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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 (WHPAs) 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).
This study re-evaluates the WHPA time-of-travel (TOT) delineations and presents the results of
the vulnerability assessment for a new municipal well designated as Palgrave Well 4. The well is
located in the northeastern portion of the Region of Peel within the Humber River watershed.
The initial WHPA study and the preliminary vulnerability assessments were completed for this
well by Waterloo Hydrogeologic Inc. in 2003 and 2005, respectively. The current study brings
Palgrave 4 assessments in line with the Guidance Module #3 requirements (Ministry of
Environment (MOE), October 2006) and in line with the Palgrave 2 and 3 and Caledon East 2,
3, and 4 studies (Earthfx, 2007 and 2008) as noted below.
In 2006-2007, a provincially funded study was conducted by Earthfx Incorporated (Earthfx) to
update the mapping of Wellhead Protection Areas (WHPA) around the active municipal drinking
water supply wells in the towns of Caledon East (Wells 2, 3, and 4) and Palgrave (Wells 2 and
3). 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
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.
A second study (Earthfx, 2008) used a different method, referred to as the “surface to well
advective time (SWAT) technique”, to assess relative vulnerability and assign vulnerability
scoring to Caledon East 2, 3, and 4 and Palgrave 2 and 3 WHPAs. 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) were then assigned to these zones based on their location 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).
This report uses the methods described in both previous reports (Earthfx 2007; Earthfx 2008) to
delineate the WHPAs and SWATs for Palgrave Well 4. The current work uses a conceptual
Earthfx Inc.
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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 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) and that was further
enhanced during the 2006-2007 WHPA study for the active Caledon East and Palgrave Wells.

1.1 Previous Work
A previous WHPA analysis for Palgrave Well 4 is presented in WHI (2003, 2005), who
established TOT zones (WHI, 2003) and SWAT zones (WHI, 2005). Figure 1 shows the 50day, 2-yr, 5-yr, 10-yr and 25-yr TOT zones and the SWAT zones as depicted in the WHI (2005)
report. The TOT and SWAT zones from WHI (2005) show similar patterns to those presented
later in this report (Figure 2 and Figure 10) based on the current study. Differences between the
two results are discussed further on in the report.

1.2 Methodology
Section 1.4 in the Earthfx (2007) WHPA report provided a detailed description of the
methodology used to determine time of travel (TOT) zones. Included in Earthfx (2007) is a
description of the numerical model (including model domain and boundaries), assumed
pumping rates, porosity values used, as well as a summary of the geology and hydrogeology of
the study area.
Section 1.3 in the Earthfx (2008) SWAT report provides a description of the methodology that
was used in the SWAT analyses, including definitions of the terms used in the SWAT analysis.
The reader is referred to these two reports for these more-detailed discussions.

Earthfx Inc.

6

WHPA and SWAT Analysis – Palgrave Well 4

September 2008

2 Study Results
2.1 Numerical Modelling
2.1.1 Capture Zone Delineation
Time-of-Travel (TOT) zones are defined as the portion of a capture zone in which groundwater
will travel to a production well within a specified period of time. For example, a 10-yr 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 3-D surfaces. WHPAs 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.
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-yr TOT zone;
Zone C: DNAPL/Contaminant Protection Zone – 5-yr TOT zone;
Zone D: Secondary Protection Zone – 10- and 25-yr TOT zones.

These were shown schematically in Figure 5 of the Earthfx (2007) study. TOT zone analyses
were conducted using the USGS MODPATH code as discussed in Section 2.3.7 of Earthfx
(2007). Pumping rates were assigned based on the maximum rates listed in the permit to take
water (PTTW), as shown in Table 1. Recharge rates, aquifer properties, and aquifer porosity
values used in this analysis are identical to those presented in Section 2.2 of Earthfx (2007).
Table 1: Maximum Permitted Water Taking for Palgrave Wells
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

The newly simulated 2-, 5-, 10-, and 25-yr TOT zones for Palgrave Well 4 are shown in Figure 2
Also shown is the outline of WHPA Zone A, defined by a circle with a 100-m radius around the
well. These TOT zones are generally smaller than the ones developed in previous studies for
Palgrave (WHI, 2003) and are elongated towards the northwest following the general orientation
of the Humber River. Some of the TOT differences may be attributed to the fact the WHI (2003)
used an older, simpler version of the geologic model, originally developed by the Geological
Survey of Canada (GSC) (see Sharpe, et al., 1997, for example) that was characterized by four
main units:
1.
2.
3.
4.
Earthfx Inc.
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Since 2003, the hydrostratigraphic model in the area has been enhanced and the current study
uses a more up-to-date, 8-layer geologic model, which subdivided the Lower Sediments into
three units, as described in more detail in Earthfx (2007) and Kassenaar and Wexler (2006).
Further refinement of the Oak Ridges Aquifer Complex (ORAC) was done as part of the
Caledon East and Palgrave 2006-2007 WHPA study (Earthfx, 2007) to account for an extensive
silt layer within the ORAC sediments. Other differences may be due to the pumping rates
assumed for nearby wells and the rates and the distribution of groundwater recharge. However,
it should be also recognized that the flow patterns in this area are complex and difficult to match
exactly (see discussion in Section 2.2.4; Earthfx, 2007).

2.2 Wellhead Protection Area Implementation
2.2.1 Vulnerability Assessments Methods
For this study, as in the case of Earthfx (2007), we first used the Intrinsic Susceptibility Index
(ISI) method to assign numerical values to the relative vulnerability within the newly delineated
WHPAs for Palgrave 4. Next, these ISI values were 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. 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 the Earthfx (2007) report.
Figure 37 in Earthfx (2007) report showed ISI values at borehole locations in the Palgrave area
while Figure 3 in the current report shows the interpolated ISI values re-classified into zones of
high, medium, and low intrinsic aquifer vulnerability. The ISI ranking map (Figure 3) shows that
the TOT zones for Palgrave 4 generally lie within areas of low-to-medium intrinsic vulnerability
owing to the water table being slightly deeper (in comparison to Palgrave Wells 2 and 3) and
within the finer-grained silt deposits.
2.2.1.1 Intrinsic Vulnerability Scores
Final intrinsic vulnerability scores (IVS), ranging from 2 (low vulnerability) to 10 (high
vulnerability), were assigned to sub-zones within the Palgrave 4 WHPA based on methods
outlined in Table 4.1 of MOE Guidance Module 3 (MOE, 2006). A simplified version of the MOE
table is presented in
Table 2 below, which is specific to the ISI method used in this study where the optional 10-yr
TOT 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 4 shows the IVS for pathogen zones at Palgrave Well 4. Zone A (the 100-m radius
around the well) is automatically assigned a value of 10. Zone B (2-yr TOT) is assigned values
based on the aquifer vulnerability (H, M, L) categorization and mapping, such that the Zone B
around Palgrave Well 4 has values of 6 or 8. The other zones (C and D) are not defined for
pathogens.
Earthfx Inc.
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Table 2: Simplified table for determining intrinsic vulnerability scores
IVS for studies using ISI method and having 5-year TOT Zones
High
Medium
Low
DNAPL PathComment
ISI
ISI
ISI
Zones
ogen
(0 to 30) (30 to 80) (>80)
Zones
Pathogen Security/Prohibition Zone is
10
10
10
10
10

assigned an IVS of 10 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.

Figure 5 shows the IVS for the DNAPL zones at Palgrave Well 4. As can be seen, Zone A,
Zone B, and Zone C (5-yr TOT) are all automatically assigned a value of 10. Zone D1 (within
the 10-yr TOT) and Zone D2 (outside the 10-yr TOT) are assigned values based on the aquifer
vulnerability (H, M, L) categorization and mapping, such that the Zone D1 around Palgrave Well
2 has a value of 2 (with a small zone with a value of 4) while the entire Zone D2 is 2.
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 6
shows the IVS for general contaminants at Palgrave 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.

2.3 Uncertainty Assessment
As noted in Earthfx (2007), 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. Wells distribution also affects the certainty of the analyses. As the geology
and groundwater flow patterns are better understood in areas of higher well density.
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
TOT 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 high even though the numerical
model produced good matches to the observed water levels and baseflows. Time-of-travel
values are further affected by the values assumed for effective aquifer porosity. Conservative
values (i.e. smaller values that result in greater velocities and therefore shorter travel times)
were assumed for this study.
Earthfx Inc.
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The ISI process is loosely based on hydrologic principals but with a number of simplifying and
subjective steps that cannot be field verified or tested. A high level of uncertainty that was
found in the ISI and IVS calculations was apparent as evidenced by the geostatistical variation
observed in the results (Earthfx, 2007) One critical problem identified was with the linearization
of the “K factors“ which can lead to unrealistic ISI scores.

2.3.1.1 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 the Palgrave wells. In the Earthfx
(2007) report, it was noted that the Palgrave Well 2 TOT zones were relatively small and a
reasonable number of wells were found within the 2, 5 and 10 years TOT zones to help define
the local geology which was relatively simple when compared to the other wellfields. The
geologic layering at Palgrave 3 and 4 is more complex, the TOT zones are larger, and there are
few wells that fall within the 2 to 5 year TOT zone, leading to a higher overall uncertainty rating.
Results for Palgrave 4 are shown in Table 3.
Table 3: Uncertainty assessment for Palgrave Well 4
Well

Uncertainty Type

Numerical Model Uncertainty
Palgrave TOT Analysis Uncertainty
Well 4
ISI Vulnerability Mapping
Resultant Uncertainty

Earthfx Inc.

Zone B
(2-yr TOT)

Zone C
(5-yr TOT)

Zone D
(25-yr TOT)

low
Medium
Medium
Medium

high
Medium
High
High

medium
Medium
Medium
Medium
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3 UZAT, WWAT and SWAT Analyses
Section 1.3 in Earthfx (2008) report presents a detailed description of the application of the
UZAT, WWAT, SWAT, methodology to assess vulnerability at Palgrave Wells 2 and 3. The
report also discussed specific information, such as groundwater recharge rates, soil moisture
content, water-levels, and land-surface topography, that relates to the application of the
methods to the wells. The techniques were applied in a similar manner to Palgrave Well 4, as
described below.

3.1 Vulnerability Assessment Results
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 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 in which High (H)
vulnerability corresponds to SWAT values 0-5 years; Medium (M) vulnerability corresponds to
SWAT values of 5 to 25 years, and Low (L) vulnerability corresponds to SWAT values of more
than 25 years. The Palgrave 4 WHPA sensitivity zones (i.e., Zones A through D) were then
intersected with the SWAT-based 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).
3.1.1 UZAT Estimation
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 in
Earthfx (2008), and a more detailed discussion of how UZAT values are determined is also
provided in Earthfx (2008).
Final values for UZAT within the 25-yr TOT zones for Palgrave Well 4 are shown in Figure 7.
Travel times range from 0 to 25 years.
3.1.2 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 in Earthfx (2008), 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 8 shows a colour-coded map of the starting points for the WWAT
analysis for Palgrave Well 4. 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.
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
Earthfx Inc.
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particle tracks that ended up in Palgrave Well 4. The total travel time for each track was
determined and then assigned to the cell from which it was released.
WWAT values for Palgrave Well 4 are shown in Figure 9. WWAT values greater than 25 years
(shown in grey) cover an area in the northern part of the 25-yr TOT indicating that the vertical
travel times are greater than the horizontal travel times. Three small zones show WWAT values
slightly below 25 years (show as pink cells within the grey zones). Particles that start in cells
that are shown as blank (i.e., white) discharge to other areas (i.e., streams).
3.1.3 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 10 shows the SWAT
values for Palgrave Well 4. As can be seen, all particles that reach the well have SWAT travel
times greater than 25 years (shown as the grey area towards boundary of the 25-yr TOT).
It should be noted that WWAT and SWAT near Palgrave Well 4 are almost identical because
UZAT times of travel appear 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.
3.1.4 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 also been created based on WWAT analysis. Figure 11 shows the results for
Palgrave Well 4. There is a fairly large area of low-to-medium vulnerability in the northern third
of the 25-yr WHPA TOT (shown as blue and yellow).
3.1.5 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.
Figure 12 shows that for Palgrave Well 4, there are no zones of High (0 to 5 years) or Medium
(5 to 25 years) relative vulnerability. A zone of Low vulnerability (greater than 25 yrs) is shown in
blue, in the northern portion of the 25-yr WHPA TOT. In general, the results of the WWAT and
SWAT analyses are very similar.
3.1.6 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) and as summarized in Table 4. Note that, based
on Table 4, 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.

Earthfx Inc.
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Table 4: Simplified table for determining intrinsic vulnerability scores utilizing SWAT results.

WHPA
Zone

Zone A
100 m radius

High
SWAT
(0 to 5
yr)
10

IVS for studies using WWAT and SWAT method
Medium
Low
DNAPL PathComment
SWAT
SWAT
Zones
ogen
(5 to 25
(>25
Zones
yr)
yr)
Pathogen Security/Prohibition Zone
10
10
10
10

Zone B
(0 - 2 yr)

10

8

6

10

6 – 10

Zone C
(2 - 5 yr)
Zone D
(5 – 25 yr)

8

6

2

10

0

8

6

2

2-8

0

is assigned an IVS of 10
irrespective of SWAT score.
Pathogen Management Zone B
scoring applies to all contaminants
but DNAPLs.
DNAPL Contaminant Protection
Zone
Zone D Scoring applies to all
contaminants but pathogens.

Figure 13 shows the IVS for pathogen zones at Palgrave Well 4, 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 from Earthfx, 2008); however, for Palgrave 4,
particles released in Zone B at the water table do not reach the well (refer to Figures 9 and 11).
Thus, there is not IVS value assigned to Zone B.. The other zones are not defined for
pathogens (equivalent to automatically assigning a value of 0 to Zones C and D).
Figure 14 shows the WWAT-based IVS for the DNAPL zones at Palgrave Well 4. As can be
seen (and as per the Table 4), 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 WHPA sensitivity zone mapping. Zone D has a
large area with an IVS value of 2, and three small zones with a value of 6. Areas within Zone D
where particles would travel towards surface water bodies were not assigned IVS values for
DNAPLs.
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 15 shows the IVS for general contaminants
at Palgrave Well 4. IVS score of 10 were assigned to Zone A. The remaining areas were
assigned IVS values based the WWAT vulnerability rating where such rating was assigned (i.e.
exceptions are the areas where particles would travel to the surface water bodies).
3.1.7 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 16 shows the IVS for pathogen zones at Palgrave Well 4, 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-yr TOT) is assigned values based on the aquifer vulnerability (H, M, L)
categorization and mapping, and in this case, because particles released at the water table
within Zone B don’t reach the well, no IVS scores are assigned within Zone B.
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Figure 17 shows the IVS for the DNAPL zones (based on SWAT results) at Palgrave Well 4. 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 shown in Figure 12. Areas within Zone D
where particles would travel towards surface water bodies were not assigned IVS values for
DNAPLs.
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
18 shows the IVS for general contaminants at Palgrave Well 4. IVS score of 10 were assigned
to Zone A. The remaining areas were assigned IVS values based the SWAT vulnerability rating
where such rating was assigned (i.e., exceptions are the areas where particles would travel to
the surface water bodies).

3.2 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 above and in Earthfx (2007).
Uncertainty related to the SWAT and IVS analyses is discussed in Earthfx (2008) which noted
that 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 true 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.
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 in
Earthfx (2008).
.

3.3 Contaminant Source Inventory
Earthfx (2007) discussed the refinement of contaminant source inventories within the Palgrave
area. Table 5 summarizes the types of land uses found within the 25-year TOT zone defined for
Palgrave Well 4 and Figure 19highligts higher risk land uses within the Palgrave 4 WHPA. Risk
Factors, based on the classification system presented in AMEC (2003), have been provided for
each land-use subcategory found in the area.
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
Earthfx Inc.
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commercial/industrial use, gas stations and general retail, industrial (unknown), and sewage
and water treatment. All land use categories above Level C are shown.
In general, there do not appear to be a large number of higher-risk land uses in the vicinity of
Palgrave Well 4. Similar conclusions were obtained by WHI (2003) in their study. The retail
and unknown areas need further checking to determine what types of potential contaminants
are being handled there.
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 new unclassified land uses south of Palgrave Well 4. Otherwise, the land
uses do not appear to have changed significantly.
Table 5: Land Use within the Palgrave Well 4 WHPA
Risk Factor
Land Use
(AMEC,
Palgrave
Category
2003)
Well 4
Vacant/Parkland
9
Vacant
---8
Vacant Commercial
D.3
0
Recreation
A.5
1
Parks
A.3
0
Farm
2
General Farm
C.1
0
Managed Forest
A.4
0
Farm with Commercial/Industrial
E.2
2
Residential
41
Single Family
---40
with Commercial/Office
D.3
1
with Commercial/Industrial
E.2
0
Multi-family
D.2
0
Commercial
0
Golf Course
C.2
0
Retail
E.1
0
Gas Station
E.1
0
Banks
D.3
0
Industrial
Pits Quarry
C.2
0
Water/Sewage Treatment
E.4
0
Unknown
E.2
0
Institutional
0
Government
0
Special Purpose
D.3
0
Other
0
Private Club
D.3
0
Cemetery
D.1
0
Church
B.3
0
Undefined
0

Earthfx Inc.

15

WHPA and SWAT Analysis – Palgrave Well 4

Earthfx Inc.

September 2008

16

WHPA and SWAT Analysis – Palgrave Well 4

September 2008

4 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.

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

E.J. Wexler, M.Sc., M.Sc. (Eng)
Earthfx Inc.
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Figure 1: TOT and SWAT results from previous work (WHI, 2005)
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Figure 2: 2-, 5-, 10-, and 25-year time of travel zones for Palgrave Well 4.
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Figure 3: Intrinsic aquifer vulnerability and TOT Zones for Palgrave Well 4.
(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 4: Intrinsic vulnerability scoring -- Pathogen zones for Palgrave Well 4.
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Figure 5: Intrinsic vulnerability scoring -- DNAPL zones for Palgrave Well 4.
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Figure 6: Intrinsic vulnerability scoring – General contaminant zones for Palgrave Well 4.
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Figure 7: Unsaturated zone advective times (UZAT) within the 25-year TOT Zone for Palgrave
Well 4.
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Figure 8: Colour-coded map of the starting layers for particles used in the SWAT analysis for
Palgrave Well 4
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Figure 9: Water table to well advective times (WWAT) for Palgrave Well 4.
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Figure 10: Surface to well advective times (SWAT) for Palgrave Well 4.
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Figure 11: High, Medium, and Low intrinsic vulnerability (based on WWAT) for Palgrave Well 4.
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Figure 12: High, Medium, and Low intrinsic vulnerability (based on SWAT) for Palgrave Well 4.
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Figure 13: Intrinsic vulnerability scoring (WWAT) – Pathogen zones for Palgrave Well 4.
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Figure 14: Intrinsic vulnerability scoring (WWAT) – DNAPL zones for Palgrave Well 4.
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Figure 15: Intrinsic vulnerability scoring (WWAT) – General contaminant zones for
Palgrave Well 4.
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Figure 16: Intrinsic vulnerability scoring (SWAT) –Pathogen zones for Palgrave Well 4.
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Figure 17: Intrinsic vulnerability scoring (SWAT) –DNAPL zones for Palgrave Well 4.
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Figure 18: Intrinsic vulnerability scoring (SWAT) –General contaminant zones for Palgrave Well
4.
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Figure 19: Higher risk land use in the WHPAs for Palgrave Well 4.
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