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Level 1 and Level 2
Hydrogeological and Hydrological Impact Assessment
of the
Proposed Burlington Quarry Extension

Executive Summary

Nelson Aggregates Co. (Nelson) operates the Burlington Quarry near the intersection of Side Road 2
and Guelph Line, in the City of Burlington, Region of Halton. The quarry is 218.7 hectares (ha) in size
and is located on the watershed divide between Bronte Creek and Grindstone Creek near Mount
Nemo. The quarry has been in existence since 1953 and has been operated by Nelson since 1983.
The primary source of aggregate is the Amabel Formation dolostone, which is a provincially-significant
aggregate resource.

The Nelson proposal includes the extension of the existing quarry to the west and south. The proposed
South Extension covers approximately 18 hectares (ha), with 14.5 ha of extraction, and the proposed
West Extension covers approximately 60 ha, with 35.7 ha of extraction.

The objective of this Level 2 ARA investigation is to characterize the existing conditions at the
Burlington quarry site, describe the development of an integrated groundwater/surface water
assessment model, and predict any likely changes to the hydrologic and hydrogeologic conditions at
different phases of extraction and final rehabilitation.

Methodology

The assessment methodology used in this study is the same as that used by Earthfx for multiple
Source Water Protection Tier 3 Water Budget and Wellhead Protection studies conducted for the
Province of Ontario. The same model and methodology were used, and the key aspects of the
approach include:

1. Fully integrated analysis and simulation of all surface water and groundwater processes

2. Fully transient assessment of system behaviour on a daily basis for a period of years;
including significant drought and wet year conditions.

3. Detailed daily comparative assessment including evaluation of the minimum, average and
maximum impact of development

4. Full water budget accounting on a daily basis.

Earthfx has used the same advanced methodology for Source Water Protection studies for the Region
of Halton, Conservation Halton, City of Hamilton, Region of York, Region of Peel, Toronto and Region
Conservation Authority, Lake Simcoe Conservation Authority, Grand River Conservation Authority,
City of Toronto and other water management agencies across Canada and the USA.

Site Setting

The study area is predominantly covered by the low permeability Halton Till, a fine grained silty to
clayey till that was deposited approximately 13,000 years ago by a glacial lobe that advanced out of
the Lake Ontario basin. Beneath the Halton Till are occasional deposits of sands on the bedrock
surface. These sands and the upper weathered bedrock form an upper water table aquifer.

The upper most bedrock unit is commonly referred to as the Amabel Formation, but in recent literature
it has been subdivided into the Goat Island and Gasport Formations. The Amabel is a massive, fine
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grained dolostone with an average thickness of 25 m. The Amabel includes occasional vertical
fractures and there is good evidence of an intermediate and lower fracture zone. Beneath the Amabel
are thin interbedded shale and limestone units and the thick, low permeability Cabot Head Shale.

The highest measured ground water elevations are located near the crest of Mt. Nemo, northwest of
the existing quarry. There is radial flow in all directions from this regional high, but, in general, the
predominant groundwater flow direction follows the dipping topography and bedrock layers to the
south and west. The Medad Valley is incised into the Cabot Head shale aquitard and receives
groundwater discharge from the overlying dolostones.

Water supply wells in the area are typically constructed as open boreholes drilled 10 to 15 m into the
Amabel formation. Wells are drilled sufficiently deep to encounter one or more bedrock fractures with
adequate flow for domestic use. Static water levels in these wells are highly variable, depending on
local fracture conditions and seasonal recharge.

In general, there is limited interaction between the local streams and groundwater system because of
the low permeability of the surficial Halton Till aquitard. The water table is generally found in the
shallow bedrock, but in low lying areas in the spring it can rise into the overburden and discharge to
the streams and wetlands. There are two karstic streams to the south and north of the quarry where
streamflow disappears into the shallow bedrock and reappears a few hundred metres downslope as
small groundwater springs. There are other groundwater springs (and karst discharge features) in the
Medad Valley, but these are masked by the wetlands that fill the valley.

Groundwater monitoring since 2003 has delineated the effects of quarry development on water levels
in and around the active quarry. A distinctive pattern of water level changes in the Amabel layers are
observed as the quarry advances, with enhanced water level variability observed up to 650 m from
the quarry face during the late summer. Baseline (current condition) numerical model simulations
closely replicate this pattern and illustrate how groundwater recharge in the spring replenishes the
system through downward in the vertical fractures.

The numerical simulations confirm that the majority of the wetlands and streams are isolated from the
water table by the low permeability Halton Till. A total of 5 of the 22 mapped wetlands in and around
the quarry receive groundwater upwelling in the spring, however groundwater is in every case a very
small percentage (less than 3%) of the overall inflows into the wetland.

Baseline Conditions

The system behaviour in and around the existing quarry is extremely well understood. The long-term
monitoring (including the monitoring of the 2005-2019 advancement of the south extraction face)
provides a clear groundwater response that has been accurately simulated by the transient integrated
model. The detailed field investigations, together with the simulation of this large-scale response,
provides significant confidence in the numerical model and the resulting impact assessment. The
baseline conditions are very well understood.

The local conditions around each extension phase result in somewhat different drawdown patterns for
each expansion scenario, however the overall conclusions and general patterns are consistent with
the existing quarry. The configuration of the excavation, local recharge, hydrogeologic setting and
proximity to the existing quarry affect the area of influence.

Level 2 Assessment Scenarios

The Level 2 impact assessment scenarios present a detailed and exhaustive comparison of the
proposed developments to the baseline conditions. All pertinent aspects of the surface water and
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ground water system have been compared across a wide range of climate conditions. The integrated
approach ensures that surface and groundwater functions and water budgets are fully reconciled.
Many wells in the upland area exhibit more than 2 m of seasonal and inter-annual variation, so
distinguishing quarry influence below this level would be difficult.

South Extension Effects

The predicted drawdowns associated with the South Extension diminish rapidly with distance from the
excavation. The 2.0 m drawdown cone extends up to 1000 m from the excavation in the middle
Amabel aquifer, but the 2.0 m drawdown is much more limited in the springtime, extending less than
700 m, because of the higher recharge and water levels associated with the spring snowmelt.

The majority of the wetlands in the vicinity of the South Extension are perched above the water table
in the low permeability Halton Till. As noted, a total of 5 of the 22 wetlands evaluated do receive
groundwater inflow in the spring, but the percentage of groundwater inflows relative to the total inflows
is less than 3%. During South Quarry extraction, the drawdown in the water table will limit groundwater
upwelling into those five wetlands that do normally receive groundwater inflow. The effects of this
change, aloss of 3% of the inflow, will be so small that it cannot be measured in the field. This reduction
in upwelling occurs in the springtime when the wetlands are already relatively wet, further minimizing
the hydrologic effects.

From a water supply perspective, the South Extension is optimally located, as it is in an area with up
to 22 m of available drawdown in the Amabel Aquifer. The excavation is also relatively distant and
isolated from private wells along Cedar Springs Road, Sideroad 1 and Guelph Line, so it is unlikely to
impact those wells.

Existing private water supply wells generally draw from the middle to lower portions of the Amabel,
with a few tapping into the deep fracture zone at base of Amabel. There is extensive additional
available drawdown for all wells, should they require increased supply, as they could be extended the
full depth and into the lower Amabel fracture zone.

West Extension Effects

The 2.0 m drawdown cone associated with the West Extension extends up to 500 m from the
excavation in the middle Amabel aquifer. The West Extension is next to a locally significant
groundwater discharge area, so water levels are less subject to drought and seasonal fluctuations.
The proximity to the discharge area helps to mitigate the local effects of the excavation.

There are two perched wetlands in the immediate vicinity of the West Extension. Neither of these
receive groundwater inflows, so lowering the water table will not affect their hydrogeologic interactions
and function.

The Medad Valley is a locally significant groundwater discharge area that receives the maijority of the
groundwater that flows in and around the existing and proposed quarry. The development of the West
Extension will shift some of the groundwater discharge to the north, through the North Discharge pond,
but ultimately all of this discharge simply enters the Medad Valley in a similar manner to the current
discharge.

The central ditch and pond system in the existing golf course extraction area will be removed during
excavation. This system is currently supplied by the diversion of discharge from the existing quarry.
To help preserve the current groundwater and surface water flow conditions created by this ditch and
pond system, a new infiltration pond will be constructed between the West Extension and Cedar
Springs Road.

Earthfx Inc. 24



Burlington Quarry Extension Level 1/2 Assessment Report April 2020

The private wells in the vicinity of the West Extension will see a decline of approximately 2 m in
available drawdown, however the majority of the wells have between 10 and 16 m of Amabel Aquifer
drawdown after excavation, so deepening a well is a viable mitigation measure. Near the intersection
of Colling Road and Cedar Springs Road there are a few wells that will have between 5 and 10 m of
available drawdown, however these are in a significant discharge area so it is likely that there will be
sufficient flow to meet their private supply needs.

Rehabilitation and Closure

Two rehabilitation options were evaluated. Under both scenarios the South Extension will be allowed
to re-fill and become a natural lake. This lake will return groundwater water levels to current conditions,
with some minor flattening of the water table around the lake. Surface water interactions and private
well levels will return to current conditions.

Under Rehabilitation Scenario 1, the main quarry and West Extension will be rehabilitated, including
regrading and consolidation of the quarry lakes. The overall hydrogeologic and hydrologic conditions
will be similar to the final excavation phase, with some recovery in water levels due to the consolidation
of the quarry lakes.

Under Rehabilitation Scenario 2, the quarry floor will be regraded, pumping will cease, and the entire
quarry will be allowed to fill to become a single large lake. Groundwater levels will rise, except near
the stream segments that currently carry the discharge, where they will fall due to the reduction in
stream leakage. Under this scenario, quarry discharge to a tributary of Willoughby Creek north of
Colling Road and to the upstream end of the West Arm of the West Branch of Mount Nemo Creek will
cease causing long-term impacts to downstream fish habitat compared to the existing approved post-
extraction water management plan (See Savanta, 2020 and Tatham, 2020 for details).

Conclusions

This Level 2 ARA Impact Assessment presents a detailed comparative evaluation of the effects of the
proposed extension of the Nelson Burlington Quarry. The existing (baseline) site conditions are fully
characterized and the numerical model closely replicates the observed surface water and groundwater
processes and water budget. The predicted effects of the South and West Extension have been
systematically evaluated on a daily basis across a range of seasonal and inter-annual (wet and dry
year) climate conditions. The predicted effects on groundwater levels are consistent with the existing
quarry, and significant available groundwater resources remain through the development and closure
phases. The streams and wetlands in the study area are relatively isolated from the predicted changes
in the groundwater system by the low permeability Halton Till, and no measurable change will occur
in the nearby wetland water budgets.

At the subwatershed scale, the proposed extension will not change the overall surface water and
groundwater flow system. There will be no cross-watershed impacts, groundwater recharge rates will
be preserved, and groundwater and surface water in and around the quarry will continue to flow toward
the Medad Valley. The quality and quantity of groundwater needed for the natural environment and
wells will be protected, and no municipal wellhead protection areas will be impacted.

Rehabilitation Scenario 1 will preserve the current surface water conditions, where quarry discharge
has provided fish habitat for both the tributary of Willoughby Creek north of Colling Road and to the
upstream end of the West Arm of the West Branch of Mount Nemo Creek (See Savanta, 2020 and
Tatham, 2020 for details). Rehabilitation Scenario 2 would result in adverse impacts to the surface
water system compared to baseline conditions. A comprehensive monitoring and response plan has
been developed based on the statistical percentile methodology as defined in the Ontario Low Water
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Response Program. The additional available groundwater resources have been quantified, and a well
mitigation program has been proposed.
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1 Introduction

1.1 Objectives

Nelson Aggregates Co. (Nelson) operates the Burlington Quarry near the intersection of Side Road 2
and Guelph Line, in the City of Burlington, Region of Halton (Figure 1.1). The quarry is 218.7 hectares
(ha) in size and is located on the watershed divide between Bronte Creek and Grindstone Creek near
Mount Nemo. The quarry has been in existence since 1953 and has been operated by Nelson since
1983. The primary source of aggregate is the Amabel Formation dolostone, which is a provincially-
significant aggregate resource.

Nelson owns additional lands adjacent to the southeast and southwest sides of the existing quarry and
proposes to extend quarrying operations into these areas (Figure 1.2). Please note that in this report,
the proposed southeast extension lands are referred to as the "South Lands" and the proposed
southwest extension lands are referred to as the "West Lands". The proposed extension in the South
Lands covers approximately 18 hectares (ha) (with 14.5 ha of extraction) and the West Lands
extension covers approximately 60 ha (with 35.7 ha of extraction).

This investigation is being conducted in support of applications under the Aggregate Resources Act
(ARA), the Planning Act, and the Niagara Escarpment Planning and Development Act. The Application
is for a Category 2 - Class “A” Quarry below Water. The purpose of this investigation is to meet the
requirements of the Ontario Ministry of Natural Resources and Forestry (MNRF) Level 1/Level 2
Hydrogeological Investigation. This includes:

e Field characterization of the current hydrogeologic conditions at the quarry site; (Please note
that current and previous field investigation are discussed further on.)

¢ Quantitative evaluation of the current hydrogeologic and hydrologic conditions through the
development of an integrated groundwater/surface water model of the site and extension
areas; (Feld investigations and additional hydrologic analyses conducted by Tatham
Engineering are discussed further on.)

e Simulation and analysis of the likely changes to groundwater and surface water flows and
levels under different phases of the proposed quarry extension and closure;

e Simulation and evaluation of measures to minimize the effects of quarry extension on nearby
private wells;

e Simulation of site conditions under a range of climate conditions (including recent drought and
wet years) to identify monitoring threshold levels based on the same technical approach used
in the Ontario Low Water Response program;

e Quantitative evaluation of the hydrologic and hydrogeologic water budget under current and
future extension and rehabilitation scenarios. This includes simulation of all quarry inflows and
outflows, and detailed, feature-based wetland water budgets that quantify surface water and
groundwater interactions.
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1.2 Study Approach

The study approach is based on the use of an integrated surface water and groundwater model to
evaluate all water resources issues in a comprehensive and consistent manner. This approach
addresses the entire hydrologic cycle, with 100% water budget accounting. Measured precipitation
rates are added to the top of the model, and the model is evaluated against observed streamflow and
quarry water management records.

A key aspect of this integrated model approach is that it evaluates the effects of the quarry extension
on continuous multi-year basis, spanning a range of climate conditions. This is a significant
improvement over a simple comparison of average before and after conditions. In this study, the
effects of development are compared on a daily basis across both wet years and dry years. The
effects of surface water and groundwater storage, including wetlands, ponds, aquifer storage, quarry
water management and even snowpack and snowmelt are fully quantified.

The Adaptive Management Plan thresholds and mitigation (supplied under separate cover) are also
based on simulations of future development under a range of inter-annual climate conditions, including
drought. The selection of the threshold levels is based on the same statistical percentile methodology
as defined for the Ontario Low Water Response Program. The model has also been used to evaluate
future total available drawdown, so the potential for mitigation (for example, deepening of wells) is
clearly addressed.

As well, the numerical modelling approach used in this study is the identical to that introduced by
Earthfx Inc. for recent Tier 3 Source Water Protection (SWP) studies in Hamilton and Halton Region.
The Tier 3 studies represent the highest level of provincial water budget analysis and risk assessment,
and this study meets (or exceeds) that level of analysis.

1.3 Level 1/Level 2 Study Components and Methodology

This Level 1 and 2 Hydrogeological and Hydrological Impact Assessment Report has been undertaken
in accordance with the requirements of the Aggregate Resources Act, 1997. In addition, this
hydrogeological assessment has been completed in accordance with the Terms of Reference for the
Level 1 and 2 Hydrogeological and Hydrologic Impact Assessment of the Proposed Burlington Quarry
Extension (February 2020). The Terms of Reference were prepared in consultation with Halton Region
and Halton Conservation following the Halton Region Aggregate Resources Reference Manual.

The following is an overview of the studies and companion documents to this report that together meet
this requirement.

1.3.1 Field Investigations

Data Compilation: An extensive program of field investigations and monitoring was initiated at this
site in 2003. This included field drilling, aquifer testing, and long-term water level and streamflow
monitoring programs. This information was compiled into a comprehensive database and in integrated
throughout this report. A more detailed overview of previous field investigations is described in Section
3.3.1.

Hydrogeologic Field Data Collection: In 2018 and 2019, Azimuth Environmental Consulting, Inc.
(Azimuth Environmental) and Worthington Groundwater conducted the following field investigations:
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e Borehole drilling, geophysical and televiewer logging program
e Agquifer testing:
o Pumping tests
o Borehole packer test program
o Borehole flowmeter logging program
Groundwater monitor installation and continuous water level monitoring
Groundwater quality and surface water quality testing
Aerial drone elevation survey
Private well survey
Karst investigation (Worthington)

The results of these investigations are documented in Appendix A and B of this report and integrated
into the site database. Additional details can be made available on request.

Surface Water Field Data Collection: In 2018 and 2019, Tatham Engineering conducted the
following field investigations:

Wetland Water Level Monitoring

Surface Water Flow Measurements

Surface Water Quality Testing

Geodetic Level and Pond Bathymetry Survey

All of the above-noted field measurements have been compiled into the site database. Key findings
and insights informed the development and calibration of the integrated surface water/groundwater
model and were used throughout this groundwater assessment report. In addition, the integrated
model results were provided to Tatham Engineering for the preparation of the surface water
assessment. The details of the surface water data collection and the surface water assessment are
documented in a companion report by Tatham Engineering (2020).

1.3.2 Site Characterization and Baseline Conditions Analysis

Sections 3 through 5 of this report present a description of the physical setting, including local geology,
hydrogeology, and surface water features in and around the site, as per the MNRF guidelines.
Additional interpretation of the surface water resources and quarry water management are included in
the Tatham Engineering companion report.

An integrated surface water/ groundwater model was developed as part of a comprehensive evaluation
of site conditions. An overview of the development and calibration of the model is described in Section
6. The calibration includes a detailed assessment of the effects of the quarry face advancement over
the 2003 to 2012 time period, as observed in the monitoring data. More complete descriptions
regarding the model construction and calibration are included in Appendix C, D, and E.

Section 7 of the report presents a numerical simulation of the current or “Baseline” conditions at the
site. A continuous transient (time-dependent) assessment is presented, illustrating how the surface
water and groundwater systems behave on a daily basis over the last 10 years. Included in this
assessment time period is a severe Provincial Low Water Response Level 2 drought (2016), and an
above-average wet year (2017). This baseline provides a realistic long-term frame of reference for
comparison and assessment of the proposed quarry extension and rehabilitation phases.

The baseline assessment provides:
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o Daily groundwater levels and groundwater flows under a range of climate conditions;
o Daily surface water flows and levels under a range of climate conditions;
e Comprehensive quarry and wetland water budgets.

Model results were aggregated over time to assess monthly, annual, average month, and long-term
average response. Results were also aggregated spatially to conduct feature-based water budgets
around wetlands and other surface water features.

1.3.3 Level 2 Development Impact Assessment and Mitigation Measures

The Level 2 impact assessment is included in Section 8 of this report. Each of the major development
phases of quarry extension and rehabilitation is simulated and compared to the baseline flows and
levels on a daily basis using the same 10-year climate inputs. In this way, the results of future
scenarios can be directly compared to baseline conditions and thereby provide significant insight into
the effects of the proposed development on a daily, seasonal, and inter-annual basis and over a range
of climatic conditions (e.g., drought and wet years).

The integrated model provides daily results across the entire study area. To simplify the analysis and
presentation of results, the transient response was also compared at key surface water and
groundwater locations in and around the proposed quarry extension. The beneficial effects of
replicating an existing irrigation channel and pond on the West Lands (infiltration pond) were also
evaluated across a range of climate conditions. As well, detailed water budgets were prepared for key
wetlands, ponds, and streams for each scenario and compared to baseline conditions.

1.3.4 Stream, Wetland, Pond and Lake Model Representations

The graphical presentation and use of the term “ditches”, “wetlands”, “ponds”, “lakes”, “rivers” and
“streams” on figures and in the text of this report refers to features that are represented in the numerical
model. These terms do not imply that the feature is considered an officially classified hydrologic feature
by the regulatory agencies (including MNRF). For example, in some figure presented below, stream
segments (blue lines) are shown on the maps to represent streams, roadside ditches and surface
drainage swales in the model. These lines represent overland runoff drainage pathways mapped from
the digital elevation model (DEM), but they may not correspond to MNRF mapped (and classified)
streams. The MNRF does not classify roadside ditches, for example.

Similarly, there are model representations and discussions of dugouts, wetlands, ponds and lakes that
represent depressions in the DEM, but they may not correspond to a MNRF mapped wetland or water
body. For example, the golf course ditches and ponds are simulated but not considered key hydrologic
features or key natural heritage features.

Another example is the numerical model representation of subsurface karst conduits. The Karst Study
(Appendix B) identified disappearing streams in the study area. The subsurface portion of the stream
conduit is, in some figures, illustrated as a blue line, but that does not imply that the feature exists on
surface and is a MNRF classified stream. In these cases, the model is representing the routing of
water through a leaky subsurface conduit.
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1.3.5 Surface Water Effects Analysis, Water Management, and Water Budgets

The results of the integrated model have been shared and integrated into the surface water effects
analysis completed by Tatham Engineering (Tatham Engineering, 2020) and provided under separate
cover. Of particular interest was the estimated groundwater seepage, if any, into the quarry and
wetland areas as well as groundwater flow across sub-catchment boundaries under current and future
conditions.

1.3.6 Adaptive Management Plan (AMP)

The long-term transient simulations were used to aid in identifying groundwater threshold levels for
the Adaptive Management Plan (AMP). The AMP is provided in a separate report. The statistical
methodology for identifying the AMP threshold levels is based on that used for the Ontario Low Water
Response Program.

A numerical simulation of the proposed quarry extension and rehabilitation was conducted under a
range of climate conditions, including the 2016 Level 2 drought. Daily model results were post-
processed to determine statistical values (percentiles) to assign as groundwater threshold levels for
contingency planning. This approach provided significant insight and confidence in the future
management of the site because it provided a better understanding of the range of response likely to
be observed in the different phases of the quarry extension and rehabilitation and under variable
climate conditions.

The numerical model was also used to identify the available drawdown in the aquifer under baseline
and future conditions. Results indicated that groundwater resources would remain sustainable under
these conditions, as discussed further on in this report.

1.3.7 Level 1/Level 2 Methodology Summary

This report, the companion documents, the integrated model, and the detailed field investigations and
analyses represent an exceptionally comprehensive assessment of the proposed development. The
same methodology as used for advanced Tier 3 Source Water Protection Water Budgets and Risk
Assessment studies was employed for the model development. An extensive long-term, monitoring
record was assessed as part of the baseline analyses. Surface water and groundwater flow and
groundwater/surface water interaction were evaluated in a fully quantitative and integrated manner
under a wide range of climate conditions. Results of the modelling analyses were used to
quantitatively assess the likely effects of future quarry extension and rehabilitation.

1.4 Study Area Extents

This investigation centered on the existing Burlington Quarry and the area surrounding the South and
West extension lands. To fully assess the effects of quarry extension and rehabilitation, the numerical
model developed for this study extended outward to natural hydrologic and hydrogeologic boundaries.
Figure 1.3 shows the areal extent of the integrated surface water/groundwater model. Information on
geology, hydrology, and hydrogeology were compiled and analyzed for this extended region to develop
a conceptual understanding of the study area. Some data sets, such as climate information and
geologic data from nearby quarries were also collected, on an as-needed basis, from beyond the study
area extents.
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1.4.1 Model Extraction Area Extents

The final proposed extraction area in the West Lands Extension is shown with an orange line in Figure
1.2. After completion of the numerical simulations presented in this report, the decision was to remove
the western-most corner of the Phase 5 extraction area. This reduced the extraction area by 0.2 ha
(from 35.9 ha down to 35.7 ha). The model simulations presented in this report reflect that slightly
larger extraction area, and thus over-estimate, by a very small amount, the effects of extraction in that
area. The overall effect on the surface and groundwater analysis is insignificant.
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2 Background

2.1 Previous Studies

Golder Associates Limited (Golder) conducted extensive hydrologic and hydrogeologic investigations
in support of a previously proposed south quarry extension (Golder, 2004). The previously proposed
south extension, at 75 ha, was more than four times larger than the South Lands extension proposed
at this time (18 ha). The Golder investigation included aquifer testing; installation of monitoring wells;
installation of surface water flow and stage measuring points; and the development of a steady-state
groundwater model. The investigation was conducted in 2003 and 2004 and is documented in Golder
(2004). Additional hydrogeologic field studies of wetland/groundwater interaction were conducted in
2006 (Golder, 2006). Other Golder studies include an assessment of water budgets for individual
wetlands in the south extension area (Golder, 2007a); a study of the shallow overburden (Golder,
2007b); and an update of the 2004 groundwater modelling analyses (Golder, 2008).

Additional investigations were conducted regarding the presence of karst features in the quarry vicinity
(Worthington Groundwater, 2006). This study examined the walls of the existing quarry, surveyed
karst features within and nearby the south extension lands, surveyed springs within the Medad Valley
(located southwest of the existing quarry), and conducted tracer tests at wells and sinking streams.

The extensive data collected during and since these investigations have been fully incorporated into
this assessment. Data has been collected over time at key locations in the Golder monitoring network
since 2006, and new data were collected for this assessment to confirm the results and patterns that
were observed in the earlier Golder studies.

2.2 Long Term Monitoring Network

Local monitoring data and site characterization information collected for the Golder studies, as well as
ongoing monitoring data, were obtained from Nelson and compiled into a relational database for this
study. Other regional data, including climate data, streamflow data, water well information,
topographic mapping, and geologic mapping, were obtained from sources including Environment
Canada, the Ontario Ministry of Conservation and Parks (MECP), other provincial agencies, Halton
Region, and Conservation Halton.

All historical data have been compiled, including the capture of all spreadsheets and databases
provided; data were also transcribed from older paper reports. All regional and site information was
compiled, including geologic descriptions, well construction logs, transient water levels, streamflow
measurements, and quarry discharges (both manual and data logger readings) into a comprehensive
site database. A map showing the extent of the groundwater monitoring network is provided in Figure
2.1. A map showing the extent of surface water monitoring network is provided in Figure 2.2.
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2.3 Background Analysis and Updates

The analyses undertaken in this assessment build on the previous work and long-term monitoring
data. This study significantly updates and improves on the earlier analyses. Some of these
improvements include:

o The study area and model have been enlarged to fully assess the Medad Valley and all
tributaries that flow off the Niagara Escarpment;

o New packer test measurements and downhole borehole televiewer logs have been
collected to assess the in-situ rock mass and fracture distribution;

e The groundwater-only model has been upgraded to a fully-integrated surface
water/groundwater model that simulates the entire hydrologic and hydrogeologic flow
system on a daily basis. All geologic layers, streams, wetlands, quarry lakes, and ponds
are fully represented in the model.

e The numerical analysis has been upgraded from a steady-state (average conditions)
simulations to a fully transient assessment of daily, seasonal, and inter-annual (wet
year/dry year) groundwater and surface water conditions.

Vertical fractures and karst features have been represented in the model.

o The assessment of effects has been expanded from a comparison of average before-
and-after conditions to a detailed daily assessment of system behavior under a range of
observed climate conditions. The effects of surface and groundwater storage, wet year,
and drought year conditions are fully evaluated.

e The integrated model has been used to assess changes in the surface and groundwater
water budget of the quarry and surrounding wetlands and ponds.

2.4 Integrated Modelling Studies

The application of integrated models to the analysis of quarry effects is relatively new. Earthfx
pioneered the use of integrated models for Source Water Protections studies at the Tier 3 Water
Budget and Risk Assessment level. Earthfx conducted Tier 3 studies in the similar geologic settings
Region of Halton for the Kelso and Campbellville municipal wellfields (Earthfx, 2012, 2014a,) and for
the Greensville Municipal Well in Hamilton (Earthfx, 2014b, 2017). Both studies involved large active
quarries adjacent to the Niagara Escarpment, and the effects of future quarry extension and
rehabilitation on nearby wellfields, streams, and wetlands were represented in the modelling
assessments. A follow-up study (Earthfx, 2016) involved the application of the Greensville Tier 3
model to review a Level 1/Level 2 Hydrogeology and Hydrology Technical Report for a proposed
quarry extension. Experience gained in these studies was directly transferrable to the current
investigation.
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3 Physical Setting

3.1 Topography

Land surface topography for the study area is shown in Figure 3.1. The topographic mapping used
for this study was created by merging the 5-m digital elevation model (DEM) produced by the MNRF
as part of the Southwest and South-Central Ontario Orthophotography Projects (SWOOP and
SCOOP). Within the quarry area, 1-m cell high-resolution elevation data were collected by aerial
drone; additional pond bathymetry data were also collected (Figure 3.2). Maximum elevations of about
298 metres above sea level (masl) occur in the Mount Nemo Conservation Area in the northeast part
of the study area. Minimum elevations in the study area are about 80 masl occurring along Grindstone
Creek in Burlington.

The quarry area is generally flat; gently rising from the southwest towards the crest of the Niagara
Escarpment. Local relief is supplied mainly by ridges forming the Waterdown Moraine. Significant
changes in elevations occur at the Niagara Escarpment to the northeast and east of the quarry; the
steepest changes occur at of Mount Nemo where there are roughly 125 metres (m) of local relief.
Elevations decrease less rapidly at the Niagara Escarpment northwest and southeast of the quarry
and at the Medad Valley southwest of the quarry. Elevations rise again west of the Medad Valley
approaching the topographic divide formed by another ridge of the Waterdown Moraine.

3.2 Physiography

The study area includes parts of four physiographic regions, as described by Chapman and Putnam
(1984). The bulk of the study area lies within the Niagara Escarpment or Norfolk sand plain
physiographic regions, while the northern and southern extremes of the study area touch on the South
slope and the Iroquois plain (Figure 3.3). The Niagara Escarpment is the well-recognized bedrock
cuesta that traverses southern Ontario from the Niagara River to Manitoulin Island. Numerous
headwaters streams drain the base of the Niagara Escarpment and flow towards Bronte Creek in the
north, Grindstone Creek to the south, or eastward to streams that discharge directly to Lake Ontario.

The Norfolk sand plain generally has low relief and is characterized by a layer of fine lacustrine sand
overlying or flanking drumlins and till moraines. The latter includes the Waterdown Moraines, a group
of seven moraine ridges that parallel the edge of the Niagara Escarpment from north of Dundas to
Mount Nemo (Karrow, 1963). The older, western moraines are generally smoother and are mostly
covered with sand from glacial lakes ponded ahead of the younger (eastern) ridges. The narrow ridges
are mostly composed of silty Halton Till. The Medad Valley is also found in this physiographic region,
and is a partly-buried gorge that carried meltwater from the receding ice for a period of time (Karrow,
1987).

The South slope, which lies below the Niagara Escarpment, extends from the southern slope of the
Oak Ridges Moraine towards Lake Ontario. Locally, the Trafalgar Moraine separates a fluted till plain
to the south from a beveled till plain to the north. The beveled till plain is covered by thin sands and
varved clays. The Trafalgar Moraine is a younger moraine, also composed of Halton Till, that rests
on a bedrock ridge. The sandy Iroquois plain, below the Niagara Escarpment, is a plain of gravel and
lacustrine sand deposits left by Glacial Lake Iroquois.
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Figure 3.1: Land surface topography from the 5-m digital elevation model.
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Figure 3.2: Local topography in the vicinity of the Burlington Quarry.
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3.3 Dirilling and Field Investigation Program Overview

The geologic and hydrogeologic conditions described in the following sections of this report were
developed from two extensive drilling and monitoring programs spanning the time period of 2003 to
2019. The Golder (2004) investigations described conditions in the South Extension area.
Subsequent monitoring in this area has provided extremely useful insight into the long-term behaviour
of the groundwater and surface water systems under a range of quarry development and climatic
conditions.

In 2018, new groundwater and surface water field investigations were begun by Azimuth
Environmental and Tatham Engineering. These investigations updated and expanded the monitoring
in the South Extension area and evaluated conditions in the West Extension area. In addition, an
investigation of the karst conditions in the study area was completed by Worthington Groundwater in
2006. An update of that investigation was completed in 2019.

The following is a summary of these extensive field investigation programs. Additional details are
included in the Appendices.

3.3.1 Golder 2004 Drilling and Monitoring Program

An extensive borehole drilling and monitoring well installation program was undertaken as part of the
Golder (2004) assessment. Golder summarized the program as follows (Golder, 2004, p. 5):

e Eight cored drillholes to provide for a detailed characterization of the limestone bedrock of
the Amabel Formation which will be quarried in the proposed extension;

o A total of 70 packer tests were conducted in the open cored drillholes to develop an estimate
of the hydraulic conductivity at discrete intervals of the rock;

e A geophysical survey using electrical resistivity imaging (ERI) techniques to assess the
possible presence of voids or karst conditions in the bedrock around the perimeter of the
proposed extension;

e The installation of 3 additional monitoring wells to validate the results of the geophysical
survey;

o |Installation of 90 monitoring wells in limestone bedrock and overlying glacial till materials to
permit monitoring of groundwater levels on and adjacent to the proposed extension and
collection of groundwater quality samples;

¢ [nstallation of eight shallow monitoring wells at and adjacent to the wetlands, to observe the

relationship of wetland water levels and groundwater levels;

Laboratory analysis of 32 soil samples to classify grain size distribution;

Completion of 54 single well response tests;

Ongoing collection of depth-to-groundwater measurements from the monitoring wells;

Pumping of a test well to characterize the bulk hydraulic properties of the dolostone and to

assess the response of groundwater levels, especially in the vicinity of the wetland, to a

lowering of water levels in the bedrock;

¢ Ongoing measurement of surface water flows at 70 locations on and below the Escarpment;

e Collection of water samples from monitoring wells, streams, and springs to characterize local
water quality.

A map showing the borehole locations, completed as part of this program, is shown in Figure 3.4. A
sample borehole log from the investigations is shown in Figure 3.5.
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3.3.2 Azimuth Environmental 2018 - 2019 Drilling and Monitoring Program

In 2018, Azimuth Environmental began an extensive drilling, testing, and monitoring program that
covered the South and West Extension areas. A detailed discussion of the field program is presented
in Appendix A (under separate cover). In brief, high-resolution dataloggers were added to some of
the existing monitoring wells and a total of seven new boreholes were drilled. A program of borehole
televiewer, flow meter, packer testing, and water level/water quality monitoring was initiated. The
locations of the new boreholes in the West Extension area are shown in Figure 3.6. A sample borehole
log from the West Extension area is shown in Figure 3.7. A detailed discussion of the field program is
presented in Azimuth (2019) (Appendix A).

3.3.3 Site Development History

Continued site development has progressed within the existing quarry extraction limits in the
intervening time between the 2005 investigations (Figure 3.8) and the 2019 investigations (Figure 3.9).
The south quarry face advanced to the northeast by approximately 350 m. The effects of this quarry
excavation and expanded dewatering have been observed in the monitoring data collected since 2005;
this information is discussed in detail in the following sections. For example, the line of sight distance
to the quarry face changed for three of the monitoring nests as follows:

Monitor ID | Distance to Face: 2005 | Distance to Face: 2019
OW03-14 175 m 40 m
MWO03-30 550 m 300 m
OW03-19 1125 m 1000 m

The results of this progression provided very useful insight into the likely effects of quarry development
on the surrounding area. Monitor OW03-19 also serves as a long-term background monitor.
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Figure 3.5: Sample borehole log from the South Extension area.
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Figure 3.8: Site development conditions in 2005.
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Figure 3.9: Site development conditions in 2019.
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3.4 Paleozoic Geology

The study area is underlain by clastic and carbonate sedimentary rocks of Late Ordovician to Middle
Silurian age. The site is located at the transition between stratigraphic nomenclature traditionally used
in the Niagara Region and that used northwards to the Bruce Peninsula. The complex stratigraphic
relationships between these units are shown in Figure 3.11. The stratigraphic unit designations have
been updated by the Ontario Geologic Survey (OGS) (Brunton, 2008, 2009) to include the subdivision
of the Amabel formation into the upper Goat Island Formation and lower Gasport Formation.

North of Hamilton Niagara Peninsula and Hamilton area
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Figure 3.10: Stratigraphic relationships and comparison of stratigraphic nomenclature.

Figure 3.11 shows the uppermost bedrock units in the study area. The units, which dip gently to the
southwest, include parts of three major depositional sequences (Johnson et al., 1991), with
outcropping rocks generally becoming younger from northeast to southwest.

A conceptual west to east section passing through the quarry site and the Niagara Escarpment is
shown in Figure 3.12. The study area is located in the easternmost portion of the conceptual section.
Many of the thin units shown on Figure 3.12 are not present or identifiable in the local boreholes.
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Figure 3.11: Bedrock geology for the study area (from Armstrong and Dodge, 2007).
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Figure 3.12: Conceptual stratigraphic cross section.

3.4.1 Queenston Formation

The oldest bedrock unit is the Late Ordovician Queenston Formation, which consists of predominantly
dark red, fissile, hematitic, calcareous shale with green-coloured reduction zones that are either
parallel or discordant to bedding (Liberty, et al., 1976). The unit outcrops in incised stream channels
below the Niagara Escarpment. The top of the Queenston Formation is marked by an erosional
surface known as the Cherokee Unconformity (Brett et al., 1990).

3.4.2 Whirlpool Formation

The Whirlpool Formation is composed mainly of fine-grained quartz sandstone, which locally may have
thin shale partings (Bond, et al., 1976). This unitis approximately 3.3 m thick in a deep borehole south
of the site. Whirlpool Formation outcrops are found at the face of the Escarpment and the formation
serves as a “caprock” to the underlying Queenston shale. The Whirlpool Formation is succeeded
gradationally by the thin- to medium-bedded fossiliferous dolostone of the Manitoulin Formation
(Johnson et al., 1992), which is approximately 1 m thick in the study area. The contact with the
overlying Cabot Head Formation is gradational.

3.4.3 Cabot Head Formation

The rocks of the Cabot Head Formation are predominantly thinly laminated grey and green,
noncalcareous shales with minor interbeds of sandstone, limestone, and dolostone (Johnson et al.,
1992). The Cabot Head dips southwest (Figure 3.13) and is approximately 20-30 m thick (Figure 3.14)
in the study area and is locally incised by the Medad Valley. The Cabot Head is a regionally-extensive
low-permeability aquitard underlying the study area and functionally directs groundwater discharge to
the Escarpment face and the Medad Valley.
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Figure 3.13: Top of the Cabot Head Formation (masl).

Earthfx Inc. 55



Burlington Quarry Extension Level 1/2 Assessment Report

April 2020

e

.
8 \i@\ -

L1 Ses

Legend: 7\~ River/Stream

Cross Section
Cabot Head Thickness (m)
Contour Line Start:

0.1 Step: 2 Stop: 50
0.1 B | [
10

Roads ) Lake @ Burlington Quarry
Express/Highway ] Wetland

Existing Quarry Niagara Escarpment IEI_:— ) EXtension

Expansion Lands Model Boundary AGGREGATES

Extraction Area

Cabot Head Thickness

roduced with MNR information Copyright © Queen's Printer, 2019 1000 2000
Drawing prepared by Earthfx 2020-04-23

o
Units: UTM NAD83 Zone 17

Figure 3.14: Thickness of the Cabot Head Formation (m).

Earthfx Inc.

56



Burlington Quarry Extension Level 1/2 Assessment Report April 2020

3.4.4 Silurian Units

The Silurian-age units are generally thin and can be difficult to identify in this regional transition area.
Furthermore, the recent changes in interpretation and nomenclature can cause some confusion. To
address this uncertainty, Dr. Brunton of the Ontario Geologic Survey was asked to review the new
drilling and televiewer results collected as part of this study.

OGS staff (Dr. Frank Brunton) reviewed the borehole data and confirmed the following stratigraphy,
from top to bottom.

Gasport Formation (also known as the Amabel Formation)

e Irondequoit Formation (previously included in basal Amabel Formation — where
Rochester Formation is cut-down/removed tectonically — due to fore bulge migration and
uplift and erosion of unlithified Rochester sediments)

Rockway Formation (also known as Reynales Formation)

e Merritton Formation (also known as Reynales Formation)

e Cabot Head Formation

The Rochester, Grimsby or Thorold formations were not identified in the boreholes at this site. At the
King City Quarry, southwest of the site (a Provincial Geologic ANSI), the Rochester Formation is
observed to be 1 m thick, but it thins to the north. In general, some of the upper Clinton Group and
Lockport Group rock units thin and/or are eroded completely in a westerly and northerly direction from
Niagara Falls to Hamilton and extending along the Niagara Escarpment region, due to the interplay
between tectonics (forebulge uplift and downwarping), global sea level fluctuations and glaciations,
and resultant changes in regional marine sedimentation.

Brett et al. (1995) subdivided the Reynales Formation into the Merritton and Rockway formations. The
Merritton Formation disconformably overlies the Cabot Head Formation and consists of finely-
crystalline dolostone with dark shale partings (Brett, et al., 1995 and Brunton, 2008). Brunton (2008)
noted that the Merritton Formation appears to thin eastward from the Guelph area towards the Niagara
Escarpment. The Rockway Formation disconformably overlies the Merritton Formation and is
described by Brunton (2008) as an argillaceous dolomicrite to wackestone with a distinctive, greenish-
grey finely crystalline matrix with thin shaley partings.

Previous work by Golder on the site identified the following Silurian units below the Amabel Formation:

Amabel Formation
Reynales Formation
Thorold Formation
Grimsby Formation

Golder did not identify the Irondequoit at the site. It should be noted that Voss (1969) suggested that
it can be difficult to identify the Irondequoit due to the similarity with the overlying dolostone. The
Cabot Head Formation was also not identified in Golder borehole logs, but was delineated on cross
sections in the Golder reports. Golder refers to the top of the Thorold Formation as the “Top of Shale”
(Golder, 2004, Figure F2) and assigned both the Thorold and Grimsby the same low hydraulic
conductivity value, suggesting that those units have hydraulic properties similar to the Cabot Head
Formation.

Golder (2004, page 8) described the Reynales Formation as follows:

The Reynales Formation is approximately 2.3 m to 2.8 m in thickness beneath the proposed
extension. It is comprised of medium greenish grey, fine-grained, thinly to medium bedded,
dolostone with argillaceous dolostone beds and occasional shaley bed partings. The formation
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is currently used by Nelson as a source for some aggregate products and may be extracted in
the proposed extension. The basal section of the formation contains pyrite mineralization.
The upper contact with the overlying Amabel Formation is sharp.

The identification of these units in records from the MECP water well information system (WWIS) is
difficult; however, careful inspection of the records revealed log description patterns that proved useful
during the construction of the stratigraphic model layers. Some water well records in the area identify
a “Shale, Layered” unit above another unit simply described as “Shale”. The terms “Limestone, Shale,
Layered” and “Shale, Limestone, Layered” also appears in a number of boreholes. Together, these
descriptions are interpreted to represent the Reynales (Rockway and Merritton) unit above the Cabot
Head Formation shales.

For the purpose of this study, the various descriptions (Golder, Brunton, MECP well records) were
reconciled by defining a single unit above the Cabot Head shale. The following approach was taken:

o based on OGS staff interpretation of the site logs, Golder’s Thorold and Grimsby shale units
were integrated into the Cabot Head Shale;

o while Brunton (2008) was able to subdivide the Reynales, these units are hydrogeologically
similar (dolostone with shale partings) and are un-subdivided in the Golder and MECP logs;
for simplicity, the Rockway and Merritton unit is referred to herein as the Reynales
Formation.

The top of the Reynales Formation dips gently to the southwest (Figure 3.15). The Reynales
Formation is approximately 3 to 5 m thick in the study area and is eroded and missing in the Medad
Valley (Figure 3.16).

The stratigraphic units are further illustrated by a series of cross sections drawn through the study
area. The cross-section locations are shown in (Figure 3.17). The Guelph Line cross section (Figure
3.18) illustrates the layering near the crest of Mount Nemo and the very thin overburden coverage
north of the existing quarry. The Blind Line cross section (Figure 3.19) passes through a pocket of
thicker overburden to the northwest of the existing quarry and then traverses the thick Paleozoic
section present in the South Quarry Extension area. The Cedar Spring cross section (Figure 3.20)
illustrates the bedrock layering immediately west of the proposed West Quarry extension and
illustrates the drop off into the Medad Valley to the northwest.

The final two cross sections clearly illustrate the north-east to south-west dip of the units towards the
Medad Valley. The 2" Side Road section (Figure 3.21) passes through the north portion of the South
Extension and the south boundary of the West Extension. Finally, a West-East cross section through
the quarry illustrates the existing excavation relative to the Medad Valley.
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3.4.5 Amabel Formation

The Reynales (Rockway) Formation is disconformably overlain by thickly-bedded dolomitic
grainstones of the Early Silurian Amabel Formation, which form the caprock of the Niagara
Escarpment (Figure 3.18 and Figure 3.23).

The Amabel Formation ranges in thickness from less than 10 m to more than 30 m (Figure 3.24). This
unit was subdivided by Brunton (2008, 2009), into the Goat Island, Gasport and Irondequoit formations
of the Lockport Group (Figure 3.10). The Gasport Formation makes up the bulk of the unsubdivided
Amabel in the study area, overlying the two- to three- metre thick Irondequoit Formation. The Gasport
Formation is characterized by massive, blue-grey, dolomitic limestones with some bioherms that could
be indicative of subaerial exposure (Johnson et al., 1992). The Goat Island Formation is a thinner
bedded, finer crystalline, grey dolostone that can be cherty and shaley (Bolton, 1957).

As noted in the previous section, OGS staff evaluated the borehole information from the 2019 West
Quarry Extension drilling program. The Goat Island Formation was identified in one borehole (BS-01
in Figure 3.25), but was not identified in any other nearby boreholes, such as BS-04 (Figure 3.7).
Golder (2004) did not subdivide the Amabel formation (Figure 3.5).

Because the Irondequoit, Gasport and Goat Island formations are hydrogeologically similar, and
because the Amabel was not subdivided in the Golder and MECP borehole logs, these units were
combined for the purpose of this study and are collectively referred to herein by their former Amabel
Formation name.

The upper portion of the Amabel Formation is typically weathered to a depth of up to 5 m. Golder
(2004) notes that the weathered section is brown in colour and contains more weathered fractures
than the underlying fresh rock mass.
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Figure 3.23: Top of bedrock (top of Amabel above the Niagara Escarpment), in masl.
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Figure 3.24: Thickness of the Amabel Formation (m).
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3.5 Quaternary Geology

Quaternary geology was mapped for the Hamilton NTS map by P.F. Karrow (1987). The map was
included in the OGS digital compilation map of southern Ontario Quaternary geology (OGS, 2010).
Surficial geology for the study area, based on OGS (2010), is shown in Figure 3.26.

Like all of southern Ontario, the study area was repeatedly glaciated during the Pleistocene Epoch,
although locally, there is only clear evidence for glacial activity during the Wisconsinan, the final major
glacial episode. Regionally, sediments of Quaternary age form a complex blanket of unlithified
deposits on the bedrock surface. Most of these sediments were deposited either directly from glacial
ice, in meltwater streams, or in ice-marginal or ice-dammed lakes. The pattern of glaciation in the
Great Lakes region is typically lobate, with relatively thin glacial ice flowing from the north and also
filling the lake basins (including the Lake Ontario basin) and then spreading out radially.

Sediments in the study area are primarily Late Wisconsinan to Recent in age. The primary till unit is
the Halton Till (Port Huron phase). West of the study area, the older Wentworth Till was deposited in
the late Port Bruce to early Mackinaw phases and outcrops as large westerly-trending drumlins. Both
of these tills were deposited by ice flowing westward out of the Lake Ontario basin.

3.5.1 Halton Till

The Halton Till ranges texturally from a loam to silty clay matrix and is far less stony than the Wentworth
Till (White, 1975 and Karrow 1987 and 2005). It outcrops in most of the study area, including above
and below the Niagara Escarpment. The till forms a series of north-northeast trending recessional
moraines known as the Waterdown Moraines (Karrow, 1987). The first Waterdown Moraine ridge,
west of the study area, marks the western limit of the Halton Till advance.

The Halton Till is patchy throughout the study area, generally filling depressions in the bedrock surface
(Figure 3.27). The till forms an effective aquitard where present. Golder (2006) studied the properties
of the Halton Till in the South Extension Area for the purpose of evaluating the hydraulic connection
between the wetlands and the groundwater levels in the bedrock. Golder (2006, p. 6) found that the
presence of silty clay in the sediments effectively limited the interaction between the surface and
groundwater systems.

3.5.2 Mackinaw Interstadial Sediments

During times of glacial recession, the area was affected by ice-marginal and ice-dammed lakes, such
as Glacial Lake Whittlesey and Lake Peel (see Chapman and Putnam, 1984 and Barnett, 1992).
Glaciolacustrine sediments of probable Mackinaw Phase age were locally deposited above the
Wentworth Till, or directly on bedrock. These deposits range from fine sand to stratified silts and clays.
Coarse-grained glaciofluvial deposits, mapped in the center and west of the study area, are thought
to be of similar age and locally appear to overlie or flank deposits of Wentworth Till (Karrow, 1987)
and infill the Medad Valley. Collectively these deposits are referred to here as the Mackinaw
Interstadial Sediments (MIS) sands, but they are time-coincident with the Maple Formation of
Georgetown and the Oak Ridges Aquifer Complex (ORAC) to the northeast.

The total thickness of the MIS sands is shown in Figure 3.28. In general, these units are very thin in
the vicinity of the extension areas. While there are limited data in the Medad Valley, there is some
evidence that the sand deposits are thicker in the valley to the north and south of the site.
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3.5.3 Postglacial lacustrine sands

Postglacial lacustrine sands are found at surface in the westernmost portion of the study area, locally
overlying both the Wentworth and Halton tills in the central part of the study area, and partly blanketing
the Waterdown Moraines. Other postglacial surficial deposits include organic deposits in wetland
areas and alluvium along parts of Bronte Creek and lower Grindstone Creek.

3.6 Stratigraphic Interpretation - Conclusions

While the stratigraphic interpretation of the sediments in the study area is complex and continues to
evolve, the stratigraphy in the quarry vicinity can be summarized rather simply: there is a thin cover of
silty clay (Halton Till), overlying the 25 m thick Amabel Dolostone unit with some intervening,
discontinuous MIS sands. The Amabel Formation forms the principal aquifer in the area and is also a
key aggregate resource. The Amabel Formation and all lower bedrock units dip southwest toward the
Medad Valley. Finally, the Cabot Head Formation shales form a low permeability base to the main
groundwater flow system.

The hydrostratigraphy of the study area, including the effects of fracturing and karst, is discussed in
Section 5.
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4 Hydrologic Setting

A detailed analysis of the surface water hydrology of the Burlington Quarry site and extension lands
has been prepared and submitted in a companion document (Tatham Engineering, 2020). The
following discussion builds on the field data and analyses presented in the Tatum Engineering report
and presents a synthesis of the hydrologic, hydraulic, and climate data needed to construct the
integrated surface water/groundwater model for the study area. The integrated GSFLOW model is
described further on in Section 6.

4.1 Climate

Three main climate datasets were analysed to characterize the climate of the study area. The datasets
include 1) precipitation, 2) maximum and minimum daily air temperature, and 3) net incoming solar
irradiation. Climate data used for this study have been compiled primarily from Environment Canada’s
Atmospheric Environment Service (AES). Data from the University of Waterloo, The University of
Toronto, York University, and the Grand River Conservation Authority (GRCA) were used to
supplement the solar radiation data when AES data were unavailable.

411 Precipitation and Temperature

Precipitation and temperature data, collected at Environment Canada AES stations proximal to the
study area, were obtained and reviewed. Figure 4.1 shows a subset of the stations within a 25 km
radius of the study area. The period of record varies among the available climate data sources;
however, it was possible to prepare a continuous climate dataset beginning in water year (WY) 1951
through WY2019 (note: water years begin on October 1 of the preceding calendar year). A total of
121 stations proximal to the study area had records for some or all of this time period. The period of
record of each of the 121 stations is shown in Figure 4.2. Figure 4.1 also shows the small number of
currently active stations within 25 km of the site.

Figure 4.3 presents the annual average precipitation observed in the study area for a 69-year period
showing long-term trends and the number of available stations. As can be seen, the number of
available stations has declined steadily since 1970. The annual data shows considerable variation,
but, overall, the 7-year average is fairly consistent. The last 50 years have been wetter, on average,
than the previous 50 years. Figure 4.4 shows the same estimate broken into precipitation forms (i.e.,
rain and snow). Measured average annual precipitation between WY1951 and WY2019 was 853
millimetres per year (mm/yr) with a range in values between 655 and 1172 mm/yr. Figure 4.5 presents
the average annual temperature over the same time period. The average annual temperature over
the 69-year period was 7.7 °C. The running average shows a rise in the late 1990s, but average
temperatures have been steady over the last 25 years.

Measurements recorded at each climate station were processed to generate an estimate of the spatial
distribution of both precipitation (broken into rain and snow) and temperature on a daily basis for use
as inputs for the integrated GSFLOW model. Station data were interpolated to a 500 m grid using an
inverse-distance weighting technique. The average annual precipitation and temperature are shown
in Figure 4.6 and Figure 4.7, respectively. The precipitation distribution shows a decreasing trend
from west to east. This behaviour may be related to the Niagara Escarpment, where lower elevations
tend to receive less precipitation. Unfortunately, the station density near the Escarpment is low,
making it difficult to confirm this phenomenon. Temperature tends to decrease in a southeasterly
direction and may also be inversely related to topography with lower temperatures corresponding to
higher elevations.
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4.1.2 Solar radiation

Incoming solar radiation is controlled primarily by the number of possible hours of sunshine per day
and the percent cloud cover. Solar radiation data are collected at very few stations in Ontario;
therefore, the data have to be compiled from a variety of sources. Through linear regression analysis,
it was shown (Earthfx, 2010) that the widely-separated Ontario solar radiation stations exhibited good
inter-station correlation. Accordingly, a continuous dataset was created by averaging and infilling of
daily solar radiation information from 11 southern Ontario stations.

The incoming solar radiation dataset was based primarily on the average of measurements from four
climate stations maintained by EC between 1956 and 2003. These stations include: 611KBEO (Egbert
CARE); 6142285 (Elora Research Station); 6158350 (Toronto); and 6158740 (Toronto MET Research
Station). The period of record of these four sites only extends to August 31, 2003; therefore the
remaining data up to 2019 had to be infilled using a combination of measurements from the University
of Waterloo, York University, University of Toronto Mississauga campus, and the Burford Tree Farm
(GRCA). Where direct observations were unavailable, solar radiation was estimated by the
Hargreaves and Samani (1982) method, which uses the daily minimum and maximum temperatures.

4.2 Land Use and Soil Properties

Land use or land cover, along with surficial soil properties, are important to the hydrologic function of
the study area because they influence the rates of overland runoff and evapotranspiration. The
primary source for land use/land cover data was the Southern Ontario Land Resource Information
System (SOLRIS v3, MNRF, 2019) (Figure 4.8). The source of the surficial soil mapping was the
Ministry of Natural Resources Soil Survey Complex (v.4, MNR, 2013) (Figure 4.9). (Please note that
the MNR changed its name to MNRF in 2014).

The land use and land cover in the study area ranges from urban development to natural forests and
wetlands. Land use in the vicinity of the Burlington Quarry is dominated by agriculture and
undifferentiated open fields. There are also several wetland areas adjacent to the quarry and in the
Medad valley. As a result, overland runoff is mainly limited by the plant canopy interception, infiltration
capacity of the soils, and by local depressions in the topography, rather than imperviousness. Surficial
soils are widely classified as loam with varying degrees of sand and silt. As a result of the diverse
range in land use and soil type, the hydrologic response of the study area is expected to vary spatially
with more runoff being generated on clay soils and in urban areas.

4.3 Surface Water Resources

Surface water data from several sources, including streamflow measurements, previous modelling
efforts, and surface feature mapping, were compiled. Stream networks were mapped and classified
using streamflow mapping by the Halton and Hamilton Conservation Authorities, while lakes and
wetlands were obtained from the MNRF Ontario Hydro Network (OHN) V1.2 coverage. The collected
stream, lake, and wetland coverage was processed and is illustrated on Figure 4.10. Also shown are
the locations of the Environment Canada - Water Survey of Canada stream gauges and the quaternary
watershed boundaries within the study area.
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4.3.1 Stream Network and Streamflow

The study area occupies several watersheds with the Burlington Quarry straddling the watershed
divide separating Bronte Creek and Grindstone Creek (see Figure 4.10). The Burlington Quarry
discharges to the north, to Willoughby Creek (a tributary to Bronte Creek), and to the south, to the
west branch of Mt. Nemo Creek, which discharges to Grindstone Creek (see Section 4.3.5). The
maijority of the streams that contribute to Bronte Creek within the study area are located below the
Niagara Escarpment. Several other streams originating below the Escarpment also contribute to the
Tuck Creek/ Shoreacre Creek watershed.

Grindstone Creek flows over the Niagara Escarpment in Waterdown at Smokey Hollow Falls, where it
continues south to Lake Ontario. A WSC (02HB012) gauge is located in Aldershot and captures the
maijority of the flow in the watershed, with the exception of some lower-order streams that bypass the
gauge and discharge directly to Lake Ontario. While several small headwater tributaries of Grindstone
Creek originate southeast of the Burlington Quarry, the large majority of the flow comes from the
western portion of the watershed, outside the study area. The main branch of Grindstone Creek enters
the study area north of Waterdown at Parkside Drive. Figure 4.11 and Figure 4.12 show the daily
observed streamflow and log streamflow, respectively, at the Aldershot gauge. Flow in Grindstone
creek at Millgrove (02HB028) is also shown on the graphs to illustrate that much of the flow at the
Aldershot gauge originates in the western part of the watershed, outside the study area. Comparison
of Figure 4.3 and Figure 4.11 shows that trends in streamflow appear to correlate well with the
observed trends in precipitation.

4.3.2 Karst Sinks and Springs

An investigation of local karst features was prepared by Worthington Water (2006, 2020). Karst
features have been identified north, south, and west of the Burlington Quarry. Information on the
location of sinks, springs, and disappearing streams was incorporated into the construction of the
integrated model. Details on how the karst sinks and springs were represented in the model can be
found in Section 5.2.4.

The goal of the karst investigation was to (1) document the presence of surficial karst features that are
relevant to hydrogeologic processes such as sinking streams, springs, and discharges from quarry
walls; (2) to carry out subsurface investigations to characterize the apertures and spacing of
solutionally-enlarged fractures; and (3) interpret the results to explain how water flows through the
dolostone aquifer (Worthington, 2020). The study results concluded that, except for the sink to west
of the West Extension lands and the sink and springs along the east arm of the west branch of Mount
Nemo Creek, there is a notable absence of surface karst features in or adjacent to the extension areas.
This is in marked contrast to areas close to the Niagara Escarpment, where the overburden in thinner
and surface karst features are common.

The karst investigation also concluded that a dense network of solutionally enhanced fractures is likely
present in the underlying bedrock. Worthington Groundwater (2020) suggests that treating the aquifer
as an equivalent porous medium is reasonable for steady-state groundwater flow modelling; however,
transient modelling of flow is more complicated because of the dominance of fracture flow over the
short-term such term while the effects of water released from or contributing storage in the bulk matrix
over the longer term (e.g., due to seasonal or inter-year changes in recharge) are significant. Section
5.2.5 discusses numerical model refinements implemented to better represent the function vertical
and horizontal fractures and solution enhancement.
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4.3.3 Lakes and Ponds

Lake Ontario represents the regional topographic low elevation and is the ultimate discharge point of
all the major streams in the study area. Most of the lakes or ponds in the area are relatively small,
comprising only a few hectares or less. Of these small features, Lake Medad is the most notable
because it is located within an Area of Natural and Scientific Interest (ANSI). The 8-hectare (ha) lake
is located approximately 2 km south of the Burlington Quarry in the Medad Valley (Figure 4.10). The
lake is a discharge point for several groundwater springs and small tributaries. Lake Medad drains to
the south and ultimately reaches the main branch of Grindstone Creek. Fisher’'s pond is another small
(3-ha) named feature located approximately 2.7 km southeast of the Burlington Quarry, near the edge
of the Niagara Escarpment.

Many other small un-named natural and man-made features also exist in the study area, including a
series of golf course ponds located in the western extension lands. These ponds are man-made
features designed to store irrigation water for the Burlington Springs Golf Course.

Also shown in Figure 4.10 are unmapped irrigation ponds on the Burlington Springs Golf Course and
the quarry ponds in the base of the Burlington Quarry. These ponds do not show on the OHN mapping
and were added manually from aerial photography. The discrepancy between the OHN mapping and
the observed golf course and quarry ponds is due to the time period in which the OHN study was
completed and the fact that the quarry ponds have changed location and shape over time.
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Figure 4.11: Daily measured streamflow at Grindstone Creek near Aldershot (02HB012) and
Grindstone Creek near Millgrove (02HB028).
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Figure 4.12: Daily measured log-streamflow at Grindstone Creek near Aldershot (02HB012) and
Grindstone Creek near Millgrove (02HB028).
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4.3.4 Wetlands

There are several wetlands and wetland complexes within the study area, most of them located above
the Niagara Escarpment and within the lowlands between the ridges of the Waterdown Moraines or
within the Medad Valley. Figure 4.10 displays all of the mapped wetlands in the study area. The
largest of the wetlands is found in the Medad Valley and is classified as both a PSW and an ANSI.
Several other large PSWs belonging to the Flamborough Centre Complex are located west of the
Medad Valley. Clusters of smaller PSWs are also located to the southeast of the existing Burlington
Quarry and further south, near Waterdown. A detailed evaluation of the significance and function of
key wetlands is presented in a companion report (Tatham Engineering, 2020) and in the natural
heritage report (Savanta, 2020).

4.3.5 Surface Water Takings and Diversions

Surface water takings in the province are governed by the Ontario Water Resources Act (OWRA) and
the Water Taking Regulation (O. Reg. 387/04); a regulation under the OWRA. Section 34 of the
OWRA requires anyone taking more than a total of 50,000 litres of water in a day to obtain a PTTW
from the MECP. A detailed review of the permitted surface water takings within 5 km of the Burlington
Quarry was completed.

The study area contains six permitted surface water takings, all related to golf course operations. Two
of the surface water permits are above the Niagara Escarpment; (1) the adjacent Burlington Springs
golf course and (2) the Hidden Lake golf club, which draws water from Lake Medad.

The Burlington Quarry is permitted under PTTW No. 96-P-3009 to discharge water off-site through
two locations. Note that while the quarry discharges to surface water, the permit is classified as a
groundwater source. This permit is discussed in Section 5.4.

4.4 Surface Water Investigations: Overview

Streamflow Monitoring: A streamflow monitoring program was executed by Tatham Engineering and
summarized under separate cover Tatham Engineering (2020). Data from the monitoring sites, shown
in Figure 2.2, and in more detail in Figure 4.14, were used in the calibration of the integrated model.
The figure also maps the karst features (sinks and springs) identified by Worthington Groundwater
(2006, 2019) near the quarry. For a full description of the monitoring program, the reader is referred
to Tatham Engineering (2020).

Bathymetry Survey: A bathymetry survey of the irrigation ponds, located on the western extension
subject lands (Burlington Springs Golf Course), and key wetland features, located on the southern
extension subject lands, was completed by Tatham Engineering. The bathymetry values were used
to locally adjust the shallow layer elevations in the integrated model to better represent these features.
For a full description of the bathymetry survey methodology and results, the reader is referred to
Tatham Engineering (2020).

Wetland and Pond Water Level Monitoring: A wetland monitoring program was executed by Tatham
Engineering and summarized under separate cover. Key wetlands were instrumented (Figure 4.14)
with staff gauges and shallow groundwater piezometers to assess the hydroperiod and potential
groundwater — surface water interactions within the wetlands. The wetland monitors served as
important calibration points for the GSFLOW model. For a full description of the monitoring program,
the reader is referred to Tatham Engineering (2020).
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Figure 4.13: Permitted water takings in the study area.
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Figure 4.14: Locations of wetland and streamflow monitoring locations and karst features.
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5 Hydrogeologic Setting

5.1 Introduction

The development of a numerical flow model involves a multi-stage analysis and model development
process. The process begins with a conceptual description of the geologic setting and then proceeds
through the development and refinement of stratigraphic, hydrostratigraphic, and finally flow model
layers optimized for the numerical simulations.

A significant benefit of an integrated model-driven, quarry assessment approach is that every aspect
of the surface and groundwater flow system must be described, quantified, reconciled, and assessed.
The integrated numerical model requires accounting for 100% of the water budget. Measured
precipitation is added to the top of the model, and all surface water and groundwater flows and levels
must be evaluated in a unified manner. The following describe the major model layer development
stages followed in this study:

Stratigraphic Model: The stratigraphic model (presented in Sections 3.4 and 3.5) describes and
represents the underlying geologic depositional and erosional history of the study area.

Hydrostratigraphic Model: The hydrostratigraphic model (presented in Section 5.2, below) describes
the aquifer and aquitard layers and their hydrogeologic characteristics. For the most part, the
stratigraphic model layers correspond to the aquifers and aquitards in the study area. The
hydrostratigraphic model differs in that it also considers weathering, fracturing, and other processes
that affect groundwater flow, so layers may be subdivided or combined as appropriate. For example,
the upper bedrock surface is generally weathered, and is frequently represented as a continuous
aquifer layer across all bedrock units.

Numerical Flow Model Layers: Finally, the hydrostratigraphic model is converted into a form that is
suitable for input into the numerical flow model. Some modifications may be made for model efficiency
and because the numerical model does not allow layers to “pinch out”’. Layers must be continuous
across the model domain and minor adjustments to layer properties are necessary, such as assuming
a minimum layer thickness. For example, to represent the removal of materials within the quarry
excavations, the tops of the shallow models model layers were shifted downward so that the top of the
first layer represented the quarry floor, underlying layers were assigned a minimum thickness, and
hydraulic properties were assigned to the shifted layers to match that for the aquitard layer that
underlies the quarry.

5.2 Hydrostratigraphic Model Layers

A 9-layer hydrostratigraphic model was created by modifying the stratigraphic layers based on the
interpretation of the hydrogeologic data and additional study area conceptualization. The surfaces
represent an integrated interpretation of the borehole logs, packer test results, televiewer logs,
outcrops, groundwater levels, streamflow, and other supporting information. Three overburden and
six bedrock layers are described below, followed by an interpretation of the regional and local transient
water level patterns.

The hydrostratigraphic layers are best illustrated on a series of cross sections through the study area
(Figure 5.1). Three of the cross sections (Figure 5.2 through Figure 5.4) illustrate the broader
hydrostratigraphic setting, while the remaining four sections (Figure 5.5 through Figure 5.8) are
focussed on the local conditions in the extension areas.
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The 2nd Side Road cross section (see Figure 5.2), which spans the Medad Valley in the west then
and follows 2" Side Road past the quarry towards the crest of the Niagara Escarpment, illustrates the
general hydrostratigraphic patterns. Wells screens and open-hole intervals are found throughout the
upper bedrock, and the recorded static water levels from the MECP WWIS database show high
variability for several reasons. Water levels in wells less than 15 m deep and those greater than 15
m deep are shown as symbols and as potentiometric surface elevation lines on the section. In the
west, the water levels drop into the Medad valley, which acts as a regional discharge area. The
variable nature of the water levels reflects the fracture patterns, variable well depths, well construction
effects, seasonal and inter-annual conditions at the time of drilling, and, through the middle of the
section, the influence of the existing quarry.

A similar pattern can be seen in the Colling Road cross section shown in Figure 5.3. Depression of
the water levels near the Medad Valley is evident, while the high shallow groundwater levels to the
immediate east are likely due to leakage from the stream accepting quarry discharge (discussed in
more detail below).

The third regional section follows Cedar Springs Road (Figure 5.4). The northern portion of this cross
section begins in the Medad Valley and then rises to the south as the section climbs up the
Escarpment. Both well depth and water levels show high variability and reflect the factors outlined
above. Variability is noted in wells close to the Medad Valley but also in the middle of the section.

5.2.1 Layer 1: Post-Glacial (Surficial) Deposits

Hydrostratigraphic Layer 1 is defined as a 1 m thick layer of surficial materials that includes both
weathered overburden materials and weathered bedrock (where bedrock is mapped at surface). Pond
and wetland substrate materials, including organics, are also represented in this layer. Where Halton
Till is at surface, Layer 1 and 2 both represent that unit with the upper layer assumed to be more
weathered. Hydrogeologic property assignments are consistent with surficial geology mapping (Figure
3.26) and Layer 1 can include some surficial sands deposited on the Halton Till between the
Waterdown Moraines in the southwest portion of the model. The resulting hydraulic conductivity of
this layer is shown in Figure 18.11.

5.2.2 Layer 2: Halton Till Aquitard

The second hydrostratigraphic layer represents the unweathered Halton Till, which is found across the
entire model area, both above and below the Niagara Escarpment. The Halton Till is a discontinuous
layer (see Figure 3.27), dominated by silt, with moderate fractions of sand (~20%) and clay (~30%)
(Golder, 2007). The till is of low permeability and serves to limit recharge and/or leakage to the
underlying aquifers. Where the Halton Till is absent, the properties of the adjacent layers are used in
the model (Table 18.4).

5.2.3 Layer 3: Mackinaw Interstadial Sediments (MIS)

Layer 3 represents Mackinaw Interstadial Sediments (MIS) that occur in limited pockets around the
quarry area (Figure 3.28). The materials associated with this unit are variable in composition;
however, they generally consist of glaciolacustrine and glaciofluvial sand and gravels. This unit infills
the Medad Valley and can be quite thick below the Niagara Escarpment. From a functional
perspective, this unit likely acts as a single aquifer in conjunction with the weathered bedrock over
which it lies. The unit can be intermittently saturated depending on the relative local elevation and
season.
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Figure 5.1: Hydrostratigraphic cross section locations.
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Figure 5.2: 2nd Side Road section.
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Figure 5.3: Colling Road hydrostratigraphic cross section.
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Figure 5.4: Cedar Springs Road section.
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Figure 5.5: Televiewer cross section through the West Extension Area.
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5.2.4 Layer 4: Weathered Bedrock/Overburden Interface Aquifer

A bedrock surface or “contact zone” aquifer is widely observed in the upper portion of the limestone
and dolostone units across southern Ontario. Differential weathering and erosion of the bedrock,
exposed for over 300 million years in this area of Southern Ontario, has created this aquifer unit.
Enhanced permeability is also generally attributed to a combination of weathering, glacial modification,
and stress relief fracturing. The weathered bedrock is observed in the quarry outcrops, as illustrated
in Figure 5.9, where Golder (2004) notes it can appear to have a brownish tone.

This aquifer is mapped and assumed to be present across the entire study area, although its properties
were variable and related to which formation is exposed at the bedrock surface (e.g., the Amabel or
Queenston formation). An assumed depth of weathering equal to 0.3 m was applied across the model,
extending down from the top of bedrock (Figure 5.6).

Layer 4 (and together with Layer 3) may function as a confined, semi-confined, or unconfined aquifer
across the study area, depending largely upon the composition and thickness of overlying Halton Till.
Layer 4 is generally not used for water supply wells in the Escarpment upland area of Mt. Nemo, as
the water levels in the unit fluctuate seasonally. Water wells are generally cased into or through the
weathered bedrock (Figure 5.4); however, leakage from this layer may enter the well around the casing
or through vertical or sub-vertical fractures intersecting the borehole.

Shallow Karst Representation: Worthington Groundwater (2006, 2019) completed extensive
investigations and mapped karst features, including sinks and springs in the shallow bedrock in the
study area. The karst feature locations are shown in Figure 4.14. The Ontario Geological Survey also
mapped karst features in the Medad Valley in the study area (OGS, 2008). Karst sinks were
represented in the model as disappearing stream segments, where streams flowing across Layer 1
drop down into Layer 4. In Layer 4, the karst flow is represented as a subsurface conduit that leaks
or picks up flow. Atthe mapped karst springs, the stream is again mapped as a Layer 1 stream. The
subsurface karst stream segments are generally represented at light blue lines on the figures (for
example, see Figure 3.6, with some exceptions for model presentation or stream flow color ramp
presentation). An extensive discussion of the karst conditions is included in Appendix B (Section 16).

5.2.5 Layer 5: Upper Bulk Amabel Aquifer

The Amabel Formation was subdivided into multiple hydrostratigraphic layers to reflect a variety of
observations related to horizontal and vertical fracturing and anisotropy. Layer 5 represents the
uppermost of the subdivided Amabel. The discussion below provided a basis for this representation.

It was previously noted that the upper Amabel may be subdivided into the Goat Island Formation, the
Goat Island Formation was only identified in one borehole in the study area. A stratigraphy-based
subdivision of the unit was not possible.

An extensive bedding plane fracture observed across the exposed face in the Burlington Quarry
provides compelling evidence that supports the delineation of an upper Amabel unit (Figure 5.9) and
a middle Amabel fracture zone. A cross section presenting televiewer data through the West
Extension area suggests that the upper Amabel has a slightly different tone (Figure 5.5), and a middle
Amabel zone is evident upon close inspection (see Figure 3.7). Packer test results in the West
Extension area illustrate an increase in hydraulic conductivity in the middle Amabel (Figure 5.6), but
the evidence is less clear in the Golder packer test data (Figure 5.7 and Figure 5.8). Well screens are
frequently set across the middle Amabel zone (Figure 5.4), further suggesting that a more permeable
middle Amabel bedding plane fracture zone extends across the study area.
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While the middle Amabel bedding plane fracture is more permeable, the rock mass of the upper
Amabel unit is both horizontally and vertically fractured, and this is represented in the bulk hydraulic
conductivity of the layer. Two significant numerical model refinements were implemented to better
represent the function vertical and horizontal fracturing in this layer (see Section 6. and Appendix D).

5.2.5.1 Amabel Formation Hydraulic Conductivity

The hydraulic conductivity of the Amabel Formation has been studied at sites across the Niagara
Escarpment. Two sites near the Burlington Quarry were of interest, including the Freelton Wellfield,
approximately 10 km west of the site, and another quarry north of Freelton. The results of several of
the tests are summarized in Table 5.1.

Table 5.1: Summary of hydrogeologic properties of the Amabel Formation.

K-low | K- high
SR (mls) (m/s?

Jagger Himms (2003)* 2.04x10* | 3.56x104
Charlesworth & Associates (2006)* 7.18 x10-5 | 3.09x10+
Dillon (2008)* 3.19x10° | 1.25x10#
Gartner Lee (2005)/ AECOM (2009)* 4.4x10%5 [ 7.04x10+
OGS (2010)* 8.44x104 | 2.27x103
Wood (2018a)* 3.15x104
Earthfx Interpretation of Wood (2018a) * 2.6x10+
Golder (2005) Nelson Model 4.0x10% [ 4.0x10°
Earthfx (2020) Burlington Quarry Model Weathered Bedrock 5.0x105
Earthfx (2020) Burlington Quarry Model Amabel Bulk 5.0x106
Earthfx (2020) Burlington Quarry Model Middle Fracture Zone 5.0x10°
Earthfx (2020) Burlington Quarry Model Lower Fracture Zone 1.0x104

Note *: Assumed 25 m thick formation

The hydraulic conductivity of the Amabel has been investigated at the Burlington Quarry using a variety
of methods and scales of evaluation. While all methods are useful, each has its own limitations. The
packer test results (presented in the previous section) provide detailed insight but can fail to capture
the bulk response of the system. The Golder (2005) pump test and the wellfield tests presented in
Table 5.1 provide a bulk measurement, but the interpretation of the pump test results requires aquifer
layer and property assumptions that may not be well-suited for a layered fractured rock setting. Finally,
karst investigations can provide insight into the high permeability conduits that may be present in the
system.

While all of this information has been considered in completing this assessment, perhaps the most
representative measure of system response is from the observation wells that recorded the
progression of the quarry face over the last 10 years (the site development history is presented in
Section 3.3.3). While all the field measurements have been integrated into this assessment, the model
calibration to the seasonal and long-term groundwater level fluctuations and drawdown as recorded
in the monitoring network ultimately provided the best estimate of the hydraulic conductivity of the
units. A summary of the calibrated values is presented in Table 5.1 for comparison.

5.2.5.2 Anisotropy and Vertical Flow Patterns

It is widely recognized that the dolostones of the Niagara Escarpment have a high degree of vertical
to horizontal anisotropy. Maslia and Johnston (1984) studied the “effectiveness of horizontal (bedding)
joints versus vertical joints as water-transmitting openings”. They concluded that vertical hydraulic
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conductivity (Ky) to horizontal hydraulic conductivity (Kx) anisotropy of 100:1 to 1000:1 was typical of
the Lockport (Amabel) Formation.

Discussions with Dr. Worthington (a partner on this project team) regarding the karst characteristics
of the Amabel Formation further suggest that there are low storage/high permeability fractures that
interact with a bulk rock mass that has higher storage but lower permeability. These are also
discussed in Worthington Groundwater (2019).

These features and characteristics have been incorporated into the conceptual hydrostratigraphic
model for the Amabel Formation layers. Based on these insights and model calibration to match the
vertical gradient observed in the long-term monitoring wells near the quarry face, the bulk anisotropy
of Layer 5 (upper bulk Amabel) was estimated to be 500:1 (Kn/Ky) and Layer 7 (lower bulk Amabel) to
be 1000:1 (Kn/Ky).

Simulations with these values alone indicated that, while these anisotropy ratios are within the range
of published values, model results failed to represent the observed water level interconnection
response observed in the monitoring record. In particular, the lower layers showed a strongly
attenuated response to seasonal change. To better represent the presence of vertical fractures which
connect the shallow and deeper systems, 5% of the model cells in Layer 5 and Layer 7 were randomly
assigned an anisotropy value of 1:1 (Kiw/K,) (Figure 18.20). The 5% figure was based on a set of
calibration runs with varying percentages.

The combination of high bulk anisotropy, together with a degree of vertical interconnection, was found
to best match the observed well responses. Near the south quarry face, the water table generally
remains in the shallow bedrock for much of the year, particularly when spring recharge to the shallow
system is higher than the leakage rate downwards through the vertical fractures. In closer proximity
to the face, where the deep system is under-drained, highly erratic changes in water levels (greater
than 5 m) can be observed in response to recharge events filling the shallow system storage and then
leaking downwards over time.

The vertical fracture network and anisotropy patterns also exist, but downward leakage over the broad
area tends to minimize the differences in the head between the shallow and deeper bedrock layers.
Groundwater flow through the network of vertical and horizontal bedding plane fractures is sufficient
for allowing the Amabel aquifer to serve as a source for private water supply.

5.2.6 Layer 6: Middle Amabel Fracture Zone

The preceding discussion of the hydrostratigraphy of Layer 5 (bulk Upper Amabel) introduced many
of the concepts and data that support the delineation of Layer 6 as the middle Amabel fracture zone.
As noted above, the bedding plane fracture observed in the quarry wall (Figure 5.9), together with the
West Extension area packer tests, televiewer logs, and monitoring data, provide compelling evidence
of a relatively continuous horizontal fracture zone with preferential flow.

The presence of a production zone in the Gasport (Amabel) Formation has been noted in several
studies. In the Freelton wellfield, municipal supply wells FDF01 and FDFO3 have been interpreted to
intersect the highly permeable fractured zone in the middle of the Gasport Formation. Brunton (2007)
also identifies a production zone in the middle of the Gasport Formation in the Guelph area.

5.2.7 Layer 7: Lower Bulk Amabel Aquifer

The Gasport (Amabel) Formation is dominated by thick- to massive-bedded, fine- to coarse-grained
dolostone and dolomitic limestone, with minor argillaceous dolostone beds. There is anecdotal
evidence that the lower portion of the Amabel, together with the Irondequoit, may be more massive
than the upper Amabel within the Burlington Quarry (Figure 5.10).

Earthfx Inc. 105




Burlington Quarry Extension Level 1/2 Assessment Report April 2020

The hydrogeologic properties of the lower bulk Amabel are represented in a similar manner to that of
the upper bulk Amabel. The calibrated vertical anisotropy of Layer 7 is lower, at 1000:1 (Kh/Kv), to
reflect the more massive nature of the lower Amabel.

5.2.8 Layer 8: Lower Fracture Zone

A lower flow zone has been identified in a number of boreholes, monitoring data sets, and in
observations at the base of the quarry face (Figure 5.10). The most compelling evidence of a lower
flow zone is found in the monitoring data. A hydrograph from monitoring location OW03-15, south of
the 2" Side Road (see Figure 3.4) is shown in Figure 5.11. Water levels in the deepest monitor
(OWO03-15A) at this location are over 13 m below those of the water table (OW03-15C), clearly
indicating that the lower system is connected to the quarry by a permeable lower fracture.

Figure 5.10: Lower zone quarry discharge near OW03-15 (Worthington Groundwater, 2006).

A similar pattern is observed in monitor nest OW03-14 (Figure 5.12). When the monitor was installed
in 2004, the quarry face was 175 m from the monitor (Figure 3.8). Between 2004 and 2009 the quarry
face advanced to within 40 m of the monitor, and during that time the heads in the lower system
dropped 14 m. This provides particularly useful information, for it suggests that the quarry influence
is less than 200 m from the active face.

Evidence for a lower flow zone is also evident in the packer test data (Figure 5.6 and Figure 5.8, for
example); however, technical problems with testing at the bottom of the borehole may have limited the
effectiveness of this method.
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The exact depth and thickness of the lower fracture zone is difficult to identify precisely, but the
presence of the zone and relatively high permeability can be clearly identified in the monitoring data.
The lower flow zone may contain a combination of fractures and bulk permeability likely near the sharp
contact with the top of the Reynales Formation.
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Figure 5.11: Water levels recorded in Monitoring Well OW03-15 (50 m from Quarry face).
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Figure 5.12: Water levels recorded in Monitoring Well OW03-14 (175 m to 40 m from Quarry face).

5.2.9 Layer 9: Lower Aquitard

Because groundwater flow in the lower system is dominated by the lower fracture zone, the multiple
aquitard layers below that zone have a limited impact on groundwater flow in the lower system. For
this reason, the lower aquitards were grouped into a single Layer 9 Lower Aquitard layer. For the
simulations in this study, a collective hydraulic conductivity of 1x10” m/s was selected.

5.2.10 Summary

A 9-layer hydrostratigraphic model was developed from the stratigraphic layers and conceptual and
numerical analysis of the field measurements. A number of key hydrogeologic concepts and
observations, including weathering, karst, fracturing, anisotropy, and monitoring observations have
been incorporated into the hydrostratigraphic model.

As will be discussed in Section 6.10.1 and Appendix D, further refinement was done to transform the
hydrostratigraphic model layers into numerical model layers for the GSFLOW model. This includes,
for example, ensuring that a minimum thickness was preserved for each of the layers. Unique
hydraulic properties were assigned to the units represented by these surfaces.

The hydrostratigraphic model surfaces were also used to assignment well screens and pumped
intervals to particular model layers. This information was used in the presentation of groundwater
levels and in the selection of calibration targets, as discussed in the next section.

5.3 Groundwater Levels

5.3.1 Water Level Data Sources and Monitoring Record
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Water-level data are available from two primary sources: the “static water level” data in the Ontario
Ministry of Environment, Conservation, and Parks (MECP) Water Well Information System (WWIS)
database and from monitoring wells established for Nelson. There are nearby Provincial Groundwater
Monitoring Network (PGMN) wells; however, all are located outside the study area. The water level
data provide useful information on groundwater flow rates and directions in the study area as well as
provide the primary targets for the calibration of the numerical groundwater model.

5.3.1.1 Static Water Level Data

Static water level data from these wells provide a general insight into the regional groundwater level
patterns. The static water levels represent one-time measurements taken at the time of well
construction. Numerous issues (bias towards shallow wells, the effect of variation in seasonal and
inter-annual groundwater levels on how representative the data are) and errors (survey error, well
recovery, etc.) are known to affect the water well record data. Assessment of the intrinsic error and
variation in this data set is discussed at length in Kassenaar and Wexler (2006). Despite these
limitations, the WWIS data represents the best spatial coverage available.

5.3.1.2 Transient Water Level Data

Nelson maintains a groundwater monitoring network with wells and mini-piezometers around the
Burlington Quarry (Figure 3.4). Monthly water level data were collected by Golder starting in 2003,
and continuous data were collected in most wells from 2007 to 2013 and starting again in October
2018 by Azimuth Environmental. Mini-piezometer data were collected by Golder from 2007 to 2013,
and new mini-piezometers were installed in wetlands by Tatham Engineering in 2018. Although there
are gaps, the data provide useful insight into how the wells respond to rainfall events and to seasonal
and inter-annual climate variability. The wells also provide insight into how water levels may have
been affected over time by quarry excavation and seasonal changes in dewatering activities. Other
monitoring sites in the study area were also incorporated into this analysis.

5.3.2 Regional Water Level Patterns

Regional water level patterns were evaluated using static water levels obtained from the MECP WWIS
database, static water levels from other geotechnical and consultant wells, and average water levels
from long-term water-level monitoring sites. Static water levels were examined visually and using
statistical outlier detection techniques to identify obvious errors in water levels. Not all large
differences between nearby wells could be classified as erroneous. Possible causes could be slow
recovery times in low yielding wells or different degrees of connectivity within the fractured bedrock
system (e.g., one site could be well connected to a relatively continuous fracture system while another
is poorly connected). Wells with uncertain locations were eliminated. Data for wells with anomalous
values were checked against the original borehole logs for transcription errors.

The water-level data were interpolated to a regular grid covering the study area using a geostatistical
technique known as “kriging”. Kriging is a weighted-averaging interpolation method that attempts to
minimize variance and bias in the results while honouring the local values at the data points. Points
along the higher-order stream were added to the interpolation process because these were assumed
to correspond closely to the actual water table elevations. Wells above and below the Niagara
Escarpment were treated as separate populations for variogram analysis and for interpolation.

Figure 5.13 shows the results of the kriging of the groundwater levels along with the original data
posted as colour-coded dots. Only data from wells with completion depths less than 15 m below
ground surface were used to approximate the position of the water table. The highest water levels,
exceeding 280 masl, are observed in the northwest portion of the study area in the vicinity of Mt. Nemo.
The lowest water levels, at approximately 105 masl, are located in the southern portion of the study
area along Grindstone Creek. Similar to topography, the water levels are relatively flat above the
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Escarpment. Steep gradients are present below the crest of the Niagara Escarpment. In general,
groundwater flow is radially outward from Mt. Nemo; however, the flow direction is predominantly to
the southwest towards the Medad Valley in the quarry vicinity.

Figure 5.14 shows the results of the kriging of the groundwater levels from wells with completion
depths greater 15 m below ground surface. Some low values are observed, particularly in the Medad
Valley, confirming the Medad as a local groundwater discharge zone.

5.3.2.1 Vertical Head Differences

The vertical head differences between the shallow and deep system were obtained by subtracting the
two interpolated surfaces, and are shown in Figure 5.15. While there are some clear patterns of
downward gradients near the Escarpment face (shown in blue), the limitations in the MECP water well
record data and spatial distribution result in limited usefulness. The long well screens or open holes
used in water well construction often result in water levels that reflect multiple layers, as illustrated in
the cross section shown in Figure 5.2 and Figure 5.4.
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Figure 5.13: Groundwater levels (m) from wells less than 15 m deep.
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5.3.3 Water Level Fluctuations

5.3.3.1 Seasonal and Inter-annual Patterns

A review of long-term water level data indicates that natural seasonal variation in water levels can be
significant. The storage capacity of the bedrock fractures is limited, and water level response to
infiltration events is rapid. Fractures in areas where the water table is in the upper bedrock will also
drain rapidly in response to changes in recharge while the bulk matrix drains more slowly.

Figure 5.16 presents a hydrograph for monitoring well MW03-30B, which shows typical seasonal water
level patterns (Monitoring locations are shown in Figure 3.4). Groundwater levels show a muted
response in the late fall and early winter as the ground freezes, precipitation decreases, and snow
accumulates. Peak water levels generally occur in early to mid-April primarily due to recharge from
precipitation and snowmelt events after the ground has thawed. Groundwater levels decline through
the summer because few infiltration events reach the water table, and most of the water in the soil
zone is lost to evapotranspiration. Groundwater levels typically recover in the early fall due to
increased precipitation and decreased ET.

The seasonal response pattern varies from year to year due to climatic variations in temperature and
precipitation. For example, a warm wet winter will limit the amount of snowmelt available for the spring
freshet. There are a number of above-average wet and dry years in the 10-year period used in model
simulations (WY2009-WY2019) with a wide range of average monthly precipitation and temperature
values. As an example, Figure 5.17 shows inter-annual variations in groundwater levels in PGMN well
WO000005-1 located west of the study area. Even though rainfall and snowmelt were high in the spring,
the dry fall of 2011 and the dry summer of 2012 caused groundwater levels to appear to decline more
than normal.
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Figure 5.16: Transient groundwater response to precipitation and (simulated) snowmelt events.
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Figure 5.17: Inter-annual variation in groundwater levels at PGMN Well W000005-1 versus monthly
average precipitation and snowmelt.

5.3.3.2 Quarry Water Level Patterns

The effects of the quarry have been observed in the South Quarry Extension area monitoring network
for many years. A characteristic water level response pattern has been observed that is affected by
distance from the active quarry face. Wells in close proximity to the quarry (e.g., OW03-15, which is
50 m from the face) exhibit more than 14 m of vertical head difference between the Layer 4 shallow
bedrock and Layer 8 deep fracture zone, as illustrated in Figure 5.11. As noted earlier, this decline in
water levels has been observed as the quarry face advanced (Figure 5.12).

With increasing distance from the quarry, the difference in head between the shallow and deep system
is reduced. At 300 m from the face, the difference in head has decreased to 10 m (Figure 5.18), and
the water levels in the deep system become much more variable (as much as 6 m). This variability is
due to the effects of seasonal recharge that serve to replenish the lower system. During the spring
freshet, higher rates of recharge and higher water table are able to fill the vertical fractures and drive
flow to the lower system faster than it drains laterally to the quarry. Water levels in the deeper system
rise significantly in response. Over the summer, the deep system water levels drop as recharge rates
and the water table declines.

At 650 m from the quarry face, the difference between the deep potentiometric head and the water
table is further reduced. Similar seasonal water level patterns are observed, with up to 4 m in head
difference.

Finally, at 1000 m from the quarry, the spring freshet provides an excess of water to the water table
and, with minimal deep system drainage to the quarry, the water levels in the shallow and deep system
are nearly identical. Normal seasonal fluctuations in the water table are observed.
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Figure 5.19: Monitor MW03-09, located 650 m from the quarry face.
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Figure 5.20: Monitor OW03-17, located 1050 m from the quarry face.

5.4 Groundwater Use

Groundwater takings in the province are governed by the Ontario Water Resources Act (OWRA) and
the Water Taking Regulation (O. Reg. 387/04); a regulation under the OWRA. Section 34 of the OWRA
requires anyone taking more than a total of 50,000 litres of groundwater in a day to obtain a PTTW
from the MECP. A detailed review of the permitted groundwater takings within 5 km of the Burlington
Quarry was completed.

Agricultural Takings: Results indicated that there are 3 active groundwater PTTWSs within 5 km of
the Burlington Quarry in the study area (Table 5.2 and Figure 4.13). It was determined that the
groundwater takings for agricultural use are relatively distant from the quarry (on the opposite side of
the Medad Valley) and are generally small in volume. They were, therefore, not simulated in the
model.

Table 5.2: Groundwater PTTW (within 5 km)

Permit No. Purpose Source Ll\lnl\:;(n [:\c :/)((1 DaYy:ar:er D'?'::')ce
4854-9WXRVT | Field Crops | Well 25 8 200 4.38
6781-8SNQ9Q | Nursery Ponds (spring fed) | 4,314 6 60 4.53

. Well 75 10 100
8886-8D8T3C | Field Crops Ponds (spring fed) | 4,096 16 100 4.39

Industrial/Commercial Water Takings: To extract aggregate from below the water table and operate
in dry conditions at the Burlington Quarry, Nelson holds a PTTW (No.: 96-P-3009). The PTTW allows
for the site to operate a water management program to control water that enters the quarry footprint
as precipitation and groundwater seepage. The PTTW permits the taking of water from two sources:
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Quarry Sump 0100 (Northwest Sump) and Quarry Sump 0200 (South-Central sump) at an
instantaneous pumping rate of 4,090 L/min (5890 m3%d) and 945 L/min (1361 m3%d), respectively.
Unlike other water takers, aggregate producers are primarily water handlers and not consumers. The
actual amount of water consumed at the Burlington Quarry is relatively small. Well over 90% of the
water handled is returned to the local watershed.

Some discharge from Quarry Sump 0100 is diverted, via gravity flow, to the Burlington Springs Golf
course for use as irrigation under a separate permit. The remainder is discharged northwest to the
roadside ditch along Colling Road, which drains into a tributary of Willoughby Creek north of Colling
Road. Water taken from Quarry Sump 0200 is discharged southeast across No. 2 Sideroad to the
upstream end of the West Arm of the West Branch of Mount Nemo Creek which is a tributary of
Grindstone Creek.

5.4.1 Private Water Wells

A preliminary private door-to-door water well survey was completed by Nelson personnel and a
Professional Geoscientist on July 29t and July 30", 2019. The survey was completed for all residents
located within 1 km of the proposed extension lands, including those located on both the north and
south sides of Sideroad No. 1. In total, 156 homes were visited. The purpose of the water well survey
was to:

inform the homeowner of the proposed extension planned by Nelson;

match water well records to properties and confirm well locations;

obtain baseline information on local water use (quality and quantity) from the homeowner; and
to offer a voluntary domestic water well monitoring program to those residents located within
1 km of the Burlington Quarry extension lands. This program has been designed to act as an
early warning system and would identify any potential adverse interference that may
compromise the integrity of the domestic water supply.

Of the 156 homes visited, only eleven homeowners indicated that they were interested in participating
in the monitoring program. Seven of the eleven private domestic water wells were accessible and, as
a result, have been added to the current groundwater monitoring program (Figure 10.1).

If the ARA licence is issued, Nelson will complete a follow-up door-to-door water well survey to inform
residents that they are still able to participate in the program if interested. Particular focus will be on
wells located within 500 m of the proposed extraction area and wells that have an available drawdown
of less than 10 m. Based on the information obtained from the MECP database, there are 36 water
wells that meet this requirement (Table 5.3).

5.5 Conclusions

The hydrogeologic setting in the study area reflects the underlying stratigraphic layering, but with
significant additional effects related to weathering, karst, anisotropy, and vertical and horizontal
fracturing. The final hydrostratigraphic model layers reflect an integrated interpretation of all the field
data, including borehole logs, packer tests, and transient water level patterns. The monitoring of the
quarry extraction face advancement since 2003 has provided a direct measure of the effects of quarry
development.
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Table 5.3: Private wells located within 500 m of extraction boundary and have less than 10 m of

available drawdown.

MECP Total | Static Water | Available
Depth Level Drawdown

Well ID

(m) (m) (m)
2800149 | 15.2 13.1 2.1
2803646 | 4.6 2.4 2.2
2807043 | 9.4 5.8 3.6
2800418 | 17.4 12.2 5.2
2800487 | 7.6 2.1 5.5
2800364 | 17.1 11.6 5.5
2800365 | 17.1 11.6 5.5
2803292 | 16.8 11 5.8
7105879 | 6.1 0 6.1
2803545 | 155 9.1 6.4
2800152 | 13.7 6.7 7
2806799 | 18.3 11.3 7
2800415 14 7 7
2805625 | 15.2 8.2 7
2800362 14 6.7 7.3
2805564 | 20.4 12.8 7.6
2800368 14 6.4 7.6
2805313 | 15.2 7.6 7.6
2804226 | 17.7 9.8 7.9
2807042 | 11.3 3.4 7.9
2800371 18 10.1 7.9
2800373 | 16.5 8.5 8
2800126 | 11.6 3.4 8.2
2804325 | 9.1 0.9 8.2
2800153 | 17.7 9.4 8.3
2800369 | 16.8 8.5 8.3
2800125 | 9.8 1.5 8.3
2800490 | 27.4 18.3 9.1
2800358 | 13.7 4.6 9.1
2800416 | 16.5 7.3 9.2
2810191 | 12.2 3 9.2
2805619 | 18.3 9.1 9.2
2804922 | 20.7 11.3 9.4
2803042 | 14.9 5.2 9.7
2800128 | 12.2 2.4 9.8
2800115 | 12.8 3 9.8
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6 Integrated Model Development and Calibration

6.1 Introduction

Hydrologic (surface water flow) and groundwater flow models are often applied to estimate and help
mitigate the effects of quarry development on nearby features (e.g., streams and wetlands) as well as
to better predict and manage inflows into the quarry. Typically, the hydrologic and groundwater models
are developed separately, with the groundwater flow model run for steady-state (i.e., long-term
equilibrium) conditions. A less common approach is the use of integrated groundwater and surface
water models, which can assess the changes to the surface water and groundwater systems on a
transient (time-dependent) basis. This section presents an overview of the integrated modelling
approach and addresses the following:

1. How is the movement of water between the surface and groundwater systems (dynamic
feedback) represented in the integrated model?

2. What are the benefits and possible disadvantages of integrated modelling as it applies to the
objectives of this study and the unique features of the study area?

The overview describes how each of the sub-model components are developed, pre-calibrated, and
then coupled and “final calibrated”. It is intended to help the reader better understand the technical
details presented in subsequent discussions of model results. More detailed descriptions of model
construction and calibration are provided in Appendix C, D, and E of this report.

6.2 Integrated Modelling - Overview

6.2.1 Integrated Modelling

An integrated model represents the
entire  hydrologic cycle in a
comprehensive, complete, and
coupled manner. The hydrologic
cycle includes:

e Hydrologic processes (e.g.,
precipitation, interception,
snow accumulation and melt,
overland runoff, infiltration,
interflow, evapotranspiration
(ET), and groundwater
recharge and discharge)

e Hydraulic processes (i.e.,
streamflow) and wetland and
lake water balances

e Groundwater processes (i.e.,
saturated and unsaturated
subsurface flow)

A comprehensive and complete Figure 6.1: Integrated numerical representation of the
representation of the hydrologic cycle Surface and subsurface using a cell based approach (USGS

is one in which the overall water Image).

Earthfx Inc. 120



Burlington Quarry Extension Level 1/2 Assessment Report April 2020

budget is tracked through both the surface water and groundwater systems and where water cannot
be created or lost. The term “integrated” denotes that the transfer of water between the surface water
and groundwater domains is simulated and that key feedback mechanisms are represented.
Integrated models determine the flows in the groundwater and surface water systems at the same
point in time by solving the governing equations simultaneously or in an iterative manner.

An integrated approach provides additional benefits that are related to the development and calibration
of the model. When surface water and groundwater models are developed separately, simplifying
assumptions must be made in each model to account for processes that occur in the other model
domain. For example, groundwater recharge must be independently estimated and applied to a
groundwater model. Similarly, in surface water models, the multi-aquifer systems and complex
hydrostratigraphy is often represented as simple linear reservoir accepting excess water and
groundwater flow across the catchment boundaries is rarely considered. Finally, there are many
processes, such as rejected recharge when groundwater levels are high, have complex dynamic
feedback.

These simplified assumptions may not be valid when using the models to evaluate future response
under different climate and water use conditions. With an integrated model, the sub-models are often
“pre-calibrated” using a traditional model development processes, but final calibration is undertaken
with the feedback mechanisms active and without the need to rely on simplifying assumptions and
estimates.

6.3 USGS GSFLOW Overview

The USGS GSFLOW code (Markstrom et al., 2008) was used in developing the integrated
groundwater/surface water model for the area surrounding the Burlington Quarry. GSFLOW is an
open-source, well-documented code and has been used to investigate groundwater/surface water
interaction in a number of recent peer-reviewed studies (e.g., Huntington and Niswonger, 2012; Hunt
et al., 2013; Ely and Kahle, 2012; Tanvir Hassan et al., 2014; and Niswonger et al., 2014). Earthfx
has applied the code to a number of nearby watersheds as part of advanced water-budget studies for
the Ontario Source Water Protection program.

GSFLOW was developed from two widely-recognized USGS submodels: The Precipitation Runoff
Modelling System, PRMS (Leavesly et al., 1986), and the modular groundwater flow model
MODFLOW-NWT (Niswonger et al., 2011). Version 1.1.6 of GSFLOW was used in this study, which
integrates PRMS version 3.0.5 and MODFLOW-NWT version 1.0.7. The MODFLOW-NWT code has
three key process modules: the UZF unsaturated flow module (Niswonger et al., 2006), the SFR2
streamflow routing module (Niswonger and Prudic, 2005), and the LAK3 lake module (Merritt and
Konikow, 2000). The different processes and submodels in GSFLOW are listed in Table 6.1 and are
shown schematically in Figure 6.2. The submodels include numerical representations of the physical
system and the processes that occur within each submodel domain.

Table 6.1: Processes and GSFLOW submodels.

Zone Process Component GSFLOW Submodel
1 Hydrology — Soil Water Processes | PRMS Hydrologic Submodel
2 Streamflow SFR2 module for MODFLOW
Lakes, and Wetlands LAK3 module for MODFLOW
3 Unsaturated Flow UZF module for MODFLOW
Groundwater flow MODFLOW-NWT Groundwater Submodel
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Figure 6.2: Schematic diagram of the GSFLOW process regions.

6.3.1 Spatial Representation

The MODFLOW groundwater flow submodel in GSFLOW is a fully-distributed model, meaning that
groundwater processes are simulated using a cell-based representation of the study area. The PRMS
hydrology sub-model is also run in a fully-distributed manner, with each cell having unique physical
properties. Cells are assigned spatially variable soil and land cover properties as part of model
construction. During a simulation, cells receive spatially-variable inputs, such as daily rainfall,
snowfall, temperature, and solar radiation. Overland runoff and interflow are routed between cells and
to the receiving streams or lakes through a topographically-driven cascade flow network.

The spatial representation in GSFLOW is particularly flexible. Three different grid resolutions can be
used for the climate, surface hydrology, and subsurface groundwater processes, respectively (Figure
6.3). This allows for different levels of refinement in each of the three regions to meet the accuracy
requirements associated with those processes. The grids in this study share a common origin and,
although they have different spacing, the grids are generally aligned so that MODFLOW cells can
contain integer multiples of PRMS cells.

Topography, soil properties, and land use vary widely across the study area, so a fine resolution was
used to represent local-scale natural features and anthropogenic modifications such as the quarry,
agricultural land use, and urban development (Figure 6.3). Sub-cell hydrologic processes are also
represented, where each cell in the PRMS submodel is divided into pervious (grass or soil) and
impervious (roads, parking lots, buildings) zones (Figure 6.3, right side enlargement), with different
processes, storage properties, and interactions simulated in each sub-cell zone.

Rivers and streams in GSFLOW are represented as a network of one-dimensional line elements with
open-channel flow routing through the network. The storage associated with small wetlands can be
represented in the PRMS soil zone, while larger lakes are represented with the LAK3 module and can
be incised into one or more groundwater layers. Wetlands in close proximity to the Burlington Quarry
were represented as shallow lakes in this study.
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Figure 6.3: Different grid resolutions are available for each process region within GSFLOW.

Groundwater flow processes can generally be represented at a coarser scale. The MODFLOW
submodel allows a variable cell size grid. In this study, the grid was locally refined in the vicinity of the
quarry to better represent nearby wetlands and streams and drawdowns.

Finally, climate inputs, such as rain, snow, and temperature data are available on a wider geographic
distribution. GSFLOW allows a separate coarser grid resolution for the interpolation of climate data
between stations to represent spatially-variable temperature and precipitation.
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6.3.2 PRMS Submodel Soil Zone Processes

The PRMS submodel
represents the vegetative
canopy, pervious and
impervious surfaces, and the
soil zone as a series of
reservoirs with finite capacity.
The reservoirs are filled and
depleted by different
hydrologic processes and
discharge to one or more
reservoirs when the capacity
is exceeded. For example,
vegetation intercepts rainfall
at rates dependent on the

plant type and percent of ;

vegetative cover under winter Runoff-out | Runoffin

and summer conditions. v ™ :
Intercepted water is subject to
evaporation  (Figure 6.4).
Water in excess of canopy Interflow-out U LS HT
interception capacity is
passed to the land surface
reservoir or to the snow pack
(if present) as “throughfall” or
net precipitation. Net
precipitation that falls on
impervious soils can fill the depression storage reservoir and is subject to evaporation. Water in
excess of depression storage is routed as Hortonian overland runoff through the Cascade Flow module
in GSFLOW and, if it does not re-infilirate along the pathway, it passes from PRMS to SFR2 or the
LAK3 modules and routed through the stream/lake network.

PRMS ET = Evaporation + Transpiration
from the soil zone

Figure 6.4: PRMS Soil Zone Processes

In a similar manner, net precipitation on pervious soils can infiltrate into the soil zone. If the infiltration
capacity is exceeded, the water is discharged as Hortonian runoff (Hortonian runoff) and routed
downslope to other cells and ultimately to the stream/lake network. Infiltrating water fills the soil zone
reservoir where it is subject to evapotranspiration. Excess water above field capacity is partitioned
between interflow and gravity drainage. Interflow is routed to downslope cells along the cascade
network. Gravity drainage is directed to the unsaturated zone represented with the UZF module.
Water is returned to the soil zone as rejected recharge if the percolation capacity is exceeded,
otherwise, the water moves downward to the saturated zone as groundwater recharge. Excess water
in the soil zone (above saturation) and any rain falling on the cell is discharged to the cascade network
as Dunnian overland runoff.
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6.3.3 GSFLOW Process and Region Integration

A key aspect of the integrated model is the representation of processes that move water between the
three main model domains, as shown in Figure 6.5. The next sections provide a brief description of
the key inter-region processes.

Region 1—Plant canopy, Surface runoff >
snowpack, surface- fnterfiow Region 2—Streams
dEPI'ESSIO!I storage, CascNTgénugleFlow and lakes
and soil zone (MODFLOW-2005)
(PRMS)

Ground-water discharge Ground-water discharge

Stream Flow Routing

Unsaturated Zone and Lake Modules

Flow Module

Gravity drainage Leakage

Region 3—Subsurface
(unsaturated and saturated
zones) beneath soil zone
(MODFLOW-2005)

Figure 6.5: Processes moving water between GSFLOW regions.

MODFLOW-NWT simulates the saturated flow system that moves groundwater from recharge areas
to points of discharge to streams, lakes, wetlands, and wells. Groundwater can discharge to the soil
zone when the water table rises to intersect the base of the soil zone. Discharging groundwater is
passed from MODFLOW to PRMS through the UZF module and is added to the soil zone reservoir.
Groundwater discharge to the soil zone in low-lying areas often fills the soil zone reservoir and then
discharges as Dunnian runoff.

6.3.4 Groundwater/Surface Water Feedback

Rejected Recharge and Contributing Area: The portion of the model area where direct feedback
from the groundwater system occurs can change with seasonal fluctuations in the water table or in
response to rainfall events. The portion of the watershed where the water table is near-surface and
contributes to Dunnian runoff (rejected recharge) has been referred to as the “contributing area”
(Dickinson and Whiteley, 1970). Figure 6.6 is a schematic illustrating the change in the contributing
area due to the shift in the position of the water table between spring and summer. Rainfall and
snowmelt events generate more runoff during the spring because the “contributing area” is larger and
saturation excess (Dunnian runoff) is more prevalent.
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Figure 6.6: Changes in the spring and summer position of the water table increasing Dunnian runoff
and the size of the "Contributing Area" (from Markstrom et al., 2008).

Stream/aquifer interaction occurs in the hyporheic zone where water is exchanged between the
stream and the groundwater system. This exchange is represented in the GSFLOW model as head-
dependent discharge or leakage (Figure 6.7) with the assumption that the rate of water movement
between the aquifer system and the stream is proportional to (1) the difference between the head in
the aquifer and the stream stage, and (2) the permeability of the intervening streambed. The exchange
of water can occur in either direction. Flow across the streambed is presumed to be independent of
the water table position when the water table falls below the streambed bottom (Harbaugh, 2005).
Similar exchange can occur between a lake and the underlying aquifer across the lakebed materials
as lake levels, and groundwater heads change over time.

Often, only the exchange of water across the streambed is represented in separate groundwater
models. Studies with the GSFLOW model have shown that considerable amounts of water are
exchanged as groundwater discharge to the soil zone in riparian area, which subsequently emerges
as Dunnian overland runoff. It should also be noted that groundwater discharge across the streambed
is locally suppressed or even reversed as stream stage temporarily rises after precipitation or
snowmelt events (Freeze and Cherry, 1979). Groundwater then seeps back out to the stream as the
stage subsides (bank storage). While the representation of the groundwater discharge to streams in
GSFLOW is more physically correct, it is sometimes more difficult to separate the surface water and
groundwater components of discharge to streams in an integrated model.
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Figure 6.7: Head-dependant groundwater discharge to streams () and leakage from streams (r).

6.3.5 Temporal Discretization and Submodel Coupling

During a GSFLOW simulation, each submodel receives a set of daily inputs (e.g., daily climate data
for PRMS and daily recharge and pumping rates for MODFLOW). The PRMS submodel calculates a
new water balance for each cell in response to the climate inputs and passes updated estimates of
groundwater recharge, overland runoff to streams, and residual ET demand to the MODFLOW
submodel. In turn, the MODFLOW submodel solves the groundwater flow equations to compute new
groundwater levels and the resulting changes in storage, groundwater ET, and groundwater discharge
to the soil zone, lakes, and streams. Surface water flows, based on inputs including direct
precipitation, evaporation, overland runoff, and groundwater gains or losses, are routed downstream
and new stage values in lakes and streams are calculated using the SFR2 and LAK3 modules. The
process is repeated in an iterative manner until the exchange of water calculated by the two submodels
converges. The final soil water balance, groundwater recharge rates, change in discharge to streams,
streamflow, lake stage, groundwater heads (including the updated water table position) are then
computed and saved and the model progresses to the next day. A schematic showing the iterative
computations executed as the model progresses through time is presented in Figure 6.8.

6.4 GSFLOW Model Development Process

Developing an integrated watershed model is more complicated than building an independent
hydrologic model or groundwater model. However, many of the basic model development steps and
procedures are similar. Model development begins with the collection of available data. The next
steps, as documented in the previous sections of this report, include describing and assessing the
features and critical processes active in the study area. Information on the topographic, physiographic,
hydrologic, geologic, and hydrogeologic settings is synthesized and used to formulate conceptual
models of the soil zone, surface water flow system (lakes, wetlands, and streams), stratigraphy, and
hydrostratigraphy.

With data compilation and conceptualization completed, the next step involves converting the
conceptual model and data into input data and into parameter values for the PRMS and MODFLOW
submodels. This translation is described in Appendix C for the PRMS submodel and Appendix D for
MODFLOW. For this study, the submodels were tested, “pre-calibrated” independently, and then
combined in the GSFLOW framework for final calibration, as described in Appendix E.
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Figure 6.8: Computational sequence for an integrated PRMS/MODFLOW simulation in GSFLOW
(modified from Markstrom et al. (2008)).

It is important to note that the overall process of data assimilation, conceptual model development,
and integrated model calibration is also iterative. Analysis of preliminary model results often pointed
to gaps in the previous analyses. The gaps were addressed by obtaining additional data or re-
evaluating the data analysis and assumptions made in the conceptualization phases. Model
parameters, as well as the underlying conceptual geologic model, were revised several times during
the study as our understanding of the study area grew.

6.5 PRMS Submodel Development Overview

Two versions of the PRMS submodel were constructed. The first version of the PRMS submodel was
developed for pre-calibration purposes and encompassed the entire gauged portion of the Grindstone
Creek. A second version of the PRMS submodel was used in the GSFLOW integrated model
simulations covered a smaller area focussed on the Burlington Quarry and Mt. Nemo area. Daily
inflows into the GSFLOW model from the western portion of the Grindstone Creek watershed, which
was excluded from the GSFLOW model, were estimated from results of the larger, Grindstone Creek
PRMS submodel. Similar parameter values were used in both models. Further discussion of the
Grindstone Creek PRMS submodel is presented in Appendix C.
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Spatial and Temporal Discretization: The GSFLOW model area was represented by 372,368 active
model cells covering 83 km2. This grid resolution corresponded well with the MODFLOW-NWT
groundwater submodel. Cells located outside of the PRMS submodel boundaries were designated as
inactive and were not included in the water balance computations. A small portion of the study area,
showing the 15 m grid, is presented in Figure 6.9. The version of PRMS included in GSFLOW runs
on a daily time step. Streamflows generated by the PRMS model are assumed to represent average
daily streamflow.

6.6 Parameter Assignment

Initial estimates of model parameters were assigned based on available data and were updated during
the model calibration process. For parsimony, consistent assumptions and parameter values were
applied across the study area, where possible. Model parameters fall into five key groups, discussed
briefly below. More detail can be found in Appendix C.

Topography-related Properties: Topography for the model area is based on a 5-metre DEM
produced by MNRF and infilled with local drone survey data in the vicinity of the Burlington Quarry and
proposed extension lands. Slope and slope aspect values were calculated from the DEM after
resampling to the PRMS grid. The cascade overland flow routing network was also generated from
the DEM.

Soil Properties: MNR Soil Survey Complex (2013) mapping was indexed and resampled to the PRMS
grid (Figure 4.9). Soil properties, including porosity (n), field capacity (fc), and wilting point (wp), and
hydraulic conductivity were assigned to cells using tabulated look-up values (see Table 17.1 in
Appendix C). Soil properties have a significant influence on hydrological processes because they
control the amount of water that can infiltrate and be transmitted to the water table as well as the
amount of water lost to actual ET. Parameters that controlled the partitioning of flow between interflow
and percolation to the water table were also specified as soil-type properties. As an example, Figure
17.11 shows the spatial distribution of groundwater seepage rates.
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Figure 6.9: Portion of the PRMS model grid in the quarry vicinity.
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Figure 6.10: Surficial soil hydraulic conductivity.
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Land Use-related Properties: Land use/land cover data was obtained from the Southern Ontario
Land Resource Information System (SOLRIS v3; MNRF, 2019). The data were indexed and
resampled to the PRMS grid (Figure 4.8). Properties including percent imperviousness, depression
storage, vegetation index, vegetative cover density, canopy interception storage, and soil zone and
extinction depth thickness were assigned to model cells using a look-up table (see Table 17.2 in
Appendix C). The urban areas were subdivided into “built-up area pervious” and “built-up area
impervious” which may be overly simplified; however, the portion of the study area with these
classifications is small. Figure 6.11 shows the percent impervious cover per 15-m as assigned based
on the SOLRIS Version 3 land use data.

Hydrological Processes Parameters: Parameters values were estimated for many of the submodel
processes, such as snowpack accumulation, snowmelt, and potential ET (PET) calculation. These
were generally estimated from “book values” or the results of previous Earthfx investigations in the
Halton/Hamilton area.

6.7 Climate Data

The availability of climate data in the study area is discussed in Section 4.1. Three main climate
datasets were assembled as inputs to the PRMS submodel. The datasets include 1) precipitation, 2)
maximum and minimum daily air temperature, and 3) net incoming solar irradiation. The period of
record varies among the available climate data sources; but a continuous climate dataset was
compiled. Daily measurements of precipitation and temperature at 121 climate stations were
interpolated to a 500 m grid covering the study area.

Incoming solar radiation is controlled primarily by the number of possible hours of sunshine per day
and the percent cloud cover. Solar radiation data are collected at very few stations in Ontario, and a
continuous dataset was created by averaging and infilling of daily solar radiation information from 11
stations across southern Ontario. Previous studies (Earthfx, 2010) showed that the station data was
well correlated despite the large inter-station distances. Solar radiation was estimated by the
Hargreaves and Samani (1982) method when direct observations were unavailable.

6.8 PRMS Model Calibration Results

Appendix C describes the calibration of the Grindstone Creek PRMS submodel to match observed
streamflow at two Environment Canada/Water Survey of Canada gauges on Grindstone Creek. Figure
6.12 shows simulated and observed streamflow, in m%/s, at the Grindstone Creek near Millgrove gauge
along with precipitation and snowmelt, while Figure 6.13 shows the simulated and observed
streamflow at the Grindstone Creek near Aldershot gauge. The observed flows are well correlated to
the simulated rainfall and snowmelt events, and the timing of the peak flows in the simulated response
generally match the observed events. There are exceptions, possibly due to limitations in the
precipitation monitoring network and possibly due to simplifications in the PRMS model and snowmelt
computations. The model achieved acceptable Nash-Sutcliffe Efficiencies (Eq. 17.1) of 0.52 and 0.44
for the upstream and downstream gauges, respectively. The model was deemed sufficiently well
calibrated for its primary purpose of estimating daily inflows from the upper part of Grindstone Creek,
not represented in the GSFLOW model.
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Figure 6.11: Percent impervious cover per cell assigned based on SOLRIS v.3 land cover.
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