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Simulation of Groundwater Flow 
in the vicinity of the 

Proposed Highland Quarry, 
Osprey Township, Ontario 

 
 

1  Groundwater Model Development 
 

1.1  Introduction 
A groundwater flow model was developed for the proposed Highland Quarry and surrounding area.  
The 100 hectare property is located on the west side of County Road 31, approximately 5 km west of 
Duntroon in the Municipality of Grey Highlands (Figure J-1).  The existing Georgian Aggregates 
Quarry is located on adjacent lands to the southeast of the proposed Highland Quarry.   
 
The primary objective of this modelling study was to better understand the complex geology and 
hydrogeology of the Highland Quarry site and surrounding area and to assess the potential impact of 
quarry development on groundwater levels in the study area, on groundwater discharge to streams, 
and on nearby water users.  Longer-term objectives include using the model to provide guidance on 
managing water use at the quarry and to minimize the potential for adverse impacts as construction 
of the quarry proceeds.   
 
Model development was started after an assessment of all available geologic and hydrologic data 
from the proposed quarry site and the surrounding area.  The model area, shown in Figure J-1, is 
approximately 8 km long and 7 km wide.  The active model area is bounded by (1) the Niagara 
Escarpment to the northeast, east, and southeast, (2) the Mad River to the south, (3) the Beaver 
River to the west and (4) the Pretty River to the northwest.  These physical boundaries were chosen 
to define the model extent because they act as natural hydrologic boundaries.   
 

1.2  Previous Work 
Recent studies of the hydrogeology in the vicinity of the Highland Quarry include a hydrogeologic 
analysis by Jagger Hims Limited (JHL, 2005) for a proposed expansion at the Georgian Aggregates 
Quarry (also known as the Duntroon Quarry) and ongoing site monitoring studies (e.g. JHL, 2001).  
Earlier studies for the Georgian Aggregates Quarry and other nearby sites are discussed in the main 
report and in JHL, 2005a).  The current study integrates the principal findings of the previous 
investigations with the new hydrogeologic data collected as part of this study.  For additional 
background discussions please refer to the main body of this report.  
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1.3 Purpose and Scope 
The purpose of the following sections is to provide detailed documentation of the construction, 
calibration, and application of the groundwater model to the proposed Highland Quarry area.  
Section 2 contains a discussion of the groundwater model theory, assumptions and limitations.  
Section 3 contains an overview of the numerical representation of the conceptual model, including 
model design and input data.  Section 4 discusses the model calibration approach.  Section 5 
presents applications, scenarios and sensitivity.  Section 6 presents the conclusions.  The model 
results are discussed in the main text of this report. 
 

1.4  Conceptual Flow Model 
Prior to building a numerical groundwater flow model, it is necessary to develop a comprehensive 
understanding of the groundwater flow system.  This understanding, often referred to as a 
conceptual flow model, encompasses the physical and hydrogeologic setting of the study area and 
the hydrologic factors that govern groundwater flow.  Key issues addressed in developing the 
conceptual model development including:  
 

1. bedrock and overburden stratigraphy;  
2. initial estimates of aquifer and aquitard properties; 
3. physical conditions along the boundaries of the flow system;  
4. configuration and continuity of the fracture zones and unfractured zones that control 

groundwater flow in the study area;  
5. rates of recharge and groundwater discharge; and  
6. aquifer heads (i.e. historic and current groundwater levels) and flow patterns.  

 
Descriptions of the physiographic setting, geologic history, and hydrologic setting of the study area 
and the development of a conceptual geologic model can be found in the main body of this report 
and are not repeated here.  An east-west geologic cross section based on the interpretation of the 
local stratigraphy, is presented in Figure J-2.  The location of the cross section is shown in 
Figure J-1.  Of particular importance to this work are the discussions related to the occurrence of 
horizontal and vertical fractures that control the effective permeability of the upper and lower parts of 
the Amabel Formation and form zones of preferential flow at contacts between formations or sub-
units within the formations.  Weathering in the vicinity of the Niagara Escarpment also plays an 
important role in the groundwater flow patterns observed at the site.   
 
Site data suggest that bedding plane fractures, such as that occurring at about 508 metres above 
sea level (masl) in the Amabel formation and at the contact between the Amabel and Fossil Hill 
Formations, represent important fracture sets.  Groupings of bedding plane fractures are likely to be 
laterally extensive and can represent a continuous transmissive flow zone capable of providing 
potable water supplies.  Local variations in aperture size, fracture density, and infilling may reduce 
the effective transmissivity of these units.  In the intervening units, vertical and sub-vertical jointing 
allows vertical exchange of groundwater between the horizontal fracture zones.   
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For the purpose of this study, the 508 masl and the Lions Head/Fossil Hill fracture zones were 
treated in the groundwater model as aquifers while units with little or no fracturing were treated as 
aquitards with limited horizontal flow.  Initial estimates of aquifer properties used in the model were 
derived from the limited amount of aquifer performance test data, packer test results, and from the 
results of previous modelling studies.  Property estimates were refined during the process of model 
calibration. 

 
Natural hydrologic boundaries, such as the Niagara Escarpment, and the Mad, Pretty and Beaver 
Rivers were used to define the extent of the area modelled (Figure J-3) and to determine the 
conditions specified on the external boundaries of the model.  Representation of model boundaries 
in the numerical model is discussed in more detail below. 
 
The rate of groundwater recharge varies over the study area and is controlled by the spatial 
distribution of precipitation, soil properties, topography, vegetation, and land use.  Initial estimate for 
the rate and distribution of recharge were obtained from previous groundwater modelling studies and 
were based primarily on surficial geology.  Estimates of recharge were further refined while 
developing and calibrating the model.   
 
Water discharges from the groundwater system primarily as groundwater discharge from fractures 
into the existing quarry and as baseflow to streams and wetlands.  Small amounts of groundwater 
may discharges as underflow beneath the streams that define the model boundaries and through 
groundwater pumping for domestic supply, irrigation, and other uses.  Data on dewatering rates and 
stream baseflow were compiled and analyzed to determine rates of groundwater discharge in the 
model.  
 
Regional potentiometric surface maps were prepared using static water levels in the MOE water well 
database supplemented by recent data from boreholes in the quarry area.  Figure 6-1 shows the 
groundwater potentials in the vicinity of the proposed Highland Quarry for November 5, 2005.  
Season and longer-term variations in water levels are discussed further in the main report and in 
JHL (2005a).  Other water level maps, prepared as part of earlier quarry studies were also obtained 
and used in the model calibration process.  The observed potentials show a number of significant 
features that needed to be matched by the numerical model including the drawdowns created by 
dewatering at the existing Georgian Aggregates Quarry and the water-table mounds within the 
topographic high areas.   
 
Once a preliminary conceptual understanding of the groundwater flow system was obtained, we 
proceeded to construct the numerical model.  The process of model development provided 
additional insight into the factors governing flow in the study area and, in turn, helped to refine the 
conceptual understanding of the hydrogeology. 
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2 Numerical Groundwater Flow Modelling 

2.1  Numerical Modelling Approach 
Steady-state groundwater levels (also referred to as aquifer potentials or hydraulic heads) within the 
study area are controlled by many factors including stratigraphy, the magnitude and spatial variation 
in effective hydraulic conductivity, and the rate and distribution of recharge and discharge.  The 
groundwater flow model developed in this study incorporated information on the geometry and 
physical properties of the aquifers and aquitards (i.e. highly fractured and unfractured zones) and 
information on aquifer stresses (i.e. recharge and discharge) in order to solve the groundwater flow 
equation and determine aquifer potentials at all points within the model area.   
 
The resultant groundwater levels were interpreted to determine the rates and direction of 
groundwater flow.  Water budgets were computed based on model results to quantify the difficult-to-
measure fluxes such as groundwater discharge to streams, wetlands, and quarry drains.  Model runs 
with different quarry development scenarios were used to determine the likely changes in heads and 
groundwater discharge to streams and nearby wells and quarries under different stress conditions.  
 
The following sections describe the governing steady-state groundwater flow equation and the 
groundwater flow model code selected for this study.  Limitations of the model and simplifying 
assumptions used in model development are also discussed.  
 

2.2  Groundwater Flow Theory 
Groundwater flow is governed by Darcy’s Law, which states that flow is proportional to the hydraulic 
gradient and to hydraulic conductivity of the aquifer material, and is given by:  

dx
dhKq −=        (Eq.1) 

where q is the specific discharge (rate of flow per unit area), K is the hydraulic conductivity, and 
dh/dx is the hydraulic gradient (change in hydraulic head per unit length).   
 
Darcy’s Law is applicable to porous media.  It has also been extended through various 
simplifications to include fractured media as well.  Characterization of a fractured bedrock as an 
equivalent porous medium (EPM) is applicable to situations where (1) the fracture density is high or 
(2) where flow in discreet fractures is considered.  In both cases, the system should exhibit little 
change in permeability with change in the size of a representative volume and should have an 
equivalent permeability that can predict the correct flux as well as heads and gradients.  When 
analyzing discreet fractures, an equivalent hydraulic conductivity is given by: 

µ
ρ

12
2 gbK =        (Eq. 2) 

 
where ρ is the density of water, g is the acceleration due to gravity, µ is fluid viscosity and b is the 
fracture aperture.  Discharge from the fracture is given by the “cubic law” 

µ
ρ

12
3 gWbQ =        (Eq. 3) 

where W is the width of the fracture perpendicular to the flow direction). 
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Groundwater flow is also governed by the Law of Conservation of Mass which states that under 
steady-state conditions all inflows to an area must be balanced by outflows.  When the mass 
balance equation is combined with Darcy’s Law, it yields the governing equation of groundwater 
flow.  The groundwater flow equation for two-dimensional flow in a confined aquifer with recharge, 
discharge, and leakage from above and below can be written mathematically (Bear, 1979) as:  
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where: Txx = transmissivity in the x direction; 
 Tyy = transmissivity in the y direction; 
 h = hydraulic head; 
 K’ = vertical hydraulic conductivity of an overlying (or underlying) confining unit 
 B’ = thickness of the overlying (or underlying) confining unit; 
 Ho/Hu = head in the aquifer layer overlying/underlying the confining unit; 
 N = rate of groundwater recharge; 
 Q’k = pumping rate (per unit length) at well k 

 
A similar equation can be written for each aquifer in a layered sequence of aquifers and confining 
units.  When an aquifer layer is unconfined, the transmissivity term is replaced by the effective 
transmissivity, equal to Kxx(h-b) where b is the base of the aquifer layer. 
 
The above equation forms the basis of the mathematical model developed for the study area.  Model 
input, in the form of information on aquifer properties, recharge and discharge rates, and conditions 
along the study area boundaries, was assembled and this equation was solved to determine aquifer 
potentials at all points in the groundwater flow system.  Numerical methods were needed to solve 
the equation because study area boundaries are irregular and aquifer/aquitard properties, aquifer 
geometry (stratigraphy), and rates of recharge and discharge vary spatially within the study area.  
 

2.3  Selection of Modelling Code and Modelling Environment 

2.3.1 MODFLOW Finite Difference Flow Model 
There are several types of numerical methods and numerous computer codes available to solve the 
groundwater flow equation.  The U.S. Geological Survey MODFLOW code was selected for use in 
this study because this code is recognized worldwide and has been extensively tested and verified.  
The MODFLOW code is extremely well-suited for modelling regional flow in multi-layered aquifer 
systems and can easily account for irregular boundaries, complex stratigraphy, and variations in 
hydrogeologic properties.  The version of MODFLOW used in this study is documented in McDonald 
and Harbaugh (1988) and Harbaugh and McDonald (1996).  MODFLOW solves the flow equation  
when simulating two-dimensional or quasi-three-dimensional flow.  When simulating fully three-
dimensional flow, MODFLOW uses the leakage terms in the groundwater flow equation to represent 
vertical flow between units. 
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2.3.2 VIEWLOG Geologic Data Management System 
The Study Team made extensive use of VIEWLOG (VIEWLOG Systems Inc., Version 3) to view, 
analyze, and manage hydrogeologic data for the study area.  A Microsoft Access database was 
constructed to store borehole logs, groundwater levels, climate data, streamflow, and water use data 
for the study area.  VIEWLOG was used to aid in the interpretation of the geology and to develop the 
hydrostratigraphic surfaces (i.e. defining the top and bottom surfaces of each aquifer unit).   
 
Along with the ability to facilitate geologic data analysis and spatial data management, VIEWLOG 
has an add-on module with pre-and post-processing functions for MODFLOW.  The MODFLOW 
module was used to facilitate model construction and to interpret and present model results.   

2.4  Model Limitations 
A well-calibrated groundwater model is a powerful tool that can be used to provide insight into the 
factors that influence groundwater flow and can be applied to predict the effects of stresses, such as 
dewatering for quarry construction, on groundwater levels and discharge to streams.  Hydrogeologic 
systems, however, tend to be complex due to the highly variable physical properties of the geologic 
materials and due to the time-varying (transient) nature of the stresses on the groundwater system.  
The sparsity of data available to fully characterize these systems and computer limitations often 
requires the use of simplifying assumptions to make solving the groundwater flow equations 
possible.  These are discussed below.  
 
Although MODFLOW is capable of simulating both transient and steady-state flow; the models 
developed for this study simulated steady-state flow only.  Transient effects, such as daily or 
seasonal fluctuations in aquifer potentials, storage, changes in precipitation and ET, and surface 
water levels, have been removed from the models by using long-term average values for each 
parameter.  For example, net aquifer recharge and water use were represented using annual 
average values.  The steady-state models provide a good representation of annual average 
groundwater flow conditions, however, even though they cannot represent some phenomena, such 
as intermittent streams that flow in response to high recharge rates in the spring, perched water-
table conditions that occur only in the spring, or the short-term increase in drawdowns due to peak 
pumping at quarries in the early spring.  The models could be updated at a later time to simulate 
both transient and steady state flow.   
 
As noted, the physical properties of the fractured bedrock are highly variable.  Because there are 
usually only a limited number of boreholes available to characterize an area, there is always a level 
of uncertainty regarding how representative the measured values are of the average properties in 
the vicinity of the borehole and how properties change between boreholes.  Other uncertainties can 
arise related to the use of the EPM concept, the quality of the borehole data, and how well aquifer 
properties and groundwater recharge and discharge rates can be measured or estimated.  Data 
limitations can also affect the quality of the model calibration.  Lack of water level data in critical 
areas of the model can reduce the number of unique parameter zones that can be represented and 
can lead to non-unique model calibrations. 
 
The predictive capabilities of the numerical models are limited by the nature of the simplifying 
assumptions used in model development.  As a general rule, groundwater flow models in porous 
media can accurately simulate average water levels, gradients, and flow directions with a relatively 
high degree of accuracy if sufficient data are available.  Simulation of flow in fracture systems is less 
certain due to the highly variable nature of the fracture networks but the EPM approach can provide 
a good understanding of the likely spatially-averaged behaviour of the system.  Predicting flow paths 
and solute transport is much more uncertain, however, since flow paths and solute transport are 
greatly affected by local variations in geology, fracture distribution, and aquifer properties that occur 
at a scale that cannot be represented in the model.  
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3 Numerical Model Development  

3.1  Model Grid 
Constructing the numerical model started with the design of the model grid, preparation of 
hydrostratigraphic surfaces, and preparation of data input files.  MODFLOW uses the finite-
difference method and requires that the study area be subdivided vertically into several layers, 
where each layer can represent a hydrogeologic unit (such as a weathered fracture zone or a more 
massive, unfractured zone).  The study area is also subdivided horizontally into a grid of small 
rectangular cells.  Aquifer properties, such as top and bottom elevations for each layer, equivalent 
hydraulic conductivity, and recharge and discharge rates, are assigned to each cell.  Boundary 
conditions are specified for cells that lie along lines corresponding to the physical boundaries of the 
flow system.   
 
The finite-difference grid used to represent the study area is made up of square or rectangular cells.  
Cell size was varied to provide better resolution in the vicinity of the proposed and existing quarries.  
Cell sizes ranged from a maximum of 40 m by 40 m near the model boundaries to a minimum of 10 
m by 10 m within the quarry outlines.  The grid extents and cell size are shown on Figure J-4.  The 
model grid consists of 397 rows by 480 columns with 6 layers, for a total of 1.14 million cells.  Cells 
outside the roughly circular study area, shown in grey on Figure J-3, were designated as inactive 
and water levels were not determined for these areas.  
 
MODFLOW works in a local, grid coordinate system based on row and column numbers.  The 
VIEWLOG pre-processor helps to translate geo-referenced map data into MODFLOW input.  A local 
origin for the model grid was selected at UTM coordinates 554000 E and 4910200 N.  All digital 
maps and well data for the study area were referenced using UTM NAD83 (Zone 17) grid 
coordinates.  
 

3.2  Model Layers 
The modelling process began with the construction of a detailed three dimensional representation of 
the study area.  Sufficient data was available to extrapolate the layer geometry across the key areas 
of interest by combining the Azimuth and MOE data with the boreholes drilled on the Georgian 
Aggregates site by Jagger Hims.  This combination of data allowed many of the individual formation 
members to be extrapolated, particularly in the east-west direction.   Additional details about each of 
the formations and members are included in the main body of the report.   
 
Hydrostratigraphy was based on the geologic layering discussed in the main report and as shown in 
the cross section in Figure J-2.  Surfaces were modified slightly since MODFLOW requires that all 
active layers be continuous.  Where a stratigraphic layer pinched out (i.e. the thickness was equal to 
zero), layer top or bottom elevations were adjusted to assure the layer had a minimum 1 m layer 
thickness.  Hydraulic properties were assigned to the cells within the pinchout zone based on the 
properties of the underlying unit.  For example, where the lower sand and gravel unit was missing, 
the layer representing the lower sand and gravel unit was assigned a 1.0 m minimum thickness (by 
pushing down the top of the Amabel Formation by 1.0 m) and the pinchout zone was assigned a 
hydraulic conductivity value equal to that of the Amabel Formation.  If upper layers were absent, the 
layers were assigned a zero thickness and designated as inactive.  Recharge was passed through 
these layers to the uppermost active layer. 
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Layers in the model included: 

 
Layer 1: Upper Sand or weathered Newmarket Till (where present) 
 
Layer 2: Unweathered Newmarket Till (where present) or lower portion of the upper sand 
and gravel unit where Newmarket Till is not present 
 
Layer 3: Upper Amabel Formation (above 508 masl) or the lower sand and gravel unit 
(where present) 
 
Layer 4: 508 masl fracture zone (where present)  
 
Layer 5: Lower Amabel Formation (below 508 masl)  
 
Layer 6: Lions Head/Fossil Hill fracture zone  
 

Land surface defined the top surface of the model.  Land surface topography was obtained from a 
10 m Digital Elevation Model (DEM) prepared by the Ontario Ministry of Natural Resources (MNR).  
The DEM was re-sampled to the model grid. A shaded relief map of land surface topography is 
shown in Figure J-4. 
 

3.3  Model Boundaries 
Boundaries of the active model area were defined as shown in Figure J-3.  Model boundaries, 
except for the Niagara Escarpment, are located at a considerable distance from the proposed quarry 
site so that the absolute accuracy of assumptions regarding flows or water levels at the boundaries 
would not affect the results of model simulations in the quarry vicinity. 
 
MODFLOW can represent three general types of conditions along the physical boundaries of the 
model.  All three boundary condition types, constant head; no-flow, and head-dependent discharge 
boundaries, were employed.  Boundary conditions for layers 5 and 6, representing the Amabel 
Formation and Lions Head/ Fossil Hill fracture zone were shown in Figure J-3.  Boundary conditions 
in Layers 1 through 4 were modified where upper units were not present.  

3.3.1 Constant Head Boundaries 
Constant head boundaries are typically applied to represent natural hydrologic boundaries at which 
aquifer potentials are expected to remain at a constant level.  Cells along the major tributaries of the 
Mad, Beaver and Pretty Rivers were treated as constant head boundaries all layers.  Heads were 
assigned based on elevations interpolated from the 10-m DEM for the area (Figure J-4).  Constant 
head boundaries were also used to represent the seepage faces along the Niagara Escarpment.  
Head values at the seepage faces near the escarpment were assumed to be 2 to 3 m above the 
base of each unit.  
 
Specifying the head at the boundary allows the model to determine the rate of underflow into or out 
of the model area.  Post-simulation mass balances were analyzed to ensure that the simulated flow 
rates across the boundary remained within reasonable ranges.   

3.3.2 No-Flow Boundaries 
The rate of flow across a model boundary can be specified as a known value.  This allows the head 
at the boundary to vary while the rate of underflow remains constant.  No-flow boundaries are a 
special type of specified-flow boundary where the rate of lateral flow across the model boundary is 
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assumed to be small or equal to zero.  These are typically applied to represent groundwater divides 
or contacts with impermeable geologic units.  A no-flow boundary condition was applied along 
portions of the western and southern boundaries of the model to represent the flow divides 
associated with watershed boundaries.   
 
A no-flow boundary condition was applied at the base of the lowest model layer.  This boundary 
condition assumes that vertical flow through the Fossil Hill and Cabot Head shale units does not 
significantly influence the upper flow system in which the quarries are located.   
 
As noted earlier, geologic units are not continuous everywhere in the model area.  Where uppermost 
layers were missing, the layer thickness was set to zero and the cells were designated as “inactive”.  
No flow can occur to or from inactive cells.  An option in the MODFLOW recharge package was 
selected to allow recharge to an inactive cell to be passed down to the uppermost active cell.  For 
example, if a cell in Layer 1 were inactive because Layer 1 was not present, the recharge would be 
applied to the underlying cell in Layer 2.   
 
Cells in the model can go “dry” during a simulation when the water table drops below the base of an 
active layer.  Significant portions of the upper units, such as the Newmarket Till, are known to lie 
above the water table in areas of higher topographic elevation.  These layers were included in the 
model and the model was allowed to determine the areas which were saturated and which were not.  
Cells can also go dry as the model is iterating towards a solution of the flow equation.  Dry cells are 
treated internally by MODFLOW as inactive cells since they no longer contribute flow to the rest of 
the model area.  The number of dry cells and their locations varied in each model simulation in 
response to changes in model input data.   

3.3.3 Groundwater-Surface Water Interaction – Head-Dependent Boundaries 
Groundwater flow, especially in the upper units, is strongly influenced by the presence of streams 
and wetlands.  Discharge of groundwater provides baseflow to streams in the study area.  Streams 
may also “lose” water to the aquifer in some reaches if the stream stage (i.e. the elevation of the 
water surface) lies above the water table.  Discharge of groundwater to the existing and proposed 
quarries can alter the water balance and reduce the natural discharge to streams and wetlands.  
One of the goals in constructing the model was to be able to quantify the effect of various quarry 
development scenarios on streamflow.  
 
MODFLOW uses several types of head-dependent discharge boundaries to simulate 
groundwater/surface water interaction where water is gained from (or lost to) a partially penetrating 
stream as leakage across the streambed.  These boundaries are referred to in MODFLOW 
terminology as “rivers”, “drains”, and “general head-boundaries”.  In all cases, the streambed is 
assumed to be less permeable than the surrounding aquifer due to deposition of fine-grained 
sediments or organic material.   
 
The head-dependent flux QHD for each grid cell can be calculated based on Darcy’s Law as: 
 

)(
'
' hHLW
B
KQ SSSHD −⋅⋅⋅=      .(Eq. 5) 

 
where: K’/b’ = Streambed leakage factor (hydraulic conductivity divided by bed thickness);
 WS = Streambed width (an approximation to the wetted perimeter)  
 LS = Stream length within each cell; 
 HS = Surface water elevation; and  
 h = Head in the aquifer below the streambed. 
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MODFLOW “drains” were used to simulate discharge to streams and the wetlands in the study area.  
The key assumption regarding drains is that leakage occurs in only one direction, from the aquifer to 
the drain Figure J-5.   
 

 
Figure J-5: Cross section showing leakage between aquifer and drain. 

 
When aquifer heads drop below the controlling elevation of the drain, the drain is presumed to go dry 
and no flow occurs from the drain back to the groundwater system.  A MODFLOW parameter, called 
the “drain conductance”, groups the bed properties of the drain and geometry terms in Equation 5 
(i.e. K’WsLs/b’).  Drain conductances and drain elevations were specified for each drain segment that 
passed through a model cell.   
 
Each stream reach in the model was assigned an average width and bed thickness (b’), and 
streambed hydraulic conductivity (K’) value related to the aquifer layer it penetrated.  Drain 
conductance values were adjusted slightly during model calibration and tended to be in the range of 
silt to silty-fine sand, as shown in Table J-1.  Stream width was estimated based on Strahler Class 
with uppermost tributaries assumed to have a width of 1 m.  Second and third order tributaries were 
assumed to have a width of 2 and 4 m, respectively.  Line segments representing all streams on the 
base map for the study area were imported into VIEWLOG.  VIEWLOG was used to compute the 
length of each stream segment (i.e. the length of the stream reach within a model cell).  
 
Table J-1: Stream Bed Properties 
 
Discharge from the 508 masl fracture zone where it naturally intersected land surface and where it  
intersected quarry walls was simulated using MODFLOW drains.  The controlling elevations were set 
to 509 masl.  Wetlands and the lake that will be constructed in the existing Georgian Aggregates 
Quarry were also represented using MODFLOW drains.  The length and width of the drain was 

Drain Type Width 
(m) 

Stream-bed 
Thickness 

(m) 

Hydraulic 
 Conductivity 

(m/s) 
Strahler Code 1 1 1 1x10-7 
Strahler Code 2 2 1 1x10-7 
Strahler Code 3 4 1 1x10-7 
Wetlands Cell Width 1 1x10-7 
Quarry Perimeter  1 1 4x10-6 
Quarry Floor  Cell Width 1 1 x10-6 
508 Fracture 1 1 4 x10-6 
Quarry Lake Cell Width 1 1 x10-6 
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taken as the length and width of the model cell.  Controlling elevations for the wetlands were 
estimated from the DEM, while the Georgian Quarry lake levels were obtained from the JHL (2005a) 
report and varied between 503 masl and 507 masl, as will be discussed later in this report.  .   
 
MODFLOW “general head boundaries” were used to simulate groundwater interaction with Lake 
Edward which is located about 2 km south-southeast from the proposed Highland Quarry 
(Figure J-1).  General head boundaries allow leakage between the surface water body and the 
aquifer with the direction of flow depending on the difference between the aquifer head and the 
stage (i.e. flow is from the lake to the aquifer when lake stage is greater than the aquifer potential 
below the lake).  Lakebed conductance was determined based on the length and width of the model 
cells representing the lake. 

3.4  Model Parameter Values 

3.4.1 Aquifer Properties 
The field packer testing program, documented in the main report, provided critical input to the model.  
Additional packer test and pumping test work by JHL (2005) was also incorporated into the model.  
Generalizing and extrapolating this data to cover the entire model area required additional 
interpretation and analysis.   
 
The six aquifer layers in the model include two “fracture-based” layers (the 508 masl and Lions 
Head/Fossil Hill fracture zones) and four “porous media” layer.  These layers are represented as 
being continuous in these simulations but the continuity and hydraulic conductivity distribution within 
the two fracture-based aquifer layers is actually much more complex than simulated.  Field testing 
identified some general patterns in fracture distribution and a general relationship between fracturing 
and lithology.  A detailed discussion of the formation hydraulic properties and fracture distribution 
patterns is found in the main report.  Two of the units, the Newmarket Till and the Lower portion of 
the Amabel Formation, function more as aquitards because of their low permeability.  
 
As in the JHL (2005a) study, hydraulic conductivity of the units is presumed to be higher in the 
vicinity of the Niagara Escarpment due to increased weathering and fracturing where the Amabel 
Formation is exposed.  JHL (2005a) also noted an area of lower hydraulic conductivity in the 
topographically high area of the Georgian Quarry expansion lands (Figure J-1 and Figure J-6).  This 
concept has been generalized to include all the topographic highs in the study area.   
 
MODFLOW offers the option of either specifying aquifer transmissivity (T) or hydraulic conductivity 
(K) values.  Because great effort had been expended in defining layer geometry, we chose to specify 
hydraulic conductivities and let the model calculate transmissivity values internally based on layer 
thickness.  Initial estimates of hydraulic conductivity for the model layers were based on results of 
aquifer testing and results of previous modelling studies.  The initial estimates were adjusted during 
model calibration.   
 
Maps showing the calibrated hydraulic conductivity of Layers 1 through 5 are shown in Figure 6 
through Figure 10.  Layer 6, the Lions Head/Fossil Hill fracture zone, was assigned a constant 
transmissivity value of 1x10-4 m2/s.   Model layers 3 through 6 were assumed to have a 0.6 to 1 
ratio of north-south to east-west hydraulic conductivity.  Vertical anisotropy ratios ranged from 0.05 
(for the lower Amabel Formation), 0.1 for the unweathered Newmarket Till, 0.3 for the granular and 
highly weathered or fractured units, to 1.0 for the fracture zones.  

3.5  Groundwater Recharge and Discharge 
Regional water balances for the study area is discussed in the main report and in JHL (2005).  Data 
on land use, climate, and soil properties were analyzed to provide initial estimates of the spatial 
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distribution of groundwater recharge.  The primary influence on the recharge distribution was 
assumed to be surficial geology.   These values were adjusted slightly during the process of model 
calibration.  Final calibrated recharge values are shown in Figure J-11.  
 

3.6  Solution Techniques 
MODFLOW offers the option of several techniques to solve the system of simultaneous equations 
resulting from the algebraic approximation to Equation 4.  The technique found to be the most robust 
was PCG2, an iterative partial-decomposition, conjugate gradient solver added to the MODFLOW 
code by Hill (1990).  Convergence criteria for heads in the regional model were set to 1x10-7 m.  
This value is much smaller than the accuracy to which water levels are measured in the field but 
helped ensure that mass balance errors due to numerical round off errors would be low.   
 
The MODFLOW “re-wetting” option (McDonald et al., 1991) was used to allow a dry cell to become 
active again if potentials in neighbouring cells were higher than the base of the dry cell.  Re-wetting 
parameters were modified during the course of the calibration to improve model stability and to 
speed the process of model convergence. 
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4 Numerical Model Calibration  
 
Model calibration is a procedure in which the input parameters (in this case, the initial estimates of 
hydraulic conductivity, anisotropy, and recharge rates) are adjusted in a trial-and-error procedure 
until the model output best matches observed water levels and flux rates.  Model results may not 
match the observed data perfectly, especially if the aquifer properties are highly variable and if the 
observed data are sparse or of variable quality.  
 

4.1 Calibration Targets 
Model calibration was done to match present day groundwater conditions.  The primary factor in the 
current conditions is the dewatering associated with quarry operations.  The model used MODFLOW 
“drains, as described earlier, to simulate the effective control of groundwater at an elevation of 
500 masl within the current footprint of the excavation.  All other factors, including all the geologic 
and surface water features described earlier, were represented in the model. 
 
The first target for model calibration was to match regional water levels and flow patterns in the 
study area.  These water levels were obtained from measurements conducted by Azimuth (as 
described in the main report) and by JHL (2005a) and were supplemented by static water level data 
reported to the Ontario Ministry of the Environment.  In addition, model results were checked against 
general estimates of flow rates from streamflow and quarry pumping.   
 

4.2 Calibration Process 
The calibration process started with model runs using initial estimates of hydraulic conductivity, 
anisotropy, and recharge rates.  Simulated water levels were visually compared in by overlaying 
contour maps of the interpolated observed data on top of contour maps of simulated values.  
Numerous cross-sections were created across the study area to visually compare simulated and 
observed water levels and vertical gradients.   
 
Model parameters, primarily hydraulic conductivity and recharge, were adjusted in to improve the 
qualitative fits and reduce residual errors.  The numerical model calibration was achieved with a very 
small mass balance error, less than 1.5 percent of the total flow for each of the model simulations.   
Model results are discussed in the next section. 

4.3 Flux Estimates 
 
Finally, the model provides an estimate of the flux of water into the quarries under each of the 
scenarios.  The results are shown in Table J-2.  
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Table J-2: Discharge flux into quarries under various scenarios 
Scenario 
Number Scenario Description Flux into Highland

Flux into 
Expansion Lands

3
Phase 1 at proposed Highland Quarry (and Phase 2 at the 
Georgian Quarry)* 8.95 L/s 4.73 L/s

4
Phase 2 at proposed Highland Quarry (and Phase 3 Final at 
the Georgian Quarry)* 12.81 L/s 6.11 L/s

5
Phase 3F at Georggian Quarry (pre-Quarry at Highland)* 
(Phase 2G) 0 8.94 L/s

6
Phase 2 at proposed Highland Quarry (pre-Quarry at the 
Georgian Quarry)*    ( Phase 2H) 14.53 L/s 0  

 

4.4 Discussion 
The modelling confirms that the configuration of the 508 masl fracture zone remains an important 
control on the groundwater flow system in the vicinity of the quarries.  The 508 zone may not be 
open and permeable everywhere and it may also be at or above the water table in select locations.  
Where highly transmissive, it may also essentially define the water table position, limiting the 
seasonal rise in water levels.  The western outcrop of the 508 zone, and the resulting 
interconnection with the Pretty River re-entrant valley, appears to control much of the surface and 
groundwater the flow system.   
 
The numerous simulations demonstrate that the two quarries interact, however the proposed quarry 
lake appears to mitigate the impact to the south.  Both quarries are excavated to a similar depth in 
the rock, however Highland quarry would have slightly less potential impact on the lower Amabel 
Formation and the LionsHead/Fossil Hill fracture zone aquifer because the regional dip ensure that a 
greater thickness of low permeability Amabel Formation material separates the base of the quarry 
from the lower aquifer zone (see Figure J-2).   
 
It should be recognized that the simulated drawdowns and changes in groundwater discharge under 
steady-state conditions do not account for storage in the aquifer.  Water levels do not change 
instantaneously when pumping is increased.  Instead, some of the increased water taking is made 
up by expansion of water as pressure is decreased, compression of the aquifer as intergranular 
stresses are increased, and drainage of water from the unsaturated zone as the water table 
declines.  The first two compressive storage effects are small; the third term is much larger and can 
contribute a significant volume of water.  Long-term drawdowns may be difficult to detect because 
the aquifer is always responding to shorter-term stresses such as rainfall events or wetter versus 
drier years.   
 
 
5 Conclusions 
 
The numerical model developed in this study provides useful insight into the groundwater flow 
system in the vicinity of the proposed Highland Quarry and the likely changes that will be induced 
due to development and expansion of the proposed and existing quarries.  The construction of the 
three dimensional geologic model enhanced the understanding of the units and showed that many of 
the units are truncated particularly in the west.    
 
The model calibration is reasonable, particularly on the sub-regional scale.  Locally, individual 
fractures dominate the flow patterns, but at a larger scale the model provides a quantitative method 
to evaluate the possible impact of the proposal.    
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6 Limitations 
 
Services performed by Earthfx Inc. were conducted in a manner consistent with that level of care and 
skill ordinarily exercised by members of the environmental engineering and consulting profession.  This 
report presents the results of data compilation and computer simulations of a complex geologic setting.  
Data errors and data gaps are likely present in the information supplied to Earthfx, and it was beyond 
the scope of this project to review each data measurement and infill all gaps.  Models constructed from 
this data are limited by the quality and completeness of the information available at the time the work 
was performed.  Computer models represent a simplification of the actual geologic conditions.  The 
applicability of the simplifying assumptions may or may not be applicable to a variety of applications.    
 
This report does not exhaustively cover an investigation of all possible environmental conditions or 
circumstances that may exist in the study area.  If a service is not expressly indicated, it should not be 
assumed that it was provided.  It should be recognized that the passage of time affects the information 
provided in this report.  Environmental conditions and the amount of data available can change.  
Discussions relating to the conditions are based upon information that existed at the time the 
conclusions were formulated. 
 
All of which is respectively submitted, 
 
EARTHFX INC. 
 

 
 
E.J. Wexler, M.Sc., M.Sc. (Eng) 
Earthfx Inc 
 
Report reviewed by: 
 

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