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Executive Summary
General
This report presents the methodologies and results of the wellhead protection area (WHPA)
study for the Region of Peel active municipal wells located in Caledon East and Palgrave in the
Town of Caledon and within the Toronto and Region Conservation Authority (TRCA)
watersheds in Peel. The study was completed as part of the Region of Peel’s source protection
initiative supported through the Ministry of Environment’s 2005-2006 Source Protection Grant
Program. The project was carried in accordance with the objectives outlined in the MOE Draft
Guidance Module 3 for Groundwater Vulnerability Analysis (2006) and the Region of Peel
Terms of Reference (TOR), and provides foundation for the future Water Quality Risk
Assessment and analysis of threats to municipal drinking water sources and supplies.
Study Components
The study area encompassed the Towns of Palgrave and Caledon East and falls mainly within
the northwest portion of the Humber River watershed which is under the jurisdiction of the
Toronto and Region Conservation Authority (TRCA). Portions of the study area extend
westward into the Credit River watershed and northward into the Nottawasaga River watershed.
The Niagara Escarpment and the Oak Ridges Moraine are the most prominent regional-scale
physiographic features within the study area.
Methodology
The report first documents the methods used in this study. The MOE Draft Guidance Module 3
for Groundwater Vulnerability Analysis (2006) provided the main reference source for
procedures used to delineate the 100-metre (m), 2-year (yr), 5-yr, 25-yr, and total capture zone
WHPAs for Wells 2, 3 and 4 in Caledon East, and Wells 2 and 3 in Palgrave (Well 4 WHPAs
being delineated by Waterloo Hydrogeologic Inc. in 2003), and to assess the relative
vulnerability and assign vulnerability scoring for all these municipal wells.
The study used a conceptual geologic and numerical groundwater flow model that was originally
developed as part of the “Groundwater Modelling of the Oak Ridges Moraine Area” study
conducted by Earthfx Incorporated (Earthfx) (Wexler and Kassenaar, 2006). This groundwater
model was recently expanded westward to represent the TRCA, Lake Simcoe Region CA
(LSRCA), and part of the CVC. A WHPA study of municipal wells in the Credit Valley watershed
was being undertaking concurrently by AquaResources Inc. Their study utilized a different
model which was previously developed for the Credit Valley Conservation Authority. Processes
for exchange of information between the two groups and other measures to ensure consistency
in approach between the two studies are also described.
Background Review
This section describes the regional-scale geologic and hydrogeologic setting as well as the
local-scale setting specific to the Caledon East and Palgrave wellfields. The section also
discusses the topography, physiography, surface water features, natural features, and land use
as they relate to the geologic and hydrogeologic setting of the study area. Topography is
influenced by the regional physiographic features which include the Niagara Escarpment and
the Oak Ridges Moraine, Palgrave Moraine, and Paris Moraine. Other local features include a
glacial meltwater channel, a local topographic rise at Mt. Wolfe, and the valleys associated with
the main branch of the Humber River and its tributaries.
In general, the study area is underlain by a sequence of Paleozoic marine sedimentary rocks,
ranging from the shales of the Late Ordovician Georgian Bay and Queenston formations to the
thickly-bedded to massive dolostone of the Middle Silurian Amabel Formation which caps the
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Niagara Escarpment. These rocks are relatively undeformed and dip gently to the southwest.
Overburden in the area is of Late Pleistocene and Recent age and consists mainly of glacial,
glaciolacustrine, and glaciofluvial sediments. There is a package of lower sediments of Early to
Middle Wisconsinan age, found only on significant lows on the bedrock surface, containing
deltaic and subaqueous fan sands and related lacustrine sediments and diamicton. Younger,
regionally important sediments include the dense silt to sandy silt Newmarket Till and related
units, sands and silts associated with the Oak Ridges moraine, sand and gravel deposits
associated with meltwater channels, and the silt to clayey silt Halton Till.
The study area is located mainly within the northwest portion of the Humber River watershed
but includes part of the Credit River, Nottawasaga River and Holland River watersheds. The
most significant streams are the main branch of the Humber River, which has its headwaters
above the Escarpment, and Centreville Creek. One HYDAT stream gauge is currently
monitored by Environment Canada and three others have historic flow data. Average total flow
and baseflow for the Humber River near Palgrave was 1.55 and 1.12 m3/s, respectively which is
equivalent to about 300 mm/yr and 215 mm/yr over the contributing area to the gauge.
Simplified land use mapping was provided by the TRCA and CVC. The primary land uses in the
study area are classified as agricultural and forest. No breakdowns of crop types or forest types
(e.g. deciduous versus pine forest) were provided for the Humber watershed. Other significant
land use types are meadows, estate residential, low to medium density residential, and golf
courses. Primary natural features include the Niagara Escarpment, the Oak Ridges Moraine,
and the stream network, as described earlier. Other natural features include wetlands, lakes
and ponds, and areas of natural interest including Albion Hills Conservation Area, the Palgrave
Conservation Area, and the Glen Haffy Conservation Area
Conceptual Flow Model
A conceptual flow model was developed that integrated the physical, geologic, and
hydrogeologic features of the study area that govern groundwater flow. The conceptual model
built on work described in Wexler and Kassenaar (2006) and was expanded to cover the study
area and the area west of the Niagara Escarpment.
Hydraulic properties of the overburden aquifers and confining units are extremely variable.
Methods were developed to represent spatial variations in aquifer hydraulic conductivity, since
these variations influence the lateral movement of groundwater. Estimates of the distribution of
aquifer properties in the West Model were obtained primarily through an analysis of lithologic
data. These estimates were checked against aquifer performance test data for the study area
and matched relatively well. Hydraulic conductivity of the Oak Ridges Moraine Aquifer Complex
(ORAC) sediments was moderately high throughout the study area. Zones of highest hydraulic
conductivity in the ORAC corresponded to the coarse materials associated with the Caledon
East meltwater channel. Significant thicknesses of silt were found in the ORAC and therefore,
Model Layer 3, used to represent the ORAC, was subdivided into three sub-layers to represent
the more permeable upper ORAC sands, the silt layers, and a more permeable lower ORAC,
where present. Hydraulic conductivity of the Thorncliffe Aquifer Complex (TAC) sediments was
high throughout the study area. A zone of low hydraulic conductivity was assigned in the model
where the TAC was presumed to pinch out in the vicinity of Caledon East 4.
The rate of groundwater recharge varies over the study area. Estimates for recharge in the
Humber River watershed were obtained using a USGS recharge model that accounted for
spatial variation of precipitation, soil properties, topography, vegetation, and land use. Rates
were most sensitive to surficial geology in undeveloped areas and to the per-cent
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imperviousness in urbanized areas. Recharge rates for areas outside the Humber River
watershed were obtained from previous modelling studies and ranged from 30 to 420 mm/year.
Potentiometric surface and water-table maps were prepared using static water levels in wells
installed after 1980 from the MOE WWIS database. The WWIS data were found to have an
average intrinsic error variance between ±4 to ±5 m. These data were supplemented by
observed water level data collected by Peel Region between February 2004 and March 2006 in
the Caledon East and Palgrave areas. The water level data showed a number of significant
features including: the sharp change in aquifer heads across the Niagara Escarpment; a
groundwater mound at Mt. Wolfe, the influence of the shallow streams on the flow system, and
a general tendency for surface water divides to also serve as shallow groundwater divides.
Groundwater flow in the vicinity of the Palgrave wells was southwestward from Mt Wolfe toward
the main branch of the Humber River. Flow was east-southeastward from the Niagara
Escarpment towards the Humber River in the vicinity of the Caledon East wells.
Numerical Modelling
The study used a numerical model, referred to as the “West Model” for the simulation of
groundwater levels and delineation of time-of travel zones. The lateral extent of the entire West
Model includes all of York Region, the City of Toronto, most of Peel Region and part Durham
Regions. The study area lies within the northwest corner of the West Model area.
Constant head; no-flow, and head-dependent discharge boundaries were used to represent
natural hydrologic boundaries in the West Model. The natural hydrologic boundaries are quite
distant from the study area and include, for example, Lake Ontario, Lake Simcoe and the main
channel of the Credit River which were represented as constant-head boundaries. The model
was extended into the upper part of the Nottawasaga River watershed since Palgrave Well 3 is
located outside of the Humber River watershed.
A no-flow boundary condition was applied at the base of the lowest model layer to represent the
shale bedrock below the Whirlpool sandstone west of the Niagara Escarpment and below a thin
weathered bedrock zone east of the Escarpment. Groundwater discharge to streams was
simulated using head-dependent discharge boundaries. Data on stream baseflow were
compiled and analyzed to determine rates of groundwater discharge to streams for use as
calibration targets.
Groundwater extraction for municipal water supply and other large users (greater than 0.1 L/s
(8,640 litres per day)) was simulated in the model. The latter included two golf course wells.
Simulated pumping rates for the Palgrave and Caledon East municipal wells were assigned
based on the maximum rates listed in the PTTW.
West Model calibration was conducted in a trial-and-error process in which results of successive
model runs were used to refine the initial estimates of hydraulic conductivity, anisotropy, and
recharge rates. Statistical tests were applied to determine whether the calibration met the
required goodness-of-fit criterion. Further adjustments were made to the interpretation of local
hydrostratigraphy and model parameters within the study area to improve the match between
observed and simulated flow patterns.
The primary target for model calibration was matching observed static water levels obtained
from the WWIS data with data collected on a routine basis in the observation well network
maintained by Peel Region. The focus was on matching interpolated heads and flow patterns in
the Palgrave and Caledon East vicinity since the shape and orientation of the TOT zones are
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extremely sensitive to variation in local flow directions. Matching baseflow in the study area
streams was a second calibration target.
Maps of the simulated heads in the ORAC and TAC showed (1) two separate areas of higher
groundwater levels: one in the west above the Niagara Escarpment and a smaller one south of
Mt. Wolfe; (2) a sharp change in water level across the Niagara Escarpment; and (3) that
groundwater levels in the ORAC are strongly influenced by the surface water system and
bending of contours around the streams indicate groundwater discharge to streams. Flow
directions and gradients matched well with the observed data over most of the study area
except in the immediate vicinity of the Niagara Escarpment. Simulated heads in the TAC were
a subdued replica of the water levels in the ORAC and gradients tend to be downward over
most of the study area except in the vicinity of the stream valleys.
Scatterplots and three calibration statistics, mean error (ME), mean absolute error (MAE), and
root mean squared error (RMSE), were used to assess model accuracy. The ME was above
zero indicating that simulated values were generally lower than the observed values. The MAE
and RMSE were relatively high but wells close to the Niagara Escarpment were shown to be the
major source of the high values. When these values and other obvious outliers were removed,
the calibration statistics were much lower and closer in value to the estimate of variance in the
static water level data
The calibrated groundwater flow model was used to delineate time-of-travel (TOT) zones for the
municipal supply wells. The TOT zones are used to define wellhead protection area (WHPA)
‘sensitivity’ zones (Zone A through D) as defined in MOE Guidance Module 3. The TOT zones
for Palgrave Wells 2 and 3 were generally smaller than the ones developed in previous studies
and were oriented more towards the northwest. Some of the differences may be due to the use
of different modelling techniques and parameter values. The new TOT zones for Caledon East
Wells are about as wide as those developed in previous studies for Caledon East but extended
further northwest. The earlier model was truncated at the Escarpment and the different model
extent is a likely cause of the change in TOT shape and orientation.
Wellhead Protection Area Implementation
Relative vulnerability of areas within the WHPA was assessed as per MOE Guidance Module 3
using an Intrinsic Susceptibility Index (ISI) method to categorize the relative vulnerability as
High, Medium, or Low (H, M, and L). The WHPA sensitivity zones (Zones A through D) were
then intersected with the relative aquifer vulnerability zones (H, M, and L) to assign the intrinsic
vulnerability scores from 2 (low vulnerability) to 10 (high vulnerability).
To conduct the ISI analysis for municipal wells in the ORAC, the number and thickness of
lithologic units overlying the water table was determined, “K-Factors” for each lithologic unit
were obtained using a look-up table based on the GSC re-classification of the materials, and
then the products of the thickness and K Factors were summed to get an ISI score for each
well. A large degree of scatter was noted where wells with high values were in close proximity
to wells with low values. Data were interpolated across the study area to produce a map of the
intrinsic vulnerability of the area surrounding the municipal supply wells. The interpolated ISI
values were reclassified to Low, Medium and High based on whether the ISI values were
between 0 to 30 (H), 30 to 80 (M), and greater than 80 (L).
Maps of the TOT zones imposed over the intrinsic susceptibility values showed that the TOT
zones for Palgrave 2 generally lie within areas of high intrinsic vulnerability owing to the
permeable surficial Oak Ridges Moraine deposits and shallow water table in the wellfield area.
The TOT zones for Palgrave 3, however, mostly lie within areas of medium intrinsic vulnerability
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owing to the water table being slightly deeper and within the finer-grained silt deposits. The
southern part of the 25 year TOT had higher intrinsic vulnerability and lies within an area of
generally thicker granular deposits with the water table above the ORAC silts. Maps of the TOT
zones for Caledon East imposed over the intrinsic susceptibility values showed that the TOT
zones for Wells 2 and 3 generally lie within areas of high intrinsic vulnerability owing to the
permeable surficial deposits associated with the meltwater channel and the Oak Ridges
Moraine. The 25 year TOT lies in an area that varies from high to medium intrinsic vulnerability.
ISI values were calculated from ground surface to the top of the TAC (or Guelph Formation
above the Niagara Escarpment) at all wells penetrating the TAC to determine vulnerability of
Caledon East Well 4. These ISI values are higher (indicating lower intrinsic vulnerability)
because of the greater depth and because of the presence of the Newmarket Till aquitard and
ORAC silts in much of the area. Maps of the TOT zones overlain on the High, Medium Low ISI
zones showed that the 2 and 5 year TOT zones generally lie within areas of medium intrinsic
vulnerability owing to the relatively thin Newmarket Till in the area. The 10 and 25 year TOT
mostly lie in a low intrinsic vulnerability area because of the greater thickening of the till units to
the west along the slope of the Niagara Escarpment. The westernmost part of the 25 year TOT
zone is in a medium vulnerability area as the tills thin again near the top of the Escarpment.
Final intrinsic vulnerability scores (IVS), ranging from 2 (low vulnerability) to 10 (high
vulnerability), were assigned to sub-zones within the WHPA as per MOE Guidance Module 3.
IVS scoring was done first for pathogen protection zones and DNAPL protection zones (which
have IVS values assigned independently of the ISI analysis within certain zones) and then for
general contaminants. Zone A (the 100 m radius around the well) was automatically assigned a
value of 10 in all vulnerability analyses. Zone B and Zone C were automatically assigned a
value of 10 in all DNAPL vulnerability analyses. All other WHPA zones were assigned
vulnerability scores based on their High, Medium, Low ISI values.
An assessment was made to determine whether the IVS scores needed to be adjusted to
account for the presence of constructed preferential pathways that might bypass the natural
protective geologic layers such as improperly constructed wells; improperly decommissioned
wells, and pits and quarries. While there are no mapped pits or quarries in the study area, there
is concern related to private wells that have not been properly abandoned. Although
abandoned wells could be anywhere within the WHPAs, this study focussed on private wells
within serviced areas that may have been improperly abandoned since they are no longer
needed for water supply. Results showed a small number of wells (four each for the Palgrave
wells and Caledon East 4 and 12 for Caledon East 2 and 3 WHPAs) to be within the serviced
areas. A much larger number have been properly abandoned under Peel Region’s well
abandonment programme.
Uncertainty Assessment
There is a fairly large degree of uncertainty associated with the ISI and IVS methods. The
uncertainty is a related to 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 ISI assessment.
Uncertainty related to the numerical model was addressed in the report documenting the
development and calibration of the model (Kassenaar and Wexler, 2006). Uncertainty in the
time-of-travel analysis arises primarily from subtle variations in the flow directions near the
wells, caused by slight changes in aquitard or aquifer thickness values, aquifer and aquitard
hydraulic conductivity values, and/or recharge rates that can also cause significant variation in
the flow paths of the particles. The level of uncertainty in defining the three-dimensional flow
patterns, even after incorporating new monitoring data, is relatively high even though the
numerical model produced good matches to the observed water levels and baseflows. Time-ofEarthfx Inc.
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travel values are also affected by the values assumed for effective aquifer porosity. No specific
measures of the porosity were available for this study, so conservative values (i.e. smaller
values that result in greater velocities and therefore shorter travel times) were assumed.
The ISI process is an ad hoc method that, although loosely based on hydrologic principals,
cannot be field verified or tested. The high level of uncertainty intrinsic in the ISI and IVS
calculations appeared in both the individual calculations and in the geostatistical variation
observed in the results. A critical problem identified was with the linearization of the “K factors“
which can, for example, lead to having two very different geologic settings with widely varying
travel times having identical ISI values.
Variogram analysis of the ISI values showed very high nugget variances. This indicated that
local error in ISI values exceeds the range over which the recommended ISI screening HML
thresholds are applied. The use of a High/Low method and revised non-logarithmic K factors is
recommended to increase the degree of certainty associated with the ISI method. Wells
distribution also affects the certainty of the analyses. While Peel Region has built a well
network to monitor the 2 year TOT zone (as per current TOT delineations), various factors have
resulted in a data gap in the current 5 year TOT zone.
The individual uncertainties for each of the components of the IVS analysis were assessed and
summarized to produce a general uncertainty estimate for each well. In general, Palgrave Well
2 and Caledon East 4 had slightly lower uncertainty, primarily because of better data
distribution, geologic setting, and conceptualization.
Contaminant Source Inventory
Refinement of contaminant source inventories within the new WHPA delineations started with a
review of previous contaminant inventories conducted in the Caledon East and Palgrave areas
Data from the Land Use and Chemical Occurrence Inventory (LUACOI) database compiled by
AMEC (2003) where these former data were compared against the newly defined WHPA to
determine the general level of risk within these areas. Primary land uses were found to be
residential (mostly single family), vacant/park land, and farming. Higher risks are associated
with farming and residential with associated commercial/industrial use, gas stations and general
retail, industrial (unknown), and sewage and water treatment.
In general, there did not appear to be a large number of higher risk land uses in the vicinity of
the Palgrave and Caledon East wells. The highest land use risk within the 5 year TOT zones for
Palgrave Wells 2 and 3 is a cemetery. The highest risk land uses in the 5-year TOT zones for
the Caledon East wells include the water treatment facilities for the wells and a sewage
pumping facility. A number of retail shops and a gas station are located close to Caledon East 2
and 3 along with some unknown land uses. The retail and unknown areas need further
checking to determine what types of potential contaminants are being handled there. Other
higher risk land uses within the 5-year TOT zones for the Caledon East wells include residential
and farm properties with some commercial or industrial activities, a multi-family dwelling, a
bank, and a private club. Data from the AMEC (2003) were also compared with high resolution
aerial photographs covering the newly defined capture zones to identify some of the unknown
areas and highlight target areas, primarily the unclassified retail areas, for visual inspection.
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Wellhead Protection Area Study for Municipal Residential
Groundwater Systems Located within the Toronto and
Region Conservation Authority Watersheds: Caledon East
Wells 2, 3, and 4 and Palgrave Wells 2 and 3
Part 1: Study Area, Objectives and Scope of Work,
Background Review, and Methodologies
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 (GM3),
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 towns of Caledon East
(2005 population: 2604) and Palgrave (2005 population: 779). The location of the study area
within Peel Region and with respect to other major geographic features is shown in Figure 1.
Locations of the Caledon East wells (Wells 2, 3, and 4) and Palgrave wells (Wells 2 and 3) are
shown on Figure 2. The wells fall within the northwest portion of the Humber River watershed
which is the largest of the watersheds under the jurisdiction of the Toronto and Region
Conservation Authority (TRCA) and are located east of the Niagara Escarpment.
The report documents the methods used to delineate the 100-metre (m), 2-year (yr), 5-yr, 25-yr,
and total capture zone WHPA and to assess the relative vulnerability of the municipal wells
within these areas to surface and near surface sources of contamination. The level of
confidence in the vulnerability scores assigned to the different zones is also discussed.
Contaminant source inventories within the new wellhead protection areas were evaluated and
updated as needed.
The Caledon East wells lie close to the border with the Credit River watershed. Several
previous and ongoing watershed studies for Peel Region and the Credit River Conservation
Authority (CVC) have been conducted to characterize the hydrogeology of the Credit River
Watershed area and to develop a numerical groundwater flow model for the Credit River
watershed. The area covered by the CVC model is shown in Figure 1. A concurrent wellhead
protection study was commissioned by Peel Region for the active municipal groundwater supply
systems located within the Credit River watershed in Peel. That study was undertaken by
AquaResource Inc. (ARI) under similar Terms of Reference (TOR).
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Figure 1: Location of Study Area and major geographic features.

Earthfx Inc.

2

Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3

May 2007

Figure 2: Study Area showing location of the Caledon East and Palgrave municipal wells.
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The current study uses a conceptual geologic and numerical groundwater flow model that was
developed as part of the “Groundwater Modelling of the Oak Ridges Moraine Area” study
conducted by Earthfx Incorporated (Earthfx) on behalf of the York, Peel and Durham Regions
and the City of Toronto and the Conservation Authorities of the Moraine Coalition (YPDTCAMC) (Wexler and Kassenaar, 2006). The YPDT-CAMC groundwater model was recently
expanded westward to represent the TRCA, Lake Simcoe Region CA (LSRCA), and part of the
CVC. As can be seen on Figure 1, the expanded model, referred to as the “West Model”,
encompasses the current study area.
One important component addressed in this study was overall consistency between the Oak
Ridges Moraine model developed by Earthfx (Kassenaar and Wexler, 2006) and the CVC model
developed by ARI (ARI, 2006) at the boundary between the Credit River and the Humber River
watersheds. Methods for resolving inconsistencies between the two models are described in
Section 1.4.4

1.1 Study Objectives
The primary objectives of the study, as stated in the Region of Peel Terms of Reference,
included:
1. refine the Region of Peel WHPA studies and delineations for the municipal wells in the
Humber River watershed to bring the WHPA delineations in line with current Provincial
standards (i.e. as per the requirements specified in MOE Draft Guidance Module 3 dated
October 2006).
2. ensure that there is seamless hydrostratigraphy and model input parameters at the
Humber and Credit River watershed boundary; and
3. evaluate gaps with regards to contaminant source inventories in the newly defined
wellhead protection areas.

1.2 Scope of Work
Several key tasks were identified in the TOR to achieve the study objectives. These tasks are
listed below.
1.2.1 Task 1: Model Refinements at the Humber and Credit River Watershed Boundary
This task required refinements to the previous 3-D modelling work including finer discretization
around the wellfields as well as the following tasks to ensure consistency along the Humber and
Credit River watershed boundaries:
1.
2.
3.
4.
5.

align geologic and hydrogeologic boundaries and parameters;
refine bedrock topography and lower sediment interpretations;
refine applicable geometry and fluxes;
refine stream networks where necessary; and
align recharge rates; where necessary.

1.2.2 Task 2: Delineation of Wellhead Protection Areas
This task required delineation of wellhead protection areas to be carried as per the “preferred
method” described in Guidance Module 3 - Section 4.0 (Mapping Wellhead Protection Areas) of
the draft “Assessment Report: Guidance Modules” (MOE, October 2006). The following zones
were identified for the wellhead protection areas around Caledon East Wells 2, 3, and 4 and
Palgrave Wells 2 and 3:
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Zone A: Pathogen Security/Prohibition Zone – 100 m radius;
Zone B: Pathogen Management Zone – 2-yr Time of Travel (TOT) capture zone;
Zone C: DNAPL/contaminant protection zone – 5-yr TOT capture zone;
Zone D: Secondary Protection Zone – 25-yr TOT capture zone; and
Zone E: Total Capture Zone.

The Region indicated that Palgrave Well 4 WHPA delineations were completed in 2003 under a
separate WHPA study carried in accordance with the 2001 MOE Technical Terms of Reference
for Groundwater Studies. The WHPA are discussed in a report by Waterloo Hydrogeologic Inc.
(WHI, 2003).
1.2.3 Task 3: Contaminant Source Inventory
This task was to include a contaminant source inventory within the refined wellhead protection
areas as per Section 3.3 (Methodology for WHPA Contaminant Source Assessment) of the
MOE 2001 TOR. This requirements of this component were to include only those work tasks
that were above and beyond the work completed as part of the 2002/2003 regional-scale project
entitled “Land Use and Chemical Occurrence Inventory, Regional Municipality of Peel” (AMEC,
2003) and was to focus primarily on filling in the information gaps in reference to the new WHPA
delineations.
1.2.4 Task 4: Vulnerability Assessment
The vulnerability assessment task was to be carried within the 25 year TOT boundary of the
newly defined WHPAs (as per Guidance Module 3 (MOE, October 2006)). This was to build on
the information generated under one of the components of the inter-regional (CAMC/YPDT
Groundwater Study completed in 2003 and to include further refinements to the Intrinsic
Susceptibility Index (ISI) values mapping within these areas.
1.2.5 Task 5: Sensitivity Area Mapping
The sensitivity mapping within the newly defined WHPAs was to be carried as per the MOE’s
Guidance Module 3 (October 2006) where the categorized and interpolated index scores (i.e.
‘high’, ‘medium’, ‘low’, as per the ISI Index Method outlined in Guidance Module 3 (MOE,
October 2006) were to be overlain on WHPA Zones B, C, and D (Zone A being considered a
continuous sensitive area) for the uppermost aquifer or contributing aquifer).
1.2.6 Task 6: Vulnerability Scoring
The vulnerability scoring task involves assigning a vulnerability score to each sensitivity area
within the 25-yr TOT for each WHPA sensitivity zone (i.e. A, B, C, D) as per Guidance Module 3
(MOE, October 2006).
1.2.7 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 will be transferred to Peel 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.
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1.3 Background Review
A source water assessment must be 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 previously to develop an
understanding of the local hydrogeology in the vicinity of the Caledon East and Palgrave
wellfields. Most notably, Dames and Moore, Canada Limited (DMC, 1997) completed wellhead
protection studies for all municipal wells in Peel Region (active at the time of study) utilizing
modelling tools and methodologies that were available during the mid-1990s (i.e., prior to the
release of the 2001 MOE TOR for Municipal Groundwater Studies and the Source Water
Protection Guidance documents). These studies were completed in a series of phases; final
WHPA delineation results are described in their Phase 3 report (DMC, 1997). According to the
Region of Peel, additional TOT delineations (i.e. 2-yr and 25-yr) were completed by AMEC
Earth and Environmental in 2002 to meet the Oak Ridges Moraine Conservation Plan (ORMCP)
requirements for the municipal groundwater systems within the ORM area. The WHPAs for the
Caledon East and Palgrave wells that, at the time of this study, had Region of Peel and Town of
Caledon Official Plan (OP) policy status (i.e. the 2-year, 5-year, and 25-year time-of-travel
zones) are shown on Figure 3 and Figure 4, respectively. The 5-year TOT zones have been
delineated in the past but have no OP status with respect to the ORMCP.
More recent studies help to provide an improved level of understanding needed to refine the
wellhead protection delineation utilizing 3-D modelling techniques. These include local-scale
studies by Waterloo Hydrologic Incorporated (WHI, 2003), Stantec Consulting Limited and WHI
(Stantec, 2004) and Beatty and Associates Limited (BAA, 2003a). Much work has also been
done to characterize the regional groundwater flow systems surrounding the study area
including studies related to the CVC Model (ARI, 2006) and the Oak Ridges Moraine modelling
study (Kassenaar and Wexler, 2006).
The studies cited above provide the information on the regional hydrogeologic setting that is
summarized in this report. The reader is referred to those reports 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. The latter is the “preferred method”
because numerical models are able to represent spatial variability of aquifer and aquitard
properties and recharge rates. If the model covers a sufficiently large area, then mutual
interference between other supply wells and the affect of surface water features on the
groundwater flow patterns and travel times can be represented as well.
While numerical models can account for 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 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 the time of travel through the
unsaturated zone between ground surface and the water table and may not fully account for the
vertical time of travel from the water-table to the well screen. The TOT method also does not
consider attenuation mechanisms such as dispersion and chemical reactions and dilution by
mixing with uncontaminated water flowing to the well. It is a reasonable approach where
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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 the
recommended MOE method since it allows consideration of more direct connections between
the surface and municipal aquifer 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 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
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 used to define capture zones and TOT zones
for the Caledon East and Palgrave 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 drawn by following the paths of virtual particles
released from the well screen and tracked backwards through the aquifer for specified time
intervals. Time-of-travel zones are created by drawing a polygon around the well that
encompasses all particle locations at a particular time. Adequate model discretization around
the wellhead and releasing a large number of virtual particles help to ensure that the TOT zones
are 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) which correspond to the WHPA sensitivity
zones B, C, and D, and one secondary zone (the 10-year TOT) used to subdivide Zone D based
on the location of the 10 year TOT zone. A circle with a 100 m radius was also drawn around
each well corresponding 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 1 below and all zones (primary and secondary) are shown schematically on Figure 5.
Zone
Name
Zone A
Zone B
Zone C
Zone D

Purpose

Delineation
Method
Pathogen Security/Prohibition Zone
100 m radius
Pathogen Management Zone
2-year TOT zone
DNAPL/Contaminant Protection Zone 5-year TOT zone
Secondary Protection Zone
25-year TOT zone

Table 1: Time of Travel (TOT) zones and corresponding primary Sensitivity Zones
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Figure 3: Previously defined TOT Zones for Palgrave Wells 1, 2, and 3.
(Note: 2, 10 and 25 year TOT zones currently have OP status as per the ORMCP)
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Figure 4: Previously defined WHPA for Caledon East Wells.
(Note: 2, 10 and 25 year TOT zones currently have OP status as per the ORMCP).
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Figure 5: Time-of-Travel Zones for WHPA delineation (after MOE, 2006).
1.4.2.1 Simulated Pumping Rates
The time of travel to a well depends, in part, on the rate of pumping assumed for the well.
Annual average pumping rates for each well were determined based on the current Permit to
Take Water (PTTW) issued by the MOE.
The Palgrave Municipal Well System currently operates under amended Permit to Take Water
No. 5240-6BVL6N issued by the MOE to the Regional Municipality of Peel on March 17, 2006.
The Permit expires on February 13, 2014. The PTTW specifies maximum daily takings at each
individual well and a limit on the combined taking (Table 2) which is equal to 98.2% of the sum
of all individual rates.
Palgrave
Well
No.
1
2
3
4
Combined

Easting
(m)
594505
594799
594032
592893

Northing
(m)
4866577
4867540
4868345
4867934

Maximum
Taking
(L/min)
909.2
1818.4
4091.4
1818.4
6,250

Maximum
Taking
(L/day)
1,309,248
2,618,496
5,891,616
2,618,496
9,000,000

Table 2: Maximum Permitted Water Taking for Palgrave Wells
The Caledon East Municipal Well System currently operates under PTTW Number 58786G6Q2D issued by the MOE to the Regional Municipality of Peel on March 30, 2006. The
Permit expires on March 31, 2009. The PTTW does not specify maximum daily takings for each
individual well but does impose a limit on the maximum combined daily taking and the maximum
combined daily taking on an average annual basis (Table 3). These values can be compared to
the estimated equipped pumping capacity of each well which is also shown in Table 3. The
combined maximum daily taking is equal to 56% of the sum of all individual capacities while the
maximum combined daily taking on an average annual basis is 22% of the of the sum of all
individual capacities.
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Caledon East
Well
Easting
No.
(m)
2
3
4
Combined

Maximum
Maximum
Equipped Capacity
Northing
Daily
Annual Average
(L/min)
(m)
Taking
Daily Taking
(L/min)
(L/min)
591250 4857885
1100
591399 4858184
1818
589439 4858295
2700
3,125
1,250
5618

Table 3: Maximum Permitted Water Taking for Caledon East Wells
The simulated pumping rates applied to the supply wells in the Palgrave WHPA analysis were
assigned based on the maximum rates listed in the PTTW. Simulated pumping rates for
Caledon East Wells 2, 3, and 3 were assigned based on their equipped capacities since any of
them could be used at their full capacity in conjunction with the other wells operating at a
reduced rate to keep below the maximum daily limit. The combined rates used in the model
exceed the maximum taking and the WHPA delineated using these rates will be more
conservative than if reduced pumping rates were used. Pumping at Caledon East Wells 1 and 5
was not simulated.
1.4.3 Model Grid Refinement
A large regional-scale model was documented in the inter-regional (YPDT-CAMC) ORM
Groundwater Modelling study report (Kassenaar and Wexler, 2006). This model extended from
the Niagara Escarpment to the Trent River. While this model covered the study area, the
regional model has a number of limiting assumptions and a coarser resolution. Specifically, the
model consisted of five hydrostratigraphic layers and used a uniform grid comprised of 240 m by
240 m cells.
A second, more-refined model was developed for the centre of the ORM area. This model,
referred to as the “Core Model” is also documented in Kassenaar and Wexler (2006). The Core
Model used eight hydrostratigraphic layers to represent the overburden and a weathered
bedrock unit. A uniform 100 m by 100 m grid size was used and this level of detail was shown
to be adequate to represent groundwater surface water interaction (given the limitations in the
available data) and for WHPA delineation (Kassenaar and Wexler, 2006). The Core Model
extended as far west as the western boundary of the Humber River watershed, however, it did
not include the northwest part of the watershed.
As part of ongoing groundwater modelling work for the YPDT-CAMC partnership, the Core
Model was recently extended westward to include all of the TRCA watersheds and part of the
Credit River watershed. The “West Model” now uses a 100-m cell size throughout and ten
hydrostratigraphic layers to represent overburden and an upper weathered bedrock layer east of
the Niagara Escarpment. The extra two layers were used to subdivide the Oak Ridges Aquifer
Complex into three sub-units within the current study area. This additional vertical discritization
was deemed necessary based on preliminary model results which showed that the thick silt
sequences within the ORAC affected groundwater flow patterns in the study area. The layering
was altered west of the Escarpment to represent additional bedrock layers and fewer
overburden units. The refined (100 m cell size) grid is shown in Figure 6. All geologic and
hydrologic parameters were interpolated to the refined grid.
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1.4.4 Consistency at the CVC Model Boundary
As noted earlier, an important task in this study was to resolve any inconsistencies between the
CVC model and the West Model. As part of this process, information exchange was required
between the two consulting firms retained by the Region to carry out the WHPA studies in the
Credit River and Humber River watersheds. Consequently, Earthfx provided geologic crosssections along with digital data files including geologic layer surfaces, model surfaces, model
boundaries, recharge rates, hydraulic conductivity values, and model results (simulated heads)
to AquaResource Incorporated (ARI), the consultants conducting the WHPA study for municipal
wells within the CVC area. Earthfx also participated in technical meeting facilitated by Peel
Region with ARI to discuss the geologic and numerical models and to reach consensus
regarding conditions near the CVC model boundaries. Joint progress meetings with Earthfx,
ARI, Peel Region, and staff from CVC and TRCA provided additional opportunities to resolve
differences between the models and modelling approach.
In general, it was determined that the models did not vary significantly at the watershed
boundary. The existing discrepancies in geologic interpretation for the bedrock and lower
sediments were reconciled to achieve the necessary degree of consistency in the model. Minor
revisions were made to other geologic layers, based on discussions or recommendations at
meetings with Peel Region and ARI. These changes were then incorporated into the
hydrostratigraphic surfaces used in the numerical model. Because the western extension of the
previously produced ORM Core model extended well into the CVC area, there was no need to
impose boundary conditions at the boundaries of the CVC watershed area.
1.4.5 Geologic Model Refinement
The geology of the area in the upper part of the Humber River watershed and the area to the
west of the watershed and above the Niagara Escarpment was analyzed in greater detail as
part of the westward expansion of the Core Model. As discussed in Kassenaar and Wexler
(2006), regional-scale work previously conducted by the Geological Survey of Canada and the
Ontario Geological Survey (GSC/OGS) on the stratigraphy of the ORM provided the foundation
on which to build a more detailed hydrogeologic model. The GSC geologic surfaces were
further refined to better represent local-scale geology and to subdivide the Lower Sediments
into two aquifers and an aquitard layer. The most recent work was done to extend this
hydrogeologic interpretation to the area west of the Niagara Escarpment.
Methods used to refine the hydrostratigraphy for the West Model are similar to those described
in Appendix D of Kassenaar and Wexler (2006). As in the original Core Model, the West Model
uses eight major layers to represent overburden and an upper weathered bedrock layer east of
the Niagara Escarpment. The principal difference is that the same eight layers are used to
represent additional bedrock layers and fewer overburden units west of the Escarpment. A
small transition zone occurs at the Niagara Escarpment. Results of the West Model refinement
will be described in the West Model report (Kassenaar and Wexler (on-going)).
The geologic layering was further refined for the current study. The Oak Ridges Aquifer
Complex (ORAC) sediments in the study area tend to be much-finer grained and contain thick
layers of silt and clay that were deposited in glacial lakes. The lateral and vertical extent of the
silt layers were mapped and incorporated into the 10-layer stratigraphic model. Results are
described in Section 2 of this report.
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Figure 6: A portion of the grid showing discritization in the Caledon East and Palgrave areas.
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1.4.6 Groundwater Recharge Rate Calculation
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. Estimates for
the rates and distribution of recharge were obtained through calibrating the Core Model and
were based mainly on surficial geology and corrected for decreased recharge in urbanized
areas. These rates were used in all areas of the model outside the Humber River watershed.
To further refine local estimates of recharge, results of a Humber River water budget study for
TRCA were used for that portion of the study area. Recharge rates were determined using the
USGS Precipitation-Runoff Modelling System (PRMS) code (Leavesely, 1983). The PRMS
code calculates a water budget for Hydrologic Response Units (HRU), defined as watersheds or
catchments with similar hydrologic properties. The code was modified by Earthfx Inc. to allow
each HRU to represent one single cell in a grid and thereby easily link to the MODFLOW model.
The Humber watershed was discritized with a 25-m cell size to better represent land use
variation. PRMS model results were then resampled to the 100-m flow model grid.
The PRMS model was run in “daily” mode and used daily rainfall and temperature for 1989 to
1997 from an Environment Canada climate station in Richmond Hill and solar radiation data
from Toronto Airport. The model tracks volumes of water for each HRU in a number of “storage
reservoirs” (e.g., interception storage, depression storage, snowpack, shallow soil moisture
zone, “subsurface water” (i.e. a perched water zone), and groundwater storage). Water in the
snowpack is subject to sublimation and melting/refreezing and the interception, depression, and
soil moisture storage reservoirs are subject to evaporation and or ET on a daily basis.
Each HRU can contain pervious and impervious surfaces and the water balance for each area
is computed separately. The model computes interception by vegetation in pervious area and
capture by depression storage in impervious areas. Net precipitation is added to the snowpack,
if present, and the snowpack depth, density, and temperature are adjusted based on maximum
and minimum air temperature. Net precipitation and snowmelt, if present, are then partitioned
between in infiltration (in pervious areas) and runoff. Runoff was computed using the U.S. Soil
Conservation Service (SCS) curve number technique.
Water entering the soil in pervious areas is subject to evapotranspiration. Excess water (above
field capacity of the soil) percolates to the subsurface reservoir. Soil zone depth is defined by
the average rooting depth of the predominant vegetation. Percolation to groundwater is
assumed to have a maximum daily limit and excess infiltration is held in the subsurface
reservoir. This water can discharge to streams or infiltrate water back to the groundwater
reservoir over time. The groundwater reservoir discharges to baseflow at a rate dependent on a
discharge coefficient and the volume of water stored in the reservoir.
The estimates of daily recharge were averaged over the 8-year simulation period to determine
an annual average recharge rate. The model was calibrated to surface water flow data
collected at Environment Canada gauges along the main channel of the Humber River and its
tributary streams.
1.4.7 Groundwater Surface Water Interaction
Groundwater discharges to streams is an important component of the water balance for the
study area. Two types of head-dependent discharge boundaries, referred to in MODFLOW
terminology as “rivers” and “drains”, were used to simulate groundwater/surface water
interaction. MODFLOW drains were used to simulate discharge to the headwater tributaries of
the streams (Strahler Class 1, 2, and 3). The key assumption regarding drains is that leakage
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occurs in only one direction, from the aquifer to the drain (Figure 7). When aquifer heads drop
below the controlling elevation of the drain, the drain is presumed to go dry and no flow occurs
from the drain back to the groundwater system. A MODFLOW parameter, called the “drain
conductance”, groups the streambed properties (hydraulic conductivity and thickness) and the
wetted area. Drain conductance values and drain elevations were specified for each drain
segment that passed through a model cell.

Figure 7: Cross section showing leakage between drain and aquifer.
MODFLOW rivers were used to simulate discharge to the lower reaches of major streams
(Strahler Class 4 and above). The key assumption regarding MODFLOW rivers is that leakage
can occur in either direction when the aquifer head is above the bottom elevation of the
streambed (Figure 8). When aquifer heads drop below the base of the streambed, the river is
assumed to be perched and water leaks out of the river at a constant rate based on the
difference between the river stage and the elevation of the streambed bottom. A MODFLOW
parameter, called the “river conductance”, groups streambed properties and the wetted area.
River conductance, river stage, and streambed bottom elevation values were assigned to each
river segment that passed through a model cell.

Figure 8: Cross section showing leakage between river and aquifer
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Some simplification was necessary to automate the process of assigning stream properties.
Stream reaches were first assigned a Strahler classification number and then each stream
reach was assigned an average width and bed thickness (B’) based on the Strahler number.
Stream segments were assigned an aquifer layer based on the geologic model. Streambed
hydraulic conductivity (K’) values were assigned based relative to the aquifer layer penetrated.
The 10-m DEM was used in estimating controlling drain and river elevations. A total of 119,302
drain segments and 21,553 river segments were used in the West Model.
The calibrated groundwater flow model was used to delineate capture zones and time-of-travel
(TOT) zones for the municipal supply wells. Time-of-travel 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. The TOT zones are actually three-dimensional
surfaces. Wellhead protection areas (WHPA) are defined using the vertical projection of these
surfaces onto a base map even though not all water particles entering at land surface will
actually arrive at the well within the specified time interval.
1.4.8 Time-of-Travel Analysis
Capture zones and time-of-travel zone analyses were conducted using the USGS MODPATH
code. MODPATH used the simulated heads and flow rates from the MODFLOW output along
with additional data on aquifer porosity to calculate average groundwater velocities. There is
little information on the range and distribution of porosity values in the study area so typical
values for aquifer material were assumed. Conservative values (i.e. small values that result in
greater velocities and therefore shorter travel times) were assumed for the confining units.
Values used are shown in Table 4 below.
Surficial Material
Layer 1 - Recent Deposits and Weathered Halton/Kettleby Aquitard
Layer 2 – Halton/Kettleby Aquitard
Layer 3 – ORAC and Weathered Newmarket Aquitard
Layer 4 - Newmarket Aquitard
Layer 5 - Thorncliffe Aquifer Complex
Layer 6 - Sunnybrook Aquitard
Layer 7 - Scarborough Aquifer Complex
Layer 8 - Weathered Bedrock

Porosity Value
0.25
0.25
0.25
0.10
0.25
0.10
0.25
0.10

Table 4: Porosity values assumed for the capture zone analysis
MODPATH tracks fictitious particles released from a specified starting point as they move
through the aquifer. Each time a particle crosses the boundary of a finite-difference cell, the
particle location and time are recorded. The particle is tracked until it reaches a point of
discharge and the process is repeated for all particles. MODPATH also 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 time-of-travel 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 space and time as they moved through the aquifers and aquitards. The TOT
zones were drawn manually by connecting the ends of the particle tracks at specified times.
1.4.9 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 supplying water to the municipal
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wells. The purpose of this assessment is to evaluate the relative vulnerability of the aquifer
within the WHPA so that vulnerability scores can be developed and used in future water quality
risk assessment work. Numerous approaches have been developed for assessing the intrinsic
vulnerability of aquifers to contamination from surface sources, ranging from general 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, the goal is to
categorize the relative vulnerability within the WHPA as High (H) Medium (M), or Low (L) based
on an Intrinsic Susceptibility Index (ISI) method described below. The WHPA sensitivity zones
(100m, 2-yr, 5-yr, 25-yr) are then intersected with the relative aquifer vulnerability zones (H, M,
L) to assign the intrinsic vulnerability scores from 2 (low vulnerability) to 10 (high vulnerability)
as per Table 4.1, Appendix 4 of Guidance Module 3 (MOE, October 2006).
The approach used in this study to assess relative vulnerability (i.e. assign H, M, L values) is
based on the Groundwater Intrinsic Susceptibility Index (ISI) method. The ISI method uses the
MOE Water Well Information System (WWIS) database to produce a numerical score for each
well in the database. The index considers the overburden soil type and thickness of unsaturated
materials above the aquifer. Thickness of the unsaturated zone is based on the difference
between the land surface elevation and the elevation of the static water level reported in the
WWIS database. For wells in confined aquifers, the thickness of materials (both saturated and
unsaturated) above the aquifer in which the well is screened is considered in the analysis. This
index value is then interpolated between well locations to produce a complete spatial
assessment (map) of the intrinsic vulnerability of the area surrounding the municipal supply well.
The ISI method can be modified slightly to incorporate data collected in recent studies that
characterize the geology and hydrogeology of the study area to better identify highly vulnerable
areas within the Wellhead Protection Areas. For example, we used interpolated water level
data as opposed to the static water level values in the WWIS data since the data used in the
interpolation were screened for outliers, were subject to geostatistical analysis prior to
interpolation, and the generated surfaces are less variable than the static water levels. We also
used the interpolated top of the screened aquifer for wells in confined aquifers. The guidance
module also suggests methods for identifying the “target aquifers” in the well logs. In this
analysis, we used the aquifer surfaces developed as part of the conceptual geologic modelling
process to define the depth to the target aquifers. Similarly, methods are provided in Guidance
Module 3 as to how to determine whether the target aquifers are confined or unconfined from
the WWIS data. For this study, we used the simulated water level in the ORAC for calculating
the vertical distance to the target aquifer when evaluating ISI for wells in the ORAC. For wells in
the TAC, the aquifer was assumed to always be confined and the ISI value was calculated from
ground surface to the top of the TAC.
The maps produced provide a relative indication within each WHPA of the intrinsic susceptibility
of the underlying aquifer to contamination from drinking water threats. The results of these
analyses are generally independent of the nature of the potential contaminants and the potential
contaminant release scenario (with the possible exception of a large release of DNAPLs). By
highlighting areas of relatively high intrinsic susceptibility, groundwater protection strategies as
well as monitoring activities and data collection can focus on areas of greatest risk.
1.4.9.1 Intrinsic Susceptibility Index Calculation
The ISI analysis yields a dimensionless “index value”, where the index value is higher for
aquifers that have a relatively low vulnerability to surface sources of contamination and lower for
aquifers that are highly vulnerable. The ISI is calculated by summing the product of the
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thickness of each lithologic unit reported in the well driller’s or geologic log overlying the water
table or confined aquifer with its corresponding K-Factor. The K-Factor is a dimensionless
number that is loosely related to the negative exponent of the vertical hydraulic conductivity of
the geological material (in m/s). K-Factors have been assigned based on a lithologic reclassification scheme developed for the ORM area by the GSC (Russell et al., 1998) which
reduces the “Material 1, Material 2, and Material 3” descriptors in the WWIS database to a
single classification.
Suggested K-Factors for unconsolidated materials under this
classification system are provided in Table 5.
Table 5: Simplified GSC classification of geological materials and corresponding K-Factors
(modified from MOE, 2006)
Geologic Material Description
clay, silty clay
covered, missing, previously bored
diamicton: clay to clay/silt
diamicton: silt to sand/silt
diamicton: silt/sand to sand
diamicton: texture unknown
fill (including topsoil and waste)
gravel, gravelly sand
gravel, gravelly sand, with rhythmic/graded bedding
gravel, gravelly sand, topsoil
gravel, gravelly sand, with muck, peat, wood fragments
miscellaneous; no obvious material code
Organic, top soil
sand, silty sand
sand, silty sand
silt, sandy silt, clayey silt

K
Factor
6
3
5
5
5
5
3

Aquifer
Material
no
no
no
no
no
no
no

1

yes

2

yes

3
3
2
3
4

no
no
yes
yes
no

Lithologic logs for all MOE WWIS wells, additional geotechnical holes, and municipal monitoring
wells are contained in the YPDT database developed by Earthfx for the ORM Groundwater
Study (Kassenaar and Wexler, 2006). All wells have their original lithologic descriptions along
with the reclassified GSC descriptions. Queries were written to obtain the K-Factors and
thicknesses for each lithologic unit for all wells in the study area with location quality assurance
codes of 5 or less. ISI values were then posted on maps of the study area and then interpolated
to the 100 m grid using a kriging technique. The gridded values were then re-classified as Low,
Medium and High intrinsic vulnerability (IV) according to Table 6, below:
Table 6: High, Medium, and Low intrinsic vulnerability categories and ISI values
(from MOE, 2006)
ISI Value
> 80
> 30 and < 80
< 30

IV Category
Low
Medium
High

1.4.9.2 Intrinsic Vulnerability Scores
Once the WHPAs are delineated and relative vulnerability of the aquifers within the WHPA are
categorized as High, Medium or Low, the next step is to intersecting the WHPA sensitivity zones
(A, B, C, and D) with the results of the relative vulnerability categorization. Final intrinsic
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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). A simplified version of the table is presented in Table 7 (of this report)
which is applicable to studies using ISI methods where the optional 10 year time-of-travel zone
has been delineated. 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 9 presents a
schematic showing the results of the application of the IVS method.
Adjustments to the score may be needed to account for the presence of constructed preferential
pathways that might bypass the natural protective geologic layers such as 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 caused by the constructed pathway. Natural preferential pathways, such
as fracturing and karst features, are accounted for in assessment of intrinsic vulnerability
1.4.10 Uncertainty Assessment
There is a fairly large degree of uncertainty associated with the ISI and IVS methods. The
uncertainty is a product of uncertainty related to the three processes used to develop the final
IVS values: the numerical groundwater flow model, the time-of-travel analyses, and the ISI
assessment.
1.4.10.1 Numerical Model Uncertainty
Uncertainty relating to the numerical model is, in turn, related to the uncertainty associated with
the underlying conceptual geologic and hydrogeologic models. Answers to questions such as:
“How well have the formations have been defined?”; “How well are the geologic surfaces
interpolated?”; “Have all significant erosional features that can affect continuity of aquitards
been identified?”; and “Are the aquifer property values reasonable?”; 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.
Table 7: Simplified table for determining intrinsic vulnerability scores
IVS for studies using ISI method and having 5-year TOT Zones
WHPA
High
Medium
Low
DNAPL PathComment
Zone
ISI
ISI
ISI
Zones
ogen
(0 to 30) (30 to 80) (>80)
Zones
Pathogen
Security/Prohibition
Zone A
10
10
10
10
10
Zone
is
assigned
an IVS of 10
100 m radius

irrespective of ISI score.
Pathogen Management Zone B
scoring applies to all contaminants
but DNAPLs.
DNAPL Contaminant Protection
Zone

Zone
B
(0 - 2 year)

10

8

6

10

6 – 10

Zone
C
(2 - 5 year)
Zone
D
(5 – 10 year)
Zone D
(10 – 25
year

8

6

4

10

0

6

4

2

2 -6

0

Zone D Scoring applies to all
contaminants but pathogens.

4

2

2

2-4

0

Zone D Scoring applies to all
contaminants but pathogens.

Earthfx Inc.

19

Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3

May 2007

Figure 9: Example of vulnerability scoring for WHPAs (after MOE, 2006)
MOE Guidance Module 3 similarly notes a number of factors that need to 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.
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.

1.4.10.2 Uncertainty for Time of Travel Analyses
MOE Guidance Module 3 discusses methods for evaluating the uncertainty in the WHPA. In the
“Scenario Approach”, which was adopted for this study, multiple model simulations were
conducted using alternative model parameter values that both lie within the range of available
field data, and 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 combined to
generate the WHPA and the area of overlap between scenarios was considered to have the
highest level of confidence.
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Other method, such as stochastic analyses using Monte Carlo techniques, may produce more
quantitative estimates of uncertainty. However, MOE Guidance Module 3 notes that it is
unlikely that sufficient data on the probability distributions of the key input parameters will be
available to quantify the level of confidence using this more formal approach to sensitivity
analysis.
1.4.10.3 Vulnerability Mapping
The ISI method is best suited for cases where the municipal supply well is located in an
unconfined aquifer (e.g., Caledon East Wells 2 and 3). In these cases, the wells are most
vulnerable to contaminants that would enter the subsurface in close proximity to the well and
travel vertically through the unsaturated zone and laterally and vertically through the aquifer to
the well. For municipal wells in confined aquifers, the method cannot always account for the
complex pathways (e.g. rapid movement through “windows” in the confining unit and then lateral
travel to the well) as numerical model-based methods.
There is a fairly large degree of uncertainty associated with the ISI and IVS methods. As noted
by the MOE, the results of the index calculations and subsequent vulnerability ratings (high,
medium, low) and results of the index calculations are difficult to validate since they are not a
physical parameter that can be measured in the field. Results were compared to maps of
surficial geology and geologic cross-sections to ensure that the calculations were done correctly
and that the results appeared reasonable.
Geostatistical and statistical analyses were applied to the ISI values for additional quality
assurance and uncertainty evaluation. The calculated ISI values were found to be highly
variable. For example, the 6437 wells used in the water-table analysis had a mean ISI value of
41.3 with a sample standard deviation of 44. Map plots of the ISI values also showed high
spatial variability with closely spaced wells exhibiting large differences in ISI. The variogram
with the best fit to the data had a nugget of 500, which is equivalent to a standard deviation of
32. The results of the statistical analyses were compared against the thresholds used to
distinguish between low, medium and high classifications.
Maps of kriging standard error showed the areas of higher uncertainty due to data density.
Spatial distribution of data also provides a guide to indicate areas of high vs. low uncertainty.
Most wells are located near concession road and are clustered in the settlement areas. Areas
with fewer wells would have decreased confidence in the vulnerability assessment
1.4.11 Update of Contaminant Source Inventories
Refinement of contaminant source inventories within the new WHPA delineations was carried
out as part of this study. The work started with a review of previous contaminant inventories
conducted in the Caledon East and Palgrave areas (AMEC Earth and Environmental Limited
(2003), DMC (1997), Stantec (2004), BAA (2003a) and JHL (2006). Data from land use and
chemical occurrence inventory (LUCOI) conducted by AMEC (2003) were compared with high
resolution aerial photographs encompassing the newly defined capture zones to highlight target
areas for our visual inspection. A drive-by contaminant sources survey was undertaken in May
2006 by Earthfx staff equipped with GPS and digital cameras to identify and map any new land
use activities that had the potential to impact the municipal wells.
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Part 2: Study Results and Methodologies
2 Geology and Hydrogeology
This section describes the regional-scale geologic and hydrogeologic setting as well as the
local-scale setting specific to the Caledon East and Palgrave wellfields. The sections also
discuss land surface topography, physiography, surface water features, other natural features,
and land use as they relate to the geologic and hydrogeologic setting of the study area.
2.1.1 Topography and Physiography
A map showing land surface topography in the study area, based on a 10-m digital elevation
model (DEM) provided by the Ontario Ministry of Natural Resources, is presented in Figure 10.
Elevations within the study area range from a high of just over 460 metres above sea level
(masl) to the west above the Niagara Escarpment to below 220 masl to the east near the main
branch of the Humber River. Figure 11 shows the major physiographic regions that fall within
the study area. The Niagara Escarpment and the Oak Ridges Moraine are the most prominent
regional-scale physiographic features. The surface of the Oak Ridges Moraine 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. Mount Wolfe, located between Mt Pleasant and Mt. Wolfe Roads east of
Palgrave, is a local example of a till-capped hill with a maximum elevation of 360 metres above
sea level (masl).
The elongate structure of the ORM is divided into four major “wedges” where the north-south
extent of the moraine widens. The study area is situated on the westernmost one, referred to as
Alliston wedge. Due to its predominantly sandy surface soils and hummocky topography, the
moraine serves as the primary recharge area to underlying aquifers. 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.
West of Caledon East is the Paris Moraine which lies along the base of the Niagara
Escarpment. Southeast of Caledon East and east of Palgrave is the Palgrave Moraine. The
moraine trends northeast and is included within the Oak Ridges Moraine physiographic region.
Further west are prominent end moraines associated with the Horseshoe Moraines
physiographic region. The southeast-trending Singhampton and Gibralter Moraines lie above
the Niagara Escarpment with maximum elevations of 462 masl. These are truncated by the
northeast-trending Paris Moraine. Outwash deposits, such as the meltwater channel at Caledon
East which lies west of the Palgrave Moraine, and other channel deposits which lie between the
Paris Moraine and the Niagara Escarpment are important physiographic features in the study
area from a groundwater supply perspective.
The South Slope physiographic region, the edge of which is present in the southeast corner of
the study area, is a till plain which gently slopes southward from the southern flank of the Oak
Ridges Moraine towards Lake Ontario. Lower elevations occur in the river valleys associated
with the Main Branch of the Humber River (less than 220 masl) and Centreville Creek which has
its headwaters below the Escarpment in the East Caledon area.
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Figure 10: Land surface topography.
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Figure 11: Major physiographic features (from Chapman and Putman, 1984).
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2.1.2 Bedrock Geology
Southern Ontario is underlain by clastic and carbonate sedimentary rocks of Late Ordovician to
Middle Silurian age, which make up parts of three major depositional sequences (Johnson et al,
1991), with outcropping rocks becoming younger from east to west (Figure 12). The strata dip
gently to the southwest. In the eastern part of the study area, the Georgian Bay Formation is,
stratigraphically, the lowest outcropping unit, and ranges from terrigenous shale near its base to
impure and shaley carbonate rock in the upper part of the unit. It is gradationally overlain by the
Queenston formation which is predominantly a shale unit with interbeds of limestone and
calcareous siltstone. In the western part of the study area, unconformably overlying the
Queenston Shale, is a sequence of the three formations of the Early Silurian Cataract Group –
the Whirlpool, Manitoulin and Cabot Head formations. The lowest unit, the Whirlpool Formation,
is mainly fine-grained quartz sandstone and can be up to nine metres thick. It is succeeded by
the thin- to medium-bedded fossiliferous dolostone of the Manitoulin Formation which can be up
to 25 m thick. The contact with the overlying Cabot Head Formation is gradational. The rocks
of the Cabot Head Formation are predominantly noncalcareous shale with minor interbeds of
sandstone, limestone, and dolostone.
The next unit in the succession is either the Fossil Hill Formation or the Reynales Formation.
These units are lateral facies equivalents but where the lateral transition between Reynales
Formation of the Niagara Peninsula and Fossil Hill Formation of the Collingwood area takes
place is not well understood. The Reynales is composed of argillaceous dolostone and
dolomitic limestone with shaley interbeds; the Fossil Hill is richly fossiliferous thin-to medium
bedded dolostone. The unit is probably only two metres thick. It is disconformably overlain by
the thickly-bedded dolostone of the Middle Silurian Amabel Formation, which forms the caprock
of the Niagara Escarpment and is the youngest rock unit in the area.
Within the study area, the Palgrave area is just east of the contact between the Georgian Bay
and the Queenston formations; the underlying rocks of the Georgian Bay Formation are at the
top of the unit and are probably mainly shaley limestones. The shales of the Queenston
Formation underlie Caledon East.
Bedrock surface topography, as interpreted in Kassenaar and Wexler, 2006) from well logs and
outcrop data, is shown in Figure 13. The surface is relatively level on top of the Niagara
Escarpment north and west of the study area, with elevations typically around 420 masl, and it
drops eastward and southward. Below the escarpment, the bedrock surface is incised by
channel remnants of a pre-glacial drainage system with a very deep channel southeast of
Caledon East and a shallower, east-trending channel passing under the Palgrave area. These
bedrock channels, particularly the deeper ones, may contain older sedimentary units, such as
the Scarborough Formation and the Sunnybrook Drift or their equivalents.
The exact location, orientation, and depth of the bedrock valleys were largely inferred from a
limited number of deep wells that encountered bedrock below the Niagara Escarpment and
other deep wells that, while not encountering bedrock, served as “push-down” points indicating
that bedrock must be at an unknown depth below the bottom of the well. Recent seismic lines
run across the interpreted thalweg of the valley near Caledon East (on Heart Lake Road,
Mountainview Road, and Humber Station Road) confirmed the presence of the valley. The
seismic data taken along Mountainview Road, however, indicated that the deepest part of the
bedrock valley may lie closer to King St. than as was inferred here. The effect of changes in the
valley location on the capture zones was assumed to be minor, although this assumption may
need to be revisited as later versions of the model are created with updated bedrock surfaces.
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Figure 12: Bedrock geology for northern Peel Region
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Figure 13: Bedrock surface topography (after Kassenaar and Wexler, 2006)
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Quaternary Geology

Figure 14 shows a map of the quaternary geology for northern Peel Region. Figure 15 and
Figure 19 focus on the Palgrave and Caledon East areas, respectively. Quaternary sediments
in the general area are mainly products of glacial, glaciolacustrine, and glaciofluvial
sedimentation during the Late Wisconsinan stage of the Pleistocene. However, older
sediments, often referred to as the Lower Sediments, occur at depth and are important from a
hydrogeologic perspective. These lower sediments have their type locality in the Scarborough
bluffs, where they are well exposed. The lowest unit is the Scarborough Formation, a unit
composed predominantly of deltaic sands and related fine-grained lacustrine deposits with
notable organic material (Karrow, 1967; White, 1975). This deep unit was interpreted to be
present in the study area primarily within the deep bedrock valley south of Caledon East (see
Figure 16). It is overlain by the Sunnybrook Drift (or Sunnybrook Till), an almost pebble-free
clay to clay loam diamicton (till-like material) reported by White (1975) in the Woodbridge Cut
and at York University and common in the Toronto area. Within the study area, this unit was
interpreted to be present within the deep bedrock valley south of Caledon East overlying the
Scarborough Formation (Figure 17). The Scarborough Formation and Sunnybrook Drift are
probably not found at elevations above about 175 masl within the study area.
Overlying the Sunnybrook is the Thorncliffe Formation, a complex assemblage of sandy deltaic
and subaqueous fan sediments and related glaciolacustrine silts and clays. As shown in Figure
16 and Figure 17, the Thorncliffe Formation represents the most ‘prevalent’ of the Lower
Sediment units in the study area since it is present within the deeper bedrock valley systems
and underlies ORM areas in the Caledon East and Palgrave areas and, in places, has
thicknesses up to 100 m.
The next unit in the succession is a compact, sandy silt to sandy loam till with up to 25% clasts,
commonly called the Newmarket Till in many reports (e.g. Stantec 2004). In strict stratigraphic
terms, in the southern part of the area this is probably the Wentworth Till, the Port Stanley Till or
a combination of the Wentworth, Port Stanley and possibly older late Wisconsinan tills (see
Cowan, 1976; White, 1975; Barnett, 1991). The Newmarket Till, in its strictest sense, is
considered to be a northern till and underlies only the northern part of the study area (Figure
17). Near its outer margin the Newmarket Till is older than the Wentworth Till but younger than
the Port Stanley but can be regarded as a rough stratigraphic equivalent of the Wentworth-Port
Stanley tills. On Figure 16 and Figure 17 and throughout this report, this aquitard unit is
referred to as ‘Newmarket Till or equivalent. Thickness of this aquitard within the study area
varies from absent to more than 15 m. Details of the till stratigraphy and the relationship of the
Wentworth Till and the Paris Moraine to the Oak Ridges Moraine are unclear in the study area.
Figure 14 shows the locations where these tills were mapped at surface within the general study
area.
Overlying the Newmarket Till are sediments of the Oak Ridges Aquifer Complex (ORAC) or the
stratigraphic equivalent, an assemblage of glaciofluvial, deltaic, subaqueous fan, and
glaciolacustrine sediments. In the study area, well records indicate that glaciolacustrine silts
make up the dominant facies within the unit but there are significant zones of sand or even
gravelly sand. Regionally, meltwater channels are associated with major Late Wisconsinan ice
marginal positions such as the Paris and Palgrave moraines. These channels are particularly
prominent west of the Paris Moraine – which is the limit of the Wentworth Till – where they have
cut into the Port Stanley Till and ice-contact stratified deposits and left extensive deposits of
outwash sand and gravel. The southwest-trending gravelly channel deposit at Caledon East is
spatially associated with the Palgrave Moraine and White (1975) has suggested it was a master
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stream collecting meltwater from the escarpment slopes and possibly from what is now the
upper Humber River. Chapman and Putnam (1984) show this channel as extending from
Tottenham in the north to south of Stewarttown but White (1975) stated he could find no field
evidence for it north of Albion. This Caledon East meltwater channel is incised into ORAC
sediments and possibly, in places, is cut down into or even through the Newmarket Till. The
Caledon East meltwater channel has been interpreted to extend towards Inglewood in the west
where it joins the north-south trending meltwater channel which aligns roughly with the current
orientation of the Credit River and its tributaries.
Overlying the ORAC and/or equivalent sediments in the southeastern part of the area is the
Halton Till (Figure 14), a glacial deposit that ranges texturally from loam to silty clay with
generally less than 10% clasts (White, 1975). The Palgrave Moraine is effectively the
northwestern limit of the Halton Till within the region. The Halton Till and ORAC are locally
overlain by fine-grained or sandy glaciolacustrine deposits but these are not hydrogeologically
significant in the study area.
2.1.3.1 Geologic Setting in the Palgrave Area
Based on surficial geology (White 1975), Palgrave Wells 2 and 3 lie in an area mapped by
White (1975) as ice-contact stratified drift sediments and now considered part of the Oak Ridges
Moraine (Figure 15). A Northwest-Southeast cross section through the Palgrave area is shown
in Figure 16; additional sections are presented in Figure 17 and Figure 18. Section line
locations are shown on Figure 15.
Palgrave Well 2 appears to be drilled entirely in ORAC sediments with less than three metres of
sand at the top overlying more than 35 m of silt. The well screen is set within an eight metre
thick unit composed of fine sand and gravelly fine sand. Palgrave Well 3 is located near the
edge of a local bedrock valley and is overlain by about 80 m of ORAC stratified sediments. This
sequence consists (from surface downward) of about four metres of sand and gravel, about
35 m of silt and clay with minor sand, about 25 m of gravelly sand and silty sand, a silt and clay
unit about five metres thick, and finally, about 10 m of gravelly sand where there well is
screened. The well appears to bottom in fine-grained sediments of the Thorncliffe Formation
(Figure 16).
2.1.3.2 Geologic Setting in the Caledon East Area
Caledon East Well 2 is located within the Caledon East meltwater channel at the edge of the
Halton Till outcrop area Figure 19. Figure 20 and Figure 21 present detailed cross sections of
the Caledon East wellfield area. Section line locations are shown on Figure 19. The geological
sequence in the well log shows ORAC silt facies overlying the sandy facies where the well is
screened. The Newmarket Till appears to be absent at this location. Caledon East Well 3 also
lies in the Caledon East meltwater channel with about 12 m of sand to gravelly sand –
interpreted as channel deposits – overlying sandy facies sediments in which the well screen is
located. It is distinctly possible that these sandy sediments are entirely sedimentary infill of a
very deeply eroded meltwater channel.
Recent pumping test confirmed hydraulic
interconnection between the wells indicating that Caledon East 2 and 3 are located within the
same meltwater channel feature). Below Caledon East 3 are thin Newmarket Till and
Thorncliffe Formation sands over bedrock.
In the vicinity of Caledon East Well 4, there is a thick ORAC sequence with a relatively thin sand
units overlying and underlying a thick zone of silt. Below the ORAC, there are several metres of
Newmarket Till. The well is screened in sands of the Thorncliffe Formation, (locally referred to
as the Granite Stones aquifer).
Earthfx Inc.

29

Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3

May 2007

Figure 14: Quaternary geology for northern Peel Region (after White, 1975)
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Figure 15: Quaternary geology for the Palgrave Area (after White, 1975)
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Figure 16: Northwest-Southeast section through the Palgrave.
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Figure 17: East-West section through the Palgrave area
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Figure 18: North-South section through the Palgrave area
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Figure 19: Quaternary geology for the Caledon East Area (after White, 1975)
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Figure 20: North-South section through the Caledon East area.
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Figure 21: East-West section through the Caledon East area
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2.1.4 Surface Water Network
As noted earlier, the study area is located mainly within the northwest portion of the Humber
River watershed but includes part of the Credit River, Nottawasaga River and Holland River
watersheds (Figure 2). Much of the area has been mapped as having hummocky topography.
These conditions, along with the generally high permeability of surficial soils associated with the
Oak Ridges Moraine, tend to favour infiltration of precipitation rather than runoff. East of the
study area, the ORM deposits are notable for the almost total absence of perennial streams. In
general, the ORM deposits in the study area tend to be finer-grained than those to the east and
there are many small tributaries arising on the ORM that are mapped as part of the stream
network that drains the study area. The most significant streams are the main branch of the
Humber River, which has its headwaters above the Escarpment, and Centreville Creek. The
location of these and other streams are shown on Figure 22. The streams were classified by
the Ontario Ministry of Natural Resources (MNR) based on the Strahler classification system as
defined on Figure 22.
2.1.5 Baseflow
Figure 22 shows the location of four HYDAT stream gauges monitored by Environment Canada.
Gauge locations and the period of record are presented in Table 8. Only the new gauge at
Centreville Creek near Albion is currently active. Historical flow records from the gauges were
used to estimate average annual flows and to separate the two components of streamflow: (1)
overland runoff and (2) baseflow. Baseflow in the study area is primarily composed of
groundwater discharge. Determining average streamflow can help quantify losses due to
interception and evapotranspiration. Average baseflow values provide an estimate of the
average rate of groundwater recharge, assuming that most of the rainfall that recharges the
groundwater within the gauged catchment discharges upstream of 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.
Annual average groundwater contribution to streams was estimated from long-term streamflow
measurements using a baseflow separation technique employed on streams in the TRCA area
(Clarifica, 2002). The method is a low-pass filter technique that takes a five-day running
average of the six-day running minimum flow. Annual average estimated values for total
streamflow and baseflow are shown in Table 8 for the Humber River gauges. The period of
record for the Centreville Creek gauges was too short for estimating long-term average
baseflow values. Baseflow estimates were compared to simulated rates of groundwater
discharge to streams as part of the West Model calibration process. Assuming a contributing
area of about 1.65x108 m3 for the Humber River gauge near Palgrave, the average total flow
and average baseflow values are equivalent to an average water surplus (infiltration plus runoff)
of about 300 mm/yr and an average infiltration of 215 mm/yr.
Gauge
ID

Gauge Location

02HC012 Humber River near Cedar Mills
02HC047 Humber River near Palgrave
02HC050 Centreville Creek near Palgrave*
02HC051 Centreville Creek near Albion
*Flow measured intermittently

Start
Year

End
Year

1957
1981
1993
2002

1981
1998
1996

Estimated Estimated
Average
Average
Total Flow Baseflow
(m3/s)

(m3/s)

1.48
1.55
0.51
0.39

1.01
1.12

Table 8: Environment Canada HYDAT gauges
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Stantec (2004) described flow and shallow groundwater monitoring conducted on three
tributaries to Centerville Creek (Bracken Creek, Boyce’s Creek and Euan’s Creek) in the vicinity
of the Caledon East wells. The streams were noted to pick up flow over most reaches and
indicators such as dissolved oxygen and temperature confirmed that groundwater discharge to
the streams was occurring. BAA (2003a) also monitored measured streamflow in the Palgrave
area and found high flows in the main branch of the Humber River but intermittent flow in the
smaller tributaries that drain Mt. Wolfe. Permanent flow was found in one tributary in the
Holland River watershed and in two tributaries to Cold Creek (a tributary to the Humber River).
2.1.6 Land Use and Natural Features
Simplified land use mapping was provided by the TRCA for analyzing the water balance in the
Humber River watershed. This land-use map, together with similar land use data for a portion
of the Credit River watershed, is shown in Figure 23. The primary land uses are classified as
agricultural and forest. No breakdowns of crop types or forest types (e.g. deciduous versus pine
forest) were provided for the Humber watershed. Other significant land use types are
meadows, estate residential, low to medium density residential, and golf courses.
Natural features include the Niagara Escarpment, the Oak Ridges Moraine, and the stream
network, as described earlier. Wetlands and open water in the study area are shown on Figure
23. Other areas of natural interest include Albion Hills Conservation Area (near Highway 50
north of Old Church Road) in the centre of the study area, the Palgrave Conservation Area, and
the Glen Haffy Conservation Area (near Highway 9 and Airport Road) just west of the study
area.

2.2 Conceptual Flow Model
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
Oak Ridges Moraine area is described in Wexler and Kassenaar (2006). Modifications made to
the previous conceptual model to facilitate expansion of the numerical model westward of the
Niagara Escarpment included:
1. refinements to bedrock and overburden stratigraphy by incorporating additional local
information;
2. updating elevations of the top surfaces and review of continuity of the major aquifers
and aquitards;
3. selection of new model boundaries and assessment of physical conditions along
these boundaries;
4. refinement of aquifer and aquitard properties;
5. improvements to methods for estimating rates of groundwater recharge;
6. assessment of interaction between the groundwater and surface water systems; and
7. review of aquifer heads (historic and current) and groundwater flow patterns.
Description of the regional geologic setting of the study area and the development of the
hydrostratigraphic models is provided in Wexler and Kassenaar (2006) and in section 2.2.1
below. Boundary conditions and groundwater-surface water interaction are discussed further on
in Section 2.3
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Figure 22: Streams in the Study Area and flow monitoring locations.
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Figure 23: Simplified land use mapping for portions of the Study Area
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2.2.1 Hydrostratigraphic Layers
The hydrostratigraphic model for the West Model area east of the Niagara Escarpment is similar
to that described in Kassenaar and Wexler (2006) and consists of eight layers representing the
overburden and shallow bedrock system. A different layering scheme was adopted above the
Niagara Escarpment to represent additional bedrock aquifers but less overburden units. These
layers are shown schematically in Figure 24. A small transition zone occurs at the Escarpment
that links the layer surfaces.
The geologic layering was further refined for the current study. The Oak Ridges Aquifer
Complex (ORAC) sediments in the study area tend to be much-finer grained and contain thick
layers of silt and clay that were deposited in glacial lakes. The lateral and vertical extent of the
silt layers were mapped and incorporated into a 10-layer stratigraphic model in which Layer 3
was split into 3 sub-layers. The position of the silt layer relative to the Palgrave wells is shown
in the cross section in Figure 16 to Figure 18. The silt layers pinch out in the vicinity of the
Caledon East wells as shown in the cross-section in Figure 20 and Figure 21
.

Figure 24: Schematic showing the hydrostratigraphic layers represented in the West Model
An east-west section through the West Model is presented in Figure 25 to illustrate the extent
and relative thickness of the 10 layers. The location of the section line is shown on Figure 2.
Land surface forms the uppermost model layer surface (i.e. top of Layer 1). Land surface
topography was obtained from a 10-m Digital Elevation Model (DEM) prepared by the Ontario
Ministry of Natural Resources (MNR). The DEM was re-sampled to the 100-m model grid. A
shaded relief map of land surface topography for the study area was shown in Figure 10.
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The MODFLOW code requires continuity of aquifer layers whereas the hydrostratigraphic model
allows units to pinch out. Where upper layers pinched out, the layer thickness was set to zero
and the cells were designated as “inactive” (i.e. they were no longer considered part of the flow
system). Model surfaces for intermediate layers were checked for zero thickness and a set of
rules, described in Appendix D of Kassenaar and Wexler (2006), was developed to make minor
adjustments to aquifer tops and bottoms to ensure a 1.0 to 2.0 m minimum thickness
everywhere. Aquitard layers were also assigned a minimum 0.5-m thickness where they
pinched out and hydraulic properties of the underlying aquifer were assigned to the cells in the
pinch-out areas. Adjustments were also made to the hydraulic properties of the confining units
to account for weathering where they are exposed and/or less than 2 m thick. The model layer
geometry shown in Figure 25 reflects the minor adjustments made to ensure layer continuity.
2.2.2 Aquifer and Aquitard Properties
The hydraulic properties of the overburden aquifers and confining units are extremely variable.
A significant amount of effort was expended on obtaining an accurate representation of the
spatial variations in aquifer properties (e.g. aquifer thickness and hydraulic conductivity), since
these variations influence the lateral movement of groundwater. Also important were variations
in the thickness and continuity of the aquitards which control the vertical movement of water
between aquifers. Estimates of the distribution of aquifer properties in the West Model were
obtained primarily through an analysis of lithologic data and then checked against aquifer
performance test (APT) data for the study area summarized in the Stantec (2004) report. The
method for estimating and interpolating the hydraulic conductivity estimates obtained from
lithologic logs is discussed in Kassenaar and Wexler (2006). Property estimates were further
refined during calibration of the West Model and as part of this study.
Maps of hydraulic conductivity used for model Layer 3, representing the granular deposits of the
ORAC is shown in Figure 26. Hydraulic conductivity of the ORAC sediments was moderately
high throughout the study area. The zone of higher Layer 3 hydraulic conductivity in the
Caledon East area corresponds to the coarse materials associated with the Caledon East
meltwater channel (mapped as “Outwash” on Figure 14) and referred to as the “Caledon East”
aquifer in DMC (1992). The zone of high hydraulic conductivity extends east of Caledon East 1
and 2 but is capped by Halton Till. A zone of higher hydraulic conductivity occurs above the
Niagara Escarpment that corresponds to another meltwater channel and was referred to as the
“Caledon-Upper Credit Aquifer” in DMC (1992). Another zone of higher hydraulic conductivity,
also capped by till, is present in the Mount Wolfe area. Numerous other small areas with higher
hydraulic conductivity were delineated as aquifers in DMC (1992).
As noted earlier, Model Layer 3 was subdivided into three sub-layers (Model Layers 3a, 3b, and
3c). Within the study area, the sub-layers were used to represent the upper ORAC, silt layers,
and lower ORAC, where present, and appropriate hydraulic conductivity values were assigned
to each sub-layer based on the presence/absence of silts. Outside the study area, the hydraulic
conductivity values shown in Figure 26 were assigned to all three sub-layers.
Maps of hydraulic conductivity used for model Layer 5, representing the Thorncliffe Aquifer
Complex (locally referred to as the Granite Stones aquifer) is shown in Figure 27. Hydraulic
conductivity is generally high throughout the study area. The zone of lower hydraulic
conductivity in Layer 5 was assigned to an area where the layer thickness is close to zero.
Because the numerical model does not allow zero thickness layers, a minimum 1 metre
thickness was specified but assigned a low hydraulic conductivity.
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Figure 25: East-West section through study area showing model layers.

Earthfx Inc.

44

Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3

May 2007

Figure 26: Hydraulic conductivity distribution in Layer 3 of the West Model
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Figure 27: Hydraulic conductivity distribution in Layer 5 of the West Model
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Values obtained in the West Model calibration were compared against local hydraulic
conductivity values obtained from aquifer tests at the municipal supply wells. Aquifer test
values, as reported by consultants, and the West Model values are presented in Table 9. The
values used in the West Model match reported test values quite well. It should be noted that the
test results represent average values for the area of influence of the well. Values used in the
model for aquifer thickness and continuity of the confining units can vary within short distances
of the wells and the effective values will differ from the point values reported in Table 9.
Well

Palgrave 2

Transmissivity
(m2/s)
3x10-3
3x10-3
2x10-3
3x10-3
4x10-3
6x10-3
5x10-3
2x10-3
8x10-3
7x10-3

Palgrave 3

2x10-3
2x10-2

Caledon East 2
Caledon East 3
Caledon East 4

9x10-3 - 2x10-2
5x10-4

Assumed
Hydraulic
Source
Thickness Conductivity
(m)
(m/s)
30
1x10-4 Hydrology Consultants (1972)
30
1x10-4 Stantec (2002a)
23
1x10-4 West Model
45
7x10-5 Geo-Environ (1979)
45
8x10-5 Stantec (2002a)
23
3x10-4 West Model
15
3x10-4 RDC (1991)
45
1x10-4 Stantec (2002a)
25
3x10-4 West Model
42
2x10-4 Stantec (2002b)
1x10-5 DMC (1996)
18
1x10-4 West Model
67
3x10-4 Stantec (2002b)
1x10-4 DMC (1996)
Geo-Environ (1988)
5
1x10-4 West Model

Table 9: Hydraulic conductivity values for the Palgrave and Caledon East municipal wells
2.2.3 Groundwater Recharge
Estimates for the rates and distribution of recharge over most of the model area were obtained
through calibration of the Core Model (Kassenaar and Wexler, 206). These were based mainly
on surficial geology and corrected for decreased recharge in urbanized areas. Calibrated
recharge rates used in the model outside of the Humber River Watershed are listed in Table 10.
Recharge
(mm/a)
Glacial Lake Sands
180
Glacial Lake Silts and Clays
90
Other Recent Deposits
160
Halton Till – Hummocky Topography
360
Halton Till – North of Moraine
120
Halton Till – South of Moraine
90
ORM Deposits – Hummocky Topography
420
ORM Deposits – Non-Hummocky Topography
320
Newmarket Till
30
Lower Sediments/Weathered Bedrock
30
60%
Urban Areas – recharge value factor
Surficial Material

Table 10: Annual average recharge rates used in West Model outside the Humber River
watershed
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Figure 28: Groundwater recharge rates applied in the West Model
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Recharge rates within the Humber River watershed were determined using the USGS
Precipitation-Runoff Modelling System (PRMS) code (Leavesely, 1983) as described in Part 1 of
this report. The combined recharge map is shown in Figure 28. As can be seen, PRMS model
results are primarily governed by soil properties (related to surficial geology) and to a lesser
extent, by land use variation. Per-cent imperviousness, which was related to land-use
classification, was the primary control on recharge rates within similar soil-type settings.
2.2.4 Aquifer Heads and Flow Patterns
Potentiometric surface and water-table maps were prepared using static water levels from the
MOE water well database. Water level measurements from 1064 wells installed after 1980
were used in the analysis. These wells were located within a 4 to 10 km-wide buffer around the
study area. Of these; 420 wells were located within the study area. Well data were screened to
eliminate wells with obvious location or elevation inaccuracies. Well locations are shown in
Figure 29. Gaps in the well coverage can be noted in several areas.
Long-recognized problems with the static water levels recorded in drillers’ logs submitted to the
MOE (such as positional and elevation errors, questionable static conditions, water level
differences arising from different timing in water level measurements) affect the accuracy of
maps produced. However, the MOE Water Well Information System (WWIS) data are the only
data set with sufficient spatial coverage to allow mapping of potentiometric surfaces at the scale
encompassing the study area.
The MOE WWIS data were supplemented with water level data collected by Peel Region
between February 2004 and March 2006 in the Caledon East and Palgrave areas. Water level
data were averaged over the period of record. The number of measurements available per well
ranged from one to 25. Water levels in these wells (locations shown in Figure 29) and the
WWIS wells were used as calibration targets for Layer 3 in the West Model.
The data were interpolated using a geostatistical technique named “kriging” which attempts to
minimize variance and bias in the results while honouring the local values at the data points.
Interpolation was done separately for the areas above and below the Niagara Escarpment. A
Gaussian variogram with a nugget of 16 m2, a sill of 900m2 and a range of 3900 m was fit to the
data. The non-zero nugget value indicates that a water level data have an average systematic
error of about ±4 m.
The interpolated groundwater levels for the ORAC and/or equivalent (above and below the
Niagara Escarpment) are shown in Figure 29. It should be emphasized that these maps are
interpolations of the raw data and do not include additional constraints such as requiring the
contours to match water surface elevations where the contours intersect streams or lakes. The
interpolated water levels show a number of significant features in the study area that needed to
be matched by the numerical model, including:

•
•
•
•
•
•
Earthfx Inc.

the abrupt change in aquifer heads across the Escarpment (from higher heads in the
west to lower heads in the east);
a small groundwater mound at Mt. Wolfe;
the influence of the shallow streams on the flow system;
a general tendency for surface water divides to also serve as groundwater divides
even in the deeper aquifers;
southwestward flow from Mt Wolfe toward the main branch of the Humber River near
the Palgrave wells; and
east-southeastward flow from the Niagara Escarpment toward Caledon East.
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The potentiometric surfaces in the lower aquifers are subdued replicas of those in the shallow
aquifer. Groundwater levels for the TAC (below the Niagara Escarpment) were interpolated
from 167 WWIS static water level measurements of which 58 were in the study area. Large
gaps in the well coverage can be noted across the study area.
The WWIS data were supplemented by Peel Region monitoring well data. A Gaussian
variogram with a nugget of 25 m2, a sill of 900m2 and a range of 4500 m was fit to the data. The
non-zero nugget value indicates that a water level data have an average systematic error of
about ±5 m. Interpolated water levels and well locations are shown in Figure 30. These data
were also used as calibration targets for Layer 5 in the West Model.
Groundwater is exchanged between the different 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 was downward in the area east of the
Niagara Escarpment and upward in the vicinity of streams where water levels in the upper
aquifer are depressed. It was not possible to draw more detailed maps of areas of upward and
downward leakage because of the sparsity of data in the TAC.

2.3 Numerical Modelling
This section briefly discusses the model domain, boundary conditions, calibration, capture zone
delineation; followed by numerical model results. Model selection and the model grid design
were discussed previously in Section 1.4. Hydrostratigraphy for the model was discussed in
Section 2.2.1 while model layer properties were discussed in Section2.2.2.
2.3.1 Model Domain
As shown on Figure 1, the domain (i.e., the lateral extent) of the entire West Model includes all
of York Region, the City of Toronto, most of Peel Region and part Durham Regions. As
opposed to the Core Model documented in Kassenaar and Wexler (2006), the West Model
covers all of the Humber River watershed and the eastern part of the Credit River watershed.
2.3.2 Model Boundaries
MODFLOW can represent three general types of conditions along the physical boundaries of
the model. All three boundary condition types, constant head; no-flow, and head-dependent
discharge boundaries, were employed in the West Model to represent natural hydrologic
boundaries. The natural hydrologic boundaries were generally quite distant from the study area.
For example, cells bordering Lake Ontario and Lake Simcoe were treated as constant head.
The main channel of the Credit River was also treated as a constant head boundary. A no-flow
boundary condition was applied along the eastern boundary of the model.
Because the Palgrave wells are situated close to the Humber River watershed boundary, the
model was extended into the upper part of the Nottawasaga River watershed. As it was beyond
the scope of the current study to extend the model to Georgian Bay, a boundary was selected
along a series of flow lines in the upper part of the Nottawasaga watershed. This boundary is
located about 9 km from the Palgrave wells and any error introduced by neglecting flow beneath
this boundary is assumed to have minor impact on the flow patterns in the Palgrave area.
A no-flow boundary condition was applied at the base of the lowest model layer. West of the
Escarpment, this boundary condition is based on the assumption that the shale bedrock below
the Whirlpool Sandstone unit is much less permeable than the overlying bedrock aquifer and
Earthfx Inc.
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Figure 29: Interpolated groundwater levels in the ORAC and/or Equivalent above and below the
Niagara Escarpment
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Figure 30: Interpolated groundwater levels in the TAC below the Niagara Escarpment
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does not contribute significantly to the flow system. East of the Escarpment, this boundary
condition is based on the assumption that the bedrock below a relatively thin weathered zone is
much less permeable than the weathered zone itself.
Groundwater discharge to streams was simulated using two different types of head-dependent
discharge boundaries, referred to in MODFLOW terminology as “rivers” and “drains”, as
described in Section 1.4.7. Data on stream baseflow were compiled and analyzed to determine
rates of groundwater discharge in the West Model, as described in Section 2.1.5. These data
were supplemented with observations from Stantec (2006) and BAA (2003a) and used as
calibration targets. A streambed conductance (K’/B’) in the range of silt to silty-fine sand
(5.0x10-6 m/s) was found to produce best results in the calibrated model.
2.3.3 Groundwater Extraction
Groundwater is extracted from the aquifers in the study area for municipal water supply,
agricultural use, industrial use, golf course irrigation, and private (domestic) water supply.
Extraction of over 50,000 litres of water per day from a surface or groundwater source requires
a Permit to Take Water (PTTW) from the Ministry of Environment through Permits. Actual water
use is generally less than the permitted water takings.
BAA (2003b) conducted a study of water use in Peel region and identified 24 groundwater or
groundwater/surface water users in the study area. Two golf course wells and one livestock
watering well had an estimated annual-averaged daily taking greater than 0.1 L/s (8,640 litres
per day) in the study area. The livestock well had a pumping rate about 10 times greater than
all other livestock wells identified in the BAA (2003b) survey and the reported rate may be in
error. Pumping from the two golf course wells was simulated in the model.
Simulated pumping rates for the Palgrave and Caledon East municipal wells were assigned
based on the maximum rates listed in the PTTW as outlined in Section 1.4.2.1. All wells were
simulated in the model, as opposed to running the model with one well at a time, to account for
the effect of mutual interference between wells on the shape of the capture zones. Pumping
was assigned to the appropriate model layer based on the placement of the well screen.
2.3.4 Model Calibration
The calibration process proceeded with West Model runs using initial estimates of hydraulic
conductivity, anisotropy, and recharge rates. Simulated water levels were compared with
contour maps of the observed water levels and maps of the residuals were used to identify
areas where simulated water levels were generally too high or too low. Cross-sections were
created across the West Model area to visually compare simulated and observed water levels
and vertical gradients. Model parameters, primarily hydraulic conductivity and recharge, were
adjusted in a trial-and-error process to improve the qualitative fits and reduce residuals.
Statistical tests were applied to determine whether the calibration met the required goodness-offit criterion.
Further adjustments were made to the local hydrostratigraphic interpretation and model
parameters within the study area to improve the match between observed and simulated flow
patterns. This is especially important since the shape and orientation of the time-of-travel zones
are extremely sensitive to variation in local flow directions.
2.3.4.1 Calibration Targets
The primary target for model calibration below the Niagara Escarpment was matching observed
static water levels in the ORAC, TAC, and SAC obtained from the WWIS data. These data
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were supplemented, as discussed in Section 0, with data collected on a routine basis in the
observation well network maintained by Peel Region.
An analysis of variance indicated that the systematic error in the static water level data for wells
in or near the study area was around ±4 m for the ORAC, ±5 m for the TAC. Trying to match
heads to a greater accuracy than these values is not justified; therefore focus was placed on
trying to match interpolated heads (which averaged out some of the error), flow patterns, and
gradients rather than on matching absolute head measurements at each well. Special care was
taken to match water levels and observed flow patterns in the Palgrave and Caledon East
vicinity.
Matching baseflow in the study area streams was a second calibration target. As discussed in
Section 2.1.5, a baseflow separation technique was applied to the long-term streamflow data at
Environment Canada HYDAT gauges with sufficient record.
2.3.5

Numerical Model Results

2.3.5.1 Simulated Heads and Baseflow
Figure 31 shows the simulated heads in the lower part of the ORAC (Layer 3c). White areas
within the model boundaries represent areas where either the ORAC was absent or where the
simulated ORAC heads dropped below the base of the aquifer. The simulated heads in the
ORAC within the study area demonstrate a number of features that characterize the overall flow
system:
1. there are two separate areas of higher groundwater levels: one in the west above the
Niagara Escarpment and a smaller one south of Mt. Wolfe. The model was stable
despite the abrupt changes in water level across the Escarpment but simulated water
levels in the immediate vicinity of the Escarpment tended to differ from the observed
water levels although the observed data is sparse in that area.
2. groundwater levels are strongly influenced by the surface water system. Bending of
contours around the streams occurs in areas where model results indicate groundwater
discharge to streams;
3. flow directions and gradients match well with the limited observed data over most of the
study area except in the immediate vicinity of the Niagara Escarpment as discussed
above.
Figure 32 shows the simulated heads in the TAC. As noted earlier, heads in the TAC are a
subdued replica of the water levels in the ORAC. 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 match well with the very limited observed data over most of the study
area.
2.3.5.2 Sub-Regional Mass Balance
A mass balance for the study area, as computed by the West Model, is provided in Table 11.
Also shown are the mass balances for the smaller areas around each wellfield area (Figure 2).
Recharge from precipitation is the dominant source of inflow to the study area and most water
leaves the study area as discharge to streams. Lateral inflow and outflow are smaller
components of the mass balance for the study area but are more significant in the mass
balance for the wellfield areas where, for example, inflow across the west boundary is significant
in the Palgrave area and outflow along the east boundary is a significant component of flow in
the Caledon East area. Discharge to wells accounts for about 13% of the total simulated inflow.
Model mass balance errors were less than 1%.
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Figure 31: Simulated head in model layer 3c
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Figure 32: Simulated head in model layer 5
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Average Daily low Rates

Study
Area
m3/d

Inflows:
Net Recharge
Stream Leakage (to aquifer)
Lateral Inflow across Bounding Box
Outflows:
Wells
Stream Leakage (from aquifer)
Lateral Outflow across Bounding Box

Palgrave
Area
m3/d

May 2007

Caledon
East Area
m3/d

127,605
10,075
16,625

22,515
3,100
14,680

44,485
2,930
5,670

20,700
98,230
34,990

12,440
19,880
8,020

8,105
6,810
37,860

Table 11: Simulated mass balance for the study area
Table 12 provides a breakdown of the simulated groundwater discharge to steams in the study
area. Values are about 19% lower than the average of the two separated baseflow values.
Gauge
ID
02HC012
02HC047
02HC050
02HC051

Estimated Estimated
Average
Average Simulated
Gauge Location
Total Flow Baseflow Baseflow
(m3/s)
(m3/s)
(m3/s)
Humber River near Cedar Mills
1.48
1.01
0.86
Humber River near Palgrave
1.55
1.12
0.85
Centreville Creek near Palgrave*
0.51
Centreville Creek near Albion
0.39

Table 12: Simulated groundwater discharge to streams within the study area
2.3.6 Calibration Statistics
Once a good qualitative match to the observed heads was obtained, it became difficult to
visually evaluate the incremental improvements obtained by small changes in parameter values.
Statistical measures of the “goodness-of-fit” were then used as a quantitative guide to improving
the calibration. Three calibration statistics were used to assess model accuracy: the mean error
(ME), mean absolute error (MAE), and root mean squared error (RMSE). These are given by
Anderson and Woessner (1992) as:

Mean Error =

1 n
∑ (h O − h S ) i
n 1

Mean Absolute Error =

1 n
∑ (h O − h S ) i
n 1

Root Mean Squared Error =
where:

ho
hs
n
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=
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Observed hydraulic head;
Simulated hydraulic head; and,
Number of wells.
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Calibration statistics for heads in the three aquifers were calculated for the study area and are
presented in Table 13. Only two wells were available for SAC calibration. Although the
simulated values were extremely close to the observed, there are not enough sample points to
be statistically valid. The mean error for the other units should be close to zero if the residuals
are randomly distributed. The positive sign on all the ME values indicates that simulated values
are generally lower than the observed values. The MAE and RMSE provide a good estimate of
the average magnitude of the difference between the observed and simulated values. The
values are generally high considering the small size of the area. However, as noted earlier, the
WWIS was found to have an intrinsic average error of ±4 m for the ORAC and ±5 m for the
TAC. Thus, any comparison between an observed and simulated value must take into account
the likelihood (about a 31% chance) that differences as large as or larger than 4 m can be
present in the ORAC observations.
Table 13: Calibration statistics for heads and baseflow
Model Result
ORAC and/or Equivalent Heads
Thorncliffe Aquifer Complex Heads
Scarborough Aquifer Complex Heads

Number
ME MAE RMSE
of Wells
(m) (m)
(m)
(n)
321
59
2

3.6
5.7
0.5

7.9
8.7
0.5

12.1
12.9
0.6

Scatterplots of simulated versus observed heads were drawn to determine whether errors were
uniformly distributed and to help identify causes of the larger deviations. A scatterplots is shown
in Figure 33 for wells screened in the ORAC and in Figure 34 for wells screened in the TAC.
Ideally, all data points should fall on the 45° line shown on the figures. Data points with large
differences between observed and simulated values (i.e., points that plot furthest from the 45°
line on the scatterplot) lie near the edge of the Niagara Escarpment. As indicated earlier, it was
expected that simulated water levels in the immediate vicinity of the Escarpment would be less
accurate.
The scatterplots show that most data points at the lower water level values (< 310 masl) fall well
within bands defined by 5% of the total range of heads. Wells with higher water levels are
closer to the Niagara Escarpment and show much more variance between observed and
simulated and are the source of the high values for the calibration statistics. If these higher
values are removed, the calibration statistics are much better and are close in value to the
estimate of variance in the static water level data yielded by the variogram analysis. Some of
the differences between observed and simulated water levels near the wells may also be due to
the use of a simulated rate of pumping for the municipal wells that was higher than the historical
pumping.
2.3.7 Capture Zone Delineation
The calibrated groundwater flow model was used to delineate time-of-travel (TOT) zones for the
municipal supply wells. Time-of-travel 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. The TOT zones are actually three-dimensional surfaces. Wellhead
protection areas (WHPA) are defined using the vertical projection of these surfaces onto a base
map even though not all water particles entering at land surface will actually arrive at the well
within the specified time interval.
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Figure 33: Observed versus simulated water levels (in masl) for wells in the ORAC

Figure 34: Observed versus simulated water levels (in masl) for wells in the TAC
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The TOT zones are used to define wellhead protection areas as defined by Guidance Module 3
(MOE, 2006) where:
•
•
•
•

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 where shown schematically in Figure 5.
Time-of-travel zone analyses were conducted using the USGS MODPATH code as discussed in
Section 1.4.8. Capture zones were analyzed with all wells pumping at the rates discussed in
Section 1.4.2.1. Values for aquifer porosity used in the TOT analyses are presented in Table 4.
The simulated 2, 5, 10, and 25 year TOT zones for Palgrave Wells 2 and 3 are shown in Figure
35. Also shown is the outline of WHPA Zone A, a circle with a 100 m radius around each well.
These TOT zones are generally smaller than the ones developed in previous studies for
Palgrave (see Figure 3) and are more oriented towards the northwest. Some of the differences
may be due to the use of different modelling techniques (two-dimensional versus three
dimensional models) and to different simulated pumping rates. However, it should be also
recognized that the flow patterns in this area are particularly complex with the slightly elevated
water levels to the northeast (Mt. Wolfe area), to the west (Niagara Escarpment) and to the
north (due to high recharge along the ORM) causing flow from these three area to converge on
the headwaters of the Humber River.
The simulated 2, 5, 10, and 25 year TOT zones for Caledon East Wells 2, 3, and 4 are shown in
Figure 36. Also shown is the outline of WHPA Zone A, a circle with a 100 m radius around each
well. These TOT zones are about as wide as those developed in previous studies for Caledon
East (see Figure 4) but extend farther to the northwest above the Niagara Escarpment. While
the general easterly flow patterns have been reproduced well in both models, some of the
differences may be due to the use of different modelling techniques and simulated pumping
rates. Model extents also differ; for example, the earlier model is truncated at the Escarpment
while the current model includes the area to the west and better accounts for flow into the study
area from above the Escarpment.

2.4 Wellhead Protection Area Implementation
2.4.1 Vulnerability Assessments Methods
In addition to defining the Time of Travel zones, the 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 an Intrinsic Susceptibility Index (ISI) method to categorize the relative
vulnerability within the WHPAs. Next, interpolated ISI values were then categorized as High (H)
Medium (M), or Low (L) based on MOE Guidance Module 3 in which High (H) aquifer
vulnerability corresponds to ISI values less than 30; Medium (M) aquifer vulnerability
corresponds to ISI values between 30 and 80, and Low (L) aquifer vulnerability corresponds to
ISI values higher than 80 (see Table 6). The WHPA sensitivity zones (i.e., Zones A through D)
were then intersected with the relative aquifer vulnerability zones (H, M, and L) to assign the
intrinsic vulnerability scores from 2 (low vulnerability) to 10 (high vulnerability) as per Table 4.1,
Appendix 4 of Guidance Module 3 (MOE, October 2006). The method is summarized in Section
1.4.9 of this report.
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Figure 35: 2, 5, 10, and 25 year time of travel zones for Palgrave Wells 2 and 3
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Figure 36: 2, 5, 10, and 25 year time of travel zones for Caledon East Wells 2, 3, and 4
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As noted, the ISI method uses a variety of hydrogeologic data to produce a numerical ISI value
score for each borehole in the database. For our analysis of municipal wells in the ORAC, we
used a set of database queries to (1) determine the number and thickness of lithologic units
overlying the water table, (2) obtain the “K-Factor” for each lithologic unit using a look-up table
based on the GSC re-classification of the materials, and (3) summed the product of the
thickness and K Factor to get the ISI value for each borehole location in the YPDT database.
Figure 37 and Figure 38 show the ISI values based on ISI method for at all borehole locations in
the vicinity of the Palgrave wells and Caledon East wells, respectively. It is important to note
the scatter in the values and the occurrence of wells with high values in close proximity to wells
with low values. The 6437 wells used in analysis had a mean ISI value of 41.3 with a sample
standard deviation of 44.
Variogram analysis was conducted on the ISI value distribution and confirmed the high degree
of spatial variability. The variogram with the best fit to the data had a nugget of 500, which is
equivalent to an intrinsic error of ±22 ISI units. Data were then interpolated across the study
area to produce a map of the relative intrinsic vulnerability of the area surrounding the municipal
supply wells. Intrinsic vulnerability zones were mapped by re-classifying the gridded ISI scores
to Low, Medium and High according to Table 6.
Figure 39 shows the interpolated ISI values re-classified into zones of high, medium, and low
intrinsic aquifer vulnerability. The map shows that the TOT zones for Palgrave 2 generally lie
within areas of high intrinsic vulnerability owing to the permeable surficial Oak Ridges Moraine
deposits and shallow water table in the wellfield area. The TOT zones for Palgrave 3, however,
mostly lie within areas of medium intrinsic vulnerability owing to the water table being slightly
deeper and within the finer-grained silt deposits. The southern part of the 25 year TOT has
higher intrinsic vulnerability and lies within an area of generally thicker granular deposits with
the water table above the ORAC silts
The process was repeated to calculate ISI values from ground surface to the top of the TAC (or
to Guelph Formation aquifer above the Niagara Escarpment) at all wells penetrating the
TAC/Guelph. Figure 41 shows the ISI values at borehole locations in the Caledon East area. In
general, the ISI values are higher (indicating lower intrinsic vulnerability) because of the greater
depth and because of the presence of the Newmarket Till aquitard and ORAC silts in much of
the area below the Niagara Escarpment. A higher degree of scatter was still present in the ISI
scores. The mean of the 5578 values used in the analysis was 78 with a standard deviation of
84. The ISI values were interpolated to the area using a best fit variogram having a nugget of
3200, which is equivalent to an intrinsic error of ±57 ISI units.
Figure 42 shows the interpolated ISI values reclassified into zones of high, medium, and low
intrinsic vulnerability for the TAC in the Caledon East area. The map shows that the 2 and 5
year TOT zones generally lie within areas of medium intrinsic vulnerability owing to the relatively
thin Newmarket Till in the area. The 10 and 25 year TOT mostly lie in a low vulnerability area
because of the greater thickening of the till units to the west along the slope of the Niagara
Escarpment. The westernmost part of the 25 year TOT zone is in a medium vulnerability area
as the tills thin again near the top of the Escarpment.
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Figure 37: ISI values at borehole locations for Intrinsic Aquifer Vulnerability mapping in the
Palgrave area - Depth measured from surface to the water table
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Figure 38: ISI values at borehole locations for Intrinsic Aquifer Vulnerability mapping in the
Caledon East area - Depth measured from surface to the water table
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Figure 39: Intrinsic aquifer vulnerability and TOT Zones for Palgrave Wells 2 and 3.
Note: Zone B = 2-yr TOT, Zone C = 5-yr TOT, Zone D1 = 10-yr TOT, and Zone D2 = 25-yr TOT
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Figure 40: Intrinsic aquifer vulnerability and TOT Zones for Caledon East Wells 2 and 3
Note: Zone B = 2-yr TOT, Zone C = 5-yr TOT, Zone D1 = 10-yr TOT, and Zone D2 = 25-yr TOT
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2.4.1.1 Intrinsic Vulnerability Scores
Final intrinsic vulnerability scores (IVS), ranging from 2 (low vulnerability) to 10 (high
vulnerability), were assigned to sub-zones within the WHPA based on methods outlined in Table
4.1 of MOE Guidance Module 3 (MOE, 2006). A simplified version of the table was presented in
Table 7 (of this report) which is specific to the ISI method used in this study where the optional
10 year time-of-travel zone has been delineated. The table also shows that pathogen protection
zones and DNAPL (dense non-aqueous phase liquids) protection zones have IVS values
assigned independently of the ISI analysis and subsequent intrinsic vulnerability mapping within
certain zones.
Figure 43 shows the IVS for pathogen zones at Palgrave Wells 2 and 3. As can be seen, Zone
A (the 100 m radius around the well) is automatically assigned a value of 10. Zone B (2-year
TOT) is assigned values based on the aquifer vulnerability (H, M, L) categorization and mapping
(see Figure 39), such that the Zone B around Palgrave Well 2 has a value of 10 while Zone B
around Palgrave Well 3 mostly has a value of 8 with a small area having a value of 10. The
other zones are not defined for pathogens. Figure 44 shows the IVS for pathogen zones at
Caledon East Wells 2, 3, and 4. Zone A (the 100 m radius around the well) is automatically
assigned a value of 10. Zone B’s around Caledon East Wells 2 and 3 have a value of 10 while
Zone B around Caledon Well 4 has a value of 8.
Figure 45 shows the IVS for the DNAPL zones at Palgrave Wells 2 and 3. As can be seen,
Zone A, Zone B, and Zone C (5-year TOT) are all automatically assigned a value of 10. Zone
D1 (within the 10-year TOT) and Zone D2 (outside the10-year TOT) are assigned values based
on the aquifer vulnerability (H, M, L) categorization and mapping (see Figure 39), such that the
Zone D1 around Palgrave Well 2 has a value of 6 while Zone D2 mostly has a value of 4 with a
small area having a value of 2. Zone D1 around Palgrave Well 3 mostly has a value of 4 with a
small area having a value of 6 while Zone D2 around Palgrave Well 3 mostly has a value of 2
with a small area to the southwest having a value of 4.
Figure 46 shows the IVS for the DNAPL zones at Caledon Wells 2 and 3. Zone A, Zone B, and
Zone C were assigned a value of 10. Zone D1 has a value of 6 with a small area having a value
of 4. Zone D2 has several areas with a value of 4 and another area having a value of 2. Figure
47 shows the IVS for the DNAPL zones at Caledon Wells 4. Zone D1 has a value of 2 with a
small area having a value of 4. Zone D2 has a larger area with a value of 2 corresponding to
the greater thickness of till units to the west along the slope of the Niagara Escarpment. .
Final intrinsic vulnerability scores (IVS) were determined for general contaminants based on the
aquifer vulnerability (H, M, L) categorization and mapping for all zones except Zone A. Figure
48 shows the IVS for general contaminants at Palgrave Wells 2 and 3, Figure 49 shows the IVS
at Caledon Wells 2 and 3, and Figure 50 shows the IVS at Caledon Well 4. Differences between
IVS scores for general contaminants and for DNAPLS occur only in zone B and C where lower
IVS scores are achieved for some of the wells.
Adjustments to the score are sometimes needed to account for the presence of constructed
preferential pathways that might bypass the natural protective geologic layers such as
improperly constructed wells; improperly decommissioned wells, and pits and quarries. Where
applicable, the ISI value can be increased by one step (e.g., from low to medium or medium to
high) to reflect the higher vulnerability caused by the constructed pathway. Natural preferential
pathways, such as fracturing and karst features, are already accounted for in assessment of
intrinsic vulnerability.
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Figure 41: ISI values at deep borehole locations in the Caledon East area - Depth measured
from surface to the top of the TAC
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Figure 42: Intrinsic Aquifer Vulnerability and TOT Zones for Caledon East Well 4
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Figure 43: Intrinsic vulnerability scoring -- Pathogen zones for Palgrave Wells 2 and 3
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Figure 44: Intrinsic vulnerability scoring -- Pathogen zones for Caledon East Wells 2, 3, and 4
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Figure 45: Intrinsic vulnerability scoring -- DNAPL zones for Palgrave Wells 2 and 3
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Figure 46: Intrinsic vulnerability scoring -- DNAPL zones for Caledon East Wells 2 and 3
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Figure 47: Intrinsic vulnerability scoring -- DNAPL zones for Caledon East Well 4
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Figure 48: Intrinsic vulnerability scoring – General contaminant zones for Palgrave Wells 2
and 3
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Figure 49: Intrinsic vulnerability scoring – General contaminant zones for Caledon East Wells 2
and 3
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Figure 50: Intrinsic vulnerability scoring – General contaminant zones for Caledon East Well 4

Earthfx Inc.

78

Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3

May 2007

There are no mapped pits or quarries in the study area. Peel Region has compiled an
abandoned well database listing 19 wells in Palgrave and 36 in Caledon East that have been
properly decommissioned (see Figure 51). Of greater concern are wells that have not been
properly abandoned. The casings of these wells could possibly corrode and then provide a
pathway for contaminants introduced in the surface to penetrate to greater depth. Although
abandoned wells could be located anywhere within the WHPAs, it is felt that private wells within
serviced areas are more likely to have been improperly abandoned since they are no longer
needed for water supply.
Figure 51 shows that there are four private wells within the serviced area and within the 5-year
time of travel zone for Palgrave Well 2 and another four private wells within the 5-year time of
travel zone for Palgrave Well 3. A similar analysis was done for the Caledon East area and
showed (Figure 51) that there are 12 private wells within the serviced area and within the 10year time of travel zone for Caledon East Wells 2 and 3 and four private wells within the 5-year
time of travel zone for Caledon East 4. Two residents in the vicinity of Caledon East Well 2
indicated that they had abandoned wells on their property (JHL, 2006) but many of the private
wells in the vicinity of Caledon East Wells 2 and 3 have been properly abandoned under Peel
Region’s well abandonment programme. JHL (2006) also identified storm water sewers and
sanitary sewers as possible sources of microbial contamination. However, they indicate that
testing of Caledon East Well 2 showed no indication of contamination.

2.5 Uncertainty Assessment
There is a fairly large degree of uncertainty associated with the ISI and IVS methods. The
uncertainty is related to 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 ISI assessment.
2.5.1 Numerical Model Uncertainty
Development of the numerical model, as described in Kassenaar and Wexler (2006), was a long
and arduous process of collecting and filtering all available data, interpreting the geologic logs
as best as possible, assigning initial estimates of aquifer properties and recharge rate and then
refining the estimates through model calibration, and finally, performing statistical and sensitivity
analyses to demonstrate the level of calibration. The report documents the procedures used
and focuses a great deal of attention on answering the questions discussed previously. While
we feel comfortable with the results of the modelling process, there is the recognition that the
bulk of the well data used to develop the models has a high degree of uncertainty associated
with the well locations, lithologic data classification, static water levels, and aquifer response
data recorded in the WWIS. It is also recognized that data obtained from municipal monitoring
networks can provide high quality information in the vicinity of the municipal wellfields, but the
networks do not have the spatial coverage of the MOE WWIS data. Over time, as the high
quality data networks are expanded, the level of certainty associated with the numerical model
will increase.
2.5.2 Uncertainty for Time of Travel Analyses
While the numerical model produced good matches to the observed water levels and baseflows,
the certainty with which flow model can match local flow patterns is much reduced. Subtle
variations in the flow directions near the wells, caused by slight changes in aquitard or aquifer
thickness values, aquifer and aquitard hydraulic conductivity values, and/or recharge rates can
also cause significant variation in the flow paths of the particles. Unfortunately, the level of
uncertainty in defining the three-dimensional flow patterns, even with the incorporation of new
monitoring data, is still too high to know definitively what the true flow paths are and, ultimately,
whether the model is accurately representing the most likely time-of-travel zones.
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Figure 51: Private wells within the municipally serviced area of Palgrave
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Time-of-travel values are also affected by the values assumed for effective aquifer porosity.
These values are not used in the flow model and are therefore not part of the normal model
calibration process. The particle tracking results calculated by the model will vary linearly with
the porosity of the formation. No specific measures of the porosity were available for this study,
so values for the various formations were estimated based on general published values.
Conservative values (i.e. small values that result in greater velocities and therefore shorter
travel times) were assumed for the confining units as are shown in Table 4.
Published values for silt porosity tend to be fairly high (about 0.40). Silt distribution in the study
area was identified as a key issue in the aquifer mapping, as large amount of silt are observed
particularly in the western portions of the Oak Ridges Moraine aquifer. Previous experience has
shown, however, that mixes of silt and sand have much reduced porosity. Thus, while we could
have used higher values for porosity in the ORAC silt layers, we used the more conservative
value of 0.25.
2.5.3 Vulnerability Mapping Uncertainty
It became apparent from the analysis that the ISI process is an ad hoc method, loosely based
on hydrologic principals but with a number of simplifying and subjective steps that cannot be
field verified or tested. In comparison, the numerical groundwater modelling is based on sound
theoretical principals of hydrogeologic analysis and groundwater hydraulics. The ad hoc nature
of the ISI and IVS calculations is apparent in both the individual calculations and in the
geostatistical variation observed in the results.
2.5.3.1 Linear K-factors
The ISI method is premised on the concept that the vulnerability of the aquifer decreases as the
time of travel to the well increases. While the ISI method does not calculate actual times of
travel, it uses the product of the “K factor” and overburden thickness as an indicator of the travel
time. Unfortunately, the developers selected K factors loosely related to the negative exponent
of the vertical hydraulic conductivity of the geological material (in m/s). Using the exponent
rather than actual vertical hydraulic conductivity leads to many orders of magnitude errors in the
relative travel time. In practical terms, it creates situations where, for example, the following two
materials are “equivalent” from an ISI perspective:
6 m of unweathered clay * K-factor 6 = 36 ISI units
18 m of sand * K-factor 2 = 36 ISI units
In reality, the degree of protection offered by 6 m of clay is much, much greater than that offered
by 18 m of overlying sand. Under a unit gradient, travel time through the clay would be about
19 years compared to about 30 minutes if you assume a hydraulic conductivity of 10-2 for the
sand (or 2 days if you assume a more reasonable value of 0.0001 for the sand). It is not clear
from the MOE Guidance Module why a logarithmic “correction” was built into the K-factors;
however that correction introduces a strong non-linear bias in the methodology. Using the
recommended cut-offs for High, Medium and Low of 30, and 80, the method would incorrectly
assign a medium intrinsic vulnerability to the clay where it should probably be low and
incorrectly assign a medium intrinsic vulnerability to the sand where it should probably be high.
2.5.3.2 Geostatistical Analysis of ISI variance
Geostatistical variogram analysis was performed on the calculated ISI values prior to
interpolation. A high nugget variance, equal to 500 ISI units2 was found for the water-table ISI
analysis. An even higher nugget variance, equal to 3000 ISI units2 , and wide ranges in
variance were found in the variogram analysis for the deeper system indicating a high degree of
local-scale variance in the data (Figure 53). This nugget variance corresponds to a local-scale
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standard deviation of 54 ISI units and indicates that, at any particular well location, there is a
96% chance that the actual ISI value is within +/-108 ISI units (two times the standard deviation)
of the calculated value. Clearly, this is an enormous error range, as the local error in the ISI
value exceeds the entire range over which the recommended ISI screening HML thresholds (30
and 80 ISI units) are applied. Statistically speaking, only when an ISI value is greater than 184
units (and ISI of 80, plus an error band of 104 units) is there a 96% chance that the ISI value
falls in the “low” category.

Figure 53: Variogram for ISI values from deeper boreholes
Together, the geostatistical analysis and linearization of the K-factors indicates that the ISI
method has significant limitations as a technique for assessing aquifer vulernability within the
WHPAs. WHPA delineation, while subject to implementation errors, is based on sound
theoretical principals of flow through porous media. In the overall assessment of the
uncertainty, our analysis suggests that the ISI methodology is intrinsically biased and that the
locally calculated HML values are not, in this study area, statistically significant across the range
of threshold values defined in the Guidance Module. The use of a High/Low method and
revised non-logarithmic K factors would increase the degree of certainty associated with the ISI
method.
2.5.3.3 Well Distribution and the 5 Year TOT Data Gap
The well distribution is a critical factor in assessing uncertainty related to the numerical model
and ISI calculations. However, various factors have resulted in a data gap in the 5 year TOT
zone. The MOE water well distribution most often reflects the patterns of home and farm
construction in the study area. Wells are generally distributed based on the road network grid of
1.4 km by 3.0 km nominal spacing. Peel Region has built a monitoring network in the vicinity of
the wellfields and these monitors generally fall within the current 2 year time of travel zone. The
current 5 year time of travel zone, however, is roughly 1.5 km in size for all the wellfields.
Because of the intrinsic bias in the MOE well distribution, few wells occur in the 2 to 5 year
zone, particularly where the capture zone does not follow a road. The 10-year zones, however,
are sufficiently large to encompass wells across a larger portion of the road network. In
summary, well distribution patterns result in higher uncertainty in the 5-year TOT zones.
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2.5.3.4 Specific Well Assessments
The individual uncertainties for each of the components of the IVS analysis were assessed and
summarized to produce a general uncertainty estimate for each well (Table 14). The individual
results are as follows:
Palgrave Well 2: The Palgrave Well 2 TOT zones are relatively small and yet have a favourable
well distribution across the 2, 5 and 10 years TOT zones. The geologic layering and 3-D flow
paths are also relatively simple when compared to the other wellfields. Overall, this results in a
low to medium uncertainty rating.
Palgrave Well 3: The geologic layering is somewhat more complex at Palgrave 3, the TOT
zones are larger, and there are no wells that fall within the 2 to 5 year TOT zone, leading to a
higher overall uncertainty rating.
Caledon East Wells 2 and 3: These wells are located in an area with less aquifer confinement
and relatively uniform ISI values. Both wells are subject to data limitations in the 2 to 5 year
TOT zone, particularly since the road network, and associated wells, fall between the two 5 year
TOT zones. Geologically, however, the Caledon East area is more complex than Palgrave,
given the proximity to the Niagara Escarpment and the presence of the meltwater channel,
therefore increasing the uncertainty rating.
Caledon East Well 4: This well has generally lower uncertainty, primarily because the capture
zones are in a deeper system and are likely better confined and protected. Well distribution is
more favourable, with wells in all TOT zones.
Well

Uncertainty Type

Numerical Model Uncertainty
Time of Travel Analysis Uncertainty
ISI Vulnerability Mapping
Resultant Uncertainty
Numerical Model Uncertainty
Palgrave
Time of Travel Analysis Uncertainty
Well 3
ISI Vulnerability Mapping
Resultant Uncertainty
Numerical Model Uncertainty
Caledon East Time of Travel Analysis Uncertainty
Wells 2 and 3 ISI Vulnerability Mapping
Resultant Uncertainty
Numerical Model Uncertainty
Caledon East Time of Travel Analysis Uncertainty
Well 4
ISI Vulnerability Mapping
Resultant Uncertainty
Palgrave
Well 2

Zone B
(2 year TOT)

Zone C
(5 year TOT)

Zone D
(25 year TOT)

Low
Low
Low
Low
Low
Medium
Medium
Medium
Low
Medium
Medium
Medium
Low
Low
Low
Low

Low
Medium
Medium
Medium
High
Medium
High
High
High
High
High
High
Medium
Low
Medium
Medium

Medium
Low
Medium
Medium
Medium
Medium
Medium
Medium
Medium
Low
Medium
Medium
Low
Low
Medium
Low

Table 14: Uncertainty assessment for each well
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2.6 Contaminant Source Inventory
Refinement of contaminant source inventories within the new WHPA delineations was carried
out as part of this study. The work started with a review of previous contaminant inventories
conducted in the Caledon East and Palgrave areas (AMEC Earth and Environmental Limited
(2003), DMC (1997), Stantec (2004), BAA (2003a) and JHL (2006).
The most comprehensive study of land use and associated risk to groundwater quality was
conducted by AMEC (2003). They compiled a Land Use and Chemical Occurrence Inventory
(LUACOI) of land use activities and identified those that could have potential long-term negative
effects on groundwater. Their data were compared against the newly defined WHPA to
determine the general level of risk within these areas.
Table 15 summarizes the types of land uses found within or crossing the 25 year TOT zones
defined for the Palgrave and Caledon East Wells. Risk Factors, based on the classification
system presented in AMEC (2003) have been provided for each land-use subcategory found in
the area. Risk increases from the lowest value (A.1) to highest (E.4). While it may be debated
whether the water treatment facilities at the Caledon Wells present a greater risk to groundwater
quality than a gas station or whether banks and private clubs are more of a risk to groundwater
than golf courses, in general, the classification system seems reasonable.
As can be seen, the primary land uses are residential (mostly single family), vacant/park land,
and farming. Higher risks are associated with farming and residential with associated
commercial/industrial use, gas stations and general retail, industrial (unknown), and sewage
and water treatment. All land use categories above Level C are shown Figure 54 for Palgrave
Wells 2 and 3. Figure 55 and Figure 56 show the higher risk land uses for the WHPAs around
Caledon East Wells 2 and 3 and around Caledon East 4.
In general, there do not appear to be a large number of higher risk land uses in the vicinity of
the Palgrave and Caledon East wells. Similar conclusions were obtained by WHI (2003) in their
study of Palgrave Well 4 and Caledon East Well 5. The highest land use risk within the 5 year
TOT zones for Palgrave Wells 2 and 3 is a cemetery. The highest risk land uses in the 5-year
TOT zones for the Caledon East wells include the water treatment facilities for the wells and a
sewage pumping facility. A number of retail shops and a gas station are located close to
Caledon East 2 and 3 along with some unknown land uses. The retail and unknown areas need
further checking to determine what types of potential contaminants are being handled there.
Other higher risk land uses within the 5-year TOT zones for the Caledon East wells include
residential and farm properties with some commercial or industrial activities, a multi-family
dwelling, a bank, and a private club.
The data from the LUCOI study (AMEC, 2003) were also compared with high resolution aerial
photographs encompassing the newly defined capture zones to identify some of the unknown
areas and highlight target areas, primarily the unclassified retail areas, for our visual inspection.
Analysis revealed that the unknown land uses included recreational land use (e.g. soccer
fields), horse farms, general farms, and a closed landfill at the northern extent of the 10-year
TOT zone for Caledon East 3 (also identified in WHI (2003)). These are shown on Figure 54
through Figure 56. We also noted some shallow borrow pits and possible storage/disposal
areas in the back of many farm sites.
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Risk Factor
Caledon
Land Use
(AMEC,
Palgrave Palgrave East Well
Caledon
Category
2003)
Well 2
Well 3
2 and3
East Well 4
Vacant/Parkland
13
32
29
24
Vacant
---12
28
22
21
Vacant Commercial
D.3
0
1
1
Vacant
---12
28
22
21
Recreation
A.5
1
2
5
3
Parks
A.3
1
1
Farm
3
13
7
17
General Farm
C.1
2
8
3
12
Managed Forest
A.4
1
2
3
Farm with Commercial/Industrial
E.2
3
4
2
Residential
17
55
420
58
Single Family
---17
53
409
53
with Commercial/Office
D.3
-2
9
3
with Commercial/Industrial
E.2
--1
2
Multi-family
D.2
--1
-Commercial
0
0
17
1
Golf Course
C.2
---1
Retail
E.1
--15
0
Gas Station
E.1
--1
0
Banks
D.3
--1
0
Industrial
0
0
5
1
Pits Quarry
C.2
----Water/Sewage Treatment
E.4
--4
1
Unknown
E.2
--1
-Institutional
0
0
0
0
Government
0
0
3
0
Special Purpose
D.3
--3
-Other
0
0
0
9
Private Club
D.3
---1
Cemetery
D.1
-1
-3
Church
B.3
---5
Undefined
1
1
5
0
Table 15: Land Use within the Palgrave and Caledon East WHPAs
A preliminary drive-by contaminant sources survey was performed in November 2006 and a
follow-up survey was conducted in May 2006 by staff equipped with GPS and digital cameras to
identify and map any new land use activities that have the potential to affect the municipal wells.

Earthfx Inc.

86

Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3

May 2007

Figure 54: Higher risk land use in the WHPAs for Palgrave Well 2 and 3
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Figure 55: Higher risk land use in the WHPAs for Caledon East Well 2 and 3
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Figure 56: Higher risk land use in the WHPAs for Caledon East Well 4
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Summary
General
This report presents the methodologies and results of the wellhead protection area (WHPA)
study for the Region of Peel active municipal wells located in Caledon East and Palgrave in the
Town of Caledon and within the Toronto and Region Conservation Authority (TRCA)
watersheds in Peel. The study was completed as part of the Region of Peel’s source protection
initiative supported through the Ministry of Environment’s 2005-2006 Source Protection Grant
Program. The project was carried in accordance with the objectives outlined in the MOE Draft
Guidance Module 3 for Groundwater Vulnerability Analysis (2006) and the Region of Peel
Terms of Reference (TOR), and provides foundation for the future Water Quality Risk
Assessment and analysis of threats to municipal drinking water sources and supplies.
Study Components
The study area encompassed the Towns of Palgrave and Caledon East and falls mainly within
the northwest portion of the Humber River watershed which is under the jurisdiction of the
Toronto and Region Conservation Authority (TRCA). Portions of the study area extend
westward into the Credit River watershed and northward into the Nottawasaga River watershed.
The Niagara Escarpment and the Oak Ridges Moraine are the most prominent regional-scale
physiographic features within the study area.
Methodology
The report first documents the methods used in this study. The MOE Draft Guidance Module 3
for Groundwater Vulnerability Analysis (2006) provided the main reference source for
procedures used to delineate the 100-metre (m), 2-year (yr), 5-yr, 25-yr, and total capture zone
WHPAs for Wells 2, 3 and 4 in Caledon East, and Wells 2 and 3 in Palgrave (Well 4 WHPAs
being delineated by Waterloo Hydrogeologic Inc. in 2003), and to assess the relative
vulnerability and assign vulnerability scoring for all these municipal wells.
The study used a conceptual geologic and numerical groundwater flow model that was originally
developed as part of the “Groundwater Modelling of the Oak Ridges Moraine Area” study
conducted by Earthfx Incorporated (Earthfx) (Wexler and Kassenaar, 2006). This groundwater
model was recently expanded westward to represent the TRCA, Lake Simcoe Region CA
(LSRCA), and part of the CVC. A WHPA study of municipal wells in the Credit Valley watershed
was being undertaking concurrently by AquaResources Inc. Their study utilized a different
model which was previously developed for the Credit Valley Conservation Authority. Processes
for exchange of information between the two groups and other measures to ensure consistency
in approach between the two studies are also described.
Background Review
This section describes the regional-scale geologic and hydrogeologic setting as well as the
local-scale setting specific to the Caledon East and Palgrave wellfields. The section also
discusses the topography, physiography, surface water features, natural features, and land use
as they relate to the geologic and hydrogeologic setting of the study area. Topography is
influenced by the regional physiographic features which include the Niagara Escarpment and
the Oak Ridges Moraine, Palgrave Moraine, and Paris Moraine. Other local features include a
glacial meltwater channel, a local topographic rise at Mt. Wolfe, and the valleys associated with
the main branch of the Humber River and its tributaries.
In general, the study area is underlain by a sequence of Paleozoic marine sedimentary rocks,
ranging from the shales of the Late Ordovician Georgian Bay and Queenston formations to the
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thickly-bedded to massive dolostone of the Middle Silurian Amabel Formation which caps the
Niagara Escarpment. These rocks are relatively undeformed and dip gently to the southwest.
Overburden in the area is of Late Pleistocene and Recent age and consists mainly of glacial,
glaciolacustrine, and glaciofluvial sediments. There is a package of lower sediments of Early to
Middle Wisconsinan age, found only on significant lows on the bedrock surface, containing
deltaic and subaqueous fan sands and related lacustrine sediments and diamicton. Younger,
regionally important sediments include the dense silt to sandy silt Newmarket Till and related
units, sands and silts associated with the Oak Ridges moraine, sand and gravel deposits
associated with meltwater channels, and the silt to clayey silt Halton Till.
The study area is located mainly within the northwest portion of the Humber River watershed
but includes part of the Credit River, Nottawasaga River and Holland River watersheds. The
most significant streams are the main branch of the Humber River, which has its headwaters
above the Escarpment, and Centreville Creek. One HYDAT stream gauge is currently
monitored by Environment Canada and three others have historic flow data. Average total flow
and baseflow for the Humber River near Palgrave was 1.55 and 1.12 m3/s, respectively which is
equivalent to about 300 mm/yr and 215 mm/yr over the contributing area to the gauge.
Simplified land use mapping was provided by the TRCA and CVC. The primary land uses in the
study area are classified as agricultural and forest. No breakdowns of crop types or forest types
(e.g. deciduous versus pine forest) were provided for the Humber watershed. Other significant
land use types are meadows, estate residential, low to medium density residential, and golf
courses. Primary natural features include the Niagara Escarpment, the Oak Ridges Moraine,
and the stream network, as described earlier. Other natural features include wetlands, lakes
and ponds, and areas of natural interest including Albion Hills Conservation Area, the Palgrave
Conservation Area, and the Glen Haffy Conservation Area
Conceptual Flow Model
A conceptual flow model was developed that integrated the physical, geologic, and
hydrogeologic features of the study area that govern groundwater flow. The conceptual model
built on work described in Wexler and Kassenaar (2006) and was expanded to cover the study
area and the area west of the Niagara Escarpment.
Hydraulic properties of the overburden aquifers and confining units are extremely variable.
Methods were developed to represent spatial variations in aquifer hydraulic conductivity, since
these variations influence the lateral movement of groundwater. Estimates of the distribution of
aquifer properties in the West Model were obtained primarily through an analysis of lithologic
data. These estimates were checked against aquifer performance test (APT) data for the study
area and matched relatively well. Hydraulic conductivity of the Oak Ridges Moraine Aquifer
Complex (ORAC) sediments was moderately high throughout the study area. Zones of highest
hydraulic conductivity in the ORAC corresponded to the coarse materials associated with the
Caledon East meltwater channel. Significant thicknesses of silt were found in the ORAC and
therefore, Model Layer 3, used to represent the ORAC, was subdivided into three sub-layers to
represent the more permeable upper ORAC sands, the silt layers, and a more permeable lower
ORAC, where present. Hydraulic conductivity of the Thorncliffe Aquifer Complex sediments
was high throughout the study area. A zone of low hydraulic conductivity was assigned in the
model where the TAC was presumed to pinch out in the vicinity of Caledon East 4.
The rate of groundwater recharge varies over the study area. Estimates for recharge in the
Humber River watershed were obtained using a USGS recharge model that accounted for
spatial variation of precipitation, soil properties, topography, vegetation, and land use. Rates
were most sensitive to surficial geology in undeveloped areas and to the per-cent
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imperviousness in urbanized areas. Recharge rates for areas outside the Humber River
watershed were obtained from previous modelling studies and ranged from 30 to 420 mm/year.
Potentiometric surface and water-table maps were prepared using static water levels in wells
installed after 1980 from the MOE WWIS database. The WWIS data were found to have an
average intrinsic error variance between ±4 to ±5 m. These data were supplemented by
observed water level data collected by Peel Region between February 2004 and March 2006 in
the Caledon East and Palgrave areas. The water level data showed a number of significant
features including: the sharp change in aquifer heads across the Niagara Escarpment; a
groundwater mound at Mt. Wolfe, the influence of the shallow streams on the flow system, and
a general tendency for surface water divides to also serve as shallow groundwater divides.
Groundwater flow in the vicinity of the Palgrave wells was southwestward from Mt Wolfe toward
the main branch of the Humber River. Flow was east-southeastward from the Niagara
Escarpment towards the Humber River in the vicinity of the Caledon East wells.
Numerical Modelling
The study used a numerical model, referred to as the “West Model” for the simulation of
groundwater levels and delineation of time-of travel zones. The lateral extent of the entire West
Model includes all of York Region, the City of Toronto, most of Peel Region and part Durham
Regions. The study area lies within the northwest corner of the West Model area.
Constant head; no-flow, and head-dependent discharge boundaries were used to represent
natural hydrologic boundaries in the West Model. The natural hydrologic boundaries are quite
distant from the study area and include, for example, Lake Ontario, Lake Simcoe and the main
channel of the Credit River which were represented as constant-head boundaries. The model
was extended into the upper part of the Nottawasaga River watershed since Palgrave Well 3 is
located outside of the Humber River watershed.
A no-flow boundary condition was applied at the base of the lowest model layer to represent the
shale bedrock below the Whirlpool sandstone west of the Niagara Escarpment and below a thin
weathered bedrock zone east of the Escarpment. Groundwater discharge to streams was
simulated using head-dependent discharge boundaries. Data on stream baseflow were
compiled and analyzed to determine rates of groundwater discharge to streams for use as
calibration targets.
Groundwater extraction for municipal water supply and other large users (greater than 0.1 L/s
(8,640 litres per day)) was simulated in the model. The latter included two golf course wells.
Simulated pumping rates for the Palgrave and Caledon East municipal wells were assigned
based on the maximum rates listed in the PTTW.
West Model calibration was conducted in a trial-and-error process in which results of successive
model runs were used to refine the initial estimates of hydraulic conductivity, anisotropy, and
recharge rates. Statistical tests were applied to determine whether the calibration met the
required goodness-of-fit criterion. Further adjustments were made to the interpretation of local
hydrostratigraphy and model parameters within the study area to improve the match between
observed and simulated flow patterns.
The primary target for model calibration was matching observed static water levels obtained
from the WWIS data along with data collected on a routine basis in the observation well network
maintained by Peel Region. Because there is a systematic error in the static water level data,
we did not try to match these values exactly; instead, we focussed on matching interpolated
heads and flow patterns in the Palgrave and Caledon East vicinity since the shape and
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orientation of the TOT zones are extremely sensitive to variation in local flow directions.
Matching baseflow in the study area streams was a second calibration target.
Maps of the simulated heads in the ORAC and TAC showed (1) two separate areas of higher
groundwater levels: one in the west above the Niagara Escarpment and a smaller one south of
Mt. Wolfe; (2) a sharp change in water level across the Niagara Escarpment; and (3) that
groundwater levels in the ORAC are strongly influenced by the surface water system and
bending of contours around the streams indicate groundwater discharge to streams. Flow
directions and gradients matched well with the observed data over most of the study area
except in the immediate vicinity of the Niagara Escarpment. Simulated heads in the TAC were
a subdued replica of the water levels in the ORAC and gradients tend to be downward over
most of the study area except in the vicinity of the stream valleys.
Scatterplots and three calibration statistics, mean error (ME), mean absolute error (MAE), and
root mean squared error (RMSE), were used to assess model accuracy. The ME was above
zero indicating that simulated values were generally lower than the observed values. The MAE
and RMSE were relatively high but wells close to the Niagara Escarpment were shown to be the
major source of the high values. When these values and other obvious outliers were removed,
the calibration statistics were much lower and closer in value to the estimate of variance in the
static water level data
The calibrated groundwater flow model was used to delineate time-of-travel (TOT) zones for the
municipal supply wells. The TOT zones are used to define wellhead protection area (WHPA)
‘sensitivity’ zones (Zone A through D) as defined in MOE Guidance Module 3. The TOT zones
for Palgrave Wells 2 and 3 were generally smaller than the ones developed in previous studies
and were oriented more towards the northwest. Some of the differences may be due to the use
of different modelling techniques and parameter values. The new TOT zones for Caledon East
Wells are about as wide as those developed in previous studies for Caledon East but extended
further northwest. The earlier model was truncated at the Escarpment and the different model
extent is a likely cause of the change in TOT shape and orientation.
Wellhead Protection Area Implementation
Relative vulnerability of areas within the WHPA was assessed as per MOE Guidance Module 3
using an Intrinsic Susceptibility Index (ISI) method to categorize the relative vulnerability as
High, Medium, or Low (H, M, and L). The WHPA sensitivity zones (Zones A through D) were
then intersected with the relative aquifer vulnerability zones (H, M, and L) to assign the intrinsic
vulnerability scores from 2 (low vulnerability) to 10 (high vulnerability).
For our ISI analysis for municipal wells in the ORAC, we determined (1) the number and
thickness of lithologic units overlying the water table; (2) obtained the “K-Factor” for each
lithologic unit using a look-up table based on the GSC re-classification of the materials, and (3)
summed the products of the thickness and K Factors to get an ISI score for each well. A large
degree of scatter was noted where wells with high values were in close proximity to wells with
low values. Data were interpolated across the study area to produce a map of the intrinsic
vulnerability of the area surrounding the municipal supply wells. The interpolated ISI values
were reclassified to High, Medium, and Low based on whether the ISI values were between 0 to
30 (H), 30 to 80 (M), and greater than 80 (L).
Maps of the TOT zones were superimposed over the intrinsic susceptibility values and showed
that the TOT zones for Palgrave 2 generally lie within areas of high intrinsic vulnerability owing
to the permeable surficial Oak Ridges Moraine deposits and shallow water table in the wellfield
area. The TOT zones for Palgrave 3, however, mostly lie within areas of medium intrinsic
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vulnerability owing to the water table being slightly deeper and within the finer-grained silt
deposits. The southern part of the 25 year TOT had higher intrinsic vulnerability and lies within
an area of generally thicker granular deposits with the water table above the ORAC silts. Maps
of the TOT zones for Caledon East superimposed on the High, Medium, and Low intrinsic
susceptibility values showed that the 2, 5, and 10 year TOT zones for Caledon East Wells 2 and
3 generally lie within areas of high intrinsic vulnerability owing to the permeable surficial
deposits associated with the meltwater channel and the Oak Ridges Moraine. The 25 year TOT
lies in an area that varies from high to medium intrinsic vulnerability.
ISI values were calculated from ground surface to the top of the TAC (or Guelph Formation
above the Niagara Escarpment) at all wells penetrating the TAC to determine vulnerability of
Caledon East Well 4. These ISI values are higher because of the greater depth and because of
the presence of the Newmarket Till aquitard and ORAC silts in much of the area. Maps of the
TOT zones superimposed on the High, Medium, and Low ISI zones showed that the 2 and 5
year TOT zones generally lie within areas of medium intrinsic susceptibility owing to the
relatively thin Newmarket Till in the area. The 10 and 25 year TOT mostly lie in a low
vulnerability area because of the greater thickening of the till units to the west along the slope of
the Niagara Escarpment. The westernmost part of the 25 year TOT zone is in a medium
vulnerability area as the tills thin again near the top of the Escarpment.
Final intrinsic vulnerability scores (IVS), ranging from 2 (low vulnerability) to 10 (high
vulnerability), were assigned to sub-zones within the WHPA as per MOE Guidance Module 3.
Scoring was done for pathogen protection zones and DNAPL protection zones (which have IVS
values assigned independently of the ISI analysis within certain zones) and then for general
contaminants. Zone A (the 100 m radius around the well) was automatically assigned a value of
10 in all vulnerability analyses. Zone B and Zone C were automatically assigned a value of 10
in all DNAPL vulnerability analyses. All other WHPA zones were assigned based on their High,
Medium, and Low ISI values.
An assessment was made to determine whether the IVS scores needed to be adjusted to
account for the presence of constructed preferential pathways that might bypass the natural
protective geologic layers such as improperly constructed wells; improperly decommissioned
wells, and pits and quarries. While there are no mapped pits or quarries in the study area, there
is concern related to private wells that have not been properly abandoned. Although
abandoned wells could be anywhere within the WHPAs, this study focussed on private wells
within serviced areas that may have been improperly abandoned since they are no longer
needed for water supply. Results showed a small number of wells (four each for the Palgrave
wells and Caledon East 4 and 12 for Caledon East 2 and 3) to be within the serviced areas. A
much larger number have been properly abandoned under Peel Region’s well abandonment
programme.
Uncertainty Assessment
There is a fairly large degree of uncertainty associated with the ISI and IVS methods. The
uncertainty is a product of uncertainty related to 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 ISI assessment. Uncertainty related to the numerical model was addressed in a separate
report (Kassenaar and Wexler, 2006) documenting the development and calibration of the
model. Uncertainty in the time-of-travel analysis arises primarily from subtle variations in the
flow directions near the wells, caused by slight changes in aquitard or aquifer thickness values,
aquifer and aquitard hydraulic conductivity values, and/or recharge rates that can also cause
significant variation in the flow paths of the particles. The level of uncertainty in defining the
three-dimensional flow patterns, even with the incorporation of new monitoring data, is relatively
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high even though the numerical model produced good matches to the observed water levels
and baseflows.
Time-of-travel values are also affected by the values assumed for effective aquifer porosity.
No specific measures of the porosity were available for this study, so conservative values (i.e.
smaller values that result in greater velocities and therefore shorter travel times) were assumed.
The ISI process is an ad hoc method, loosely based on hydrologic principals but with a number
of simplifying and subjective steps that cannot be field verified or tested. In comparison, the
numerical groundwater modelling is based on sound theoretical principals of hydrogeologic
analysis and groundwater hydraulics. The high level of uncertainty intrinsic in the ISI and IVS
calculations was apparent in both the individual calculations and in the geostatistical variation
observed in the results. A critical problem identified was with the linearization of the “K factors“
which can, for example, lead to having an aquifer with 6 metres of overlying clay (with a travel
time of 19 years) and an aquifer with 18 metres of overlying sand (with a travel time of 2 hours)
both being assigned a “medium” ISI score.
Variogram analysis, performed prior to interpolating the ISI values, showed very high nugget
variances. This indicated that the local error in ISI values exceeds the entire range over which
the recommended ISI screening HML thresholds (30 and 80 ISI units) are applied. The use of a
High/Low method and revised non-logarithmic K factors is recommended to increase the degree
of certainty associated with the ISI method.
Wells distribution also affects the certainty of the analyses. While Peel Region has built a well
network to monitor the 2 year TOT zone (as per current TOT delineations), various factors have
resulted in a data gap in the current 5 year TOT zone. The individual uncertainties for each of
the components of the IVS analysis were assessed and summarized to produce a general
uncertainty estimate for each well. In general, Palgrave Well 2 and Caledon East 4 had slightly
lower uncertainty, primarily because of better data distribution, geologic setting, and
conceptualization.
Contaminant Source Inventory
Refinement of contaminant source inventories within the new WHPA delineations was carried
out as part of this study. The work started with a review of previous contaminant inventories
conducted in the Caledon East and Palgrave areas The Land Use and Chemical Occurrence
Inventory (LUACOI) data compiled by AMEC (2003) identified land use activities that could have
potential long-term negative effects on groundwater. Their data were compared against the
newly defined WHPA to determine the general level of risk within these areas. Primary land
uses are residential (mostly single family), vacant/park land, and farming. Higher risks are
associated with farming and residential with associated commercial/industrial use, gas stations
and general retail, industrial (unknown), and sewage and water treatment.
In general, there did not appear to be a large number of higher risk land uses in the vicinity of
the Palgrave and Caledon East wells. The highest land use risk within the 5 year TOT zones for
Palgrave Wells 2 and 3 is a cemetery. The highest risk land uses in the 5-year TOT zones for
the Caledon East wells include the water treatment facilities for the wells and a sewage
pumping facility. A number of retail shops and a gas station are located close to Caledon East 2
and 3 along with some unknown land uses. The retail and unknown areas need further
checking to determine what types of potential contaminants are being handled there. Other
higher risk land uses within the 5-year TOT zones for the Caledon East wells include residential
and farm properties with some commercial or industrial activities, a multi-family dwelling, a
bank, and a private club. The data from the AMEC (2003) were also compared with high
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resolution aerial photographs covering the newly defined capture zones to identify some of the
unknown areas and highlight target areas, primarily the unclassified retail areas, for visual
inspection.
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Limitations
Services performed by Earthfx Inc. were conducted in a manner consistent with that level of
care and skill ordinarily exercised by members of the environmental engineering and consulting
profession.
This report presents the results of data compilation and computer simulations of a complex
geologic setting. Data errors and data gaps are likely present in the information supplied to
Earthfx, and it was beyond the scope of this project to review each data measurement and infill
all gaps. Models constructed from this data are limited by the quality and completeness of the
information available at the time the work was performed. Computer models represent a
simplification of the actual geologic conditions. The applicability of the simplifying assumptions
may or may not be applicable to a variety of applications.
This report does not exhaustively cover an investigation of all possible environmental conditions
or circumstances that may exist in the study area. If a service is not expressly indicated, it
should not be assumed that it was provided.
It should be recognized that the passage of time affects the information provided in this report.
Environmental conditions and the amount of data available can change. Discussions relating to
the conditions are based upon information that existed at the time the conclusions were
formulated.
All of which is respectively submitted,

EARTHFX INC.
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