 624244 4886634 
Schomberg-2  NA 605452 4873047 
Schomberg-3 6915581 605254 4873481 
Stouffville #1 6924458 642402 4870758 
Stouffville #2 6924459 642407 4870738 
Stouffville #3 6913511 641889 4871360 
Stouffville #5 6908212 638247 4872998 
Stouffville #6 6908211 638063 4872828 
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The current study utilizes a conceptual geologic and numerical groundwater flow model that was 
developed as part of the Oak Ridges Moraine Hydrogeology Program conducted by York, Peel 
and Durham Regions, the City of Toronto, and the Conservation Authorities of the Moraine 
Coalition (YPDT-CAMC).  The YPDT-CAMC groundwater model is described in a report by 
Kassenaar and Wexler (2006). 

1.1 Study Objectives 
The overall objective of this study was to assess the vulnerability of York Region’s municipal 
wells to contamination from surface and near-surface sources.  This involved refinement of the 
TOT analyses conducted as part of the 2001 MOE Groundwater Studies Initiative (as described 
in Kassenaar and Wexler (2006)) and in a series of reports by Azimuth Environmental 
Consulting Inc. (2005a – 2005c) and Gartner Lee Limited (GLL, 2006a -2006e).  The WWAT 
analyses methods were used to assess travel times from the water table to the wells and IVS 
scores were assigned to zones within the TOT zones as per MOE Guidance Module 3 (2006).  
 
Specifically the objectives of the study were to:  
 

1. Collect, organize and analyze data required to conduct the TOT and WWAT 
analyses and identify data gaps and data uncertainty; 

2. Map the wellhead protection areas using TOT methods and assess the vulnerability 
of areas within the WHPAs using WWAT methods.   

3. Assign intrinsic vulnerability scores to the areas within the WHPAs (from low to high 
intrinsic vulnerability) in accordance with MOE Guidance Module 3; 

4. Assess the relative uncertainty of the IVS scoring as it relates to data gaps, data 
uncertainty, and uncertainty in the methodology;  

5. Provide assistance to York Region staff in interpreting study results and provide 
recommendations on how to reduce uncertainty in the analysis.   

 
Concurrent to this study, an assessment of water quality related to the municipal drinking water 
wells was conducted by Genivar Ontario Incorporated (formerly MacViro Consultants 
Incorporated) with technical support from Earthfx.  The objective of that study, documented in 
Genivar (2007), was to provide a general assessment of the current state of groundwater quality 
conditions and trends using data from the network of municipal water supply and monitoring 
wells.  Joint meetings were held with York Region, Azimuth, Earthfx, and Genivar to discuss 
technical findings and to ensure that the water quality analyses and the numerical modelling 
were producing a consistent interpretation of hydrogeologic conditions in the vicinity of the 
municipal wells. 

1.2 Scope of Work 
Several key tasks were identified in the Terms of Reference to achieve the study objectives.  
These tasks, modified to be consistent with the October 2006 draft of MOE Guidance Module 3, 
are listed below.   

1.2.1 Task 1: Data Collection and Gap Analysis  
Data required to conduct the WWAT analysis and vulnerability scoring will be collected, 
organized, and analyzed.  Should data gaps be identified, the Study Team will provide 
recommendations and prioritize areas for filling the various data gaps.  No new field data will be 
collected. 
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1.2.2 Task 2: Mapping and Assessing the Vulnerability of WHPAs 
The vulnerability assessment of the Regions WHPAs will be conducted using the WWAT 
approach as outlined in MOE Guidance Module 3 (Appendix 3).  The WWAT method will be 
applied to updated TOT zones.  The TOT zones and WWAT analysis will be completed using 
the three-dimensional numerical groundwater model developed as part of the YPDT-CAMC Oak 
Ridges Moraine (ORM) study.  The maps produced will provide a relative indication of the 
susceptibility of the aquifer supplying the well to contamination from potential surface sources. 

1.2.3 Task 3: Assignment of Vulnerability Scores 
Intrinsic vulnerability scores (IVS) will be assigned in a two-step process.  First, the relative 
vulnerability of the aquifer will be categorized as high, medium, and low based on the results of 
the WWAT analysis as per Table 4.1 in MOE Guidance Module 3.  Then, IVS scores ranging 
from 2 (low intrinsic vulnerability) to 10 (high intrinsic vulnerability) will be assigned to sub-areas 
within the TOT zones also as per Table 4.1 in MOE Guidance Module 3. 

1.2.4 Task 4: Assessment and Rating of Uncertainty 
A sensitivity analysis will be undertaken to quantify uncertainty in the vulnerability assessment 
mapping and vulnerability scoring.  This will provide an assessment of the confidence in the 
study results and form a basis for recommendations toward reducing uncertainties.  The 
analysis will be done in accordance with Appendix 6 in MOE Guidance Module 3. 

1.2.5 Data Transfer 
Information generated through the technical work completed under this study will be used in the 
future to support the development of assessment reports and source protection plans.  All 
information and data collected and generated for this project will be formatted in a way that 
facilitates the inclusion of the information/data in a watershed-based plan.  All technical and 
analytical data, including final digital files associated with the numerical modelling completed for 
the vulnerability analysis, will be transferred to York Region and will meet data standard 
requirements including format standards, data structure standards, and content standard as set 
in the MOE guidelines for Outputs: Data Specifications, Version 1.0 dated March 7, 2006.  

1.3 Background Review  
This source water assessment is based on a comprehensive understanding of the physical 
characteristics of the local groundwater system and its functioning within the larger context of 
the regional groundwater flow system.  Much work has been done recently to develop an 
understanding of the hydrogeology of York Region, in particular, a multi-year effort by the 
Geological Survey of Canada (GSC) to characterize the geologic setting of the ORM (e.g., 
Sharpe et al., 1997 and Sharpe et al., 1999).  The YPDT-CAMC study of the ORM (Kassenaar 
and Wexler, 2006) built on the work by the GSC and focussed a significant amount of attention 
on York Region and the municipal wells.  A numerical groundwater model for the central part of 
the ORM, referred to as the “Core Model”, covered all of York Region and the Greater Toronto 
Area (GTA) and was used to develop the TOT zones that have been incorporated in the Official 
Plan for York Region. 
 
Studies of the municipal groundwater supplies for York Region include work by Gartner Lee 
Limited (1987 and 1996), Golder (1993), and an early modeling study of the Yonge Street 
wellfields by International Water Consultants Ltd. (1991).  Numerous small-scale studies of 
individual wellfields have been conducted as part of applications for permits to take water 
(PTTW) and other environmental assessment studies. 
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The YPDT-CAMC ORM study has provided the high level of understanding needed to refine the 
wellhead protection delineation utilizing three-dimensional modelling techniques.  A general 
description of the hydrogeologic setting of York Region is provided in this report.  The reader is 
referred to Kassenaar and Wexler (2006) for more detailed discussions.   

1.4 Methodology 
The Time-of-Travel (TOT) method is the approach specified by MOE Guidance Module 3 for 
delineating wellhead protection areas around municipal supply wells.  Appendix 2 of MOE 
Guidance Module 3 (MOE, 2006) describes a number of methods for delineating TOT zones 
ranging from simple analytical methods, such as the calculated fixed-radius and uniform-flow 
method, to three-dimensional advective flow modelling.  Three-dimensional advective flow 
modelling, which was used in this study, is the “preferred method” because numerical models 
can represent spatial variability of aquifer and aquitard properties and recharge rates.  Because 
the model covers all of York Region, mutual interference between supply wells and the effect of 
surface water features on the groundwater flow patterns can also be represented. 
 
While numerical models account for the three-dimensional flow through the groundwater 
system, delineation of the TOT zones is based on an upward projection of the time of travel 
analysis results onto a two-dimensional map.  The TOT method is very conservative when 
applied to wells that are screened in confined or semi-confined aquifers, in that it does not fully 
account for the vertical time of travel across the confining units.  Even for wells in unconfined 
aquifers, the TOT method is conservative in that it does not consider (1) the time of travel 
through the unsaturated zone between ground surface and the water table and (2) the vertical 
travel time from the water-table to the well screen.  The TOT method also does not consider 
attenuation mechanisms such as dispersion, chemical reactions and dilution by mixing with 
uncontaminated water flowing to the well.  It is a reasonable approach, however, where 
confining units may not be continuous, where abandoned wells may provide pathways for rapid 
downward movement of contaminants, and where contamination by dense non-aqueous phase 
liquids (DNAPLs) such as chlorinated solvents is possible.  This conservative approach is 
recommended by the MOE because it allows consideration of more direct connections between 
the surface and municipal aquifers due to natural or anthropogenic factors.  

1.4.1 Model Selection 
There are several types of numerical methods and many computer codes available to model 
three-dimensional groundwater flow.  The U.S. Geological Survey (USGS) MODFLOW code 
was selected for use in this study because this code is recognized worldwide and has been 
extensively tested and verified.  The MODFLOW code is extremely well-suited for modelling 
both 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 in this study is documented in McDonald and Harbaugh (1988) 
and Harbaugh and McDonald (1996).  Best practices for groundwater modelling and 
professional judgement were used when applying numerical models for TOT capture zone 
delineations.  Application of the MODFLOW model was done in accordance with ASTM (2000) 
standards for groundwater flow modelling. 
 
The U.S. Geological Survey MODPATH code, as documented in Pollock (1989), was used to 
simulate groundwater flow paths and travel times which, in turn, were used to define TOT zones 
for the York Region municipal wells.  The MODPATH code uses the aquifer potentials 
determined by MODFLOW along with estimates of aquifer porosity to determine groundwater 
velocities.  Particle tracks are defined by following the paths of virtual particles released from the 
well screen and tracked backwards through the aquifer for specified time intervals.  TOT zones 
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were created by manually drawing a polygon around the well that encompassed all particle 
locations at a particular time.  Adequate model discretization around the wellhead and the 
release of a large number of virtual particles ensured that the TOT zones were drawn as 
accurately as possible. 

1.4.2 Modelling Approach 
MODFLOW/MODPATH results were used to delineate the primary wellhead protection TOT 
zones for each municipal well (2-, 5- and 25-year TOT zones) which correspond to the WHPA 
sensitivity zones B, C, and D.  The 10-year TOT zone is not used in the WWAT analyses.  A 
circle with a 100-metre radius was also drawn around each well.  This corresponds to WHPA 
Sensitivity Zone A, which serves as a Pathogen Security/Prohibition Zone.  The primary 
sensitivity designation for each WHPA TOT is provided in Table 2 and all zones (primary and 
secondary) are shown schematically on Figure 5. 
 

Table 2: Time of Travel (TOT) zones and corresponding primary sensitivity zones. 

Zone 
Name 

Purpose Delineation 
Method 

Zone A Pathogen Security/Prohibition Zone 100-metre radius 
Zone B Pathogen Management Zone 2-year TOT zone 
Zone C DNAPL/Contaminant Protection Zone 5-year TOT zone 
Zone D Secondary Protection Zone 25-year TOT zone 

1.4.3 Simulated Pumping Rates 
The time of travel to a well depends, in part, on the rate of pumping assumed for the well.  York 
Region currently operates 37 municipal wells.  The maximum pumping rates used in the 
simulations were determined on the basis of the current Permit to Take Water (PTTW) issued 
by the MOE.  For each well or wellfield, the PTTW specifies limits on the maximum daily 
pumping rates and maximum peak pumping rates.   
 
Historically, the Newmarket, Aurora, Holland Landing, and Queensville wells have been 
grouped together as the “Yonge Street Aquifer” wells.  The term implies that there is a single, 
bounded aquifer that supplies these wells.  In reality, the permeable deposits in these areas are 
part of three different regional aquifer complexes that may or may not be separated locally by 
the regional aquitards.  In this report, the wells are referred to as the Yonge Street Area (YSA) 
wells.  The permit for the YSA wells has a limit on the total annual withdrawal which translates 
to an average daily limit of 42,000 cubic metres per day (m3/d). 
 
New permits for the Ballantrae and Mt. Albert wells also have restrictions on total annual 
withdrawals.  To be conservative, we assumed that any well could, for operational reasons, be 
pumped at its maximum permitted rate for an extended period of time (as long as the pumping 
rates at other wells were adjusted to keep the total withdrawal below the maximum limit).  We 
therefore simulated each YSA well at its maximum permitted rate even though the combined 
rates used in the model exceed the maximum allowable taking.  The WHPAs delineated using 
these rates will be larger and more conservative than if reduced pumping rates were used. 
 
Not all wells are operated at the same time.  For example, Queensville 1 and 2 are operated on 
a weekly rotation where Well 2 is on line when Well 1 is off line.  The same applies to 
Queensville 3 and 4.  Nobleton 2 and Kleinburg 2 are meant to be operated as standby wells.  
Where well pairs were located so close together that they fell within the same model cell (e.g. 
Queensville 1 and 2), the combined or maximum pumping rate was applied to one of the wells 
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and the other was not pumped.  Municipal wells operated by the City of Bradford , Durham 
Region and Peel Region and other large non-municipal takings (e.g., golf course wells) were 
also simulated in the Core Model. 
 
Wells were assigned to different aquifers based on their screen settings.  The Oak Ridges 
Aquifer Complex (ORAC) is the shallowest aquifer and can be confined or unconfined, the 
Thorncliffe and Scarborough Aquifer Complexes (TAC and SAC) are deeper and usually 
confined.  Discussions related to the occurrence and properties of the aquifers are found later 
on in this report.   
 
The municipal wellfields and their reported annual average pumping rates for 2006 (data 
provided by York Region) along with maximum permitted average pumping rates are provided in 
Table 5.  As can be seen, most wellfields take less than half of their permitted withdrawals.  
Cumulative pumping in the Yonge Street area, however, was at the permitted limit in 2006.  The 
short-term exceedences are allowed by the PTTW for fire prevention and maintaining the 
drinking water supply. 

1.4.4 Model Grid Design  
The MODFLOW code uses the finite-difference method and requires that the study area be 
subdivided horizontally and vertically into a grid of small rectangular cells.  The Core Model 
used eight hydrostratigraphic layers to represent the overburden and a weathered bedrock unit 
(Kassenaar and Wexler, 2006).  A uniform 100-m by 100-m cell size was used and this level of 
detail was shown to be adequate to represent groundwater/surface water interaction and for 
WHPA delineation (Kassenaar and Wexler, 2006).  A portion of the grid in the Yonge Street 
area is shown in Figure 6 to illustrate the level of detail.  A sensitivity analysis done for the 
Stouffville wells showed that the shape of the TOT zones was not significantly improved by 
changing the resolution to a 25-m by 25-m grid spacing (Kassenaar and Wexler, 2006).  

1.4.5 Time-of-Travel Analysis 
Time-of-travel zone analyses were conducted using the USGS MODPATH code.  MODPATH 
uses simulated heads and flow rates from the MODFLOW output along with data on aquifer 
porosity to calculate average groundwater velocities.  Although the porosity of soil samples can 
be easily determined in the laboratory, there has been no systematic collection and mapping of 
the distribution of porosity values in the study area.  To be conservative, values at the lower end 
of the typical ranges for these materials were assumed (e.g., Freeze and Cherry, 1979). 
 
The MODPATH code tracks virtual particles from their point of release as they move through the 
aquifer.  Each particle is tracked until it reaches a point of discharge.  Whenever a particle 
crosses the boundary of a finite-difference cell, the particle location and time are recorded.  
MODPATH has the ability to backward-track particles from a discharge point back to the point of 
entry to the aquifer as well as the ability to do forward tracking.   
 
To delineate the TOT zones, particles were placed in an 18-by-18 array on all four sides of the 
cell containing a production well. The 1296 particles for each well were tracked backwards in 
time as they moved through the aquifers and aquitards.  TOT zones were drawn manually by 
connecting the ends of the particle tracks at specified times, as shown in Figure 7.
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Table 3: PTTW values for York Region municipal wells outside the Yonge Street Area. 

Well Name 
MOE 

PTTW 
Number 

Pumped 
Aquifer 

Maximum 
Permitted 
Pumping 

(m3/d) 

Simulated
Maximum
Pumping

(m3/d) 
Ansnorveldt 1 SAC 101 101
Ansnorveldt 2 02-P-3050 SAC 184 184
Ballantrae 1 TAC 2618 2290
Ballantrae 2 1088-6MMNAA TAC 2618 2290
Total Ballantrae Pumping (Sum of Individual Permits) 1 3636 4580
Total Ballantrae Pumping (Maximum Annual Allowed) 1 2618 4580
King City 3 TAC 1964 1964
King City 4 8634-67HR9L TAC 2619 2619
Kleinberg 23 TAC 950 (90 day/yr) 238
Kleinberg 3 and 4 3568-6R7MD8 SAC 3283 3283
Mt. Albert 12 TAC 3273 1800
Mt. Albert 2 2274-6PAJGV TAC 3273 0
Total Mt. Albert Pumping (Sum of Individual Permits) 6546 1800
Total Mt. Albert Pumping (Maximum Combined Pumping) 4352 1800
Total Mt. Albert Pumping (Maximum Annual Allowed)2 1800 1800
Nobleton 24 SAC 1964 (Well 3 off) 1964
Nobleton 3 7433-6HWTED SAC 1964 1964
Schomberg 2  SAC 1637 1637
Schomberg 3 3451-66BNPB SAC 2290 2290
Stouffville 1 TAC 2946 2946
Stouffville 2 TAC 2946 2946
Stouffville 3 ORAC 2946 2946
Stouffville 5 ORAC 2290 2290
Stouffville 6 

6008-6DBPNT 

ORAC 3110 3110
Total Non-YSA Pumping 35,610 36,862
Notes: 1 – Ballantrae wells are allowed to pump a combined average of 2,618 m3/d.  However, the  
                  maximum combined daily pumping can be increased, on a temporary basis (not more than 
                  21 consecutive days), up to 4,580 m3/d during May to October.  Pumping was assigned to 
                  Ballantrae 1 and 2, with each well assigned a value of 2,290 m3/d or one-half of 4,580 m3/d.    
           2 – Mt. Albert wells are allowed a maximum combined flow of 4352 m3/d.  However, pumping at a 
                 rate exceeding 3273 m3/d is limited to16 hours per day for no more than 7 consecutive days  
                 and no more than 21 days per year.  The annual average rate must be less than 1800 m3/d.  
                 The annual average rate (1800 m3/d) was used in the model and applied to Mt. Albert 1.  Mt. 
                 Albert 2 is in the same model cell as Mt. Albert 1. 
           3 – Kleinburg 2 is operated as a standby well when Kleinburg 3 and 4 are not in service.  Model 
                 assumed a maximum of 90 days per year at allowed rate 
           4 – Nobleton 2 is operated as a standby well when Nobleton 3 is off-line.  Because the wells are 
                 over 400 m apart, both wells were simulated at their maximum pumping rate. 
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Table 4: PTTW values for York Region municipal wells in YSA and rates used in the simulation. 

Well Name 
MOE 

PTTW 
Number 

Pumped 
Aquifer 

Maximum 
Permitted 
Pumping 

(m3/d) 

Simulated
Maximum
Pumping

(m3/d) 
Aurora-1 TAC 3273 3273
Aurora-2 TAC 5892 5892
Aurora-3 TAC 5237 5237
Aurora-4 TAC 7856 7856
Aurora-5 SAC 5892 5892
Aurora-6 TAC 3470 3470
Holland Landing-1 TAC 2291 2291
Holland Landing-2 SAC 3600 3600
Newmarket-1 TAC 2291 2291
Newmarket-2 TAC 4583 4583
Newmarket-13 SAC 5892 5892
Newmarket-141 ORAC 2291 1144
Newmarket-15 SAC 3273 3273
Newmarket-16 SAC 5630 5630
Queensville-1 TAC 6546 6546
Queensville-22 TAC 6546 (Well 1 off) 0
Queensville-3 TAC/SAC 6546 6546
Queensville-43 

6623- 
68QQ6L 

TAC/SAC 6546 (Well 3 off) 0
Total YSA Pumping (Sum of Individual Permits) 87,656 74,563
Total YSA Pumping (Maximum Annual Allowed) 42,000 74,563

Total Non-YSA Pumping (From Table 3)  35,610 34,898
Total Annual York Pumping (with Maximum Annual YSA) 77,610 109,461
Notes: 1 – Steady pumping could not be sustained in the model at the maximum permitted rate.  A 
                  sustainable rate of 1144 m3/d was used instead.  This is above the average annual usage. 
           2 – Queensville Well 2 generally does not operate at the same time as Well 1.  Pumping was 
                 applied to Queensville 1.  Queensville 2 is in the same model cell as Queensville 1. 
           3 – Queensville Well 4 generally does not operate at the same time as Well 3.  Pumping was 
                 applied to Queensville 3.  Queensville 4 is in the same model cell as Queensville 3. 
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Table 5: Annual average permitted rates for York Region wells compared to 2006 pumping. 

Wellfield 

Annual 
Average 

Permitted 
Withdrawal 

(m3/d) 

2006 
Annual 

Average 
Withdrawal 

(m3/d) 

Percent 
of 

Permitted 
Withdrawal

Aurora 31,619 13,843 44 
Newmarket, Holland, Landing, Queensville 56,037 28,434 50 
YSA 42,000 42,277 100.7 
    
Ansnorveldt 285 53.4 19 
Ballantrae 2618 1065 59 
King City 4583 1527 33 
Kleinburg  32831 1585 48 
Mt. Albert 1800 935 52 
Nobleton 3928 1051 27 
Schomberg 3927 681 17 
Stouffville 14,238 4934 35 
Notes:  1 – Maximum permitted rate based on Kleinburg Wells 3 and 4 only.  Well 2 assumed to 
                   be for standby only (although Well 2 was used heavily in June-August 2006) 
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1.4.6 Vulnerability Assessments Methods  
MOE Guidance Module 3 (MOE, 2006) presents a detailed description of the methodologies 
available for assessing the relative vulnerability of the aquifers that supply water to the 
municipal wells.  The main purpose of this assessment is to assign intrinsic vulnerability scores 
that can be used in future water quality risk assessment work.  By highlighting areas of high 
intrinsic vulnerability, groundwater protection strategies as well as monitoring activities and data 
collection can focus on areas of greatest risk.  
 
Numerous approaches have been developed for assessing the intrinsic vulnerability of aquifers 
to contamination from surface sources, ranging from qualitative hydrogeological interpretations 
to basic mapping methods (including GIS-type overlays and indexing methods) to detailed 
numerical modelling.  While the methods vary, they are all premised on the concept that the 
vulnerability of the aquifer decreases as the time of travel to the well increases.  Most methods 
do not calculate actual times of travel.  Instead, a vulnerability index is calculated as the sum of 
the weight assigned to easily mapped factors such as soil type and depth to water.  For 
example, in the intrinsic susceptibility index (ISI) method, an ISI value is calculated by summing 
the product of the thickness of each lithologic unit overlying the pumped aquifer multiplied by its 
corresponding K-Factor (where the K-Factor is a number loosely related to the negative 
exponent of the vertical hydraulic conductivity of the material).  The ISI value for each area is 
then compared against pre-determined thresholds in order to characterize the area as High (H) 
Medium (M), or Low (L) relative vulnerability.  The weights and thresholds used in these 
methods tend to be very subjective.  
 
Alternative methods evaluate the relative vulnerability in units of travel time.  Different travel 
times can be used in the IVS analysis ranging from the time of travel from surface to the water 
table (UZAT) to the total time of travel from the surface to the well screen (SWAT).  Descriptions 
of the terms used in these travel time analyses are provided in Table 6 and shown schematically 
in Figure 8.   
 
Early on in this project, York Region staff determined that the WWAT method would be the most 
appropriate method of calculating travel times.  The WWAT method calculates travel time from 
the water table to the well screen but does not factor in unsaturated zone travel time.  While 
there are approximate methods available to estimate the additional time of travel through the 
unsaturated zone, the amount of data available to accurately assess UZAT is minimal and the 
level of uncertainty involved is high.  Accordingly, York Region decided to take a conservative 
approach and not include UZAT in the IVS analysis. 
 
To determine the WWAT values, virtual particles were placed at the water table in all model grid 
cells within the 25-year TOT zone.  If the water-table was below the base of a Model Layer 1, 
the particles were released from the top of the uppermost active model layer.  The MODPATH 
code was used to track each virtual particle forward from its starting point to a discharge point 
which could be a either a well or a stream.  A post-processor (developed by Earthfx) examined 
the subset of particle tracks that ended up in the York Region wells.  The total travel time for 
each track was determined and then assigned to the originating cell.  As an example, Figure 9 
shows WWAT values from 0.1 to 25 years in the vicinity of the King City wells.  The blue areas 
inside the 25-year TOT zone have WWAT values greater than 25 years while particles released 
in the white areas never arrive at the King City wells and discharge to other wells or streams. 
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Table 6: Definitions of terms used in travel time analyses for delineating WHPAs. 

 WHPA 
Term 

Definition 

SWAT Surface to Well Advective Time -- The zone in which all particles are assumed to 
be able to travel from ground surface down to a well screen.  Note that the SWAT is 
equivalent to the UZAT plus WWAT. 

WWAT Water table to Well Advective Time -- The zone in which all particles are 
assumed to be able to travel from the water table to the well screen. 

WAAT Water table to Aquifer Advective Time -- The zone in which all particles are 
assumed to be able to travel from the water table to the top of the pumped aquifer 

SAAT Surface to Aquifer Advective Time -- The zone in which all particles are assumed 
to be able to travel from ground surface to the top of the pumped aquifer (or top of 
the water table if the pumped well is in an unconfined aquifer). 

UZAT Unsaturated Zone Advective Time -- An estimate is made of the vertical travel 
time of water from the ground surface (or near ground surface) to the water table 
surface.  Note that the UZAT plus the WWAT is equivalent to the SWAT. 

TOT Time of Travel Zone -- Zone in which all particles will be able to travel to the well 
within the specified time.  The TOT is a projection of the three-dimensional time-of-
travel zone onto a two-dimensional map. 

 

The calculation of WWAT times within the WHPAs allows the intrinsic vulnerability results to be 
compared to the TOT zones with a common unit of measure.  It should be noted that the travel 
times are advective travel times and are therefore independent of the nature of the potential 
contaminants, release mechanisms, and attenuation processes (e.g., diffusion, dispersion, 
adsorption and chemical transformation).  Appendix 4 of Guidance Module 3 (MOE, 2006) 
recommends translating the travel times obtained from the WWAT analyses into relative 
measures of intrinsic vulnerability as summarized in Table 7.  
 

Table 7: High, Medium, and Low intrinsic vulnerability categories  
as related to WWAT values (from MOE, 2006). 

WWAT Value IV Category 
> 25 years Low 

5 to 25 Years  Medium 
0 to 5 years High 

1.4.7 Intrinsic Vulnerability Scores 
The WHPA sensitivity zones (Zones A, B, C, and D corresponding to the 100-metre, 2-year, 5-
year, and 25-year TOT zones, respectively) determined through the TOT analyses are 
intersected with the relative aquifer vulnerability zones (H, M, L).  Final intrinsic vulnerability 
scores (IVS) ranging from 2 (low vulnerability) to 10 (high vulnerability) are assigned to sub-
zones within the WHPA.  The method is outlined in Table 4.1 of MOE Guidance Module 3 
(MOE, 2006) along with all the other acceptable methods.  A simplified version of the table is 
presented in Table 8 (of this report) which is applicable to studies using WWAT methods.  The 
table also shows that pathogen protection zones and DNAPL protection zones have IVS values 
assigned independently of the ISI analysis in certain zones, as per the prescribed scoring in 
Guidance Module 3 (MOE, 2006).  Figure 10 presents a schematic showing the results of the 
application of the IVS method. 
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Table 8: Determining intrinsic vulnerability scores in the WWAT method (Simplified from 
Table 4.1 in MOE (2006)). 

IVS for studies using WWAT method 
WHPA 
Zone 

High 
WWAT 

(0 to 5 yr) 

Medium 
WWAT 

(5 to 25 yr) 

Low 
WWAT 
(>25 yr) 

 DNAPL
Zones 

Path-
ogen 

Zones 

Comment 

Zone A 
100 m  
Radius 

10 10 10  10 10 Pathogen Security/ 
Prohibition Zone is 
assigned an IVS of 10 
irrespective of WWAT 
score. 

Zone B 
(0 to 2 yr) 

10 8 6  10 6 – 10 Pathogen Management 
Zone B scores depend on 
advective times and apply 
to all contaminants but 
DNAPLs.  

Zone C 
(2 to 5 yr) 

8 6 2  10 0 DNAPL Contaminant 
Protection Zone  

Zone D 
(5 to 25 yr) 

8 6 2  2 - 8 0 Zone D scoring depends 
on advective times and 
applies to all contaminants 
but pathogens. 

 
Adjustments to the score 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 ISI 
value is increased by one step (e.g., from low to medium or medium to high) to reflect the higher 
vulnerability due to the constructed pathways.  Natural preferential pathways, such as fracturing 
and karst features, are assumed to be accounted for in the assessment of intrinsic vulnerability. 

1.4.8 Uncertainty Assessment 
There is level of uncertainty associated with the results of applying the WWAT and IVS 
methods.  The uncertainty is a product of the underlying uncertainties associated with each of 
the three processes used to develop the final IVS values:  (1) the numerical groundwater flow 
model, (2) the time-of-travel analyses, and (3) the WWAT and IVS methodologies.  This study 
evaluated the relative levels of uncertainty and addressed the issues discussed in the following 
sections.  
 
1.4.8.1 Numerical Model Uncertainty 
Uncertainty relating to the numerical model is, to a large degree, related to the uncertainty 
associated with the underlying conceptual geologic and hydrogeologic models.  Answers to 
questions such as: “How well have the geologic formations been defined?”; “How well are the 
geologic surfaces interpolated?”; “Have all significant erosional features that can affect 
continuity of aquitards been identified?”; “Are the aquifer property values reasonable?”; and 
“How certain are the rates of recharge assigned?” help to determine, in a qualitative manner the 
degree of certainty associated with the model and model results.   
 
MOE Guidance Module 3 lists a number of factors that should be considered in evaluating the 
level of confidence in the groundwater vulnerability assessment including: 
 

• The distribution, variability, quality and relevance of data available to support the 
hydrogeological conceptualization (including vertical and horizontal distribution of the 
aquifers), and the corresponding sensitivity of the modelling (or method) results to 
this uncertainty. 
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• The ability of the methods and models selected to account for flow processes in the 
hydrogeologic system conceptualized from the available data (e.g., multiple aquifers, 
spatial and temporal variability in model parameterization, groundwater/surface water 
interactions, etc.). 

•  The ability of the methods and models selected to account for flow processes in the 
hydrogeologic system conceptualized from the available data (e.g., multiple aquifers, 
spatial and temporal variability in model parameterization, groundwater/surface water 
interactions, etc.). 

• The level of QA/QC procedures applied in reviewing/filtering/revising data used to 
construct the models and the potential for errors in the application of the models 
(e.g., data processing errors, model simulation errors, etc.). 

• The extent (and level) of calibration and validation achieved for the numerical models 
and the presence of independent field data that could be used (e.g., geochemistry 
information) to support the calculations and/or general assessments completed. 

 
1.4.8.2 Uncertainty for Time-of-Travel Analyses 
MOE Guidance Module 3 discusses methods for evaluating the uncertainty in the WHPA.  In the 
“Scenario Approach” multiple model simulations were conducted using alternative model 
parameter values that (1) lie within the range of available field data and (2) provide reasonable 
calibration to independently observed data (e.g., hydraulic heads and baseflow).  The scenario 
approach resulted in multiple sets of capture zones for a given time of travel. The capture areas 
of the most reasonable scenarios were analyzed and the area of overlap between scenarios 
was considered to have a higher level of confidence.  
 
Other methods, such as stochastic analyses using Monte Carlo techniques, can produce more 
quantitative estimates of uncertainty.  Stochastic methods were tested in this study in which 
random hydraulic conductivity fields were generated for the aquifers and confining units using a 
cross-correlated random field generator, as described in Robin et al. (1993) and the resulting 
TOT zones and WWAT values were determined.   
 
1.4.8.3 Vulnerability Mapping 
The TOT and WWAT methods produce nearly identical results for wells in unconfined aquifers.  
The WWAT method, however, produces a much more representative estimate of relative 
vulnerability where the municipal supply well is located in a confined aquifer.  The wells are 
most vulnerable to contaminants that enter the subsurface in proximity to the well where travel 
times would be quickest assuming that the confining unit is relatively uniform in thickness and 
hydraulic conductivity.  If the properties are not uniform and/or if the thickness varies and there 
are “windows” in the confining unit where the unit is missing, then the pathways to the well will 
be complex and travel times will vary spatially.  The study addressed the level of uncertainty 
introduced by trying to map out these complex pathways and assign intrinsic vulnerability 
scores.   
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2 Study Results 

2.1 Data Review 
As noted earlier, Task1 of this study was to (1) collect, organize, and analyze all data required 
to conduct the WWAT analysis and vulnerability scoring and (2) identify any data gaps and 
make recommendations for addressing them.  Accordingly, Earthfx conducted a review of 
existing data for the 37 municipal wells within York Region.  As indicated in the MOE Guidance 
Module, data needed to develop a conceptual understanding of the groundwater flow system 
can include:  
 

• earlier studies and reports, including previously delineated WHPAs and vulnerability 
mapping; 

• water well and other borehole records; 
• Quaternary and bedrock geology mapping; 
• aquifer and aquitard thickness mapping; 
• aquifer and aquitard hydraulic conductivity and storage properties 
• depth to water table and piezometric surface mapping; 
• geological cross-sections; and  
• topographic surface and surface water feature mapping. 

 
Much of this information has already been collected and analyzed as part of the YPDT-CAMC 
Hydrogeology of the Oak Ridges Moraine studies (see Kassenaar and Wexler, 2006 for details).  
Data accumulation and data analysis continues as part of the YPDT-CAMC program and the 
latest update of the database (May, 2006 for the major update with incremental updates to April 
2007) was used for this project.   
 
The data collection effort concentrated on analyzing borehole information from the supply wells, 
observation wells, and exploratory test well drilling in the areas surrounding the municipal 
wellfields.  It also included an analysis of transient water level data to corroborate our 
understanding of the degree of confinement afforded to the deep municipal wells (see Section 
2.8.4).  This study was conducted in parallel with the Water Quality Characterization project and 
workshops were conducted over the course of the two studies to facilitate exchange of 
information.   

2.1.1 Background 
York Region has been collecting groundwater monitoring data for decades and likely has one of 
the most extensive datasets in the Province of Ontario.  York Region has been particularly 
proactive in compiling their high-quality data into the YPDT-CAMC database.  This effort aided 
enormously in the analysis of information for this project and for the Water Quality 
Characterization project.  These data were augmented by additional information and mapping 
from the MOE Water Well Information System (WWIS), the Geological Survey of Canada 
(GSC), Ontario Geological Survey (OGS), and the Ontario Ministry of Natural Resources 
(MNR). 

2.1.2 Approach  
The following subtasks were undertaken to facilitate the completion of Task 1: 
 

• incorporation of the May 2006 YPDT-CAMC database release; 
• synchronization and re-integration of the York water level monitoring data; 
• reconciliation of historic monitoring locations and database names; 
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• update of well locations based on new GPS survey data; 
• assessment of data coverage and data gaps; and 
• general wellfield assessment of water level trends and response to pumping. 

 
The first four subtasks were required to fully integrate York Region’s field data collection 
database within the YPDT-CAMC master database to facilitate our analysis of data uncertainty 
and data gaps.  Prior to this project, the data logger files were not fully cross-referenced with 
consistent location identification numbers (LocIDs) in the YPDT-CAMC database.  Although the 
work was critical to this project, funding for the work was from a separate York Region project to 
maintain and update the groundwater information.  Some of the specific work items completed 
in this task are shown in the table below: 
 

Municipal Production Wells 
1 All production data (as of October 2006) were uploaded to the master database.  Data were linked to 

the corrected well locations. 
2 Production well details (revised coordinates, permit numbers, geologic logs, and other information) 

were uploaded to the database and cross-referenced to determine LocID’s and MOE IDs.  
3 Historic MOE IDs were identified for 41 of 44 wells (new wells do not have an MOE ID).  Alternate 

MOE IDs were identified for 10 of 44 pumping wells, indicating possible duplicate records. 
4 Well locations were checked against airphotos and updated to the most recent GPS coordinates.  

Pumping well purpose codes were updated, and the Location Area field was set to “York Region 
Wellfields” to ease querying of York Region production well data. 

York Region Monitoring Wells 
1 All digital data logger and manual water level data (as of October 2006) were uploaded to the master 

database.  York Region LocIDs and names were preserved to ensure consistency for future updates. 
2 Well details and updated GPS coordinates were uploaded to the master database and cross-

referenced against Location Names and LocIDs 
3 A summary table was uploaded to uniquely identify digital data logger locations, manual water level 

monitoring locations, proposed future monitoring locations, and production well locations. 
4 Original MOE ID numbers were identified for 113 of 164 locations (not all locations are expected to 

have original MOE ID numbers). 
 
Some duplicate monitoring well locations may still exist in the database and quality checking by 
York Region staff is recommended to further verify and consolidate the information.   

2.1.3 Data Overview 
York Region maintains 37 active and 7 inactive pumping wells located in 13 major wellfields.  
Wellfield operations are currently monitored by 97 wells with digital data loggers and 152 wells 
with manual water level monitoring (37 wells have both logger and manual data sets).  Location 
of these wells is shown on Figure 2, Figure 3 and Figure 4.  The database contains a total of 
294 locations tagged as York Region data monitoring locations.  Some of these may no longer 
be in use and others may be duplicate records that need to be merged.  
 
The majority of the monitoring wells are located in the northern part of York Region, immediately 
north of Newmarket.  There is no clear pattern to the spatial distribution of the monitoring wells 
except for those in close proximity to the production wells.  It should be noted that York Region 
has begun an independent assessment and optimization of their monitoring network, identifying 
new locations to add to the network, as well as the removal of old or redundant locations.  This 
assessment will benefit from the improved understanding of the groundwater system in York 
Region that has been obtained as a result of the YPDT-CAMC ORM study, this study, and other 
recent geotechnical studies in York Region.   
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The vertical distribution of the monitoring wells was considered in evaluating the coverage of the 
network in the vicinity of the production wells.  To simplify the analysis, wells were grouped into 
“upper aquifer wells” (above the top of the TAC) and “lower aquifer wells” (below the top of the 
TAC), as shown in Error! Reference source not found..  Wells that were unable to be 
reconciled, older wells with no geologic and/or well construction information, and new wells for 
which we have not been provided detailed logs were grouped under “Unclassified Wells”.  As 
can be seen the shallow monitoring network is much less complete than in the lower aquifer 
network.  While few production wells are located in the upper aquifer, the lack of shallow 
monitoring wells limits the ability to monitor water quality trends and contaminant threats in the 
shallow aquifers that can serve as a source of water to the lower aquifers. 
 
The YPDT-CAMC database development efforts have focused on identifying other sources of 
high quality wells and information data sets that can complement the York Region monitoring 
programs.  The location of “higher” quality data is shown in Figure 11.  Several points should be 
noted.  First, a large amount of geotechnical data from the City of Toronto has been 
incorporated into the database.  The geotechnical data collected in York Region, however, is 
limited mainly to recent information from the York-Durham Sewage System (YDSS) expansion 
projects.  It is likely that a wealth of additional geotechnical data can be obtained from the local 
municipalities and other sources within York Region.  These data could be used to improve the 
interpretation of the shallow geology in the wellfield areas.   
 
Second, the digital library of scanned consultant and government reports in the YPDT-CAMC 
database contains valuable information (e.g., additional geologic logs, water level data, and 
aquifer test results) that could be further “mined” to improve the overall understanding of the 
groundwater system. Third, there are a large number of wells in the study area that were drilled 
for other purposes.  These include contaminant source monitoring wells, exploratory drilling for 
landfill siting and OGS/GSC research, and PGMN wells.  Many of these wells could be 
incorporated into an expanded monitoring network at lower cost than having to drill new wells.   
 
A second level of data review was conducted once the time of travel zones were delineated to 
evaluate how well the available data and monitoring wells are distributed within the critical 
areas.  Results are presented in Section 2.8.5. 

2.2 Topography and Physiography 
A map showing land surface topography in the study area, based on a 100-m digital elevation 
model (DEM) provided by the Ontario Ministry of Natural Resources, is presented in Figure 12.  
Higher elevations occur along the axis of the Oak Ridges Moraine (ORM) with maximum 
elevations of about 380 metres above sea level (masl) along the east boundary of York Region.  
Lowest elevations in the area north of the ORM occur at Lake Simcoe (219 masl) and range 
between 150 to 200 masl along the southern York Region/Toronto border.  Lake Ontario, about 
17 km south of the study area, is at an elevation of 75 masl.  
 
Figure 13 shows the major physiographic regions within the study area.  The ORM is the most 
prominent.  The surface of the OMR is hilly, with a knob-and-basin (hummocky) relief (Chapman 
and Putnam, 1984).  The main ridge of sand and gravel deposits is generally believed to be an 
interlobate moraine that formed during the recession of the Wisconsinan glaciation about 13,000 
years ago.  It is aligned east-west and lies roughly midway between Lake Simcoe and Lake 
Ontario.  The majority of the moraine’s hills are composed of sandy or gravelly materials, 
however, some of the highest points are formed of till which caps the sand.   
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The elongate structure of the ORM is divided into four major “wedges” where the north-south 
extent of the moraine widens.  The study area includes the western part of the Uxbridge wedge.  
Due to its predominantly sandy surface soils and hummocky topography, the moraine serves as 
the primary recharge area to underlying aquifers and to York Region’s municipal wells.  The 
ORM forms a surface water and groundwater divide between water flowing south to Lake 
Ontario and water flowing north to Lake Simcoe and Georgian Bay. 
 
The South Slope physiographic region is a till plain that gently slopes southward from the 
southern flank of the ORM towards Lake Ontario.  These tills are surface expressions of the 
regional confining units that overlie many of York Regions municipal wells.  Overlying the south 
slope is the Peel Plain and Pell Pond clay deposits.  The major south-flowing streams (Humber, 
Don, and Rouge Rivers and Duffins Creek) have cut deep valleys through the clay soils.  Similar 
deposits are associated with glacial Lake Schomberg north of the ORM.  The latter deposits 
occur in the Yonge Street area between Aurora and Holland Landing, and near Mt. Albert and 
Schomberg.  The Lake Simcoe lowlands are areas that were flooded by glacial Lake Algonquin 
and include the major agricultural area associated with the Holland Marsh.  The presence of 
clays and tills at surface limits local recharge and therefore, the municipal wells are more 
dependent on the recharge over the ORM and through breeches in the till confining units.  

2.3 Geology and Hydrogeology 

2.3.1 Bedrock Geology 
The bedrock underlying York Region is part of a sequence of Middle to Late Ordovician marine 
sedimentary rocks which lie unconformably on a basement of highly deformed and 
metamorphosed rocks of the Precambrian Grenville Province.  The Paleozoic rocks are 
essentially undeformed and dip gently to the south or southwest.  In York Region, limestones of 
the Middle Ordovician Verulam Formation and limestones and shales of the Late Ordovician 
Lindsay Formation subcrop beneath the Quaternary sediments (Figure 14).  Both of these units 
belong to the Simcoe Group (Johnson et al., 1992).   
 
A map of bedrock surface topography is shown in Figure 15 and is discussed in detail in 
Kassenaar and Wexler (2006).  It should be noted that the bedrock valleys, shown on the figure, 
play an important role in the groundwater flow system in York Region.  Coarse-grained 
sediments infilling the valleys are often targeted as sources for municipal water supply and 
many of York Region’s production wells are located in or adjacent to bedrock valley systems.  
Flow patterns, particularly in the deeper sediments are influenced by proximity to the bedrock 
valleys.  The Laurentian Valley, a major bedrock valley system, runs north-south through the 
western part of the study area.  A deep, narrow tributary valley is interpreted to run north-south 
through the centre of the study area passing between Newmarket and Aurora.   

2.3.2 Quaternary Geology 
A map of Quaternary geology is shown in Figure 16.  The Quaternary succession in York 
Region consists almost entirely of sediments deposited during or after the final major phase of 
glaciation, known as the Wisconsinan stage, which ended about 10,000 years ago.  Older 
sediments may be present, but these are only scattered remnants lying in protected areas on 
the bedrock surface and are of no importance regionally.  The major sedimentary units of the 
area are described below from oldest to youngest. 
 
Scarborough Formation -- The Scarborough Formation consists of a gradually coarsening-
upward sequence starting with silt-clay rhythmites at the base and passing upward into 
channelized cross-bedded sands at the top (Kelly and Martini, 1986).  This unit marks the onset 
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of the Wisconsinan glaciation, which started approximately 100,000 years ago.  These deposits 
are interpreted as a fluvio-deltaic system, fed by large braided melt-water rivers, which 
deposited prograding organic-rich sands over silts and clays (Karrow, 1967 and Eyles, 1997).  
The delta is considered to extend over 200 km2 and was probably deposited by a large river 
flowing from Georgian Bay along the Laurentian Channel to ancestral Lake Ontario.  Lake levels 
are interpreted to have been approximately 45 m higher than present with the top of the 
Scarborough Formation at approximately 120 masl in the Toronto area.  This unit provides 
water to several of York Region’s deeper municipal wells. 
 
Sunnybrook Drift -- The Sunnybrook Drift consists of a lower member, originally called the 
Sunnybrook Till (Terasmae, 1960), and is composed of a clast-poor silt to silty-clay diamicton, 
and a rhythmically laminated clay unit termed the Bloor Member.  The Sunnybrook Drift was 
deposited in proximity to the edge of the ice sheet that reached the study area about 45,000 
years ago.  Interpretation of these deposits by geologists varies considerably.  The Sunnybrook 
Drift is generally less than 10 to 20 m thick but thickens over lows such as within bedrock valley 
systems.  It has also been partially removed by erosional processes, particularly along the 
western part of the region where the bedrock rises west of York Region.  The level of protection 
afforded by the low-permeability Sunnybrook Drift to the municipal wells in the Scarborough 
Formation depends on the local thickness and continuity of the unit.  

Thorncliffe Formation -- The Thorncliffe Formation includes glaciofluvial deposits of sand and 
silty sand and glaciolacustrine deposits of silt, sand and pebbly silt and clay.  This unit provides 
a source of water to the majority of York Region’s municipal wells.  In general, this unit was 
deposited by glacial meltwaters entering a deep, ice-dammed ancestral Lake Ontario 
approximately 30,000 to 50,000 years ago (Barnett, 1992). The Thorncliffe Formation is 
characterized by significant facies changes over short distances, generally on the kilometre 
scale (Interim Waste Authority Limited, 1994a-e; M.M. Dillon Limited, 1990).  The basal part of 
the unit is commonly marked by silt-clay rhythmites.  Marked variation in grain-size and 
thickness of sands within the Thorncliffe Formation in York Region may represent the deposition 
of coarser material by fluvial or subaqueous processes in a north-to-south linear or fan-like 
fashion from a more northerly source (Sharpe et al., 2002b).   

Thorncliffe Formation deposits are present through most of the study area, but they may be 
absent locally due to non-deposition or to erosion by glacial ice or subglacial tunnel channel 
activity (described further on).  Where tunnel channels have incised the Thorncliffe Formation, 
channel infill deposits are often in lateral hydraulic connection with the adjacent Thorncliffe 
sediments.  The Thorncliffe Formation is generally absent in the northeast near Lake Simcoe 
where thin, younger tills often occur directly over limestone bedrock.  The top of the Thorncliffe 
Formation is generally less than 260 masl beneath the ORM and drops to approximately 150 
masl along the York Region/Toronto boundary.  The general drop in elevation of the Quaternary 
sediments from north to south and westward towards the Laurentian bedrock channel reflects a 
generalized draping of the sediments on the bedrock surface.   
 
Newmarket Till -- The Newmarket Till is typically a massive, over-consolidated, stony (3-10 %) 
and dense silty sand diamicton (Gwyn, 1976; Barnett et al., 1991; and Sharpe et al., 2002a).  
The till matrix is predominantly calcite-cemented sandy silt to silty sand.  Locally, the unit can 
contain 2-5 cm thick interbeds of sand and silt, boulder pavements, and fractures and joints.  
 
The Newmarket Till has been traced across the entire study area and separates the upper 
aquifer systems associated with the ORM sediments from the lower aquifer systems that occur 
within deposits of the Thorncliffe Formation and the Scarborough Formation.  The Newmarket 
Till is locally up to 100 m thick but typical thickness is 20-30 m.  The till has been partially or 
completely eroded where glacial meltwater flow has cut down into underlying sediments.  
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Beneath the ORM, the elevation of the top of the Newmarket Till is generally less than 300 masl 
and drops to approximately 170 masl along the York Region/Toronto boundary.  The level of 
protection afforded by the low-permeability Newmarket Till to the municipal wells in the 
Thorncliffe and Scarborough Formation depends on the local thickness and continuity of the 
unit, and the presence or absence of secondary permeability structures. 
 
Regional Unconformity (“Tunnel Channels”) -- The regional unconformity, originally 
identified by the GSC Stratigraphic Framework (Sharpe et al., 1999), includes an interpreted 
network of south to southwest-oriented channels that have cut into or even through the 
Newmarket Till.  Researchers at the GSC and elsewhere have attributed this channel network to 
subglacial meltwater flood events (Barnett, 1990; Shaw and Gilbert, 1990; and Russell et al., 
2002b) as illustrated in Figure 17.  The infill deposits within these “tunnel channels” are thought 
to be products of waning flow after the flood event (Shaw and Gorrell, 1991; see Figure 18).   
 
As part of the YPDT-CAMC ORM study (Kassenaar and Wexler, 2006), these channels have 
been located, extended, and refined from information provided in Russell et al. (2003) and from 
the interpretation of subsurface information and ground surface topography north of the ORM.  
A map of the extent and location of the tunnel channels based on this work is presented in 
Figure 19.  The surface expression of the channels disappears beneath the ORM.  Drilling by 
Barnett (1993), and seismic reflection profiling (Pugin et al., 1996) show that channels continue 
beneath the ORM but mapping them becomes less certain.  The channels at surface are 1 to 4 
km wide and tens of metres deep.  The channels buried beneath the ORM tend to be narrower - 
1 to 2 km wide - but are still tens of metres deep (Pugin et al., 1999).   
 
The channels generally contain sandy sediments that fine upwards.  However, some channels 
contain 10 to15 m thick cross-bedded gravels at the base (Shaw and Gorrell, 1991; Pugin et al., 
1999 and Russell et al., 2002a).  The YPDT-CAMC ORM study (Kassenaar and Wexler, 2006) 
showed that silt layers are common in the upper portions of the channel infill deposits.  These 
channel deposits may be hydrogeologically significant because they can serve as high yield 
aquifers (Sharpe et al., 1996). Also, the channel silts affect the amount of leakage between 
upper aquifers associated with the ORM and the deeper aquifers. 
 
Various channel systems were identified in the study area.  One major channel system trends 
from the Holland Landing area southward toward Nobleton and Kleinburg.  In the Holland Marsh 
area, this channel appears to follow a tributary of the Laurentian Valley that emanates from 
Cooks Bay on Lake Simcoe.  Another channel system trends through the Mount Albert and 
Ballantrae areas and appears to end somewhere beneath the moraine.  
 
Oak Ridges Moraine Deposits -- The ORM is an extensive stratified sediment complex 160 km 
long and 5 to 20 km wide, that is arranged as four sediment wedges each widening westward.    
The western part of the Uxbridge wedge (second from the west) lies within York Region.  ORM 
deposits occur primarily within fan-shaped bodies that are around 10 to 100 m thick, 100 to 
5,000 m long and 10 to 1000 m wide.  These sediments are arranged from coarse to fine 
downflow (westward) and upsection.  Core logs show that moraine sediments may consist of 
two to three fining-upward sequences (Gilbert, 1997 and Russell et al., 1997).   
 
Rhythmically interbedded fine sands and silts are the dominant ORM sediments, but coarse, 
diffusely-bedded sands and heterogeneous gravels are prominent locally, at the apex of fans 
and at depth in channels.  Clay laminae are also present locally.  Recent studies have shown 
the predominant paleoflow direction in the ORM sediments to be east-west and deposition from 
the north and south was likely minimal.  
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There is considerable uncertainty about the origin and nature of sand and gravel deposits 
identified on the flanks of the moraine.  The borehole and water-well record database show the 
presence of significant sand bodies lying either within a single till unit or sandwiched between 
two different till units, particularly in the low lying areas south of the moraine.  These deposits 
may be associated with the processes that created the moraine and therefore lie on top of the 
Newmarket Till or, alternatively, they may be isolated sand bodies within the Newmarket Till.  
These deposits along with the ORM deposits have been grouped, from a hydrostratigraphic 
perspective, into the Oak Ridges Aquifer Complex (ORAC) or the stratigraphic equivalent. 
 
Halton/Kettleby Till -- The last significant glacial ice advance over the southern part of the 
study area occurred about 13,000 years ago when glacial ice moving out of the Lake Ontario 
basin deposited the Halton Till.  At about the same time, late stage ice in the Lake Simcoe area 
deposited the Kettleby Till, a relatively minor silty clay to clay till.  The Halton Till is texturally 
variable but is generally a sandy silt to clayey silt till interbedded with silt, clay, sand and gravel 
(Russell et al., 2002a).  In some areas it is very clay-rich where the ice has overridden 
glaciolacustrine deposits of the Lake Ontario basin.  The Halton Till is typically 3 to 6 m thick but 
locally it can exceed 15 to 30 m in thickness, such as at Mount Wolfe (west of Kleinburg) and in 
King Township (White, 1975; Russell et al., 2002a).  On the southern flanks of the ORM, it has 
overridden the granular ORM deposits extending as far north as Oak Ridges in Richmond Hill 
and to Vandorf Sideroad near Stouffville.  The fine-grained deposits of the Halton Till tend to 
limit recharge to the underlying units but also serve to impede vertical movements of 
contaminants to the ORM and deeper formations.   
 
Surficial Glaciolacustrine Deposits -- The youngest geologic unit consists of glaciolacustrine 
deposits that overlie the Halton, Kettleby, and Newmarket tills.  These deposits include near-
shore sands and gravelly beach deposits of glacial lakes Algonquin and Iroquois, as well as fine 
sands, silts and clays of glaciolacustrine pondings in the Aurora, Newmarket and East 
Gwillimbury areas.  Although these sediments generally form a thin veneer, locally they can be 
several metres thick.  These units represent local ponding of water or higher water levels in 
major lake basins following retreat of the glaciers approximately 12,500 years ago.  Glacial Lake 
Iroquois (ancestral Lake Ontario) water levels were at least 40 to 60 m higher than present, due 
to ice blockage and damming of water along the St. Lawrence River (Anderson and Lewis, 
1985; Eyles, 1997).  Maximum lake levels for Glacial Lake Algonquin (ancestral Lake Huron) in 
the Lake Simcoe area are estimated to have been 245 to 260 masl (Finnamore, 1985; Sharpe 
et al., 1997), which is up to 40 m higher than present Lake Simcoe lake levels.  Shoreline 
elevations are still slowly changing as a result of postglacial isostatic rebound (Eyles, 1997).  
While these deposits can provide water to private wells, they are not tapped by any of the 
municipal wells in York Region. 

2.3.3 Local Geology and Water Quality Indicators  
This section presents a geologic section and a brief description of the local geologic setting of 
each wellfield.  Section lines locations are shown on Figure 20.  A summary of the findings from 
the water quality study (Genivar, 2007) is also presented for each wellfield because water 
quality indicators often provide corroboration of the geologic setting.  For example, if a deep well 
has a geochemical signature that is different from those of other deep wells but is similar to 
those of other shallow wells; it can indicate that the confining unit is thin or missing.  Similarly, if 
the wells have indications of anthropogenic impacts, such as elevated chloride and nitrate 
levels, it can indicate possible contamination from surface sources and short travel times from 
the surface to the well.  It should be noted, however, that all York Region wells meet Ontario 
Drinking Water Standards (ODWS).   
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At Ansnorveldt, the municipal well is located in an area of fine-grained glaciolacustrine 
sediments at surface that overlie a major tunnel channel which contains infill sediments 
composed mainly of silt.  The well is screened in sands near the top of the Scarborough 
Formation (or its stratigraphic equivalent) below what is interpreted to be the Sunnybrook Drift 
(Figure 21).  The geochemical signature was unique compared to all other SAC wells in York 
Region and was attributed to a local change in bedrock type in the Ansnorveldt area (Genivar, 
2007).  The data showed a consistently stable trend for all indicator parameters and did not 
show signs of anthropogenic stress (Genivar, 2007). 
 
The municipal well for Ballantrae is in a deep tunnel channel, with the well screen near the 
base of the infill sediment sequence in gravels and gravelly sands, overlain by silts and silty 
sands (Figure 22).  The Newmarket Till has been entirely eroded in this area.  Surface materials 
in the area are mainly glaciofluvial sands.  Water quality characteristics were not similar to those 
for either the ORAC or the deep aquifer wells.  This was attributed to possible mixing of 
groundwater facilitated by the presence of the nearby tunnel channels (Genivar, 2007).  Data 
showed a slight increasing trend in chloride and sodium concentrations but stable trends for the 
other parameters.  Genivar (2007) concluded that these wells did not show signs of 
anthropogenic stress.  
 
The Halton Till is the major surficial geological unit in the Stouffville area, where it ranges in 
thickness from 5 to about 20 m (Figure 23).  The underlying ORAC is predominantly composed 
of sands and gravelly sands with only relatively minor silt.  It is up to 20 m thick and is the 
source aquifer for Wells 3, 5, and 6.  Beneath the ORAC, the Newmarket Till appears locally 
continuous with interpreted thickness ranging from 20 to more than 60 m.  The Thorncliffe 
Formation is about 25 m thick and locally consists of a fining upward sequence of sandy gravel, 
sandy silt and silt.  Wells 1 and 2 are screened in gravelly material near the base of this unit.  
The fine-grained Sunnybrook Drift and sandy Scarborough Formations are interpreted to be 
present but local data on these units is very limited.  Water quality data (Genivar, 2007) showed 
that groundwater within the ORAC and TAC had its own distinct signature.  Water  from Well 1 
and 2 showed low concentrations and stable trends of all the key chemical parameters except 
sodium while water quality data from the ORAC wells (Wells 3, 5, and 6) suggested potential 
anthropogenic influences (e.g., elevated chloride and nitrate). 
 
The King City wellfield is located in an area of Halton Till outcrop (Figure 24).  The screens of 
the deep wells (i.e., King City 3 and 4) are in gravel and gravelly sand of the Thorncliffe 
Formation, beneath relatively thick Newmarket Till.  Water quality data for the King City wells 
generally had characteristics similar to other TAC wells and showed stable trends for all 
chemical indicator parameters although some variability and fluctuation in sodium and chloride 
concentrations were noted.  The data did not show signs of anthropogenic stress (Genivar, 
2007). 
 
Kleinburg Well 2 is near the western edge of an interpreted tunnel channel below a cap of 
Halton Till.  The well is screened in gravels that probably represent the base of the channel infill 
sequence. Kleinburg Well 3 has its screen in what is interpreted to be the Scarborough 
Formation under a sequence of sedimentary units that include fairly thick Newmarket Till and 
the Sunnybrook Drift.  Water quality characteristics were not similar to those for either the 
ORAC or the deep aquifer wells.  This was attributed to possible mixing of groundwater 
facilitated by the presence of the nearby tunnel channels (Genivar, 2007).  Data showed 
consistently stable trends for all indicator parameters and did not show signs of anthropogenic 
stress.  
 



  
Vulnerability Assessment and Scoring of WHPAs, York Region November 2007 
 

Earthfx Inc.  35 

Mount Albert wells 1 and 2 are near the eastern margin of a large tunnel channel and are both 
screened in the Thorncliffe Formation (Figure 27 and Figure 28).  The thickness of the overlying 
Newmarket Till is variable and it appears to pinch out west of the wells.  Locally, the Newmarket 
Till appears as two units separated by thick sands.  Water quality characteristics were not 
similar to those for either the ORAC or the deep aquifer wells.  This was attributed to possible 
mixing of groundwater facilitated by the presence of the nearby tunnel channels (Genivar, 
2007).  Data showed a slight increasing trend in chloride and sodium concentrations but stable 
trends for the other parameters.  Genivar (2007) concluded that these wells did not show signs 
of anthropogenic stress.  
 
The production wells at Nobleton are located in an area between two south-trending tunnel 
channels. The wells are screened in sands of the Scarborough Formation; the overlying 
Sunnybrook drift is thin or even absent locally (Figure 29).  The Thorncliffe Formation is 
interpreted to be up to 40 m thick.  The Newmarket Till ranges from five to more than 25 m thick 
in the vicinity of the wells, but is absent in the tunnel channels.  Overlying the Newmarket, the 
sands and silty sands of the ORAC are up to 45 m thick.  The entire area is capped by the 
Halton Till.  Water quality was consistent with other SAC wells and generally met ODWS 
although iron concentrations in excess of the ODWS aesthetic objective were noted.  Elevated 
iron is common in deep aquifers in York Region (Genivar, 2007).  The data showed stable 
trends for all chemical indicator parameters although some variability and fluctuation in sodium 
and chloride concentrations were noted.  The wells did not show signs of anthropogenic stress 
(Genivar, 2007). 
 
In the Schomberg area, the major surficial sediments are the fine-grained Kettleby Till and 
glaciolacustrine silts and clays, which are up to 10 m thick (Figure 30).  These overlie up to 16 
metres (m) of silt and silty sand of the ORAC in the area of the pumping wells.  The Newmarket 
Till is quite thick at Schomberg, ranging from about 15 to more than 30 m, and contains notable 
local layers or lenses of sand and silt. The wells are screened in sand near the base of the 
Thorncliffe Formation, which is quite silty in its upper portions and is up to 50 m thick.  The 
Sunnybrook Drift is very thin or may be absent at this location.  The Scarborough Formation is 
interpreted to be present and appears to vary considerably in thickness.  The Core Model had 
the Schomberg wells assigned to the Scarborough Formation to represent that the wells were in 
the lower part of a locally-connected Thorncliffe/Scarborough unit.  It should be noted that the 
geological model has been revised in this area since the construction of the Core Model (based 
on data from new boreholes in the Schomberg area) and further refinement of the WWAT 
analyses may be needed when the numerical model is updated.  Water quality characteristics 
were similar to that of other deep wells.  The data showed a consistently stable trend with time 
for all indicator parameters and did not show signs of anthropogenic stress (Genivar, 2007). 
 
The Newmarket, Aurora, Holland Landing, and Queensville wells are grouped together as 
the Yonge Street Area wells.  As noted in Kassenaar and Wexler (2006), the “Yonge Street 
Aquifer” is part of a larger regional flow system that is locally influenced by a combination of 
three geologic features, including a topographic basin, tunnel channel and bedrock valley.  The 
topographic basin cuts into the ORM deposits and the associated streams (tributaries of the 
East Holland River) induce groundwater flow from outside the basin.  The tunnel channel cross-
connects the aquifer zones, both vertically and horizontally, increasing the effective 
transmissivity in the vicinity of several of the Yonge Street Area production wells.  Finally, the 
underlying bedrock valley further extends the zone of influence of the deeper (Scarborough) 
production wells along the valley axis.   
 
The Aurora wellfield lies within a large tunnel channel with fine-grained glaciolacustrine 
sediments and possibly a thin clay till unit - the Kettleby Till – at or near surface.  The channel fill 
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sediments consist mainly of silt and sandy silt underlain by fine sand and gravel.  The screens 
for closely grouped wells 1 to 4 and well 5 are in gravels in what is interpreted as the Thorncliffe 
Formation, but could be the base of the channel fill sequence (Figure 31 and Figure 32).  The 
Newmarket Till is entirely absent.  Well 6 is on the eastern margin of the tunnel channel where 
there is thick Newmarket Till capped by thin glaciolacustrine silt and clay and Kettleby Till 
(Figure 33).  This well is screened in the Scarborough Formation (or its equivalent).  Water 
quality data from the Aurora wells had the characteristics of water similar to the signature 
identified previously in the TAC and did not show signs of anthropogenic stress (Genivar, 2007).  
Well 6, screened in the SAC, showed only slight differences in geochemical signature compared 
to the other Aurora wells.  
 
Most of the wells in Newmarket are near the margins of a major north-south tunnel channel, but 
the wells penetrate thick Newmarket Till and are screened in the Thorncliffe Formation.  The 
sandy ORAC sediments overlying the Newmarket Till vary greatly in thickness, ranging from 
less than 5 m to more than 20 m thick (Figure 32, Figure 34, and Figure 35).  Well 14 is 
shallower than the other wells and its screen is in fine sand of the ORAC beneath a fine-grained 
surface till interpreted as Kettleby Till.  Surface sediments in the area are glaciolacustrine silt 
and clay in low lying areas, Newmarket and Kettleby till, and glaciofluvial deposits.  Water 
quality data for the deeper Newmarket wells had characteristics similar to other TAC wells, 
showed a consistently stable trend for all chemical indicator parameters, and did not show signs 
of anthropogenic stress.  Well 14 had elevated concentrations of nitrate and sulphate that could 
be due to anthropogenic sources and showed an increasing trend in sodium and chloride 
concentrations (Genivar, 2007).   
 
The Queensville wells pass through very thick Newmarket Till, which either outcrops or is 
overlain by thin sands or fine-grained glaciolacustrine deposits (Figure 36 and Figure 37).  The 
well screens are in the sandy Thorncliffe Formation.  Water quality data for the Queensville 
wells showed characteristics similar to the signature for other TAC wells, had stable trends for 
all chemical indicator parameters and did not show signs of anthropogenic stress (Genivar, 
2007). 
 
At Holland Landing, the two municipal wells are in or adjacent to a small tunnel channel in an 
area of Kettleby Till outcrop (Figure 38 and Figure 39).  Well 1 penetrates thick sandy silt 
channel fill and possible ORAC equivalent sediments and is screened in sands of the Thorncliffe 
Formation.  Newmarket Till is absent.  However, well 2 passes through about 45m of till with no 
ORAC or equivalent sediments present.  It too is screened in the Thorncliffe Formation.  Water 
quality data for the Holland Landing wells had characteristics similar to other deep wells, had 
stable trends for all chemical indicators and did not show signs of anthropogenic stress 
(Genivar, 2007). 

2.4 Surface Water Network 
Stage (i.e., elevation of the water surface) in streams is probably the most significant influence 
on the direction of groundwater flow in the study area.  The Figure 40 shows the location of the 
principal streams in the study area (minor tributaries are not shown).  As can be seen, the 
Schomberg, Aurora, Newmarket, Ansnorveldt, Holland Landing, Queensville 3 and 4, and 
Ballantrae wells are within the Holland River watershed.  The Mt. Albert wells are in the Black 
River watershed and the Queensville Wells 1 and 2 fall within the Maskinonge River watershed.  
The Nobleton, Kleinburg, and King City wellfields fall within the Humber River watershed.  
Stouffville Wells 1, 2, and 3 are located in the Duffins Creek watershed while Stouffville Wells 5 
and 6 fall within the Rouge River watershed. 
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The high permeability of surficial soils associated with the ORM and the hummocky topography 
tend to favour infiltration of precipitation rather than runoff.  The ORM deposits are notable for 
the almost total absence of perennial streams.  The stream network that drains the study area 
generally starts as springs along the north and south flanks of the ORM.   
 
Figure 40 also shows the location of 8 active HYDAT stream gauges monitored by Environment 
Canada and 11 inactive HYDAT gauges with historic flow data.  Gauge locations, average total 
flow, and estimated baseflow for the period of record are presented in Table 9.  Baseflow 
separation techniques used in this analysis are described in Kassenaar and Wexler (2006).  
Baseflow in the study area is primarily composed of groundwater discharge and generally 
constitutes between 44 to 68% of total flow.   
 
Determining average streamflow (Table 9) helped quantify losses due to interception and 
evapotranspiration.  Average baseflow values provided an estimate of the average rate of 
groundwater recharge, assuming that most of the rainfall that recharges the groundwater within 
the gauged catchment discharges at the gauge.  This assumption is not always valid, 
particularly where the net underflow (inflow minus outflow of groundwater across the catchment 
boundaries) is a significant component of the catchment water balance  

Table 9: Environment Canada HYDAT gauges 

Station 
ID Station Name Period Act

ive 
Average 

Flow 
(m3/s) 

Esti- 
mated 

Baseflow
(m3/s) 

% of
Total
Flow

02EC008 Black River at Baldwin 1964-69, 
1983-94, 
2002-04 

Y 2.26 1.41 63

02EC009 Holland River a Holland Landing 1965-2004 Y 1.32 0.69 52
02EC010 Schomberg River near 

Schomberg 
1966-98, 
2002-04 

Y 0.29 0.13 45

02HC007 Humber River above East 
Humber R. 

1953-57  3.04 1.70 50

02HC009 East Humber River near Pine 
Grove 

1953-2004 Y 1.20 0.65 54

02HC010 East Humber River near 
Kleinburg 

1953-56  1.19 0.53 45

02HC011 Humber River at Woodbridge 1956-62  3.37 2.30 68
02HC022 Rouge River near Markham 1961-2004 Y 1.51 0.70 46
02HC023 Cold Creek near Bolton 1962-2004  0.48 0.30 63
02HC025 Humber River at Elder Mills 1962-2003 Y 2.47 1.59 64
02HC026 West Duffins Creek at Green 

River 
1963-1988  1.13 0.62 55

02HC028 Little Rouge Creek near Locust 
Hill 

1963-2004 Y 0.81 0.36 44

02HC032 East Humber River at King 
Creek 

1965-1993, 
2003-2004 

Y 0.60 0.34 57

02HC035 Stouffville Creek below 
Stouffville 

1974-1982  0.18 0.12 67

02HC036 Katabokokonk Creek above 
Locust Hill 

1974-1976  0.03 0.01 33

02HC038 West Duffins Creek above 1974-1993  0.63 0.39 62
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Green R. 
02HC039 Reesor Creek above Green 

River 
1974-1993  0.40 0.22 55

02HC040 Reesor Creek near Altona 1974-1976  0.18 0.08 44
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2.5 Time-of-Travel Assessment 

2.5.1 Modelling Approach 
A conceptual flow model describes the physical and hydrogeologic setting of the study area and 
the hydrologic factors that govern groundwater flow.  The conceptual model developed for the 
ORM area is described in Kassenaar and Wexler (2006).  Descriptions of the geologic setting of 
the study area and the development of the conceptual geologic and hydrostratigraphic models 
are found in Kassenaar and Wexler (2006).  Minor modifications have been made to the 
geologic model in the intervening time primarily as a result of additional borehole and aquifer 
test data obtained from ongoing work for the York-Durham Sewage System (YDSS) expansion 
project and groundwater exploration programs.   
 
Eight layers were used in the Core Model to represent the hydrostratigraphic units.  A north-
south section through the Core Model area is presented in Figure 41 to illustrate the relative 
thickness of the eight layers: 
 

• Layer 1: Surficial Deposits and/or weathered Halton/Kettleby Aquitard 
• Layer 2: Halton/Kettleby Aquitard 
• Layer 3: Oak Ridges Aquifer Complex (ORAC) and/or weathered Newmarket 
• Layer 4: Newmarket Aquitard and/or Tunnel Channel silts 
• Layer 5: Thorncliffe Aquifer Complex (TAC) and/or Tunnel Channel sediments 
• Layer 6: Sunnybrook Aquitard 
• Layer 7: Scarborough Aquifer Complex (SAC) 
• Layer 8: Weathered Bedrock 

 
Natural hydrologic boundaries, including Lake Simcoe, Lake Ontario and major watershed 
divides, were used to define the extent of the area modelled and to determine the conditions 
specified on the external boundaries of the Core Mode (Figure 42).  Much effort was expended 
to best represent the variations in aquifer properties (e.g., aquifer thickness and hydraulic 
conductivity), because these variations influence the lateral movement of groundwater.  Also 
important were variations in aquitard properties which control the vertical movement of water 
between aquifers.  Initial estimates of aquifer properties used in the Corel Model were derived 
from aquifer performance test data, from the results of previous modelling studies, and through 
analysis of the lithologic and specific capacity data from wells in the MOE WWIS database (see 
Kassenaar and Wexler, 2006).  Property estimates were refined through model calibration.   
 
The rate of groundwater recharge varies over the study area and is controlled by the spatial 
distribution of precipitation, soil properties, topography, vegetation, and land use.  Estimated 
rates and distribution of recharge in the Core Model were based mainly on surficial geology and 
corrected for decreased recharge in urbanized areas (Kassenaar and Wexler, 2006).   
 
Potentiometric surface and water-table maps were prepared using static water levels from the 
MOE WWIS database.  Well data were screened to eliminate wells with obvious location or 
elevation inaccuracies.  Limitations of this data set and the level of accuracy are discussed in 
Kassenaar and Wexler (2006).  Despite the known shortcomings, it remains the data set with 
the best spatial coverage.  The interpolated groundwater levels for the ORAC and/or equivalent 
are shown in Figure 43.  The observed water levels and flow patterns were used to guide model 
calibration and served as a quality assurance check on the results of the TOT analyses.   
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Groundwater levels for the Thorncliffe Aquifer Complex (TAC) are shown in Figure 44.  The 
potentiometric surfaces in the lower aquifers tended to be subdued replicas of those in the 
ORAC.  Water levels were lower in the TAC beneath the ORM and higher than the ORAC in the 
tunnel channel zones and in the vicinity of streams where shallow water levels are depressed.  
The interpolated water levels show a number of significant features that were matched by the 
numerical model, including: 
 

• regional groundwater mounds under the ORM;   
• the lower, almost-flat water levels within the tunnel channel zones, in particular in 

the Holland Marsh and around Aurora-Newmarket;  
• elevated water levels in the till highlands separating the tunnel channel zones; 

and 
• the influence of the stream network on the groundwater flow patterns.  

 
Groundwater is exchanged between the shallow and deeper aquifers as leakage across the 
aquitards.  The direction of vertical flow depends on the relative heads in the different aquifers.  
Leakage rates vary locally depending on the magnitude of the vertical gradients and on the 
thickness and hydraulic conductivity of the confining units.  Leakage is, therefore, downward 
beneath the ORM and upward in the tunnel channel zones and in the vicinity of streams.  
Pumping at larger municipal wells can also reverse the natural gradients and thereby induce 
downward flow to the wells across the confining units even though the wells are located in 
natural discharge areas.  The ability of the model to match local and regional gradients is an 
extremely important test of the accuracy and reliability of the TOT and WWAT analyses. 

2.5.2 Modelling Calibration and Results 
Calibration of the Core Model was done through a trial-and-error process in which initial 
estimates of hydraulic conductivity, anisotropy, and recharge rates were gradually refined until 
simulated water levels best matched the contour maps of the observed water levels.  In general, 
matching flow patterns was considered more important than matching the absolute head values 
at the wells because the shape and orientation of the time-of-travel zones are extremely 
sensitive to variation in local flow directions.   
 
Matching groundwater discharge rates to streams was a second calibration target and provided 
an independent check on the rates of recharge rates used in the model.  Further discussions of 
the calibration process, calibration statistics, and sensitivity analyses to determine the role of 
uncertainty related to aquifer and aquitard properties on the accuracy of the calibration are 
discussed in Kassenaar and Wexler (2006).  
 
Figure 45 shows the simulated heads in the Model Layer 3 which represents the ORAC, where 
present.  White areas within the model boundaries represent areas where either the ORAC is 
absent or where the simulated ORAC heads dropped below the base of the aquifer.  Simulated 
heads, flow directions, and gradients in the ORAC matched well with the observed data over 
most of the study area.  A map comparing observed and simulated heads is provided in 
Kassenaar and Wexler (2006).  Figure 46 shows the simulated heads in the TAC.  Gradients 
tend to be downward over most of the study area except in the vicinity of the stream valleys.  As 
with the ORAC heads, flow directions and gradients matched well with the observed data over 
most of the study area although the mound beneath the ORM was not as high as the observed 
in the Uxville area east of Stouffville.   
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2.6 Capture Zone Delineation 
The calibrated groundwater flow model was used to delineate time-of-travel (TOT) zones for the 
municipal supply wells.  TOT zones are defined as the portion of a capture zone in which 
groundwater will travel to a production well within a specified period of time.  For example, a 10-
year TOT zone is the area around a well in which the furthest water particle takes 10 years to 
reach the well.  TOT zones are actually three-dimensional surfaces.  Wellhead protection areas 
(WHPAs) were defined using the vertical projection of these surfaces onto a two-dimensional 
map even though not all water particles entering at land surface will actually arrive at the well 
within the specified time interval. 
 
The TOT analyses were used to define zones within the wellhead protection areas as defined 
by Guidance Module 3 (MOE, 2006) as follows: 
 

• Zone A: Pathogen Security/Prohibition Zone – 100 m radius around the pumping well;  
• Zone B: Pathogen Management Zone – 2-year TOT zone;  
• Zone C: DNAPL/Contaminant Protection Zone – 5-year TOT zone;  
• Zone D: Secondary Protection Zone – 10 and 25 year TOT zone. 

 
These were shown schematically in Figure 5.  The TOT zone analyses were conducted using 
the USGS MODPATH code as discussed in Section 1.4.5.  Capture zones were analyzed with 
all wells pumping at the rates discussed in Section 1.4.3.   
 
As noted earlier, MODPATH used the simulated heads and flow rates from the MODFLOW 
model (based on pumping rates discussed in Section 1.4.3) along with additional data on 
aquifer porosity to calculate average groundwater velocities.  Because there is little information 
on the range and distribution of porosity values in the study area, we adopted conservative 
values (i.e., small values that result in greater velocities and therefore shorter travel times) for 
the aquifers and confining units.  For example, clean, uniform sand may have a porosity of 
about 36%.  The smaller values used consider the possibility that the sands are not uniform and 
that the infilling of pores with smaller sized particles can occur.  Silts and clays which form the 
aquitards may have porosities of 40% or greater, but because much of the permeability may be 
due to fractures, lower porosities were assumed.  Values used are shown in Table 10 below. 
 

Table 10: Porosity values assumed for the capture zone analysis. 
Surficial Material Porosity Value 
Layer 1 - Recent Deposits and Weathered Halton/Kettleby Aquitard 0.125 
Layer 2 – Halton/Kettleby Aquitard 0.125 
Layer 3 – ORAC and Weathered Newmarket Aquitard 0.125 
Layer 4 - Newmarket Aquitard 0.05 
Layer 5 - Thorncliffe Aquifer Complex 0.125 
Layer 6 - Sunnybrook Aquitard 0.05 
Layer 7 - Scarborough Aquifer Complex 0.125 
Layer 8 - Weathered Bedrock 0.05 

 
The simulated 2-, 5-, 10-, and 25-year TOT zones for Aurora and Newmarket wells are shown in 
Figure 47 and for the Holland Landing and Queensville wells in Figure 48.  The 10-year TOT is 
shown as a dashed line because it is not required in the WWAT analysis according to Guidance 
Module 3 (MOE, 2006).  Also shown is the outline of WHPA Zone A, a circle with a 100-m 
radius around each well.  The simulated 2-, 5-, 10-, and 25-year TOT zones are presented in 
separate figures for the Ballantrae wells (Figure 49), Stouffville wells (Figure 50), Mt. Albert 
wells (Figure 51), King City (Figure 52), Kleinburg wells (Figure 53), Nobleton wells (Figure 54), 
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Schomberg wells (Figure 55), and Ansnorveldt wells (Figure 56).  The TOT zones for Yonge 
Street area wells and the others may differ slightly from the ones defined previously 
representing 2004 conditions (e.g. Gartner Lee, 2006a - 2006e; Azimuth, 2005a - 2005c) due 
primarily to the changes assumed in the rates of pumping and updating of geologic surfaces 
and model parameters in the intervening time.  Table 10 shows pumping rates used in the 
current model, as well as rates used in the previous WHPA analyses.      

Table 11: Pumping rates used in current and OPA WHPA studies. 

WELL NAME 
Current Model 

Pumping Rate (m3/d) 
OPA  

Pumping Rate (m3/d) 
Ansnorveldt-1 101 101 
Ansnorveldt-2 184 184 
Aurora-1 3273 3273 
Aurora-2 5890 5890 
Aurora-3 5238 5238 
Aurora-4 7855 7855 
Aurora-5 5890 5890 
Aurora-6 3456 3456 
Ballantrae 1 2290 2190 
Ballantrae 2 2290 2190 
Holland Landing-1 2290 2290 
Holland Landing-2 3600 3600 
King City 3 1964 1964 
King City 4 2619 2619 
Kleinburg 2 238 950 
Kleinburg 3 3283 3280 
Mt. Albert-1 3264 3273 
Mt. Albert-2 3264 3273 
Newmarket-1 2291 2291 
Newmarket-2 4582 4582 
Newmarket-13 5890 5890 
Newmarket-14 1145 2291 
Newmarket-15 3273 3273 
Newmarket-16 5632 5632 
Nobleton 2 1964 1964 
Nobleton 3 1964 1964 
Queensville-1 6545 6545 
Queensville-3 6545 6545 
Schomberg-2 1636 1636 
Schomberg-3 2290 2290 
Stouffville 1 2946 1657 
Stouffville 2 2946 1657 
Stouffville 3 2946 1657 
Stouffville 5 2289 1526 
Stouffville 6 3110 2073 

 
 
The shapes of the capture zones are determined primarily by the regional flow patterns, 
variations in aquifer properties, proximity to features such as bedrock valleys and tunnel 
channels, and mutual interference between wells.  Capture zones for a particular well can also 
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vary depending on the rate of pumping at the well, the rate of pumping at nearby wells, and 
other external factors such as seasonal changes in the rate of recharge or stage in rivers.  The 
capture zones/TOT zones for isolated wells (e.g., Mt. Albert or King City) have relatively simple 
shapes, whereas the capture zones for other wells, such as those in the Yonge Street Area, are 
more strongly influenced by the presence of nearby pumping wells.  These results demonstrate 
the importance of using a larger-scale model to analyze capture zones, because models 
developed for individual wellfields cannot simulate the effects of nearby wells on the shape of 
the TOT zones.   

2.7 Wellhead Protection Area Implementation  

2.7.1 Vulnerability Assessments Methods  
In addition to defining the Time-of-Travel zones, MOE Guidance Module 3 (MOE, 2006) 
requires mapping of intrinsic vulnerability of the aquifer(s) within the WHPA such that 
vulnerability scoring can be developed to serve future water quality risk assessment work.  For 
this study, we used the water-table-to-well advective time (WWAT) method to categorize the 
relative vulnerability within the WHPAs based on the simulated travel times from the water table 
to the well screen.  The method is summarized in Section 1.4.7 of this report.  
 
As noted earlier, virtual particles were placed along the top face (water table) of all model grid 
cells within the 25-year TOT zone.  To ensure that no possible pathways were missed, particles 
were also placed in a 1- to 2-km buffer area surrounding the 25-year TOT.  If the water-table 
was below the base of Model Layer 1, particles were released from the top of the uppermost 
active model layer.  Figure 57 shows the starting points for the WWAT analysis for the Holland 
Landing and Queensville wells and Figure 58 shows the starting points for the Aurora and 
Newmarket wells.  As can be seen, most of the particles start in the shallow system (Layers 1 to 
3) but there are large areas where the water table is simulated to be within the Newmarket Till 
(Layer 4) or TAC (Layer 5).  These areas correspond to the white areas on Figure 45 which 
shows the simulated heads in the ORAC.  
 
The MODPATH code was used to track each virtual particle forward from its starting point to a 
discharge point which could be a either a well or a stream.  A post-processor developed by 
Earthfx was used to examine the subset of the particle tracks that ended up in the York Region 
wells.  The total travel time for each track was determined and then assigned to the cell from 
which that particle was released.  Results were then colour-coded for analysis.  Figure 59 
shows the 0 to 25-year WWAT values determined by forward tracking of particles released in 
the vicinity of the Stouffville wells.  A number of significant features can be seen in these results. 
 

• The colour–shaded areas around Stouffville Wells 3, 5, and 6 (which are screened in 
the ORAC which is the uppermost aquifer in this area) generally match the 
corresponding TOT zones.   

• The grey areas inside the 25-year TOT zone have WWAT values greater than 25 
years.  Particles at the water table in the vicinity of Well 1 and 2 do not make it to the 
well screens within the 25-year period as can be seen in the section through the TOT 
zone shown in Figure 60.  Thus, these areas are less vulnerable than would be 
indicated by including them in the 25-year TOT zone.   

• Particles in the white areas do not discharge to the wells.  They most likely discharge 
to nearby streams or other wells.  These areas should be considered to have 
extremely low vulnerability.  
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The calculation of WWAT times within the WHPAs allows the intrinsic vulnerability results to be 
expressed in terms of true advective travel times.  It should be recognized that the travel times 
are advective travel times and are therefore independent of the nature of the potential 
contaminants, release mechanisms, and attenuation processes (e.g., diffusion, dispersion, 
adsorption and chemical transformation). 
 
Appendix 4 of Guidance Module 3 (MOE, 2006) recommends translating the advective travel 
times obtained from the WWAT analyses into relative measures of intrinsic vulnerability, as 
presented in Table 7.  Maps of the High, Medium, Low relative vulnerability areas corresponding 
to WWAT times of 0 to 5 (red), 5 to 25 (yellow), and greater than 25 years (green) for the Aurora 
and Newmarket Wells are shown in Figure 61 and for the Holland Landing and Queensville 
wells in Figure 62.  Also shown is the outline of the 25-year TOT zone.  The High, Medium, Low 
relative vulnerability areas are presented in separate figures for the Ballantrae wells (Figure 63), 
Stouffville wells (Figure 64), Mt. Albert wells (Figure 65), King City (Figure 66), Kleinburg wells 
(Figure 67), Nobleton wells (Figure 68), Schomberg wells (Figure 69), and Ansnorveldt wells 
(Figure 70).  
 
Some general observations, similar to those discussed relating to the Stouffville wells, can be 
made regarding the results for the other wellfields.  As can be seen from the figures, the zones 
of medium to high (0 to 5 and 5 to 25 years) are relatively large for wells screened in the ORAC 
aquifer or where the confining units have been breached but are restricted to small areas or are 
non-existent for wells in the deeper, well-confined aquifers.  The remaining parts of the TOT 
zones either have low vulnerability (i.e., WWAT values > 25 years) or the particles that enter the 
water table discharge to somewhere else other than the wells (white areas on the figures).  The 
conservative nature of the TOT analysis is most apparent for wellfields where the areas of low 
to zero intrinsic vulnerability dominate the areas of medium to high vulnerability.  
 
With regards to the YSA wells, the colour–shaded areas around Newmarket Well 14 (which is 
screened in the ORAC) generally match the corresponding TOT zones.  Newmarket Wells 1, 2, 
13, and 16 have relatively large zones of medium to high intrinsic vulnerability around the wells.  
The reason for the short travel times (0 to 5 years) is that the particles were started in Layer 5 
(TAC), as shown in Figure 59, because the simulated heads were below the base of the 
Newmarket Till.  As a result, the travel times do now account for the extremely long time of 
travel through the unsaturated Halton and Newmarket Tills.  This may be an instance where 
including travel times in the unsaturated zone (UZAT) would provide a more realistic 
assessment of aquifer vulnerability. 
 
Newmarket Well 15, the Aurora Wells, the Holland Landing Wells, and Queensville Wells 
generally have small areas of medium intrinsic vulnerability surrounded by areas of low 
vulnerability.  A small area of high intrinsic vulnerability lies to the south of Queensville Wells 3 
and 4.  This is associated with a small zone of thin Newmarket Till interpreted to be present in 
this area.  The simulated water table lies below the base of this thin Newmarket Till, and as a 
result, particles in this area were started in Layer 5.  The analysis shows that, even though the 
25-year TOT zones from the different wellfields coalesce, much of the 25-year TOT for the 
Holland Landing/Queensville wellfields and the eastern part of the Aurora/Newmarket 25-year 
TOT have low intrinsic vulnerability.  

2.7.2 Intrinsic Vulnerability Scores 
In the final step of the vulnerability assessment, the WHPA sensitivity zones (Zones A, B, C, 
and D, corresponding to the 100-m, 2-year, 5-year, and 25-year TOT zones, respectively) 
determined through the TOT analyses were intersected with the relative aquifer vulnerability 
zones (H, M, L).  Final intrinsic vulnerability scores (IVS) ranging from 2 (low vulnerability) to 10 
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(high vulnerability) were assigned to sub-zones within the WHPA.  The method is outlined in 
Table 4.1 of MOE Guidance Module 3 (MOE, 2006).  A simplified version of the table was 
presented in Table 8 that is applicable to studies using WWAT methods.  The table also shows 
that pathogen protection zones and DNAPL protection zones have IVS values assigned 
independently of the WWAT analysis in certain zones, as per Guidance Module 3 (MOE, 2006).  
Figure 10 presented a schematic which shows the results of the application of the IVS method. 
 
Figure 71 shows the IVS for pathogen protection zones at Aurora and Newmarket wells; Figure 
72 shows the IVS for pathogen zones at the Holland Landing and Queensville wells.  As can be 
seen, Zone A (the 100-m radius around each well) is referred to as the “Pathogen 
Security/Prohibition Zone” and is automatically assigned a value of 10.  Zone B (2-year TOT) is 
referred to as the “Pathogen Management Zone” and is assigned values based on the aquifer 
vulnerability (H, M, L) categorization and mapping (see Table 8), such that the Zone B around 
Newmarket Well 14 has a value of 10 (because the area within the 2-year TOT has a high IVS) 
while Zone B around Newmarket Wells 1 and 2 and Newmarket Wells 13 and 16 have values 
that range between 6 and 10 (because the areas within the 2-year TOTs have IVS values that 
range between high, medium and low).  The other Aurora and Newmarket wells have values 
that range between 6 and 8 (because the areas within the 2-year TOTs have IVS values that 
range between medium and low).  The other zones (i.e., Zones C and D) are not assigned IVS 
scores for pathogens because the scoring method assumes that pathogens would not remain 
viable if the time of travel to the well was greater than 2 years.  
 
Pathogen zones are presented in separate figures for the Ballantrae wells (Figure 73), 
Stouffville wells (Figure 74), Mt. Albert wells (Figure 75), King City (Figure 76), Kleinburg wells 
(Figure 77), Nobleton wells (Figure 78), Schomberg wells (Figure 79), and Ansnorveldt wells 
(Figure 80).  Again, the shallow wells such as Stouffville Wells 3, 5, and 6 have IVS values as 
high as 10 in Zone B while the deeper wells have lower IVS scores. 
 
Figure 81 shows the IVS map for the DNAPL protection zones at the Aurora and Newmarket 
wells while Figure 82 shows the IVS map for DNAPL zones at the Holland Landing and 
Queensville wells.  As can be seen, Zone A, Zone B, and Zone C (5-year TOT) are all 
automatically assigned a value of 10.  Zone D, the area between the 5- and 25-year TOT zones, 
is assigned values based on the aquifer vulnerability (H, M, L) categorization and mapping (as 
per Table 8).  Results for these wells show that Zone D generally has small areas with scores of 
6 to 8 and a larger area with a value of 2.  It should be noted that, to be conservative, we 
assigned a value of 2 to the 25-year TOT even in areas where no particles from the water table 
end up in the well screen (white areas on Figure 61 and Figure 62).  MOE Guidance Module 3 
does not address this issue specifically.   
 
IVS scores for DNAPL protection zones were drawn for the other wells and are presented in 
separate figures for the Ballantrae wells (Figure 83), Stouffville wells (Figure 84), Mt. Albert 
wells (Figure 85), King City (Figure 86), Kleinburg wells (Figure 87), Nobleton wells (Figure 88), 
Schomberg wells (Figure 89), and Ansnorveldt wells (Figure 90).  The shallow wells such as 
Stouffville Wells 3, 5, and 6 have larger areas with IVS scores of 6 while the deeper wells have 
lower IVS scores. 
 
Finally, IVS maps were drawn to define vulnerable areas for general contaminants.  Figure 91 
shows the IVS for the general contaminant WHPA at the Aurora and Newmarket wells; Figure 
92 shows the IVS for the general contaminant WHPA at the Holland Landing and Queensville 
wells.  As can be seen, Zone A is still automatically assigned a value of 10 but all other zones 
have an IVS based on the aquifer vulnerability (H, M, and L) categorization and mapping.  
Results for Zone D are the same as the previous (DNAPL) scoring and scores for Zone B are 
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the same as the pathogen scoring.  Only Zone C is different; however, the scoring scheme is 
the same as the scoring for Zone D (as per as per Table 8). 
 
IVS scores for general contaminant zones were drawn for the other wells and are presented in 
separate figures for the Ballantrae wells (Figure 93), Stouffville wells Figure 94), Mt. Albert wells 
(Figure 95), King City (Figure 96), Kleinburg wells (Figure 97), Nobleton wells (Figure 98), 
Schomberg wells (Figure 99), and Ansnorveldt wells (Figure 100).  As before, the results show 
that shallow wells such as Stouffville Wells 3, 5, and 6 have larger areas with IVS scores of 6 
while the deeper wells have lower IVS scores.   The IVS scoring for Nobleton, Schomberg and 
Ansnorveldt point out the extremely conservative nature of this method.  In each of these cases, 
particles released within the 2-year TOT zone never reach the wells; however, these areas 
(Zone B) are still assigned an IVS of six. 
 
Adjustments to the score 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 is increased by one step (e.g., from low to medium or medium to high) to reflect the higher 
vulnerability caused by the constructed pathway. No specific data were found on improperly 
decommissioned wells or on pits and quarries that have breached the confining units.  It is 
recommended that York Region 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 
Peel Region.  Priorities can be assigned to each abandoned well based on the results of the IVS 
analysis.   
 
Natural preferential pathways, such as erosion or fracturing of the tills, are accounted for in the 
WWAT assessment according to the Guidance Module 3 (MOE, 2006).  However, despite all 
the effort by the GSC, OGS, and YPDT-CAMC 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 
local-scale phenomena such as fractures or “windows” in the till aquitards in the vulnerability 
assessments.  Therefore, the results of the IVS should be viewed as a means of prioritizing 
expansion and improvements in the monitoring data, decommissioning abandoned wells, and 
addressing high-risk sites but not as a means of justifying reduced vigilance in the low-risk 
areas.   
 
As noted earlier, the IVS analysis is the first, but very important, step in conducting a risk-based 
assessment of potential threats to the York Region supply wells from past, current, or future 
land-use activities.  Further steps include conducting a 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). 

2.8 Uncertainty Assessment 
There is a degree of uncertainty associated with the WWAT and IVS 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 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 
all three of these MOE criteria.  It is recognized, however, that all hydrogeologic analyses have 
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an intrinsic level of uncertainty because one can never have enough data to fully know how 
conditions vary in the subsurface.   
 
Uncertainty in the WWAT and IVS analyses can be ascribed to the three processes involved in 
developing final IVS values: (1) the numerical groundwater flow model, (2) the TOT delineation, 
and (3) the WWAT assessment.  The following discussions address each of the three sources. 

2.8.1 Numerical Model Uncertainty 
Development of the YPDT-CAMC Core Model entailed a comprehensive process of (1) 
collecting and filtering the large amount of water well, monitoring well, and other geologic data; 
(2) interpreting the geologic logs as best as possible and building a conceptual geologic model; 
(3) assigning initial estimates of aquifer properties and recharge rates and then refining the 
estimates through model calibration; and (4) performing statistical and sensitivity analyses to 
demonstrate the validity of the model calibration.  The report by Kassenaar and Wexler (2006) 
documents the procedures and focuses a great deal of attention on answering the questions 
related to assessing model uncertainty raised in Section 1.4.8.1.  It is important to note that a 
consistent approach was used for all the wellfields in this study, so the modelling approach, 
itself, does not introduce any variation in the uncertainty assessment.  
 
As noted in Phase 1 of an independent peer review of the model (Papadopulos and Associates, 
July 2006): 
 

“It is clear from the modelling report and results that a very significant effort has been 
devoted to interpreting the hydrogeology of a complex setting.  In our opinion, this effort 
has been conducted at a very high technical standard….  The analyses are ambitious in 
scale, and in our opinion the resolution of the analysis is unprecedented for models of 
this extent.”  

 
While these independent review comments increase the comfort level with the results of the 
modelling process, there is still the recognition that geologic data are always incomplete and 
that the WWIS data used in a large part to develop the models has a high degree of error and 
uncertainty.  Data obtained from municipal monitoring networks and other high-quality sources 
have less uncertainty and have provided useful information in the vicinity of the municipal 
wellfields.  The number of wells and spatial coverage of high-quality data are limited compared 
to the WWIS data, however.  It is recommended that York Region continue to improve its 
monitoring network over time and incorporate the available high quality data, especially within 
the TOT zones, and thereby reduce the level of uncertainty associated with the numerical 
models. 

2.8.2 Time-of-Travel Analyses Uncertainty 
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 (discussed in 
Kassenaar and Wexler, 2006) 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 indicated above, if York Region continues to expand its 



  
Vulnerability Assessment and Scoring of WHPAs, York Region November 2007 
 

Earthfx Inc.  48 

monitoring network and obtains all available high quality data within the TOT zones, the level of 
certainty associated with the TOT delineation will increase. 
 
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 extremely conservative, we used values that were 
less than half of the published values (see Table 10), thus resulting in greater velocities and 
therefore shorter travel times. 
 
2.8.2.1 Scenario Analysis 
Guidance Module 3 identified two techniques for dealing with the level of uncertainty associated 
with WHPA delineation:  The first is the “Scenario Approach” where uncertainty in the TOT 
delineations is evaluated by simulating a fixed number of alternative model scenarios 
encompassing a reasonable range of alternative values for model parameters such as hydraulic 
conductivity, recharge rates, aquifer/aquitard geometry, and future pumping rates and locations.  
The method results in multiple sets of TOT capture zones.  The total area covered by the 
different TOT zones would, in theory, encompass the range of all reasonable TOT possibilities 
while the areas of high overlap could be considered to have a high level of confidence.   
 
Earthfx evaluated a number of alternative scenarios in which aquifer and aquitard properties 
were varied within a reasonable range.  Previously conducted sensitivity analyses for the Core 
Model (Kassenaar and Wexler, 2006) indicated that model results (as measured by calibration 
statistics) were very sensitive to the hydraulic conductivity of the ORAC and that the calibrated 
values were properly selected.  On the other hand, model results were only moderately 
sensitive to the hydraulic conductivity of the TAC and only when values were increased and 
decreased by a factor of 5.  Model results were also only moderately sensitive to the hydraulic 
conductivity of the Newmarket Till.  The values used for these parameters were shown to be the 
best values from a calibration statistics point of view, but, because of the low sensitivity, there is 
a higher degree of uncertainty associated with the values.  Accordingly, the sensitivity analyses 
conducted for the TOT zones focussed on these critical parameters.  
 
Figure 101 shows the 25-year TOT for the Aurora and Newmarket wellfields for the base case 
and for scenarios in which hydraulic conductivity of the TAC was increased and decreased by a 
factor of 5.  As can be seen, the size of the 25-year TOT increased significantly for the higher 
hydraulic conductivity value because, even though gradients have decreased, particles from 
further away can be drawn to the wells within the 25-year time period.  The size of the 25-year 
TOT decreased significantly for the lower hydraulic conductivity value because, even though 
gradients increase significantly in the well vicinity, particles can only come from a short distance 
away from the well.  Figure 101 also shows the 25-year TOT for the Aurora and Newmarket 
wellfields for scenarios in which hydraulic conductivity of the Newmarket is increased and 
decreased by a factor of 5.  These results show that the size of the 25-year TOT zone is not 
very sensitive to these changes.  The size of the High, Medium, and Low vulnerability areas 
within the 25-year TOT, however, would be highly sensitive to these changes.   
 
These simple examples show that the results of the scenario analysis method can be subjective 
and dependent on the number and types of scenarios examined.  For example, as a result of 
these four analyses, the area within the 25-year TOT zone for the lower hydraulic conductivity 
for the TAC had the greatest degree of overlap, because it was included in all four analyses.  If 
a different set of analyses had been done with the hydraulic conductivity of the TAC divided by a 
factor of 10 instead of 5, an even smaller zone would have been determined to have the same 
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high level of confidence.  If a very large number of scenarios were simulated, the results would 
eventually show that a combination of extreme value yielding the smallest TOT zones would 
have the highest degree of certainty.  It is important to realize that the highest certainty of being 
included in the 25-year TOT is not the same as being the most probable, which would still likely 
be the base case. 
 
2.8.2.2 Stochastic Analysis 
The second technique for quantifying the level of uncertainty associated with WHPA delineation:  
is a “Stochastic Approach”.  In this approach, uncertainty in wellhead time-of-travel predictions 
is evaluated using a Monte Carlo technique in which model parameter values are generated 
stochastically based on their means and standard deviations.  Results are compiled and 
expressed as TOT zone probability maps.  While this method is more realistic than the scenario 
approach (which presumes that the parameter values may be uniformly too low or too high), 
there is a general lack of data available on the true means and standard deviations of model 
parameters.  The stochastic method also requires a large number of simulations to be 
statistically meaningful, but because the TOT zones must be drawn by hand, it is extremely 
difficult to automate and conduct these analyses.   
 
Trial simulations were done using a method for generating cross-correlated random fields 
(Robin et al., 1993).  Figure 102 shows a random hydraulic conductivity field generated for the 
Newmarket Till aquitard using a mean hydraulic conductivity of 5x10-8 m/s (the value determined 
through model calibration), an assumed standard deviation of the log K of 1.5, and an assumed 
correlation length of 8000 m.  The mean hydraulic conductivity of the tunnel channel silts was 
5x10-7 m/s.  Results showed that the 25-year TOT varied slightly from the base case for this 
realization.  Trial simulations in which the hydraulic conductivity of the Thorncliffe was generated 
randomly resulted in simulated water levels and TOT zones that were radically different than 
those generated by the calibrated model.  This was because information about the spatial 
distribution of hydraulic conductivity within the aquifers obtained through model calibration could 
not be incorporated into the random fields.  Other stochastic methods, in which the calibrated 
distribution of hydraulic conductivity could be incorporated, would produce more reasonable 
results, but these would be biased based on the presumed hydraulic conductivity distribution. 
 
While the above discussion points outs some of the uncertainties associated with the TOT 
delineation and limitations associated with the methods prescribed by the Guidance Module to 
evaluate uncertainty, it should be recognized that without thorough analysis of the available 
data, conducting detailed hydrogeologic studies, and building a well-calibrated model, the levels 
of uncertainty have been so high that the results of any IVS study would have been 
meaningless given the geologic complexity of the study area.  We therefore conclude that there 
is a high level of certainty in the model’s ability to delineate likely TOT zones but that there is 
enough uncertainty in the underlying data to warrant a conservative approach to WHPA 
delineation.  By using conservative assumptions where possible, it is likely that we have 
increased the possibility that an area that did not need protection will be protected but we have 
thereby decreased the possibility of not protecting an area that truly needs protection. 

2.8.3 Vulnerability Mapping Uncertainty 
Of the recommended methods listed in Guidance Module 3 (MOE, 2006), the WWAT 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 
(rather than assumed “K Factors” or other types of index methods).  The models that the WWAT 
analyses were based on were 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 
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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.  
These are discussed in a report for a parallel study on water quality at York Region wells 
(Genivar, 2007).  As an example, high chloride and nitrate levels, if present, indicate possible 
contamination form surface sources and therefore, 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 downward flow to 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 tested easily.  The 
assignment of high IVS values to pathogen and DNAPL protection zones, regardless of actual 
travel times, is an implicit recognition by the authors of Guidance Module 3 that the level of 
uncertainty introduced is unacceptable when it comes to contaminants that present significant 
risk to human health.  The creation of multiple small zones whose boundaries may shift (if 
pumping rates change or as new data become available) will also present a difficult challenge to 
municipal planners responsible for incorporating these areas into long-term municipal plans.   
 
One subjective process that introduces additional uncertainty in the IVS analysis is the re-
classification of the WWAT values into High, Medium, and Low based on the assumed time of 
travel.  Guidance Module 3 recommends 0 to 5, 5 to 25, and greater than 25 years as the 
thresholds and these seemed reasonable at first.  The 0 to 5 year period represents a limited 
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 unknown sources will arrive at the well within the 
time period that the well is in use.  
 
As a suggestion, a threshold of WWAT values greater than 50 years, or a threshold based on 
the known well phase-out time (with a factor of safety) may be more justifiable for assigning 
areas a low-risk score.  Figure 103 shows the results of using an alternative two-level system for 
the Aurora and Newmarket wells based on a 50-year threshold and the same conservative 
assumptions used in the previous analyses.  Broad areas can be designated low risk and would 
need a reduced level of monitoring.  Monitoring and data collection could then focus on the 
remaining higher risk areas.  The use of a two-level system would also be much easier to 
manage from a municipal planning perspective. 

2.8.4 Uncertainty Related to Aquifer Confinement  
Uncertainty in the TOT and WWAT results for the deeper wells was found to be highly 
dependent on the uncertainty related to the degree of confinement afforded by the aquitards 
overlying the pumped aquifer.  The degree of confinement was investigated independently using 
water quality data in a separate study (Genivar, 2007) and through the analysis of continuous 
water level data recorded at monitoring wells.  Figure 104 shows the total pumping volumes and 
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water levels in the upper and lower aquifers recorded at the King City wellfield.  As can be seen, 
the shallow and deep water level responses do not appear to be correlated.  The deep water 
levels, however, show a reasonable correlation with total pumping.  This suggests that the 
shallow system is isolated from the deeper aquifer system.  This conclusion was supported by 
the water quality analysis (Genivar, 2007).  Data from other wellfields were less conclusive, 
because the shallow wells were affected by seasonal effects, which also correlate with seasonal 
changes in pumping.  Further insight into the level of interconnection between the shallow and 
deep system could be determined by performing transient simulations to match the monitoring 
and production network data.   

2.8.5 Uncertainty Related to Data Distribution within the TOT Zones 
The degree of confidence related to the TOT and IVS assessment also depends on data 
density.  Section 2.1.3 discussed the general distribution of high quality data within York Region.  
Once the TOT zones were delineated, it was possible to look at the distribution of geologic and 
hydrologic data as well as monitoring data within or near the TOT zones.  
 
The location of monitoring and private wells in the vicinity of the King City, Kleinburg, Nobleton, 
and Schomberg wellfields is shown in Figure 105.  The location of monitoring and private wells 
in the vicinity of the YSA wells is shown in Figure 106.  The location of monitoring and private 
wells in the vicinity of the Ballantrae, Mt. Albert, and Stouffville wellfields is shown in Figure 107.  
Some general observations are that, while there are over 20,000 private wells within York 
region, most are shallow and do not provide information on aquifer properties or the degree of 
confinement in the vicinity of the supply wells.  There are also fewer wells in the database that 
are located in urban areas.  This is partly due to the fact that the MOE started collecting water 
well data years after many of the large urban areas started to have municipal servicing and few 
new private wells are being drilled in those areas.  Private wells tend to be clustered in certain 
areas such as in smaller hamlets and along the concession road network.  Other areas that tend 
to be poorly represented are river valleys, wetlands, and any area “off” the road network.  
 
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 accurately 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.  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.  The 
historic exploration methods used in finding new municipal supplies were also less than ideal, 
with too much emphasis on drilling new supply wells close to existing ones.  
 
Overall, however, there are a reasonable number of private and monitoring wells in most York 
Region TOT zones, in part because the zones are generally large relative to the average 
spacing of private wells.  Some of the smaller production wells have smaller TOT zones 
(Kleinburg Well 2 or the Ansnorveldt wells, for example) and have higher uncertainty because of 
the limited number of wells within the TOT zones.   
 
Uncertainties related to geologic setting and data density were assessed and summarized to 
produce a general uncertainty estimate for each wellfield (Table 12).  The individual results are 
discussed below:  
 
King City: The King City TOT zones are relatively small and there are three shallow wells in the 
0-5 year TOT zone.  There are two deep monitoring wells (KC-3D, KC-4D) which are shown in 
Figure 105. The area has a fair thickness of Halton Till and Newmarket Till but the well is 
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interpreted to be located near the edge of a tunnel channel.  There are a large number of MOE 
WWIS wells, especially to the north, to provide supplementary hydrogeologic information.  
Overall, this results in a low-to-medium uncertainty rating. 
 
Kleinburg: The geologic layering is somewhat more complex than at King City.  Kleinburg 
Well 2 is interpreted to be in a tunnel channel and a bedrock rise has pinched out the 
Sunnybrook Aquitard and SAC.  Kleinburg Well 3 is outside the tunnel channel and within the 
SAC.  There is excellent coverage in the deeper aquifer near Well 3 but little monitoring of the 
shallow aquifer and little monitoring around Well 2.  There is a large number of WWIS wells to 
the east of Kleinburg 2 and to the east of Kleinburg 3 to provide supplementary hydrogeologic 
information but fewer wells elsewhere.  Overall, this resulted in a low-to-medium uncertainty 
rating. 
 
Nobleton: The Nobleton wells are deep and interpreted to be in the SAC but the Sunnybrook 
aquitard is thin or missing in the area.  There are no monitoring wells in the vicinity and limited 
distribution of WWIS wells to the north, leading to a higher overall uncertainty rating.  Three new 
monitoring well clusters were installed in 2006 but the data have not yet been added to the 
master YPDT-CAMC database.   
 
Schomberg: The Schomberg wells are interpreted to be near the edge of a tunnel channel.  
There is little information on the Sunnybrook aquitard in that area so the degree of protection 
afforded by that unit is uncertain.  There is a large number of WWIS wells to the southeast of 
Schomberg but relatively few elsewhere.  There are deep monitoring wells in the vicinity of the 
pumping wells but limited monitoring elsewhere considering the size of the TOT zones.  Overall, 
this resulted in a medium-to-high uncertainty rating. 
 
Aurora/Newmarket: There are one or two wells in the immediate vicinity of each pumping well.  
However, there are few shallow or deep wells within the 25-year TOT zones.  There are some 
clusters of monitoring wells outside the 25-year TOT south and east of Aurora Well 1 and west 
of Newmarket Well 1.  The geology of the Yonge Street Area is complex but it has had a great 
deal of attention as part of the YPDT-CAMC and earlier studies.  There is also a large number 
of high quality wells in the area (Figure 11).  Overall, this resulted in a medium uncertainty 
rating. 
 
Holland Landing/ Queensville: The TOT zones for the Holland Landing and Queensville wells 
are somewhat smaller than those for Aurora/Newmarket but the number of monitoring wells is 
much higher.  The Holland Landing and Queensville areas have excellent coverage in the deep 
system and good coverage in the Sharon area.  There is little monitoring in the shallow system.  
As with Aurora-Newmarket, the geology of the area has had a great deal of study and there is a 
large number of high quality wells in the area (Figure 11).  Overall, this resulted in a low 
uncertainty rating. 
 
Ansnorveldt: The Ansnorveldt Wells are in the middle of the tunnel channel associated with the 
Holland Landing.  There is little monitoring data in the area and few private wells.  Overall, this 
resulted in a medium uncertainty rating. 
 
Ballantrae: The Ballantrae wells are interpreted to be near the edge of a tunnel channel.  There 
is fairly good coverage with monitoring wells within the TOT zones and a significant number of 
monitoring and other high quality wells to the north and west of the 25-year TOT.  The 
Ballantrae wells were the subject of detailed investigation by Azimuth (2005a) and the area was 
given a low uncertainty rating. 
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Mt. Albert: Similarly, the Mt. Albert wells are interpreted to be near the edge of a tunnel 
channel.  There are a few monitoring wells within the TOT zones and several high quality wells 
to the north of the 25-year TOT.  These Mt. Albert wells were the subject of detailed 
investigation by Azimuth (2005b) and a recent study for a new well in the area by Marshall 
Macklin Monoghan.  The area was given a low uncertainty rating. 
 
Stouffville: There are a few monitoring wells within the 0-5 year TOT zones but few in the 5-25 
year TOT.  There are also several high quality wells in the 0-5 year TOT zones.  The Stouffville 
wells were the subject of detailed investigation by Azimuth (2005c).  The area was given a low 
uncertainty rating. 
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Table 12: Summary of the uncertainty assessment for each wellfield. 

Wellfield Uncertainty Type Zone B Zone C Zone D 

    
(2-Year 
TOT) 

(5-Year 
TOT) 

(25-Year 
TOT) 

Numerical Model Uncertainty Low Low Medium 
Time of Travel Analysis Uncertainty Low Low Low King City 
ISI Vulnerability Mapping Low Low Medium 

  Resultant Uncertainty Low Low Medium 
Numerical Model Uncertainty Medium Medium High 
Time of Travel Analysis Uncertainty Medium Medium High Kleinburg 
ISI Vulnerability Mapping Medium Medium Medium 

  Resultant Uncertainty Medium Medium Medium 
Numerical Model Uncertainty Low High Medium 
Time of Travel Analysis Uncertainty Medium High Medium Nobleton 
ISI Vulnerability Mapping Medium High Medium 

  Resultant Uncertainty Medium High Medium 
Numerical Model Uncertainty Medium High High 
Time of Travel Analysis Uncertainty Medium High High Schomberg  
ISI Vulnerability Mapping Medium Medium Medium 

  Resultant Uncertainty Medium High High 
Numerical Model Uncertainty Low Medium Medium 
Time of Travel Analysis Uncertainty Low Medium Medium 

Aurora/ 
Newmarket 

ISI Vulnerability Mapping Medium Medium Medium 
  Resultant Uncertainty Low Medium Medium 

Numerical Model Uncertainty Low Medium Medium 
Time of Travel Analysis Uncertainty Low Medium Medium 

Holland Landing/ 
Queensville 

ISI Vulnerability Mapping Low Medium Medium 
  Resultant Uncertainty Low Medium Medium 

Numerical Model Uncertainty Medium Medium Medium 
Time of Travel Analysis Uncertainty Medium Medium Medium Ansnorveldt  
ISI Vulnerability Mapping Low Medium Medium 

  Resultant Uncertainty Medium Medium Medium 
Numerical Model Uncertainty Low Low Low 
Time of Travel Analysis Uncertainty Low Medium Medium Ballantrae  
ISI Vulnerability Mapping Low High High 

  Resultant Uncertainty Low Medium Medium 
Numerical Model Uncertainty Low Low Low 
Time of Travel Analysis Uncertainty Low Medium Medium Mt. Albert  
ISI Vulnerability Mapping Low Medium Medium 

  Resultant Uncertainty Low Medium Medium 
Numerical Model Uncertainty Low Low Low 
Time of Travel Analysis Uncertainty Low Medium Medium Stouffville  
ISI Vulnerability Mapping Low Medium Medium 

  Resultant Uncertainty Low Medium Medium 
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3 Recommendations 
 
In summary, we have applied sound scientific principles and hydrogeologic modelling 
techniques to delineate TOT zones and to assign intrinsic vulnerability scores to areas within 
the estimated TOT zones.  We have made conservative assumptions in applying the models 
including the pumping rates and aquifer porosity values assumed.  We still recognize that the 
IVS methods introduce a higher level of uncertainty than the TOT delineation.  Accordingly, we 
recommend that: 
 

• The TOT results should be adopted to protect the larger area around the municipal 
wells, where practical, especially in the areas outside of the YSA.   

• Within the YSA, TOT zones from the individual wellfields coalesce, and as a result, 
cover an extremely large area.   Providing a uniformly high level of protection to the 
full TOT zones may not be practical.  Therefore, results of the IVS analyses should 
be used as a means of identifying and prioritizing critical areas to be monitored so 
that municipal resources could be used more effectively. 

• Results of the IVS scoring will likely be used as input into a parcel-by-parcel water 
quality risk assessment used to rank individual properties that pose a significant risk 
to the drinking water sources.  The inherent uncertainty in the IVS scoring should be 
strongly considered in these analyses. 

• The models and TOT zones should be updated periodically as new data on aquifer 
and aquitard properties, continuity of aquitards, and location of tunnel channels and 
bedrock valleys become available. 

• TOT zones should also be updated if significant changes in wellfield operations 
(such as decommissioning a well) are planned. 

• York Region should review the existing monitoring program to address how effective 
the network is in assessing pumping impacts, water quality, ecological impact, 
seasonal and drought sensitivity, private well interference, and future water supply 
issues. 

• York Region should continue to improve its monitoring network over time and 
incorporate the available high quality data, especially within the TOT zones, and 
thereby reduce the level of certainty associated with the numerical models. 

• York Region should seek to increase monitoring of the upper aquifer in the WHPA 
areas.  Although few production wells are located in the upper aquifer, it is important 
to monitor the shallow aquifer for potential contaminants.   

• York Region should initiate a program to locate, catalogue, and properly 
decommission its abandoned wells and provide financial assistance to well owners to 
properly decommission their abandoned wells.  Priorities can be assigned to each 
abandoned well based on the results of the IVS analysis. 

 
Over the course of this project, there have been several lessons that have been learned.  
These lessons will hopefully help others doing similar work and provide feedback to the 
MOE to be considered in their next draft of the Guidance Modules.  These include: 
 

1. Having a calibrated regional-scale groundwater model was extremely important to  
the process of analyzing capture zones and travel times, as it enabled us to consider 
interference between multiple wellfields. 

2. The WWAT method, as compared to other methods (e.g., the ISI technique), is a 
scientifically valid method for determining the relative vulnerability of the wells to 
contamination from surface sources where sufficient local-scale characterization of 
geology has taken place. 
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3. The scoring methods (0-10, and H, M, L scales) are arbitrary and are not based on 
any scientific principles.  This should be considered when using these results in any 
parcel-based risk analysis. 

4. York Region opted to forego consideration of unsaturated zone travel times in the 
calculation of surface-to-well advective times due to the uncertainties involved.  This 
decision may be unduly conservative in areas where the wells underlie thick zones of 
unsaturated tills.   

5. Guidance Module 3 provides methodologies that are meant to be uniformly 
applicable across Ontario.  However, these methods should allow more flexibility to 
account for variations in local geologic settings.   

6. There are uncertainties at all levels of the analysis, from the modelling to the TOT 
delineation to the particle tracking and WWAT scoring.  It is difficult is to quantify the 
amount of uncertainty introduced by each step, and even more difficult to asses how 
these different levels of uncertainty add up.  The methods identified in the Guidance 
Module 3 are insufficient to address this problem. 
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4 Limitations 
 
Services performed by Earthfx Incorporated for York Region 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 and hydrogeologic 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. 
 
 

 
Dirk Kassenaar, M.Sc. P.Eng. 
Earthfx Inc. 
 
 
 

 
E.J. Wexler, M.Sc., M.Sc. (Eng) 
Earthfx Inc. 
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Figure 1: Location of study area showing major geographic features and wellfield locations. 
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Figure 2: Location of wells in the Yonge Street area. 
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Figure 3: Location of wells in the Stouffville, Ballantrae, and Mt. Albert areas. 



  
Vulnerability Assessment and Scoring of WHPAs, York Region November 2007 
 

Earthfx Inc.  66 

 

Figure 4: Location of wells in the Schomberg, Nobleton, Kleinburg, and King City areas. 
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Figure 5: Time-of-Travel Zones for WHPA delineation (after MOE, 2006). 
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Figure 6: Portion of model grid in the Holland Landing-Queensville area showing the 100-metre 

by 100-metre cell size. 
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Figure 7: Creation of TOT zone from backward particle tracks at 25 years. 
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Figure 8: Section showing definitions of WHPA terminology. 
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Figure 9: WWAT analysis (cells colour-coded by travel time) within the 25 year TOT for the King 

City wells 
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Figure 10: Example of vulnerability scoring for WHPAs for non-DNAPL contaminants (after 

MOE, 2006). 
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Figure 11: York Region higher quality data locations. 
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Figure 12: Land surface topography. 
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Figure 13: Major physiographic features (from Chapman and Putman, 1984). 
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Figure 14:  Bedrock geology (from OGS digital mapping). 
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Figure 15: Bedrock surface topography (from Kassenaar and Wexler, 2006). 
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Figure 16: Quaternary geology for York Region (modified from Sharpe et al., 1997). 
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Figure 17: Subglacial flow leading to erosion of tunnel channels (from Russell et al., 2002). 

 
 

 
 

Figure 18: Erosional and depositional process in tunnel channels. (Figure provided by the GSC). 
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Figure 19: Location and extent of tunnel channels (from Kassenaar and Wexler, 2006). 
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Figure 20: Location of section lines.
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Figure 21: North-South section through the Ansnorveldt wellfield. 
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Figure 22: North-South section through the Ballantrae wellfield. 
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Figure 23: Northwest-Southeast section through the Stouffville Wells 
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Figure 24: North-South section through the King City wellfield.
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Figure 25: North-South section through Kleinburg Well 2.
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Figure 26: East-West section through the Kleinburg Well 3.
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Figure 27: East-West section through the Mt. Albert wellfield.
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Figure 28: North-South section through the Mt. Albert wellfield.
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Figure 29: East-West section through the Nobleton wellfield. 
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Figure 30: North-South section through the Schomberg Wells 
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Figure 31: North-South section through Aurora Wells 1 to 4.
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Figure 32: North-South section through Aurora Well 5 and Newmarket Wells 13 and 16. 
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Figure 33: East-West section through Aurora Well 6.
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Figure 34: North-South section through Newmarket Wells 1 and 15. 
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Figure 35: East-West section through Newmarket Well 14. 
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Figure 36: North-South section through Queensville Wells 1 and 2. 
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Figure 37: North-South section through Queensville Wells 3 and 4. 
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Figure 38: East-West section through Holland Landing Well 1. 
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Figure 39: East-West section through Holland-Landing Well 2. 
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Figure 40: Major streams in the study area and location of Environment Canada surface water 

gauges. 
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Figure 41: North-South cross section along Yonge Street through the Core Model. 
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Figure 42: Extent of the YPDT-CAMC Core Model for the central part of the ORM area.  
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Figure 43: Observed heads in the ORAC in metres above sea level. 
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Figure 44: Observed heads in the TAC in metres above sea level. 



  
Vulnerability Assessment and Scoring of WHPAs, York Region November 2007 
 

Earthfx Inc.  106 

 
Figure 45: Simulated heads in Model Layer 3 (mostly ORAC) in metres above sea level. 
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Figure 46: Simulated heads in Model Layer 5 (mostly TAC) in metres above sea level. 
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Figure 47: Simulated time of travel zones for the Aurora and Newmarket wells. 
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Figure 48: Simulated time of travel zones for the Holland Landing and Queensville wells. 
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Figure 49: Simulated time of travel zones for the Ballantrae wells. 
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Figure 50: Simulated time of travel zones for the Stouffville wells. 
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Figure 51: Simulated time of travel zones for the Mt. Albert wells. 
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Figure 52: Simulated time of travel zones for the King City wells. 
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Figure 53: Simulated time of travel zones for the Kleinburg wells. 
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Figure 54: Simulated time of travel zones for the Nobleton wells. 
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Figure 55: Simulated time of travel zones for the Schomberg wells. 
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Figure 56: Simulated time of travel zones for the Ansnorveldt wells. 
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Figure 57: Starting points for WWAT analysis for the Holland Landing and Queensville wells. 
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Figure 58: Starting points for WWAT analysis for the Aurora and Newmarket wells. 
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Figure 59:  Water table to well advective times (WWAT) for the Stouffville wells. 
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Figure 60: Section showing forward particle tracking from water table to Stouffville Wells 1 to 3 

at 25 years. 
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Figure 61: High, Medium, and Low vulnerability areas based on WWAT values for the Aurora 

and Newmarket wells. 
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Figure 62: High, Medium, and Low vulnerability areas based on WWAT values for the Holland 
Landing and Queensville wells. 
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Figure 63: High, Medium, and Low vulnerability areas based on WWAT values for the Ballantrae 
wells. 
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Figure 64: High, Medium, and Low vulnerability areas based on WWAT values for the Stouffville 
wells. 
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Figure 65: High, Medium, and Low vulnerability areas based on WWAT values for the Mt. Albert 
wells. 
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Figure 66: High, Medium, and Low vulnerability areas based on WWAT values for the King City 
wells. 
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Figure 67: High, Medium, and Low vulnerability areas based on WWAT values for the Kleinburg 
wells. 
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Figure 68: High, Medium, and Low vulnerability areas based on WWAT values for the Nobleton 
wells. 
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Figure 69: High, Medium, and Low vulnerability areas based on WWAT values for the 
Schomberg wells. 
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Figure 70: High, Medium, and Low vulnerability areas based on WWAT values for the 

Ansnorveldt wells. 
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Figure 71: Intrinsic Vulnerability Scoring for pathogen zones around the Aurora and Newmarket 

wells. 
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Figure 72: Intrinsic Vulnerability Scoring for pathogen zones around the Holland Landing and 

Queensville wells. 
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Figure 73: Intrinsic Vulnerability Scoring for pathogen zones around the Ballantrae wells. 
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Figure 74: Intrinsic Vulnerability Scoring for pathogen zones around the Stouffville wells. 
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Figure 75: Intrinsic Vulnerability Scoring for pathogen zones around the Mt. Albert wells. 



  
Vulnerability Assessment and Scoring of WHPAs, York Region November 2007 
 

Earthfx Inc.  137 

 
Figure 76: Intrinsic Vulnerability Scoring for pathogen zones around the King City wells. 
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Figure 77: Intrinsic Vulnerability Scoring for pathogen zones around the Kleinburg wells. 
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Figure 78: Intrinsic Vulnerability Scoring for pathogen zones around the Nobleton wells. 
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Figure 79: Intrinsic Vulnerability Scoring for pathogen zones around the Schomberg wells. 
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Figure 80: Intrinsic Vulnerability Scoring for pathogen zones around the Ansnorveldt wells. 
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Figure 81: Intrinsic Vulnerability Scoring for DNAPL zones around the Aurora and Newmarket 

wells. 
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Figure 82: Intrinsic Vulnerability Scoring for DNAPL zones around the Holland Landing and 
Queensville wells. 
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Figure 83: Intrinsic Vulnerability Scoring for DNAPL zones around the Ballantrae wells. 
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Figure 84: Intrinsic Vulnerability Scoring for DNAPL zones around the Stouffville wells. 
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Figure 85: Intrinsic Vulnerability Scoring for DNAPL zones around the Mt. Albert wells. 
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Figure 86: Intrinsic Vulnerability Scoring for DNAPL zones around the King City wells. 
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Figure 87: Intrinsic Vulnerability Scoring for DNAPL zones around the Kleinburg wells. 
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Figure 88: Intrinsic Vulnerability Scoring for DNAPL zones around the Nobleton wells. 
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Figure 89: Intrinsic Vulnerability Scoring for DNAPL zones around the Schomberg wells. 
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Figure 90: Intrinsic Vulnerability Scoring for DNAPL zones around the Ansnorveldt wells. 
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Figure 91: Intrinsic Vulnerability Scoring for general contaminant zones around the Aurora and 
Newmarket wells. 
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Figure 92: Intrinsic Vulnerability Scoring for general contaminant zones around the Holland 
Landing and Queensville wells. 
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Figure 93: Intrinsic Vulnerability Scoring for general contaminant zones around the Ballantrae 
wells.
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Figure 94: Intrinsic Vulnerability Scoring for general contaminant zones around the Stouffville 
wells. 
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Figure 95: Intrinsic Vulnerability Scoring for general contaminant zones around the Mt. Albert 
wells. 
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Figure 96: Intrinsic Vulnerability Scoring for general contaminant zones around the King City 
wells. 
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Figure 97: Intrinsic Vulnerability Scoring for general contaminant zones around the Kleinburg 
wells. 
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Figure 98: Intrinsic Vulnerability Scoring for general contaminant zones around the Nobleton 
wells. 
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Figure 99: Intrinsic Vulnerability Scoring for general contaminant zones around the Schomberg 
wells. 
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Figure 100: Intrinsic Vulnerability Scoring for general contaminant zones around the Ansnorveldt 
wells. 
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Figure 101: Sensitivity of the TOT Zones to hydraulic conductivity of the TAC and Newmarket 
Till. 
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Figure 102: Sensitivity of TOT zones to a randomly generated set of hydraulic conductivity 
values for the Newmarket Till. 
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Figure 103:  Alternate simplified IVS High-Low scoring for the Aurora and Newmarket Wellfields 

based on the 50 year time-of-travel. 
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Figure 104: King City total production versus water level trends. 
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Figure 105: Well data in southwest York Region. 
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Figure 106: Well data in central York Region. 
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Figure 107: Well data in eastern York Region. 
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