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Executive Summary 
General 
This report presents the methodologies and results of the supplementary vulnerability 
assessment within the wellhead protection areas (WHPAs) of the Region of Peel active 
municipal wells in Caledon East and Palgrave in the Town of Caledon and within the Toronto 
and Region Conservation Authority (TRCA) watersheds.  This assessment complements earlier 
work done as part of the Region of Peel’s source protection initiative supported through the 
Ministry of Environment’s (MOE’s) 2005-2006 Source Protection Grant Program to delineate 
new WHPAs and assign Intrinsic Vulnerability Scores (IVS) to these areas utilizing relative 
vulnerability rating established through ‘intrinsic vulnerability index’ (ISI) methods (Earthfx, 
2007). The current project used an alternative method outlined in the MOE Draft Guidance 
Module 3 for assessing relative vulnerability within the WHPAs and defined as ‘Surface to Well 
Advection Time’ (SWAT) method. IVS values assigned to relative vulnerability established 
through the SWAT method are intended to provide additional technical input for the future Water 
Quality Risk Assessment concerning municipal groundwater-based drinking water sources and 
supplies located within the TRCA watersheds in Peel. 
 
Study Extent 
The SWAT study largely focused on the new WHPAs for Caledon East and Palgrave wells; 
however, some information and interpretations derive from a more extensive area 
encompassing the entire northwest portion of the Humber River watershed within the jurisdiction 
of the Toronto and Region Conservation Authority (TRCA) (Earthfx 2007).  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The MOE Draft Guidance Module 3 for Groundwater Vulnerability Analysis (MOE, 2006) 
provided the main reference source for methods and procedures utilized in this study.   
 
In Earthfx (2007) a conceptual geologic and numerical groundwater flow model (originally 
developed as part of the “Groundwater Modelling of the Oak Ridges Moraine Area” study 
conducted by Earthfx Incorporated (Wexler and Kassenaar, 2006)) was further enhanced and 
then used to delineate the wellhead protection area (WHPA) time-of-travel (TOT) capture zones 
for Wells 2, 3 and 4 in Caledon East, and Wells 2 and 3 in Palgrave. The WHPA 2-year, 5-year, 
and 25-year TOT zones correspond to wellhead protection area (WHPA) ‘sensitivity’ zones 
(Zone B through D) as defined in MOE Guidance Module 3.  Zone A is defined by a circle with a 
100-metre radius around the well.   
 
Relative vulnerability of areas within the WHPA sensitivity zones was assessed in the previous 
study (Earthfx, 2007) using the Intrinsic Susceptibility Index (ISI) method to categorize the 
relative vulnerability as High, Medium, or Low (H, M, and L).  In the current study, relative 
vulnerability of areas within the WHPA sensitivity zones was assessed using a Surface to Well 
Advective Time (SWAT) technique as per MOE Guidance Module 3.  The method estimates 
advective travel times through the unsaturated zone (UZAT) based on rates of groundwater 
recharge and mobile moisture content.  Water table to well advective times (WWAT) were 
estimated with the numerical model by forward-tracking of virtual particles released at the water 
table and recording arrival times at the municipal wells. Each point of release was assigned a 
relative vulnerability (High, Medium, or Low) based on the total (UZAT + WWAT) SWAT value.   
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Outcomes and Results 
Maps of relative vulnerability, prepared based on SWAT (UZAT + WWAT) analysis, showed 
only a small area with high intrinsic vulnerability just south of Palgrave Well 2.  The remaining 
area within the 25-year TOTs of Palgrave municipal wells had a medium-to-low relative 
vulnerability.   
 
The map for Caledon East Wells 2, 3, and 4 showed a larger area of high relative vulnerability 
around Wells 2 and 3 because of the rapid travel time through the outwash channel materials.  
The remaining area within the 25-year TOT of Caledon East Wells 2 and 3 had a medium-to-low 
relative vulnerability.  An area of high relative vulnerability was shown south of Caledon East 
Well 4 and to the north of the well.  The remaining area within the Caledon East Well 4 25-year 
TOT had a medium-to-low relative vulnerability.  
 
WHPA sensitivity zones (Zones A through D) were intersected with the relative aquifer 
vulnerability zones (H, M, and L) to assign the intrinsic vulnerability scores (IVS) from 2 (low 
vulnerability) to 10 (high vulnerability) in accordance with Table 4.1 of the MOE Guidance 
Module 3 (MOE, 2006).  Maps showing IVS scoring were prepared for (1) pathogens, (2) 
DNAPLs and for (3) general contaminants.  In accordance with the MOE standards, the 
pathogen protection zones and DNAPL protection zones have IVS values assigned 
independently of the SWAT analysis within certain zones.  For example, Zone B and Zone C 
were automatically assigned a value of 10 in the DNAPL vulnerability analyses and Zone C and 
D were assigned a value of 0 in the pathogen vulnerability analyses.  Zone A, the 100 m radius 
around the well, was automatically assigned an IVS value of 10 in all vulnerability analyses.  All 
other WHPA zones were assigned IVS values based on their High, Medium, Low SWAT values.  
In general, scores obtained using the SWAT analysis were lower than those obtained with the 
previous ISI analyses.  
 
Incorporating UZAT in the SWAT analysis increases the calculated travel times and decreases 
the size of the SWAT zones.  For some contaminants, such as road salt and agricultural 
chemicals, it is reasonable and realistic to include the UZAT times in the SWAT analysis.  For 
other contaminant release scenarios (e.g., a contaminant spill, or leakage from a waste lagoon), 
the actual time of travel would be much less than would be predicted by the methods outlined in 
the Guidance Module.  In addition, there is great uncertainty as to the actual values of the 
parameters used in the calculations.  For these reasons, it may be much better to disregard the 
UZAT calculations in the SWAT analysis.   For comparison purposes, we have included the 
results from the WWAT analysis. 
 
 
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 TOT analyses, and (3) the IVS assessment.  
Uncertainties related to the numerical model and to the TOT analyses were addressed in the 
report that documents the development and calibration of the model (Kassenaar and Wexler, 
2006) and in Earthfx (2007).  The SWAT analysis method is the most scientifically sound of the 
recommended methods listed in Guidance Module 3 (MOE, 2006) and therefore introduces less 
uncertainty than the ISI method.  It was felt that the WWAT component of the SWAT analysis 
method did not introduce any new level of uncertainty because it is essentially an extension of 
the numerical modelling and is based on assessing likely travel times using locally determined 
hydraulic properties that have been adjusted and refined through model calibration.  The results 
are sensitive to aquifer porosity.  Because little data on the range and spatial variation in 
porosity are available, conservative estimates were used.   
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The calculation of unsaturated travel times (UZAT) adds new levels of uncertainty.  The method 
suggested in Guidance Module 3 uses data on recharge rates, depth to water and soil 
properties.  Depth to water and soil properties can be mapped with a fair amount of certainty.  
There is uncertainty in assessing the rate of recharge but the use of a water balance model 
calibrated to baseflow and runoff at all gauges in the Humber River watershed gives a higher 
degree of confidence than in the previous estimates.   
 
Uncertainties associated with the thresholds used in defining low, medium, and high relative 
vulnerability were also discussed. 
 
Summary and Recommendations 
In summary, we have used sound scientific principles and hydrogeologic modelling techniques 
to delineate TOT zones and to assign intrinsic vulnerability scores to areas within the TOT 
zones.  We have made conservative assumptions in applying the models including the pumping 
rates and aquifer porosity values assumed.  We still recognize that the IVS method introduces a 
higher level of uncertainty than the TOT delineation.  Accordingly, we recommend that: 
 

• The TOT results should be adopted to protect the areas around the municipal wells.   
• The models and TOT zones should be updated periodically as new data on aquifer 

and aquitard properties, continuity of aquitards, and location of channels and 
bedrock valleys become available. 

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

• The IVS scores should be used to focus monitoring, planning, and data collection efforts 
on areas of higher intrinsic vulnerability.  The results should not be used to permit high 
risk activities within the low-risk IVS zones.   

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

• Data collection efforts and expansion of the monitoring network based on these results 
should continue. 

• Peel Region should continue its program to locate, catalogue, and properly 
decommission abandoned wells. If possible, the Region should continue to provide 
financial assistance, where needed, to well owners within WHPAs to properly 
decommission private wells that are not needed in the serviced areas.  Priorities can 
be assigned to each abandoned or unneeded well based on the results of the IVS 
analysis. 
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Surface to Well Advection Time Analysis 
Wellhead Protection Areas 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 drinking source water assessment (DSWA) 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 DSWA must identify vulnerable areas and then map the relative 
vulnerability of the aquifers within each vulnerable area (MOE, 2006).  Vulnerable areas 
considered in the DSWA 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).   
 
A separate study by Earthfx Incorporated (Earthfx, 2007) was conducted to update the mapping 
of Wellhead Protection Areas (WHPA) around the municipal drinking water supply wells in the 
towns of Caledon East and Palgrave.  These wells are located within the northwestern part of 
the Humber River watershed which falls within the jurisdiction of the Toronto and Region 
Conservation Authority (TRCA).  The location of the local study areas and locations of the 
Caledon East wells (Wells 2, 3, and 4) and Palgrave wells (Wells 2 and 3) are shown on Figure 
1.  The Earthfx (2007) report documented the methods used to delineate the 100-metre (m), 2-
year (yr), 5-yr, and 25-yr WHPA capture zones and to assess the relative vulnerability of the 
municipal wells within these areas to surface and near-surface sources of contamination using 
an intrinsic susceptibility index (ISI) technique.  The level of confidence in the vulnerability 
scores assigned to the different zones was also discussed.  
 
This study uses a different method, referred to as the “surface to well advective time (SWAT) 
technique”, to assess relative vulnerability.  The SWAT method accounts for the travel time 
through (1) the unsaturated zone above the water table and (2) from the water table to the well 
screen.  In cases where the well is located in a deeper aquifer, the SWAT method accounts for 
travel time through the aquifers and confining units above the pumped aquifer.  SWAT results 
are used to identify zones of high, medium and low relative vulnerability in the vicinity of the 
wellfields based on the calculated travel times.  Intrinsic vulnerability scores (IVS) are then 
assigned to these zones based on their location within the within the WHPA time-of-travel (TOT) 
zones (Zones A, B, C, and D) as specified in Table 4.1 of MOE Guidance Module 3 (MOE, 
2006).  
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As in the ISI-based analysis (Earthfx, 2007), the current work 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 on behalf of the York, Peel and 
Durham Regions and the City of Toronto and the Conservation Authorities of the Moraine 
Coalition (YPDT-CAMC) (Kassenaar and Wexler, 2006).  The YPDT-CAMC groundwater model 
was recently expanded westward to represent the TRCA, Lake Simcoe Region Conservation 
Authority (LSRCA), and part of the Credit Valley Conservation Authority (CVC) watersheds and 
encompasses the current study area. 
 

1.1 Study Objectives 
The primary objective was to carry the assessment in accordance with the MOE Guidance 
Module 3 (2006).  Because the Module 3 recommends using the SWAT analysis as an alternate 
method for assigning/mapping intrinsic vulnerability for WHPAs and a SAAT method for 
assigning/mapping intrinsic vulnerability for other highly vulnerable areas (HVA) such as high 
recharge areas or future municipal supply areas, the SWAT analysis method was applied in this 
study.   

1.2 Scope of Work 
Several key tasks were identified in the TOR to achieve the study objectives.  These tasks build 
directly on the results of Tasks 1 through 3 completed as part of the WHPA update and ISI 
analysis described in Earthfx (2007).  Tasks specific to this study are listed below.   

1.2.1 Task 4A : Vulnerability Assessment  
The vulnerability assessment task is to be carried within the 25-yr TOT boundary of the newly 
defined WHPAs (as per Guidance Module 3 (MOE, October 2006)).  This will involve carrying 
SWAT analyses within these areas.   

1.2.2 Task 5A: 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 SWAT 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). 

1.2.3 Task 6A: 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). 

1.2.4 Data Transfer 
All information and data collected and generated for this study 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 Methodology 
As per the MOE Guidance Module 3, the SWAT method is not intended to replace the TOT 
results, but rather provides a means for assessing the alternative relative vulnerability of water 
supply aquifers within each of the TOT capture zones.  
 
WHPA Time-of-Travel Delineation  
The Time-of-Travel (TOT) method is the approach specified by MOE Guidance Module 3 for 
delineating wellhead protection areas around municipal supply wells.  While the numerical 
model used 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, chemical reactions and dilution by mixing with 
uncontaminated water flowing to the well.  It is a reasonable approach, however, where 
confining units may not be continuous, where abandoned wells may provide pathways for rapid 
downward movement of contaminants, and where contamination by dense non-aqueous phase 
liquids (DNAPLs) such as chlorinated solvents is possible.  This conservative approach is the 
recommended MOE method because it allows consideration of more direct connections 
between the surface and municipal aquifer due to natural or anthropogenic factors.   
 
SWAT Time-of-Travel Assessment
SWAT analyses, which will be discussed further on, provide the ability to assign levels of risk 
within the WHPA TOT zones based on estimated travel times from the surface to the well 
screen.  While the results of these analyses may be less conservative, they attempt to account 
for the actual vertical travel times.  In many cases the presence of continuous zones of fine-
grained materials above the pumped aquifer can provide a much higher degree of protection 
than would be indicated by the TOT analyses.  

1.3.1 Time-of-Travel Analysis/WHPA Sensitivity Zones 
TOT zone analyses were conducted using the U.S. Geological Survey (USGS) MODPATH code 
(Pollock, 1989).  MODPATH used simulated heads and flow rates from the numerical flow 
model (which was built using the USGS MODFLOW code (McDonald and Harbaugh, 1988)) 
along with 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 reasonable 
estimates were made as shown in Table 1 below. 
 

Table 1: Porosity values assumed for the capture zone analysis 
Surficial Material Porosity Value 
Layer 1 - Recent Deposits and Weathered Halton/Kettleby Aquitard 0.25 
Layer 2 – Halton/Kettleby Aquitard 0.25 
Layer 3 – ORAC and Weathered Newmarket Aquitard 0.25 
Layer 4 - Newmarket Aquitard 0.10 
Layer 5 - Thorncliffe Aquifer Complex 0.25 
Layer 6 - Sunnybrook Aquitard 0.10 
Layer 7 - Scarborough Aquifer Complex 0.25 
Layer 8 - Weathered Bedrock 0.10 
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MODPATH uses the velocity data to track virtual particles released from specified starting points 
as they travel through the groundwater system.  Every time a particle crosses the boundary of a 
model cell, the particle location and time are recorded.  All particles are tracked until they reach 
a point of discharge.  To delineate the TOT zones, particles were placed in an 18-by-18 array on 
all four sides of the cell containing a production well.  The 1296 particles for each well were 
tracked backwards in time as they moved through the aquifers and aquitards.  TOT zones were 
drawn manually by connecting the ends of the particle tracks at specified times. 
 
MOE Guidance Module 3 specifies that the 2-, 5- and 25-yr TOT zones correspond to the 
WHPA sensitivity zones B, C, and D.  WHPA Sensitivity Zone A, designated as a Pathogen 
Security/Prohibition Zone, is defined by a 100-m radius circle around each well.  The primary 
sensitivity designation for each WHPA TOT is provided in Table 2 below and all zones (primary 
and secondary) are shown schematically on Figure 2. 

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

Zone 
Name 

Purpose Delineation 
Method 

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

 
The time of travel to a well depends, in a large part, on the rate of pumping assumed for the 
well.  Pumping rates used in the model were discussed in (Earthfx, 2007) and are summarized 
in Table 3 and Table 4 below.  The simulated pumping rates applied to the Palgrave wells were 
assigned based on the maximum rates listed in the permit to take water (PTTW).  Simulated 
pumping rates for Caledon East Wells 2, 3, and 3 were assigned based on their equipped 
capacities because 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 for total pumping at 
Caledon East.  The combined rates used in the model exceed the maximum permitted taking 
and the WHPA delineated using these rates are more conservative than if reduced pumping 
rates were used.   
 

Table 3: Maximum Permitted Water Taking for Palgrave Wells 

Palgrave 
Well 
No. 

 
Easting

(m) 

 
Northing

(m) 

Maximum
Taking 
(L/min) 

Maximum 
Taking 
(L/day) 

1 594505 4866577 909.2 1,309,248 
2 594799 4867540 1818.4 2,618,496 
3 594032 4868345 4091.4 5,891,616 
4 592893 4867934 1818.4 2,618,496 

Combined   6,250 9,000,000 

 

Table 4:  Maximum Permitted Water Taking for Caledon East Wells 

Caledon East 
Well 
No. 

 
Easting 

(m) 

 
Northing

(m) 

Maximum
Daily 

Taking 
(L/min) 

Maximum 
Annual Average

 Daily Taking 
(L/min) 

Equipped Capacity
(L/min) 
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2 591250 4857885   1100 
3 591399 4858184   1818 
4 589439 4858295   2700 

Combined   3,125 1,250 5618 

1.3.2 Vulnerability Assessments Methods  
MOE Guidance Module 3 (MOE, 2006) presents several different methods for assessing the 
relative vulnerability of the areas supplying water to the municipal wells.  While the methods 
vary, they are all premised on the concept that the vulnerability decreases as the time of travel 
to the well increases.  
 
The vulnerability assessment method used in Earthfx (2007) did not calculate actual times of 
travel.  Instead, it categorized the relative vulnerability within the WHPA as High (H) Medium 
(M), or Low (L) based on an Intrinsic Susceptibility Index (ISI) method, which is considered a 
minimum standard method for most source protection areas and which was the primary method 
to be applied as part of the above-noted WHPA study carried by Earthfx.  The ISI method uses 
lithologic descriptions in the MOE Water Well Information System (WWIS) database to produce 
a numerical score for each well. The index considers the overburden soil type and thickness of 
unsaturated materials above the aquifer.  The 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. The ISI is calculated by summing the product of the thickness of each geologic unit 
overlying the aquifer with its corresponding K-factor (i.e., dimensionless number that could be 
loosely related to the exponent of the vertical hydraulic conductivity of the geological material in 
m/s). This index value is then interpolated between well locations to produce a complete spatial 
assessment (i.e., a map) of the intrinsic vulnerability of the area surrounding the municipal 
supply well.  The gridded values are then re-classified as Low, Medium and High intrinsic 
vulnerability (IV) based on selected threshold values.  For example, MOE Guidance Module 3 
(MOE, 2006) suggests thresholds of 0 to 30 (High), 30 to 80 (Medium) and greater than 80 
(Low):  Earthfx (2007) discussed limitations of the method and limitations in the index values 
and thresholds recommended in Guidance Module 3. 
 
Other methods can be used to calculate the intrinsic vulnerability in terms of travel time, rather 
than the more subjective index method described above.  The SWAT method considers the total 
time of travel from surface to the well screen.  The surface to well advective time consists of two 
components: (1) the time of travel through the unsaturated zone to the water table (UZAT) and 
(2) the time of travel from the water table to the well screen (WWAT).  Descriptions of the terms 
used in these travel time analyses are provided in Table 5 and shown schematically in Figure 3.   

Table 5: Definitions of terms used in travel time analyses for delineating WHPAs. 

WHPA 
Term 

Definition 

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

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

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

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

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

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

 
1.3.2.1 UZAT Estimation 
Estimating the true time of travel through the unsaturated zone is highly complex and depends 
on the unsaturated hydraulic conductivity of the soil, soil moisture, and pressure-head gradients 
in the unsaturated zone.  Unsaturated hydraulic conductivity and pressure-head can be related 
to moisture content through characteristic curves developed for each soil type.  Unfortunately, 
the data on unsaturated soil properties are very limited and no models have been developed to 
simulated unsaturated flow in Peel Region soils.  Instead, the MOE suggests a simplified 
method based on the assumption that the annual rate of groundwater recharge is a good 
approximation for the average flux of moisture through the subsurface and the advective 
contaminant travel times through the unsaturated zone.  The estimate is given by: 
 

z

mwt

q
d

UZAT
θ⋅

=      (Equation 1) 

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

 
Estimation of the depth to water table, dwt, was computed by subtracting the interpolated water-
table surface (as presented in Earthfx, 2007) from land-surface elevation.  The mobile moisture 
content of the surface material, θm, was used as a surrogate for the average moisture content of 
the soil under steady-state drainage at the infiltration rate.  The value of average moisture 
content under steady-state drainage should lie somewhere between field capacity (fc) and 
porosity (n) for the particular soil.  MOE Guidance Module 3 (2006) suggests values for mobile 
moisture content that can be applied to a map of the quaternary geology (Table 6): 
 

Table 6:  Mobile moisture content values based on soil 
description (from MOE, 2006) 

Overburden 
Material 

Mobile 
Moisture Content

Sand 10% 
Loam 25% 
Clay 40% 

 
If multiple layers of different types of unsaturated materials are present, the travel times through 
each layer can be calculated and summed.  
 
Guidance Module 3 indicates that the infiltration rate, qz, can be estimated with a soil moisture 
balance model.  Data requirements include information on precipitation, temperature, solar 
radiation, topography (slope), soil type, depth to water, land use, percent imperviousness, and 
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vegetative cover.  Infiltration estimates may also be derived through numerical modelling.  
Recharge for the Humber River watershed was estimated using PRMS, the USGS Precipitation 
– Runoff Modelling System (Leavesely, 1983), as described in Earthfx (2007).  Infiltration rates 
for areas outside the Humber River watershed were based on calibration of the numerical 
groundwater model.  
 
As an example, assuming an infiltration rate of 320 millimetres (mm) per year for a sand with a 
θm of 0.10 and a dwt of 10 m, the UZAT would equal 3.1 years.  A loam soil with a recharge rate 
of120 mm/yr would have a UZAT of 20.8 years, and a clay soil with a recharge rate of 30 
mm/year would have a UZAT of 133 years.  
 
Additional assumptions underlying the UZAT calculation include: (1) transient effects in the 
unsaturated zone are neglected, that is, the moisture content profile is assumed to be at an 
average equilibrium condition, and, (2) the moisture content profile is approximated as a step 
function equal to saturation below the water table and to the mobile moisture content above the 
water table.  The effect of these assumptions on UZAT uncertainty and contaminant transport 
rates in the unsaturated zone is discussed in later sections. 
 
1.3.2.2 WWAT Estimation 
To determine the WWAT values, virtual particles were placed at the water table in all model grid 
cells within the 25-yr TOT zone.  If the water-table was below the base of a Model Layer 1, the 
particles were released from the top of the uppermost active model layer.  The MODPATH code 
was used to track each virtual particle forward from its starting point to a discharge point which 
could be either a well or a stream.  A post-processor (developed by Earthfx) examined the 
subset of particle tracks that ended up in the municipal wells.  The total travel time for each 
track was determined and assigned to the originating cell.   
 
MOE Guidance Module 3 notes that some municipalities may elect to eliminate the UZAT 
calculations and rely on WWAT values alone in the vulnerability assessment.  This gives 
consideration to the likelihood that: (1) leaks or spills may occur at depth below ground surface 
from underground pipelines or tanks and (2) fractures and macropores may provide preferential 
pathways for contaminants through the unsaturated zone.  It is also noted that surface releases 
of contaminated fluids (e.g., a spill from a wastewater lagoon or a DNAPL release) can move 
downward through a soil in orders of magnitude shorter times than a contaminant that is 
leached by precipitation (e.g., the leaching of road salt from an uncovered storage area).  
Accordingly, we have provided separate maps for UZAT, WWAT, and SWAT travel times for 
Peel Region to consider. 
 
The calculation of UZAT and WWAT times within the WHPAs allows the intrinsic vulnerability 
results to be compared to the WHPA TOT zones with a common unit of measure.  It should be 
noted that the travel times are advective travel times and do not take into account attenuation 
processes such as diffusion, dispersion, adsorption or chemical transformation.  Appendix 4 of 
Guidance Module 3 (MOE, October 2006) recommends translating the times obtained from the 
SWAT analyses into measures of relative vulnerability as summarized in Table 7 below: 
 

Table 7: High, Medium, and Low intrinsic vulnerability categories and 
SWAT values (from MOE, 2006) 

SWAT Value 
(UZAT+WWAT) 

Relative 
Vulnerability 

> 25 years Low 
5 to 25 Years  Medium 
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0 to 5 years High 
 
1.3.2.3 Intrinsic Vulnerability Scores 
After the relative vulnerability of the aquifers within the WHPA are categorized as High, Medium 
or Low, the next step is to intersect the WHPA sensitivity zones (A, B, C, and D) with the results 
of the SWAT-based relative vulnerability categorization.  Final intrinsic vulnerability scores (IVS) 
ranging from 2 (low vulnerability) to 10 (high vulnerability) are assigned to sub-zones within the 
WHPA.  The method is outlined in Table 4.1 of MOE Guidance Module 3 (MOE, 2006).  A 
simplified version of the table is presented in Table 8 (of this report).  The table also shows that 
pathogen protection zones and DNAPL protection zones have IVS values assigned 
independently of the SWAT analysis in certain zones, as per the prescribed scoring in Guidance 
Module 3 (MOE, 2006).  Figure 4 presents a schematic showing the results of the application of 
the IVS method.  For comparison, we also performed this IVS analysis for the WWAT results as 
well. 
 
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 IVS 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 presumed to be accounted for in the assessment of intrinsic 
vulnerability.   

1.3.3 Uncertainty Assessment 
There is a level of uncertainty associated with the SWAT and IVS methods.  The uncertainty is 
related to the level of uncertainty associated with each of the three processes used to develop 
the final IVS values: the numerical groundwater flow model, the time-of-travel analyses, and the 
SWAT assessment.  The uncertainty related to the numerical groundwater flow model and time-
of-travel analyses were discussed in Earthfx (2007).  This study focussed on identifying and 
evaluating the uncertainty related to the SWAT assessment.  
 
1.3.3.1 Uncertainty Associated with Vulnerability Mapping 
The TOT and WWAT methods will produce nearly identical results for wells in unconfined 
aquifers, such as Caledon East Wells 2 and 3, because the vertical travel times movement 
through the aquifer is relatively small compared to the horizontal travel times.  No new 
uncertainty is introduced in these cases.  Palgrave Wells 2 and 3 are within deeper parts of the 
unconfined aquifer and will have larger WWAT travel times due to the presence of overlying silt 
layers.  Additional uncertainty is introduced related to the uncertainty in mapping the thickness 
and continuity of the silt layers and in assigning hydraulic conductivities.   
 
The WWAT analyses for wells in confined aquifers, such as Caledon East Well 4, produce a 
much more realistic assessment of relative vulnerability than the ISI analyses.  However, the 
results have a lower level of confidence due to uncertainties related to continuity of the confining 
units and variability in the properties of the lower aquifer.  The uncertainty associated with the 
ability to identify and account for the all man-made and natural preferential pathways through 
the confining units also adds to the overall uncertainty.   
 
Incorporating UZAT in the SWAT analysis tends to shrink the size of the high relative 
vulnerability zones because of the additional vertical travel time through the unsaturated zone.  
UZAT values, which can range from years to hundreds of years, depend on the soil type, depth 
to water, vertical variation in soil properties (e.g. the presence of thin clay layers in a sandy 
aquifer can dramatically increase vertical travel times) and assumed recharge rates.  The 
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introduction of a large number of new parameters used in recharge modelling introduces 
additional uncertainty related to parameter values along with uncertainties related to the water 
balance modelling methodology itself.  However, the range of reasonable recharge rates for a 
particular hydrologic setting is somewhat constrained and the level of uncertainty is reduced if a 
reasonable calibration to observation data is obtained.   
 
It should be noted that the numerical model was calibrated to match the groundwater flow 
patterns observed in the study area.  Local, often subtle, variations in the flow patterns can exist 
that cannot be detected with the limited observation data and/or cannot be matched with the 
model due to lack of local data on aquifer or aquitard properties.  These subtle variations can 
affect the estimated times of travel and therefore introduce uncertainty in the results.   
 
It should also be noted that the level of uncertainty in model parameter values is not well 
matched with the thresholds used in assigning high, medium, and low IVS values.  We can be 
reasonably certain in recharge rates or hydraulic conductivity within a factor of 5 or 10 but are 
much less certain within a factor of 2 (i.e., distinguishing the effects of varying the hydraulic 
conductivity between 1x10-5 m/s and 2 x10-5 m/s for a silty sand or between a recharge rate of 
30 mm/yr or 60 mm/yr to a silty clay soil).  Yet a factor of 2 can easily shift a SWAT value of 4 
years to 8 years or 16 years to 32 years and thereby change the IVS score from high to medium 
or medium to low.   
 
1.3.3.2 Methods for Uncertainty Assessment 
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 are 
conducted using alternative model parameter values that (1) lie within the range of available 
field data, and (2) provide reasonable calibration to independently observed data (e.g., hydraulic 
heads and baseflow).  The scenario approach results in multiple sets of capture zones for a 
given time of travel.  The capture areas of the most reasonable scenarios can then be selected 
and the area of overlap between scenarios can be considered to have a higher level of 
confidence.   
 
For example, WHI (2005) compared two scenarios using hydraulic conductivity scaling factor of 
1.5 and 0.67 to estimate the uncertainty of the SWAT analysis at Palgrave Well 4.  This type of 
analysis is useful for quantifying one possible source of uncertainty.  Unfortunately there is no 
simple method for quantifying all the other uncertainties discussed above, acting separately or 
in combination.   
 
One alternative method, stochastic analysis using Monte Carlo techniques, is discussed in 
Guidance Module 3 and can be used to produce more quantitative estimates of uncertainty.  
Stochastic methods were tried by Earthfx in their analysis of WHPAs for York Region wells 
(Earthfx, in review).  Hydraulic conductivities of the aquifers and confining units were generated 
using a cross-correlated random field generator, as described in Robin et al. (1993) and the 
resulting TOT zones and WWAT values were determined.  The time and effort to conduct and 
process a statistically valid number of simulations is very high and, as noted in MOE Guidance 
Module 3, there is very little information available on the probability distributions of the key input 
parameters to quantify the level of confidence using this more formal approach to sensitivity 
analyses.  
 
Ultimately, because of the difficulties in quantifying uncertainty, we found that the best approach 
is to estimate model parameters using reasonable and consistent methods and to check model 
results by comparing it against observed data (for example, recharge rates can be compared 
against estimates of baseflow at multiple gauges in the Humber River watershed).  The TOT 
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zones and IVS values derived from the models should be recognized as estimates that can be 
improved upon as new data become available and the policies that are developed on these 
results should take uncertainty into account and not consider the values as absolutes. 
 
Table 8: Simplified table for determining intrinsic vulnerability scores utilizing WWAT and SWAT 

results. 
 

IVS for studies using WWAT and SWAT methods 
WHPA 
Zone 

High 
WWAT/ 
SWAT 
(0 to 5 

yr) 

Medium 
WWAT/ 
SWAT 
(5 to 25 

yr) 

Low 
WWAT/
SWAT
(>25 
yr) 

 DNAPL
Zones 

Path-
ogen 
Zones 

Comment 

Zone A 
100 m radius 

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

Zone B 
(0 - 2 yr) 

10 8 6 10 6 – 10 Pathogen Management Zone B 
scoring applies to all contaminants 
but DNAPLs.  

Zone C 
(2 - 5 yr) 

8 6 2 10 0 DNAPL Contaminant Protection 
Zone  

Zone D 
(5 – 25 yr) 

8 6 2 2 - 8 0 Zone D Scoring applies to all 
contaminants but pathogens. 
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Part 2: Study Results 
 

2 Data for the SWAT Analyses  
 
Earthfx (2007) presented discussions on the regional-scale geologic and hydrogeologic setting 
as well as the local-scale setting specific to the Caledon East and Palgrave wellfields.  The 
report also discussed 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.  These discussions provide a context for the analyses and results described in this 
section of the report.   

2.1 Topography and Quaternary Geology  
Depth to water, which is used in the UZAT calculation was determined from a 10-m digital 
elevation model (DEM) provided by the Ontario Ministry of Natural Resources (MNR) (Figure 5).  
Values were averaged to each 100-m-by-100-m model cell for the UZAT analysis.  Soil types 
and mobile water content were inferred from maps of Quaternary geology for the Palgrave and 
Caledon East areas (Figure 6 and Figure 7).  As can be seen in Figure 6, Palgrave Wells 2 and 
3 lie in an area mapped as ice-contact stratified drift sediments that are part of the Oak Ridges 
Moraine.  Figure 8 presents a cross-section through Wells 2 and 3 (Section A-A’), which shows 
the presence of a thick silt unit within the Oak Ridges Aquifer Complex (ORAC) sediments.  The 
silts are unsaturated in parts of the study area and the longer travel times through the 
unsaturated silts were calculated as part of the UZAT analysis.  As can be seen in Figure 7, 
Quaternary geology in a large area surrounding Caledon East Well 4 is mapped as ice-contact 
stratified drift, while Caledon East Wells 2 and 3 are located in an outwash channel.  Section E-
E’ (Figure 9) shows no silt layers within the outwash channel and shows that Caledon East Well 
4 is within the Thorncliffe Aquifer Complex (locally referred to as the Granite Stones aquifer). 

2.2 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, 2006).  These rates were 
estimated 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 9.  
 

Table 9: Annual average recharge rates used in West Model outside the 
 Humber River watershed 

Surficial Material 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 
Urban Areas – recharge value factor 60% 
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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 (Earthfx 
2007).  The recharge model was calibrated by matching total flows and baseflows at all Humber 
River gauges.  The combined recharge map is shown in Figure 10.  The PRMS model results 
are primarily governed by soil properties (related to surficial geology) with high rates in the 
hummocky moraine deposits and, to a lesser extent, by land-use variation.  Per-cent 
imperviousness, which was related to urban land-use classification, was the primary control on 
recharge rates within similar soil-type settings. 

2.3 Water Level Maps 
Maps of shallow groundwater levels were prepared using static water levels from the MOE 
water-well information system (WWIS) database (Earthfx, 2007).  Water-level measurements 
from 1064 wells installed after 1980 were used in the analysis.  These wells are located within a 
4 to 10 km-wide buffer around the study area.  Of these; 420 wells are located within the study 
area boundaries.  Well data were screened to eliminate wells with obvious location or elevation 
inaccuracies.  Well locations are shown in Figure 11.  Gaps in the well coverage can be noted in 
several areas.  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. 
 
Water-level data were interpolated separately for the areas above and below the Niagara 
Escarpment.  The interpolated groundwater levels for the ORAC and/or equivalent (above and 
below the Niagara Escarpment) are shown in Figure 11.  It should be emphasized that the map 
is based on the interpolation of the raw data and does not include additional constraints such as 
requiring the contours to match water-surface elevations where the contours intersect streams 
or lakes.  The interpolated water levels were subtracted from the gridded land-surface 
topography to determine the depth-to-water (dwt) values used in the UZAT analysis, as shown in 
Figure 12.  Depth-to-water is greatest above the Niagara Escarpment and in the Mt. Wolfe area.  
Zero depth-to-water values occur primarily in the vicinity of streams.   

2.4 Capture Zone Delineation 
The development and calibration of the numerical groundwater flow model used for the TOT 
and WWAT analysis, referred to as the “West Model”, are described in Earthfx (2007) and 
Kassenaar and Wexler (2006). The methodology used to delineate TOT zones is also discussed 
in section 1.3.1 of this report. 
 
The simulated 2, 5, 10, and 25 year TOT zones for Palgrave Wells 2 and 3 are shown in Figure 
13.  Also shown is the outline of WHPA Zone A, a circle with a 100 m radius around each well.  
The simulated 2, 5, 10, and 25 year TOT zones for Caledon East Wells 2, 3, and 4 are shown in 
Figure 14.  Also shown is the outline of WHPA Zone A, a circle with a 100 m radius around each 
well.  Reasons for the differences between these TOT zones and ones developed in earlier 
studies are discussed in Earthfx (2007).   
 
The WHPA TOT delineations and the corresponding sensitivity zones (A, B, C, D) (Earthfx, 
2007) were overlain in this study with the relative vulnerability mapping completed utilizing 
SWAT method to assign the IVS as discussed in sections 1.3.2 and 2.5 of this report. 

2.5 Vulnerability Assessment Results 
As noted in Section 1.3.2, the SWAT method was utilized in this study as an alternate 
vulnerability assessment method to estimate actual travel times to the wells within the TOT 
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capture zones and use these values to categorize the relative vulnerability within the WHPAs.  
Intrinsic vulnerability (IV) was rated as High (H), Medium (M), or Low (L) based on MOE 
Guidance Module 3 as shown in Table 7.  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 intrinsic vulnerability) to 10 (high intrinsic vulnerability) 
in accordance with Table 4.1, Appendix 4 of Guidance Module 3 (MOE, October 2006).   
 

2.5.1 UZAT Estimation 
As shown in Figure 3, the surface to well advection time (SWAT) is the sum of the unsaturated 
zone advective time (UZAT) and the water table to well advective time (WWAT).  An 
approximate method for estimating UZAT was applied as outlined in MOE Guidance Module 3 
and given in Equation 1.  Three parameters are needed to determine UZAT values: (1) depth to 
the water table (dwt), mobile moisture content (θm), and infiltration rate (qz).  Depth to water in 
the study area is presented in Figure 12.  Secondary maps were created to determine the 
minimum depth to water and depth to the top of the ORAC silt zone and to calculate the 
thickness of the unsaturated silts, shown in Figure 15.  UZAT values were calculated for the 
unsaturated upper ORAC sands using Equation 1, and the mobile moisture content was 
estimated from surficial geology (shown in Figure 16) and from values provided in Table 6. 
These values were adjusted by the travel times through the unsaturated ORAC silts, where 
present, using a mobile moisture content value of 0.25.   
 
Final values for UZAT within the 25-yr TOT zones for Palgrave Wells 2 and 3 are shown in 
Figure 17.  Travel times range from 0 to 25 years.  The brown-grey zones within the 25-yr TOT 
indicate unsaturated zone travel times greater than 25 years.  Accounting for the extra travel 
time through the unsaturated silts significantly increased the UZAT values around Palgrave Well 
3 but this is based on the assumption that the silt units are continuous.  The water table lies 
above the top of the ORAC silt layer near and east of Palgrave Well 2. 
 
Final values for UZAT within the 25-yr TOT zones for Caledon East Wells 2, 3, and 4 are shown 
in Figure 18.  As in the previous figure, travel times less than one year within the 25-yr TOT 
indicate thin to non-existent unsaturated zones. Areas with travel times greater than 25 years 
are shown in grey shade.  The large brown-grey shaded area above the Niagara Escarpment 
has till at surface and a higher value for mobile moisture content (see Figure 16).   
 

2.5.2 WWAT Estimation 
The second component of the surface to well advective time (SWAT) is the time of travel from 
the water table to the well screen (WWAT).  WWAT values were determined through forward 
particle tracking with the MODPATH code using output from the West Model.   
 
As noted earlier, virtual particles were placed along the top face (water table) of all model grid 
cells within the 25-yr TOT zone.  To ensure that no possible pathways were missed, particles 
were also placed in a large buffer area surrounding the 25-yr TOT.  If the water-table was below 
the base of Model Layer 1, the particles were released from the top of the uppermost active 
model layer.  Figure 19 shows a colour-coded map of the starting points for the WWAT analysis 
for the Palgrave wells.  As can be seen, most of the particles in the 25-yr TOT start in the 3rd or 
4th layer (Model Layer 3a and 3b) which lie within the ORAC.  Some of the particles just outside 
the 25-yr TOT start within deeper layers.  Figure 20 shows a colour-coded map of the starting 
points for the WWAT analysis for the Caledon East wells.  Particles in the in the 25-yr TOT start 



Surface to Well Advection Time Analysis of  
Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3 February 2008 
 

Earthfx Inc.  14 

in the 3rd to 9th layer (Model Layers 3a, 3b, 3c, 4, 5, 6, or 7) depending on the simulated 
elevation of the water-table.  
 
The MODPATH code tracked each virtual particle forward from its starting point at the water 
table (or the uppermost active model layer) to a discharge point which could be a either a well or 
a stream.  A post-processor (developed by Earthfx) was used to identify the subset of the 
particle tracks that ended up in the Palgrave or Caledon East wells.  The total travel time for 
each track was determined and then assigned to the cell from which it was released.   
 
WWAT values for the Palgrave wells are shown in Figure 21.  WWAT values greater than 25 
years (shown in brown-grey) cover a large part of the 25-yr TOT indicating that the vertical 
travel times are greater than the horizontal travel times.  Most of the WWAT travel times are 
less than 50 years although a few cells have values greater than 100 years.  Further analysis 
indicated that the simulated pathlines for particles taking longer than 25 years appeared to 
move through the Newmarket Till or through silt zones above the TAC for part of their travel to 
the well screen. 
 
Figure 22 shows the WWAT zones for the Caledon East wells.  The areas in the western part of 
the 25-yr TOT zone had travel times greater than 25 years but generally less than 50 years 
White areas within the 25-yr TOT zones indicate that particles discharge to some other point, 
either a different well or, most likely, to a nearby stream.  Areas around Caledon East 4 with 
short travel times tended to have thin Newmarket Till or the simulated water table was within the 
till unit.   
 

2.5.3 SWAT Estimation 
UZAT values were added to the WWAT values to get the final surface to well advective times 
(SWAT).  The SWAT values were then colour-coded for analysis.  Figure 23 shows the SWAT 
values for Palgrave Wells 2 and 3.  As can be seen, most of the area within the 25-yr WHPA 
TOT zone has total SWAT travel times to the wells greater than 25 years (shown in brown-
grey), indicating that most of the area outside the immediate vicinity of the wells has a low risk 
for groundwater contamination.  Figure 24 shows the SWAT values for Caledon East Wells 2, 3, 
and 4.  In this case, adding the UZAT values did not significantly change the general pattern of 
the travel times within the 25-yr TOT zone. 
 
Some general observations with regards to the WWAT versus SWAT results are outlined here: 

• WWAT and SWAT for CE2, CE3 and CE4 are almost identical except in the vicinity of 
CE2 where UZAT lengthened SWAT time of travel due to presence of Halton Till. If the 
limits of Halton Till are not accurate and the vicinity consists of ‘meltwater channel’ 
deposits, then this area should have higher protection as per the WWAT results; 

• WWAT and SWAT near PAL 2 are almost identical since UZAT time of travel appears to 
be low, thus IVS scoring does not appear to be much affected by UZAT in this area and 
thus utilization of WWAT would provide similar IVS scoring.  

• SWAT time of travel near PAL3 increased due to longer UZAT ‘time of travel’ results (i.e. 
since the well is sited at greater depths and there are some relatively thick silt units that 
would help to protect the CE3 aquifer from surface contamination.   
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2.5.4 Relative Vulnerability based on WWAT Values 
Although this report uses SWAT values for the final analyses and assignment of vulnerability 
scoring, maps of High (0 to 5 yrs), Medium (5 to 25 yrs) and Low (greater than 25 yrs) relative 
vulnerability have been created based on WWAT analysis.  Figure 25 shows the results for 
Palgrave Wells 2 and 3, and as can be seen, there is only a small area with high intrinsic 
vulnerability to the south and east of Palgrave Well 2.  The remaining area within the 25-yr 
WHPA TOT has a medium-to-low relative vulnerability.  A similar map was prepared for 
Caledon East Wells 2, 3, and 4 (Figure 26).  The area of high relative vulnerability around Wells 
2 and 3 is larger because of the more rapid lateral travel times through the outwash channel 
materials.  The remaining area within the 25-yr WHPA TOT has a medium-to-low relative 
vulnerability.   
 

2.5.5 Relative Vulnerability based on SWAT Values 
Appendix 4 of Guidance Module 3 (MOE, October 2006) recommends translating the advective 
travel times obtained from the SWAT analyses into relative measures of intrinsic vulnerability as 
presented in Table 7.  Maps of the High, Medium, Low relative vulnerability corresponding to 
SWAT values of times of 0 to 5, 5 to 25, and greater than 25 years for Palgrave Wells 2 and 3 
are shown in Figure 27, while Figure 28 shows SWAT-based relative vulnerabilities for Caledon 
East Wells 2, 3 and 4.  The results show that the H, M and L zones are slightly smaller for the 
SWAT than for the WWAT analysis.   This is expected because SWAT combines WWAT with 
UZAT, which results in longer travel times to the well, and small vulnerability zones. 
 

2.5.6 Intrinsic Vulnerability Scores based on WWAT Values 
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 is presented in 
Table 8 (of this report).  Note that, based on Table 4.1, no areas are ever assigned a score of 4.  
The table also shows that pathogen protection zones and DNAPL (dense non-aqueous phase 
liquids) protection zones have highest IVS value of 10 assigned independently of the WWAT 
analysis and subsequent intrinsic vulnerability mapping within certain zones.   
 
Figure 29 shows the IVS for pathogen zones at Palgrave Wells 2 and 3, based on the WWAT 
results.  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 4), such that the Zone B’s around Palgrave Wells 2 
and 3 have values of 6 or 8 with a small area having a value of 10 south-west of Well 2.  The 
other zones are not defined for pathogens (equivalent to automatically assigning a value of 0 to 
Zones C and D).  Figure 30 shows the WWAT-based 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.  The Zone B’s around Caledon East Wells 2 and 3 also mostly have values of 10.  Zone B 
around Caledon Well 4 has values ranging from 6 to 10 with the largest sub-area having a value 
of 8.  As noted earlier, the white areas within the 2-yr TOT zones (e.g., around Caledon Well 4) 
represent areas where groundwater discharges to some other point, either a different well or, 
most likely, to a nearby stream and therefore receive an IVS of zero.  It should be realized that 
there is always a degree of uncertainty related to these analyses and scoring.  This is discussed 
in Section 2.6. 
 
Figure 31 shows the WWAT-based IVS for the DNAPL zones at Palgrave Wells 2 and 3.  As 
can be seen, Zone A, Zone B, and Zone C (5-yr TOT) are automatically assigned a value of 10.  
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Zone D (outside the 5-yr TOT) is assigned values based on the aquifer vulnerability (H, M, and 
L) categorization and WHPA sensitivity zone mapping (see Figure 4).  Zone D has values of 6 
nearer the wells and a larger area with an IVS of 2 farther from the wells.  Figure 32 and Figure 
33 show the WWAT-based IVS for the DNAPL zones at Caledon Wells 2 and 3, and Well 4, 
respectively.  Zone A, Zone B, and Zone C were assigned a value of 10.  Zone D was assigned 
IVS values of 2 or 6.  Unlike the previous ISI analysis, Zone D was not subdivided based on the 
location of the 10-yr TOT zone.  
 
Final WWAT-based intrinsic vulnerability scores (IVS) were determined for general 
contaminants based on the aquifer vulnerability (H, M, L) categorization and WHPA sensitivity 
zone mapping for all zones except Zone A.  Figure 34 shows the IVS for general contaminants 
at Palgrave Wells 2 and 3.  Figure 35 shows the WWAT-based IVS at Caledon Wells 2 and 3 
and Figure 36 shows the WWAT-based 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.  Note that there is no distinction in IVS scores for 
Zone C and Zone D in the SWAT analyses. 
 

2.5.7 Intrinsic Vulnerability Scores based on SWAT Values 
In a manner similar to WWAT-based results outlined in the previous section, IVS was assigned 
to the WHPAs using the SWAT results.  
 
Figure 37 shows the IVS for pathogen zones at Palgrave Wells 2 and 3, based on the SWAT 
results.  As outlined previously, 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, such that the Zone B around Palgrave Wells 
2 and 3 have values of 6 or 8 with a small area having a value of 10 south of Well 2.  Figure 38 
shows the SWAT-based 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 around 
Caledon East Wells 2 and 3 mostly have values of 10 with smaller areas with values of 6 or 8 
southeast of the wells.  Zone B around Caledon Well 4 has values ranging from 6 to 10 with the 
largest sub-area having a value of 8.    These results are similar to that for the IVS map from the 
WWAT results, which showed a slightly larger area with an IVS of 8 (Figure 29 and Figure 30).   
 
Figure 39 shows the IVS for the DNAPL zones (based on SWAT results) at Palgrave Wells 2 
and 3.  As seen in the previous section, Zone A, Zone B, and Zone C (5-yr TOT) are 
automatically assigned a value of 10.  Zone D (outside the 5-yr TOT) is assigned values based 
on the aquifer vulnerability (H, M, and L) categorization and mapping.  Zone D has values of 6 
nearer the wells and a much larger area with an IVS of 2 farther from the wells.  Figure 40 and 
Figure 41 show the IVS for the DNAPL zones at Caledon Wells 2 and 3, and Well 4, 
respectively.  Zone A, Zone B, and Zone C were assigned a value of 10.  Zone D was assigned 
IVS values of 2 or 6.   Upon comparison with the equivalent IVS from the WWAT results (Figure 
31, Figure 32 and Figure 33), the zones with IVS of 8 or 10 are identical because of the rules for 
DNAPL zones.  However, the zones with a score of 6 are larger for the WWAT results because 
these do not take the UZAT into consideration.  
 
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 
42 shows the IVS for general contaminants at Palgrave Wells 2 and 3.  Figure 43 shows the IVS 
at Caledon Wells 2 and 3 and Figure 44 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 general contaminants for some of the wells.  Note that there is no 
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distinction in IVS scores for Zone C and Zone D in the SWAT analyses.  Comparison of these 
three figures with the equivalent IVS maps from the WWAT results shows that IVS zones from 
the WWAT analyses tend to be larger than from the SWAT analyses.  For example, the IVS 6 
zone from the WWAT analysis for the Palgrave wells (yellow zone in Figure 34) is larger than 
from SWAT analysis (yellow zone in Figure 42). 
 
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 SWAT 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 assumed to be accounted for in 
assessment of intrinsic vulnerability.  
 
As noted in our earlier study (Earthfx, 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 (Earthfx, 2007).  Of greater 
concern are wells that have not been properly abandoned.  The casings of these wells could 
possibly corrode and 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 
because they are no longer needed for water supply.  Priority should be given to identifying and 
decommissioning private wells in the serviced areas that fall within the 5-yr TOT zone for the 
municipal wells. 

2.6 Uncertainty Assessment 
There is a level of uncertainty associated with the SWAT-based IVS method that is directly 
related to the level of uncertainty associated with each of the three processes used to develop 
the final IVS values: (1) the numerical groundwater flow model, (2) the WHPA time-of-travel 
analyses, and (3) the SWAT analysis.  Uncertainty related to the numerical groundwater flow 
model and the time-of-travel analyses were discussed in Earthfx (2007).  Uncertainty related to 
data distribution within the TOT zones was also discussed. 

2.6.1 Uncertainty Related to SWAT Analysis  
Earthfx (2007) analyzed the basis for the ISI method and concluded that it was an ad hoc 
method, loosely based on hydrologic principles, but with a number of simplifying and subjective 
steps, such as assigning “K-factors” based on the negative log of the hydraulic conductivity, that 
cannot be field verified or tested.  The ad hoc nature of the ISI and the related IVS calculations 
was apparent in the geostatistical variation observed in the results.   
 
On the other hand, the SWAT analysis method is the most scientifically sound of the 
recommended methods listed in Guidance Module 3 (MOE, 2006).  The WWAT component of 
the SWAT analysis method is essentially an extension of the numerical modelling and does not 
introduce any new level of uncertainty related to the methodology itself.  It is based on 
assessing true travel times using locally determined hydraulic properties that have been 
adjusted and refined through model calibration.  The models that the WWAT analyses were 
based on were developed using recognized hydrogeologic and hydraulic principles and have 
been calibrated to match the observed heads.  More importantly, the models attempt to match 
the observed directions of flow by carefully representing factors that influence flow patterns such 
as local variations in aquifer properties, recharge rates, aquifer and aquitard thickness and 
continuity as well as the effects of pumping from nearby wells and the influence of streams.  
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In discussing the uncertainty in delineating the WHPA TOT zones, Earthfx (2007) noted that 
while the numerical model produced good matches to the observed water levels and baseflows, 
the certainty with which the flow model can match localized flow patterns is much lower.  This 
uncertainty applies to the estimated advective travel times as well.  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 and associated travel times 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 exact flow 
paths and travel times are.  However, we feel reasonably certain that the models represent the 
likely flow paths and travel times. 
 
Advective travel times 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, 
but 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. 

2.6.2 Uncertainty Related to UZAT Analysis  
There is also uncertainty associated with the calculation of unsaturated travel times (UZAT).  As 
noted earlier, estimating the true time of travel through the unsaturated zone is highly complex 
and depends on the unsaturated hydraulic conductivity of the soil, soil moisture, and pressure 
head gradients in the unsaturated zone.  Unfortunately, the data on unsaturated soil properties 
is very limited although a series of Guelph permeameter tests conducted by the TRCA in the 
Centerville area provides one of the better data sets available on the distribution of soil 
infiltration potential.  In conducting the UZAT analysis, we followed the approximate method 
suggested in the MOE’s Guidance Module 3 (2006) by using the annual rate of groundwater 
recharge as a proxy for the average flux of moisture through the subsurface.  There is 
uncertainty with the assumed rate of recharge but the use of the PRMS model calibrated to 
baseflow and runoff at all gauges in the Humber River watershed gives us a higher degree of 
confidence than in the previous estimates (Kassenaar and Wexler, 2006) based primarily on 
surficial geology. 
 
The UZAT calculation also involves estimates of “mobile moisture content”, θm, which is used as 
a surrogate for the average moisture content of the soil under steady-state drainage at the 
infiltration rate.  The uncertainty related to porosity values, which can be measured with relative 
ease in the laboratory, would apply even more so to estimates of mobile moisture content, a 
derived quantity that depends on soil properties such as porosity and field capacity and the 
average recharge rate.   
 
The MOE suggests values for ‘mobile moisture content’ based on general soil type that appear 
to be reasonable estimates of average moisture content under steady state infiltration.  
However, we have some reservations regarding the use of these numbers as a surrogate for the 
“mobile” moisture content.  In a clay soil, for example, the average moisture content is high 
(greater than 40%) but most of the water molecules are bound to the clay particles by 
electrostatic forces and, therefore, are not mobile.  Flow of moisture due to infiltration would 
take place through the remaining porosity (5-10%) of the soil and therefore, actual UZAT travel 
times will be shorter and the size of the UZAT zones (as defined by the 25-yr UZAT value) 
would be larger.  Similarly for other soil types, the flow can be visualized as taking place in the 



Surface to Well Advection Time Analysis of  
Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3 February 2008 
 

Earthfx Inc.  19 

volume of pore space represented by the excess above field capacity that occurs during typical 
infiltration events.  Values of 5 to 15% (lower for clay and higher for sands) may be more 
appropriate and would produce shorter UZAT times and more conservative IVS values.   
 
Finally, the UZAT analysis, while appropriate for the slow leaching of contaminants (such as 
road salt or agricultural chemicals) from the surface, does not account for the possibility of 
sudden releases of chemicals through leaks or spills.  The fluids released can pond, saturate 
the underlying soil, and then move downward to the water table in orders of magnitude shorter 
time than the natural rate of movement.  Because of the uncertainty discussed above and the 
possibility of short travel times for contaminant spills, many municipalities, (for example, York 
Region) have elected to forego including UZAT in the IVS calculations.   
 
As noted, it is difficult to independently verify the UZAT values.  Data from other sources, such 
as isotope data (for age-dating the water), geochemical data, and water quality indicators can 
provide some corroboration of the calculated travel times.  High chloride and nitrate levels, if 
present in the water quality samples, indicate possible contamination form surface sources and 
therefore, short travel times.  As an example, BAA (2003) found chloride and nitrate levels at the 
Palgrave wells (Well 2 and 3) were 4 mg/L and less than 0.2 mg/L, respectively, and concluded 
that the wells had no indication of chloride and nitrate impacts.   

2.6.3 Uncertainty Related to IVS Analysis  
The use of SWAT values to subdivide areas within the TOT zones adds another level of 
uncertainty because the UZAT and WWAT results cannot be field-verified or tested easily.  The 
assignment of high IVS values to pathogen and DNAPL protection zones, regardless of actual 
travel times, is an implicit recognition that the level of uncertainty introduced is unacceptable 
when it comes to contaminants that present the greatest risk to human health.   
 
The uncertainty of the IVS analysis also adds to the challenge faced by municipal planners.  It is 
difficult enough to incorporate TOT zones into long-term municipal plans because the TOT 
zones can change their shape and extent if well operations change or if new data or models 
become available.  The small zones created through the IVS analyses are more uncertain and 
are therefore more likely to be subject to change over time.     
 
One subjective process that introduces additional uncertainty in the IVS analysis is the re-
classification of the SWAT values into High, Medium, and Low based on the assumed time of 
travel.  Guidance Module 3 recommends 0 to 5, 5 to 25, and greater than 25 years as the 
thresholds and these seemed reasonable at first.  The 0-to-5-year period represents a minimum 
time frame in which to recognize a potential threat, detect the contaminant in the groundwater 
system, and develop a response to the problem.  These areas, therefore, present the highest 
level of risk to the supply wells.  It is assumed that sufficient lead time would be afforded in 
areas with travel times greater than 5 years to react to contamination from known sources.  
 
The ability to detect contamination from unknown sources within these zones, however, is not 
guaranteed even with a well-designed network of early-warning sentry wells.  Even in the areas 
with travel times between 25 to 50 years, it is still possible that contaminants from unknown 
sources will arrive at the well within the time period that the well is in use.  A threshold of WWAT 
values greater than 25 years, or a threshold based on the known well phase-out time (with a 
factor of safety) may be more justifiable for assigning areas a low-risk score.  Larger zones 
could then be designated as low-risk areas and would need a reduced level of monitoring.  
Monitoring and data collection could then focus on the remaining higher risk areas.  The use of 
a two-level system rather than a five-level system would be much easier to manage from a 
municipal planning perspective. 
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2.7 Summary and Recommendations 
To summarize, we have used sound scientific principles and hydrogeologic modelling 
techniques to delineate UZAT, WWAT, and SWAT time-of-travel zones and to assign intrinsic 
vulnerability scores to areas within the WHPA TOT zones.  We have made conservative 
assumptions in applying the models including the pumping rates and aquifer porosity values.  
We still recognize that the IVS methods introduce a higher level of uncertainty than the WHPA 
TOT delineation.  Accordingly, we recommend that: 
 

• The WHPA TOT results should be adopted to protect the areas around the municipal 
wells.   

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

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

• The IVS scores should be used to focus monitoring, planning, and data collection 
efforts on areas of higher intrinsic vulnerability.  The results should not be used to 
permit high risk activities within the low-risk IVS zones.   

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

• Data collection efforts and expansion of the monitoring network based on these 
results should continue. 

• Peel Region should continue its program to locate, catalogue, and properly 
decommission abandoned wells. If possible, the Region should continue to provide 
financial assistance, where needed, to well owners within the WHPAs to properly 
decommission private wells that are not needed in the serviced areas.  Priorities can 
be assigned to each abandoned or unneeded well based on the results of the IVS 
analysis. 

2.8 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.   
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It should be recognized that the passage of time affects the information provided in this report.  
Environmental conditions and the amount of data available can change.  Discussions relating to 
the conditions are based upon information that existed at the time the conclusions were 
formulated. 
 
All of which is respectively submitted, 
 
EARTHFX INC. 
 

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

 
 
E.J. Wexler, M.Sc., M.Sc. (Eng) 
Earthfx Inc. 
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Figure 1: Wellhead Protection Study Area (Earthfx, 2007) showing location of the Caledon East 
and Palgrave municipal wells. 
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Figure 2: WHPA Time-of-Travel and Sensitivity Zones (after MOE, 2006). 

 

 
Figure 3: Section showing definitions of MOE Intrinsic Vulnerability TOT methods 
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Figure 4: Schematic of vulnerability scoring for WHPA sensitivity zones (after MOE, 2006). 
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Figure 5: Land surface topography of Caledon East and Palgrave areas. 
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Figure 6: Quaternary geology for the Palgrave area (after White, 1975). 
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Figure 7: Quaternary geology for the Caledon East Area (after White, 1975). 
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Figure 8: Northwest-Southeast section through the Palgrave area. 
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Figure 9: East-West section through the Caledon East area. 
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Figure 10: Groundwater recharge rates applied in the West Model. 
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Figure 11: Interpolated groundwater levels in the ORAC and/or equivalent above and  

below the Niagara Escarpment. 
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Figure 12: Estimated depth to the water table (in metres). 
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Figure 13: 2-, 5-, 10-, and 25-year time of travel zones for Palgrave Wells 2 and 3. 
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Figure 14: 2-, 5-, 10-, and 25-year time of travel zones for Caledon East Wells 2, 3, and 4. 
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Figure 15: Thickness of unsaturated ORAC silts in the Palgrave and Caledon East areas. 
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Figure 16: Mobile moisture content (from surficial geology) in the Palgrave  

and Caledon East areas.
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Figure 17: Unsaturated zone advective times (UZAT) within the 25-year TOT Zone  

for the Palgrave wells. 
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Figure 18: Unsaturated zone advective times within the 25-Year TOT Zone 

 for the Caledon East wells. 
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Figure 19: Colour-coded map of the starting layers for particles used in the  

SWAT analysis for Palgrave Wells 2 and 3. 
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Figure 20: Starting layer for particles used in the SWAT analysis for  

Caledon East Wells 2, 3, and 4. 
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Figure 21: Water table to well advective times (WWAT) for Palgrave Wells 2 and 3. 
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Figure 22: Water table to well advective times for Caledon East Wells 2, 3, and 4. 
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Figure 23: Surface to well advective times (SWAT) for Palgrave Wells 2 and 3. 
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Figure 24: Surface to well advective times for Caledon East Wells 2, 3, and 4. 
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Figure 25: High, Medium, and Low intrinsic vulnerability (based on WWAT) for Palgrave Wells 2 

and 3. 
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Figure 26: High, Medium, and Low intrinsic vulnerability (based on WWAT) for Caledon East 

Wells 2 and 3. 

 



Surface to Well Advection Time Analysis of  
Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3 February 2008 
 

Earthfx Inc.  49 

 
Figure 27: High, Medium, and Low intrinsic vulnerability (based on SWAT) for Palgrave Wells 2 

and 3. 



Surface to Well Advection Time Analysis of  
Wellhead Protection Areas - Caledon East Wells 2, 3, and 4 and Palgrave Wells 2 and 3 February 2008 
 

Earthfx Inc.  50 

 

Figure 28: High, Medium, and Low intrinsic vulnerability (based on SWAT) for Caledon East 
Wells 2, 3, and 4. 
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Figure 29:  Intrinsic vulnerability scoring (WWAT) -- Pathogen zones for Palgrave Wells 2 and 3. 
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Figure 30:  Intrinsic vulnerability scoring (WWAT) -- Pathogen zones for Caledon East Wells 2, 3 

and 4. 
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Figure 31: Intrinsic vulnerability scoring (WWAT) -- DNAPL zones for Palgrave Wells 2 and 3. 
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Figure 32: Intrinsic vulnerability scoring (WWAT) -- DNAPL zones for Caledon East Wells 2 and 
3. 
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Figure 33: Intrinsic vulnerability scoring (WWAT) -- DNAPL zones for Caledon East Well 4. 
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Figure 34: Intrinsic vulnerability scoring (WWAT) – General contaminant zones for 
 Palgrave Wells 2 and 3. 
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Figure 35: Intrinsic vulnerability scoring (WWAT) – General contaminant zones for 
Caledon East Wells 2 and 3. 
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Figure 36: Intrinsic vulnerability scoring (WWAT) – General contaminant zones for 
 Caledon East Well 4. 
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Figure 37:  Intrinsic vulnerability scoring (SWAT) -- Pathogen zones for Palgrave Wells 2 and 3. 
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Figure 38: Intrinsic vulnerability scoring (SWAT) -- Pathogen zones for Caledon East Wells 2, 3, 
and 4. 
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Figure 39: Intrinsic vulnerability scoring (SWAT) -- DNAPL zones for Palgrave Wells 2 and 3. 
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Figure 40: Intrinsic vulnerability scoring (SWAT) -- DNAPL zones for Caledon East Wells 2 and 
3. 
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Figure 41: Intrinsic vulnerability scoring (SWAT) -- DNAPL zones for Caledon East Well 4. 
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Figure 42: Intrinsic vulnerability scoring (SWAT) – General contaminant zones for 
 Palgrave Wells 2 and 3. 
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Figure 43: Intrinsic vulnerability scoring (SWAT) – General contaminant zones for Caledon East 
Wells 2 and 3. 
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Figure 44: Intrinsic vulnerability scoring (SWAT) – General contaminant zones for Caledon East 
Well 4. 
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