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M.A.Q. Aggregates Inc. 
P.O. Box 355 
Orangeville, ON 
L9W 2Z7 

Attention: Mr. Quinn Moyer, 
President 

Re: Level 2 Hydrogeological Assessment Report: Highland Quarry 
 
Dear Sir: 
 
Azimuth Environmental Consulting, Inc. (Azimuth) is pleased to submit this report for 
the hydrogeological evaluation of the proposed Highland Quarry.  This “Level 2” 
hydrogeological assessment report is submitted in accordance with Provincial Standards 
that support the Aggregate Resources Act (ARA) of Ontario. 
 
A ground water flow model was developed for the proposed Highland Quarry and 
surrounding area, which includes the existing Duntroon Quarry and their proposed 
expansion lands.  The primary objective of this modeling effort is to assess the potential 
cumulative impact of multiple quarry developments on ground water levels in the study 
area, on ground water discharge to streams, and on nearby water users.  The numerical 
ground water flow model was prepared to evaluate “worst case” conditions with fully 
interconnected fracture sets.  Our cumulative impact assessment of the current and 
proposed land uses indicates that the Highland Quarry site is hydrogeologically suited for 
the proposed use. 
 
Hydrogeologic information continues to be collected from this site in order to refine this 
evaluation.  This monitoring data should be used to update this assessment on an annual 
basis and direct further investigation(s), if warranted. .



 

ii  

Azimuth would like to thank you for allowing us to assist you in completing this most 
interesting study.  Please do not hesitate to contact us if you have any questions. 
 
Yours truly, 
AZIMUTH ENVIRONMENTAL CONSULTING, INC. 
 
 
 
Michael G. Jones, M.Sc., P.Geo. 
President 
 

MGJ: 
 
cc:  Mr. David Arnill, M.A.Q. Aggregates, Inc. 

David S. White, Q.C 
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EXECUTIVE SUMMARY 
M.A.Q. Aggregates, Inc. (M.A.Q.) is preparing an application under the Aggregate 
Resources Act (ARA) to the Ministry of Natural Resources (MNR) to license a 
100 hectare (245 acres) property located on Part Lot 20, Lot 21, and Part Lot 22, 
Concession A, Municipality of Grey Highlands.  Of the 100 ha, 61 ha are proposed for 
aggregate extraction. 
 
The proposed quarrying will extract the high quality dolostone of the Amabel Formation.  
This material is suitable for concrete and granular A and B crushed stone. 
 
This study has evaluated the local and regional setting using all available sources of 
information.  Site-specific investigations have been used to supplement this knowledge.  
The assessment has led to an improved understanding of the geologic and hydrogeologic 
setting.  Based on this sound understanding, the ground water flow within the Amabel 
Formation appears to be minimal due to a lack of an interconnected fracture network.  
This same result was observed at the Duntroon Quarry where the operations were 
conducted with limited ground water seepage until the quarry was extended westward 
and encountered a conductive fracture that was connected to a surface water feature.   
Despite the contention of minimal ground water flow, a numerical model was used to 
simulate a conductive fracture network to assess potential “worst-case” conditions.  By 
nature, a conductive fracture network has a much greater opportunity to influence a 
ground water flow system than a poorly interconnected zone that would limit this 
influence.  Furthermore, a regional approach to the modelling was completed in order to 
consider cumulative impacts of surrounding operations. 
 
The simulated ground water flow in the Amabel Formation principally occurs in two 
transmissive lateral fractures that are respectively located at an elevation of 508 masl and 
at the base of the Amabel at the contact with the Fossil Hill Formation, (i.e., 
approximately 483 masl).  These zones were identified because of prominence of the 
ground water seeps seen at the 508 masl horizon in the site vicinity and the detection of 
the transmissive bedding plane fracture associated with the contact both at this site and 
further a field. 
 
Overall, the cumulative impacts on the functionality of the ground water flow systems 
will be minimal.  The most significant influences are seen immediately adjacent to the 
proposed extraction areas and are reasonably dissipated within 500 m from the quarry 
face.  One notable occurrence would be the cessation of seepage locations from the 
508 masl fracture in the vicinity of the quarries.  The loss from these seepage locations 
will be replaced by the discharge from the quarries of treated water routed to the South 
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Tributary and North Wetland.  This discharge water will result in a net gain to the flow to 
the Rob Roy Complex such that the seepage lost should be minimal. 
 
The majority of domestic water wells in the vicinity of the site draw upon ground water 
found at the base of the Amabel Formation.  Due to the large available drawdown in these 
wells, it is anticipated that they will be no negative impact to these domestic wells as a 
result of quarry development.   
 
The findings of the this hydrogeological investigation indicate that the Highland property 
can be developed as a Class A licensed Category 2 Quarry which will allow extraction of 
the bedrock resource above and below the “water table” with no negative impacts to the 
hydrogeological or hydrological functions of the ground or surface water regimes. 
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1.0 Introduction 
This report was prepared to provide a detailed hydrogeological assessment of the proposed 
Highland Quarry (Figure 1-1).  This hydrogeological assessment exceeds the traditional Level 2 
informational requirements for a Quarry Application.  Based on quantitative and qualitative data 
and analysis techniques, the study findings support the application for the proposed Highland 
Quarry. 
 
1.1 Background 
M.A.Q. Aggregates Inc. (M.A.Q.) is preparing an application under the ARA to the Ministry of 
Natural Resources (MNR) to license a 100 hectare (245 acres) property located on Part Lot 20, 
Lot 21, and Part Lot 22, Concession A, Municipality of Grey Highlands (Figure 1-3).  Of the 
100 ha property, 61 ha are proposed for aggregate extraction (Figure 8-1).  The subject property 
is located on the west side of Grey County Road 31, approximately 5 km west of Duntroon 
(Figure 1-2).  The existing Georgian Aggregates Quarry is located on adjacent lands to the 
southeast of the subject property.  The subject property is currently identified as a mineral 
resource area and has a rural designation in the Official Plan (Grey Highlands, Official Plan 
Schedule A: Land Use).  
 
M.A.Q. has commissioned this work to support an application to obtain a Class A license for a 
Category 2 Quarry that will allow extraction of the bedrock resource above and below the water 
table.  Quarries that extend below the water table rely on ground and surface water management 
programs to maintain dry operating conditions.  A sound understanding of the fractured bedrock 
network and associated ground water flow conditions is therefore fundamental to effectively 
manage the water resources at this site.  This understanding can be effectively demonstrated 
through a ground water flow model. 
 
The objectives of this report are to document existing site conditions, evaluate potential 
influences related to the proposed quarry development, and, if the potential influences are 
insignificant; recommend mitigation and management strategies to minimize environmental 
impacts to allow the quarry to proceed. 
 
1.2 Level 2 Hydrogeological Assessment 
The Provincial Standards that support the ARA set out specific requirements for a Level 2 
hydrogeological report that accompany the application for a license.  Section 2.2.2 for a 
Category 2 application states the following requirements: 
 

“Hydrogeological Level 2: Where the results of Level 1 have identified a potential for 
adverse effects of the operation on ground water or surface water resources and their 
uses, an impact assessment is required to determine the significance of the effect and 
feasibility of mitigation.  The assessment should address the potential effects of the 
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operation on the following features if located within the zone of influence for 
extraction below the established ground water table, where applicable. 
 
A technical report must be prepared by a person with appropriate training and / or 
experience in hydrogeology to include the following items: 
 

a. water wells; 
b. springs 
c. ground water aquifers; 
d. surface water courses and bodies; 
e. discharge to surface water; 
f. proposed water diversion, storage and drainage facilities on site; 
g. methodology; 
h. description of the physical setting, including local geology, 

hydrogeology, and surface water systems; 
i. water budget; 
j. impact assessment; 
k. mitigation measures including trigger mechanisms; 
l. contingency plan; and 
m. technical support data in the form of tables, graphs, and figures, 

usually appended to the report. 
 
As discussed above, this study was developed to exceed the minimum requirements stipulated in 
the Level 2 evaluation by assessing the cumulative impacts associated with the adjacent quarry 
operations.  The proximity of several key features in the vicinity of this site supports such an 
evaluation and includes (but is not limited to): adjacent quarry operations, proposed quarry 
operations and several headwater / wetland features. 
 
1.3 Report Organization 
This report describes the site conceptual geological and hydrogeological understanding, which 
has been used to formulate a numerical flow model in a fractured bedrock environment.  This 
numerical representation of the local ground water flow system was used to assess the potential 
impacts the proposed quarry operation could have on the natural environment.  The report has 
been organized to address the items mentioned above in Section 1.2, in the following sections: 
 

• methodology, (Section 2); 
• an overview of the physical setting including physiography, (Section 3); 
• a description of the hydrology, (Section 4); 
• a description of the geology, (Section 5); 
• a description of the hydrogeology, (Section 6); 
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• a description of the local water use, (Section 7); 
• a discussion on the proposed quarry extraction operations, (Section 8); 
• a discussion on the numerical ground water flow model results, (Section 9); 
• a discussion on the water balance (Section 10) 
• a discussion on cumulative impacts, (Section 11); 
• a discussion on assessment and quarry development (Section 12) 
• a description of the proposed ground and surface water monitoring programs, 

(Section 13); 
• a discussion of the mitigation and control measures, (Section 14); 
• summary and conclusions, (Section 15); and 
• recommendations, (Section 16). 

 
A reference list is provided after the Recommendations section of this report (i.e., Section 17).  A 
glossary of technical terms used in the report is also provided at the end of this report.  For 
convenience, the first use of such words and expressions found in the glossary have been 
italicized. 
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2.0 Methodology 
A regional scale understanding of the geology and hydrogeology was obtained through the use of 
published literature sources as summarized in the reference list at the end of this report.  Locally, 
the presence and influence of the Duntroon Quarry provides an invaluable physical model on the 
long-term effect(s) that such an operation would have on the surrounding environment and is 
considered the best source of information for the Highland Quarry assessment.  Considerable 
effort was made to acquire as much environmental information on this quarry as was possible 
and to that end an information-sharing arrangement with the Georgian Aggregates and 
Construction Inc. (owner and operator of the Duntroon Quarry) was reached. 
 
The regional conceptualization was used to devise a site-specific investigation program to 
confirm or refute this hypothesized model.  A site-specific drilling program was instigated to 
compare site-specific conditions to the regional setting and to quantify hydrostratigraphic 
information.  The environmental database used in this evaluation was sufficiently detailed to 
allow for the use of a numerical ground water model to predict the “worst case” impacts as a 
result of the quarry development. 
 
The site drilling and hydraulic testing programs confirmed the Amabel Formation has the 
characteristics of a “megashoal” deposit.  It consists predominantly of crinoidal grainstone 
forming mainly in massive, thick and undulating beds.  Isolated monitoring wells were 
constructed at different depths within and below this hydrostratigraphic unit, and then tested 
hydraulically and hydrogeochemically.  In order to formulate a sound ground water flow model 
in this bedrock environment, the following work program was conducted, which consisted of the 
following tasks: 
 

1. Regional Geologic and Hydrogeologic Information Search 
This work was completed to develop an understanding of the regional site setting.  The 
regional geologic setting dictates the expected ground water flow across this site.  While 
subtleties in the geologic setting exist locally, the regional setting provides the conceptual 
framework for the setting at the Highland Quarry. 

 
The Amabel Formation along the Niagara Escarpment has been well researched and there 
exists considerable information published on the geologic / hydrogeologic processes 
which have influenced the environmental setting in the Niagara Escarpment (i.e. Telford 
et. al., 1974; Pratt and Miall, 1993; Smith and Legault, 1985).  This includes several 
investigations and reports on the Duntroon Quarry (i.e. Jagger Hims, 2005a and 2005b). 

 
2. Local Information Exchange 

As noted above, an information sharing arrangement was made with Georgian 
Aggregates and Construction Inc. (Georgian) which included: local drilling logs, fracture 
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mapping data, surface water flow monitoring, ground water monitoring data, and 
reporting.  This exchange enhanced both databases and allowed a better understanding of 
the surrounding geologic and hydrologic conditions that exist at and around this site.  
This additional information augmented and improved the definition of the stratigraphic 
profile at the site. 
 
The on-going communications with Jagger Hims and reviewing the hydrogeological and 
geological data collected from the Duntroon Quarry has provided valuable insight to the 
development of the conceptual geological and hydrogeological understanding of the 
study area.  Specifically, the Duntroon Quarry has provided actual ground water 
monitoring data, which has been used to assess the impacts associated with the on-going 
development of a quarry in the Amabel Formation.  The impact on the ground water 
regime is variable around the quarry and magnitude increasing with distance from the 
quarry face.  No negative impacts have resulted to local domestic water wells as a result 
of approximately 16 years for extraction of aggregate from below the “water table” 

 
3. Site Drilling Program 

The subsurface investigation involved drilling at six locations across the site where a total 
of approximately 230 m of dolostone was cored.  This work was conducted to confirm 
the anticipated geologic setting at the site.  Site drilling allowed access to the underlying 
geologic stratigraphy.  A continuous rock core was recovered from each borehole, which 
was logged in detail.  These logs were compared and contrasted with the regional 
geologic setting.  The boreholes were also used to conduct several site investigations as 
documented below.  Once this work was completed, selected transmissive fractures were 
isolated for long-term monitoring. 

 
4. Borehole Geophysics Program 

A suite of geophysical probes was logged in four of the six site boreholes to better 
identify the stratigraphic profile present at the site.  These tests provide lithologic data not 
readily determined through core analysis and greatly improves the definition of the 
stratigraphic profile at the site. 

 
5. Hydraulic Testing Program 

A total of 184 transient hydraulic tests (with packer spacing of 1.2 m) have been 
conducted within the drilled boreholes at the site.  A “straddle” packer system was used 
to hydraulically test each of the six boreholes.  A packer system has the ability to isolate a 
discrete section of the borehole and hydraulically evaluate that section independently.  
This process allows the transmissive zones within the stratigraphic profile to be identified 
and quantified (i.e., conducive bedrock fractures).  The testing sequence was designed so 
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there was overlap as the testing string was moved up the borehole.  Thus, the entire 
borehole length was evaluated for the section of the borehole tested. 
 
The academic research community tends to now favour stratigraphic profile testing over 
the more traditional “open hole pumping” tests.  “Essential equipment for testing the 
hydraulic properties of open boreholes in rock includes packers of some type and devices 
to measure pressure …” (Lapcevic et al., 1999).  Packer tests give a better representation 
of hydraulic properties for specific rock segments whereas open hole testing provides 
bulk averaged values that are biased by the highest yielding segment of the profile.  
Researchers in this field have expressed the same conclusion (Tiedeman and Hsieh, 
2001).  A more contemporary field investigation program was developed as outlined in 
this section. 

 
6. Monitoring Well Construction Program 

Transmissive zones identified in the hydraulic testing were permanently isolated from 
each other through the construction of discrete monitoring wells within the borehole.  The 
most transmissive zones in each borehole were targeted since these zones are likely to 
conduct the majority of ground water through the fractured rock network that exists at 
this site.  Four isolated zones were monitored at each borehole site totaling 24 monitoring 
wells across the site. 

 
7. Hydrogeochemical Testing Program 

“An essential component of comprehensive investigations of ground water flow and 
solute transport in fractured media is the geochemistry of the ground water.” (Lapcevic et 
al., 1999).  Discrete ground water flow zones can have a unique hydrogeochemical 
signature associated with the mineralogy of the adjacent rock matrix.  If the rock matrix 
mineralogy or residence time is unique within the stratigraphic profile then such a 
signature is expected.  The interconnectivity of the fractured rock network can also be 
assessed by the ground water geochemistry, which was evaluated by collecting ground 
water quality samples from each monitoring well.  In the long-term, hydrogeochemical 
trends can also be evaluated using temporal sampling data. 

 
8. Radioactive Isotope Analysis 

The isotopic character of the water was used to help address recharge mechanisms and 
recharge rates.  Tritium analysis may be used to estimate the time since recharge to the 
ground water system occurred and the susceptibility of the ground water system to 
contamination (i.e., vertical hydraulic connection).  Ground water systems with recharge 
occurring prior to the 1950s will have a tritium level decreased by radioactive decay to 
levels at or below one Tritium Unit (TU).  Conversely, ground water systems, which have 
been recharged after the early 1950s, will contain tritium levels at, or significantly above, 



 

8 

the natural "pre-bomb" background concentrations.  This was determined by the 
collection of ground water samples from two distinct ground water flow zones and 
subsequently each of them was analyzed for tritium using an enriching process for this 
evaluation.  Results of this sampling were used to support the conceptual understanding 
of the hydrogeological setting. 

 
9. Water Level Monitoring Program 

Finally, the similarities and contrasts in the hydraulic head of each monitored zone 
provides knowledge on the uniqueness of the fracture planes present.  The hydraulic 
response also can provide evidence on the interconnectivity of the fractured rock network 
through the comparison of season trend data.  Once isolated, the monitored zones were 
slug tested to confirm the original hydraulic test results obtained during the packer testing 
program. 

 
10. Detailed Fracture Analysis 

Site drilling was followed by hydraulic packer testing to identify fracture / flow zones.  
Each well was stratigraphically logged and all fractures / core breaks were evaluated as 
part of this documentation process.  The expectation of the packer testing was that 
regional lateral fractures would be identified in the different boreholes and could be 
correlated amongst these wells. 

 
Dr. Alexander Cruden, a leading research scientist in the structural geology of southern 
Ontario (University of Toronto - Department of Geology), carried out an assessment of 
the vertical fractures in the study area.  The analysis included reprocessing of fracture 
orientation data collected during an earlier study (Jagger Hims Ltd., 2005a), a site visit on 
November 7, 2005 to observe fractures at the Duntroon Quarry and a number of outcrops 
(natural and abandoned quarries) in the area.  Photogeological interpretation of 1:20,000 
scale aerial photographs, processing and interpretation of 10 m digital elevation data, and 
interpretation of 1:1,000,000 scale aeromagnetic data was also carried out as part of this 
assessment. 

 
11. Dye Tracer Testing 

A single dye tracer test was conducted to confirm that Central Wetland is hydraulically 
connected to the North Wetland during wet periods and to provide a general idea of the 
karst hydrology.  The testing gave an indication as to whether further detailed 
investigation was, or was not, be required.  In this case, no additional studies were 
required. 

 
All testing and monitoring locations are provided on Figures 1-3, 4-2, and 4-3.  A more detailed 
description of the methodologies used for these investigations is provided in Appendix A. 
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3.0 Site Setting and Conditions 
The proposed quarry resides within a physiographic region, which is defined in a large part by 
the regional geology.  The geologic setting hosts, and to a large part, controls the hydrogeologic 
setting.  By understanding this environment, it is possible to make a reasonable estimate of the 
influence the proposed quarry construction will have on this setting, which is the purpose of this 
assessment. 
 
3.1 Physiography 
The subject property resides within the physiographic region referred to as the Niagara 
Escarpment (Chapman and Putnam, 1984).  The Niagara Escarpment is the most prominent of 
several escarpments formed in the bedrock of southern Ontario.  It is traceable from the Niagara 
River to northern Michigan, forming the spine of the Bruce Peninsula and Manitoulin Islands 
and other islands in northern Lake Huron.  It also extends into New York State and Wisconsin, 
roughly encircling the Michigan structural basin in the bedrock.  The Escarpment rises to more 
than 500 masl.  Its existence is due to the resistance to erosion of the cap rock (Amabel 
Formation). 
 
A Digital Elevation Model (DEM) of the region is presented on Figure 3-1.  DEM data files are 
digital representations of cartographic information in raster format.  DEMs consist of a sampled 
array of elevations for a number of ground positions at regularly spaced intervals (10 m 
resolution in southern Ontario).  The DEM model has been conditioned to be hydrologically 
correct which simply means, spurious sinks (depressions) within a DEM have been removed and 
the data is topologically flow corrected.  Earthfx Inc. (Earthfx) completed this correction of the 
DEM model. 
 
The most dominant feature on the DEM in this region is the 35 km glacial re-entrant valley of the 
Beaver River.  This valley extends south from Georgian Bay, terminating just north of 
Flesherton.  The Pine, Noisy and Pretty Rivers are also obvious on the DEM as they cut deeply 
into the bedrock escarpment from the east.  The subject property is located on the plateau formed 
by the dolostone cap rock, bordered on the northwest, north, northeast and east by the Niagara 
Escarpment face.  In fact, the subject property is located on a bedrock peninsula since the Pretty 
River valley, which is partially buried, extends south of the subject property.  The bedrock 
structure and glacial activities have determined the terrain on this peninsula. 
 
A DEM of the study area is present on Figure 3-2.  The subject property is located on a regional 
topographic high where elevations range between approximately 506 and 532 m above sea level 
(asl).  Topographically, two distinct ridges that are orientated with their long axis east-west have 
been cut through the shallow bedrock surface at the Highland site. 
 



 

10 

3.2 Climate and Water Balance  
Climate is usually defined as normals (or averages) of weather variables over a 30-year period as 
defined by the World Meteorological Organization (WMO).  These "climate normals" refer to 
arithmetic calculations based on observed climate values for a given location over a specified 
time period.  Climate normals are often used to classify a region's climate and for research in 
many environmental fields. 
 
For the purpose of this study, the climate normals have been used in the evaluation process for 
the impact assessment (i.e., numerical ground water flow model and pre and post water balance 
analysis).  The relation between precipitation and evapotranspiration is a major factor in water 
availability.  Generally, if annual precipitation exceeds annual potential evapotranspiration, then 
there is a net surplus of water, which is available for runoff and aquifer recharge.  The aquifer 
recharge value is an input parameter for the numerical ground water flow model and is calculated 
based on soil permeabilities and topography.  In conducting this evaluation, no correction for 
global warming trends is provided. 
 
In addition, if the ARA application is approved, real-time values, such as precipitation, are often 
compared to a location's "climate normal" to determine how unusual or how great the departure 
from "norm" occurs.  This assessment is imperative for the evaluation of the continuous ground 
water level data and assessing potential impacts associated with quarry operations as 
development proceeds. 
 
The closest Environment Canada Climate Station is the Ruskview station, which is 
approximately 20 km southeast of the Highland property.  However, this station has only been in 
operation since 1985, which does not sufficiently fulfill the requirement for completeness for the 
calculation of the 30-year climate normals as recommended by the WMO.  The Thornbury 
Slama Climate station, located below the Escarpment at a distance of approximately 25 km from 
the site location has a data record in excess of the 30-year requirement.  However, it must be 
recognized that the study area may have a micro-climate somewhat different than the Thornbury 
Slama station due to the influences of Georgian Bay and the Niagara Escarpment.   
 
A comparative assessment between the data collected from the Thornbury and Ruskview 
Stations has been completed by Jagger Hims (2005a).  This assessment compared monthly 
precipitation data from the two stations, which revealed that the 30-year normal climate data for 
the Thornbury Station are considered to be reasonably representative of general climatic 
conditions both on top of and below the Niagara Escarpment.  However, this climate station was 
decommissioned in April 2005.  Therefore, the use of the 30-year data from the Thornbury 
Station, and the use of the recent data collected from the Ruskview Station have been used in this 
evaluation. 
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3.2.1 30-Year Climatic Normals: Precipitation 
A comparison of the 30-year normals (1971 to 2000) for the Thornbury Slama Climatological 
Station and the 19-year (1986 to 2004) for the Ruskview Climatological Station is provided 
below in Table 3-1.  In addition, a summary of the 2003, 2004, and 2005 monthly and total 
annual precipitation data are tabulated. 
 
Table 3-1: Monthly Total Precipitation Data 

Total Precipitation (mm) Month 
30-year  

 Normals1 95% CI 

19-year 
Normals2 20033 20043 20053 

January 93 81 to 105 82 78 107 119 
February 64 53 to 75 65 96 43 78 
March 64 55 to 73 68 79 113 15 
April 62 50 to 73 71 37 80 63 
May 69 57 to 82 91 105 121 26 
June 75 63 to 87 95 69 57 43 
July 82 65 to 99 82 48 98 75 
August 85 68 to 102 82 85 53 57 
September 94 75 to 113 94 85 35 68 
October 81 69 to 92 83 98 74 43 
November 96 83 to 110 99 154 87 75 
December 98 86 to 110 79 74 110 115 
Annual Total 963 915 to 1,011 991 977 1,008 776 

Notes: 
Red highlighted values represent monthly reading below 95% CI limits 
Blue highlighted values represent monthly reading above 95% CI limit 
CI = Confidence Interval 
1 30-year climatic normals from the Thornbury Slama Climatological Station located at 44°34’N 80°29’W, 

213 masl 
2 19-year climatic normals from the Ruskview Climatological Station located at 44°34’N 80°29’W, 472 masl  
3 Monthly totals from the Ruskview Climatological Station 

 
The 30-year normals from the Thornbury Station indicate an average annual precipitation of 
963 mm while the 19-year average from the Ruskview Station has an average of 991 mm.  Some 
monthly precipitation values from the last three years fall outside the 95% confidence interval 
calculated from the 30-year dataset.  Similarly, the total precipitation in 2005 was remarkably 
less than the 30 year norm.  A confidence interval gives an estimated range of values, which is 
likely to include a specific percentage of the entire population. 
 
3.2.2 Water Surplus  
For the purpose of this study, a monthly water surplus (or deficit) has been defined as difference 
between the monthly precipitation and the monthly evapotranspiration.  A summary of the 30-
year normal, 2003, 2004, and 2005 actual monthly and total annual water surplus (and deficit) 
data are present in Table 3-2. 
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Table 3-2: Water Surplus / Deficit Values 

Water Surplus / Deficit (mm) Month 
30-year  

 Normals1 95% CI 
20032 20042 20052 

January 93 81 to 105 78 107 119 
February 64 53 to 75 96 43 78 
March 62 53 to 71 79 113 15 
April 32 21 to 44 17 49 31 
May 5 -9 to 19 40 54 -26 
June -17 -27 to -7 -34 -38 -51 
July -15 -28 to -2 -44 -10 -22 
August -8 -20 to 4 -14 -29 -17 
September 22 5 to 39 2 -23 -7 
October 44 32 to 55 65 34 7 
November 85 70 to 100 144 76 65 
December 98 86 to 110 74 110 115 
Annual Total 465 423 to 507 504 486 307 

Notes: 
Red highlighted values represent monthly reading below 95% CI limits 
Blue highlighted values represent monthly reading above 95% CI limit 
CI = Confidence Interval 
1 30-year water surplus / deficit calculations based on climatic normals from the Thornbury Station 
2 Monthly totals from the Ruskview Station 

 
Climate conditions were evaluated using temperature and precipitation data from the 
Environment Canada station at Ruskview Station for 2003 through to 2005.  Monthly water 
budgets were prepared using the Thornthwaite and Mather (1955) method, which is based on the 
monthly temperature and precipitation data.  The water budget calculates the effect of 
evapotranspiration and provides an estimated net monthly surplus or deficit.  The surplus reflects 
the water available to runoff or infiltrate to the ground water regime.  The 30-year normal for the 
water surplus in calculated to be 465 mm with a 95% confidence interval of 423 – 507 mm.  It is 
interesting to notice that in recent years extremes in precipitation have resulted in numerous 
monthly deviations from the 30-year norm.  In aggregate, the annual measures fall within the 
predicted norms with the exception of 2005, which was quite dry. 
 
3.2.3 Aquifer Recharge and Runoff Estimates 
The regional water balance method developed by Thornthwaite and Mather (1955) determines 
the potential evapotranspiration and water surplus (or excess of precipitation over 
evapotranspiration) based upon the estimated sunlight hours for the site’s latitude, soil retention 
capacity, temperature data, and precipitation data.  All of this evaluation is based on the 
overburden sediment characteristics and not the bedrock matrix characteristics. 
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The ground water infiltration was estimated to identify significant infiltration areas within the 
study area.  The infiltration factor was calculated based on an approach outlined in the Ministry 
of the Environment’s (MOE’s) “Hydrogeological Technical Information Requirements for Land 
Development Applications” (1995).  This approach takes into consideration three factors: 
topography, soil, and land cover. 
 
In order to estimate this factor, the DEM of the study area was used.  On a site-specific scale, the 
slope ranges between flat and hilly land.  However, across the study area, the topography can be 
described as rolling land (i.e., infiltration factor of 0.1 - 0.2).  The component of the infiltration 
factor based on soil was determined from the Grey County Soil Survey Report No. 17 (1954) and 
site drilling.  The soils in the area are described as fine to medium sand or sand loam (i.e., 
infiltration factor of 0.2).  The final factor in the MOE methodology is based on vegetative land 
cover.  In this case, there are two factors applied, based on whether or not the area is wooded or 
cultivated (i.e., infiltration factor of 0.1 - 0.2). 
 
Infiltration factors were calculated for each vegetation type and were determined for sandy loam 
and rolling land.  The estimated ground water infiltration rates are presented in Table 3-3.  Due 
to the varying water surplus estimates, a range of infiltration rates are provided which were 
computed using average annual monthly values for the 30-normals, 2003, 2004, and 2005. 
 
Table 3-3:  Infiltration Factor and Infiltration Rates 

Parameter Value of Infiltration Factor 
Topography  Rolling Land 0.1 - 0.2 
Soil Type Sandy Loam  0.2  

Cultivated Land to  Land Cover 
Woodland 

0.1 – 0.2 

TOTAL 0.4 to 0.6 
Study Period Water Surplus (mm) Infiltration Rate (mm/a) 

30-Year Normal 465 186 - 279 
2003 504 201 - 302 
2004 486 195 - 292 
2005 307 123 - 184 

 
The amount of water infiltrating the ground water regime is approximately 40 to 60% of the 
water surplus value.  Based on the 30-year normal water surplus value of 465 mm, 
approximately 186 to 279 mm/a is available for infiltration, while the remaining water surplus is 
assumed to run off into local surface water systems.  However, the 30-year normal water surplus 
is a mean value with a statistical degree of variation, hence the infiltration rate range is likely to 
be larger than that reported in Table 3-3.  When comparing the 30-year norm to the data 
presented for 2003 to 2005; it can be seen that the infiltration rate for any given year overlaps 
with that presented for the 30-year norm, except for 2005. 
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Model calibration was completed based on 2005 water levels.  Therefore, the infiltration rate 
used for this assessment was arbitrarily selected in the range of 123 to 184 mm/a.  It should be 
noted that this is a simplified approach to determine the infiltration rates for the study area.  
Local variation will occur do to the heterogeneities in the soil type and slope, and complexities in 
the system such as karstic features, vertical fractures, wetlands, and tile drains as discussed later 
in this document.  Similarly, no evaluation of the annual variations was assessed.  For example, 
there is the possibility that a larger infiltration rate could occur in a drier year because there will 
be diminished opportunity to achieve the soil infiltration capacity.  Conversely, a greater 
evapotranspiration rate in a dry year could offset this increased infiltration potential.  The 
conclusion drawn from this evaluation is an infiltration volume somewhere in the range of 186 to 
279 mm/a would appear to represent a reasonable estimate for the overburden soils and climatic 
conditions present at this site.  The AEMOT study based infiltration rates on the hydrologic soil 
group and derived from surface water modeling analysis.  The infiltration rate used in the 
AEMOT study for the Highland property was 170 mm/a.  Recharge rates applied in the 
numerical ground water flow model for the Duntroon Quarry evaluation was in the range of 157 
to 276 mm with rates as high as 394 mm for wetland areas, topographic depressions, and 
enclosed drainage basins. 
 
The other consideration that should be pointed out is that this infiltration rate does not 
necessarily apply to the underlying bedrock.  Recharge of the bedrock is dependent upon the 
presence and frequency of open conductive vertical joints that can convey this water into the 
fractured rock network that exists within the bedrock matrix.  It is expected that the average 
annual infiltration rate for the fractured rock system will be much lower than that predicted 
above.  Since the bedrock infiltration capacity is exceeded by the infiltration rate through the 
overburden in most years, then the bedrock has consistent hydraulic conditions from year to year.  
Thus, further evaluation of the temporal trends in water budget is unwarranted.  Subsequent 
sections of this report will highlight this contrast. 
 
The addition of a site-specific weather station would greatly enhance the regional interpretation 
of the meteorological data and therefore should be considered for this site.  This data would be 
used for all annual reviews of the hydrogeological data. 
 
3.3 Local Land Uses 
This hydrogeological assessment is evaluating the potential cumulative impacts to ground and 
surface water systems as a result of both the proposed quarry operations in conjunction with 
adjacent land uses.  Land uses within the study area include: rural, wetlands, hazard lands, and 
mineral resource extraction.  Of specific interest is the existing and proposed expansion of the 
Duntroon Quarry (mineral resource extraction) (Figure 3-3).  A general description of the 
existing and proposed expansion of the Duntroon Quarry is provided below.  If further 
information is required, the reader should refer to the Duntroon Quarry Expansion – Geological 
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Report and Level 2 Hydrogeological Assessment (Jagger Hims, 2005a) and the Duntroon Quarry 
Permit to Take Water Number 01-P-1036 Application to Amend (Jagger Hims, 2005b). 
 
3.3.1 Mineral Resource Extraction 
Georgian owns and operates the Duntroon Quarry.  The quarry is located in Part Lot 24, 
Concession 12, Township of Clearview, Simcoe County (Figure 1-3).  These lands are located 
within the Niagara Escarpment Planning area (2005).  The most recent Site Plan is dated 
February 2002 (MacNaughton Hermsen Britton Clarkson Planning Limited) and states that the 
licensed boundary of the quarry is 57.5 ha (142.1 acres), and the area to be extracted is 47.1 ha 
(116.4 acres).  The final elevation of the quarry floor is 500 masl.  At an extraction rate of one 
million tonnes per annum, approximately five to six years of the Amabel dolostone resource 
remain within the current extraction limits. 
 
As a result, Georgian is in the process of applying for an expansion of the quarry operation onto 
the lands directly north of Simcoe Road 91.  The expansion lands are located in Lot 25 and Part 
Lot 26, Concession 12, and Part Lot 25, Concession 11 (Figure 1-3).  The boundary of the 
property which is to be licensed is approximately 127 ha (314 acres), and the area in which the 
extraction activities are proposed is approximately 69 ha or (170 acres). 
 
The extraction operation is to be completed in three phases.  Phase 1 will commence in the south 
central portion of the expansion lands down to an elevation of 500 masl, and then move 
clockwise into Phase 2.  Phase 3 will involve the extraction of the Amabel along the northern and 
then eastern sections of the quarry down to an elevation of 500 masl, followed by the final 
extraction of the rock beneath Phase 1 to a final elevation of 490 masl. 
 
The final rehabilitation for both the existing quarry and the expansion quarry is that of passive 
lakes and associated aquatic shoreline habitat features.  The existing quarry will be allowed to fill 
with water during the progressive extraction of the expansion lands.  Once extraction is 
completed in the expansion lands, the quarry will be allowed to fill with water.  However, during 
the operation of the proposed quarry expansion, the complex water management plan will 
continue to maintain dry operating conditions across the quarry floor.  This water management 
plan is discussed further in Section 7.2. 
 
Georgian also holds an ARA licence to extract the Amabel Formation above the established 
“water table” for the Osprey Quarry, which is located directly south of the Highland property.  
The licenced area is 26.1 ha with an extraction area of 16.2 ha located within Concession A, Part 
Lots 18 and 19, Municipality of Grey Highlands.  The licence permits the extraction of a 
dolostone hill with a maximum elevation of 531.0 masl.  The final extraction elevation is 
512.0 masl.  There has been no extraction of the aggregate to-date at this facility.  By definition, 
extraction of aggregate from above the “water table” would have no impact on the ground water 



 

16 

flow regime.  Therefore, any future aggregate extraction from the Osprey Quarry has not been 
incorporated into the numerical ground water flow model or impact assessment. 
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4.0 Hydrology 
The Highland property is located on a regional topographic high, which strongly influences the 
local hydrology.  The study area is contained within the Beaver River Watershed area 
(Figure 4-1), which covers an approximate area of 377,000 ha (152,500 acres).  In order to assess 
the potential impacts of the proposed quarry development, the area draining the Beaver River has 
been subdivided to a scale more appropriately suited for this assessment.  The resulting study 
area, that contains the subject lands, drains an area of approximately 3,900 ha (Figure 3-2). 
 
The watershed boundaries, dividing the Beaver River from the Pretty, Batteaux, and Mad Rivers 
are located less than 1 km from the Highland property boundary (Pretty and Batteaux watershed 
is approximately 0.5 km while the Mad River watershed is approximately 0.9 km; Figure 4-4).  It 
is useful to know that some differences exist between the surface and ground watershed 
boundaries, which are present at this site.  The following sections describe the local surface 
water features, and how they relate to the proposed quarry application. 
 
4.1 Regional Surface Water Features 
The majority of the surface water flow from the Highland property drains into the Rob Roy 
Swamp Wetland Complex.  This surface water feature exists because of the glacial deposition 
across this region of the Beaver River Watershed and is influenced by the undulations of the 
underlying bedrock. 
 
4.1.1 Rob Roy Swamp Wetland Complex 
The Rob Roy Swamp is a Provincially Significant wetland complex comprising of 17 individual 
wetland units, representing a total area of 408 ha (Figure 4-2).  The individual wetland 
complexes range in size from 0.5 ha to 239.9 ha.  The majority of the wetland units (13 of 17) 
are less than 10 ha in size.  The largest of the wetlands (239.9 ha) occupies the central position 
within the complex. 
 
Based on the Ontario Wetland Evaluation System (1990), the following represents the key 
wetland features, functions, and values for the wetland complex: 

• overall large size of the complex (>400 ha); 
• high diversity of vegetative communities (>40 species); 
• potential economic resources (timber, baitfish, furbearers); 
• flood attenuation of surface water; 
• short term water quality improvement; 
• potential for ground water recharge; and 
• nesting colony of a provincially significant colonial waterbirds. 
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4.2 Local Surface Water Features 
The surface catchment area, which contains the subject lands, represents a headwater area for the 
Beaver River (Figure 4-1).  This area is drained by one un-named low order tributary, which, 
apart from isolated depressions and areas that allow for overland flow, controls the drainage in 
the area.  For the purpose of this report, this stream will be referred to as the South Tributary 
(Figure 4-3).  However, local to the site, the majority of the drainage is controlled by two 
wetland features, referred to as the Central and North Wetland (Figure 4-3).  These surface water 
features are discussed in detail in the following sections. 
 
4.2.1 South Tributary 
The headwaters of the South Tributary are located to the east of the Highland property on 
adjacent lands owned by Georgian (Figure 4-3) and are a part of the Rob Roy Swamp Wetland 
Complex.  Water flows intermittently westward from the wetland area beneath Grey Road 31, 
into a continuation of the wetland, and into a defined watercourse.  The catchment area for the 
South Tributary is approximately 319 ha in area (Figure 4-4).  However, both surface water 
runoff and ground water seepage collected in the Duntroon Quarry sump has been discharged to 
this surface water feature in the past.  The Duntroon Quarry altered their water management 
system in 2005 so that they no longer discharge directly to the South Tributary, as is discussed 
below. 
 
It is anticipated that the water management (primarily for aggregate washing and spring freshet) 
for the Duntroon Quarry commenced shortly after operations initiated in 1964.  This primarily 
involved the collection of incidental waters for the purpose of washing with minimal discharge 
from the property.  No official historical (pre-1996) documentation exists to provide an 
indication of the natural flow conditions in this wetland area prior to the onset of the water 
management operations at the Duntroon Quarry.  However, Jagger Hims (2005b) estimated that 
pre-quarry surface water flows at SW1 (culvert crossing Grey Road 31) and at the downgradient 
Osprey Quarry property boundary (i.e., Location B in JHL 2005b Report).  These estimated 
values are presented in Table 4-1 and are based upon a theoretical water balance evaluation 
conducted by Jagger Hims (2005b). 
 
Table 4-1: Estimated Pre-quarry Flow Conditions in South Tributary  

Season Location SW1 (L/s) Location B (L/s) 
Annual average flow 19 37 
Spring average flows 50 90 
Spring high flows 90-110 170-190 
Summer low flows <1 <1-2 
Summer flow in wetter periods Up to 10 Up to 18 

Note: Table from Jagger Hims, 2005b 
 



 

19 

Prior to 2005, the Duntroon Quarry water management program involved discharging quarry 
water into this watercourse/wetland area.  Recognizing that a significant amount of this water re-
infiltrated into the ground and back into the quarry, a large amount of water discharged from the 
quarry does not leave the property.  The baseline flow conditions in the South Tributary prior to 
the Duntroon Quarry operations has been estimated based on water budget climate data, surface 
water catchment areas, published MOE streamflow data, recent monitoring data (Jagger Hims, 
2005b).  These estimates are provided in Table 4-2. 
 
Table 4-2: Estimated Pre-quarry and Current “Natural” Flow Conditions in South Tributary  

Season SW1 (L/s) 
Pre-quarry 

Annual average flow 19 
Spring average flows 50 
Spring high flows 90-110 
Summer low flows <1 
Summer flow in wetter periods Up to 10 

 
While this assessment is generalized and does not account for seasonal variation, Jagger Hims 
(2005b) suggests that the current quarry operations have not had an adverse impact to the 
adjacent wetland. 
 
As part of an amendment to the Duntroon PTTW, an improved water management system has 
been designed to mimic the natural seasonal trends (Jagger Hims, 2005b).  The permitted flow 
rates are based on the estimated pre-quarry flows with an allowable increase of approximately 
20 L/s to accommodate additional water resulting from ground water discharging to the quarry 
and surface run-off.  A summary of the permitted rates (PTTW No. 1168-665NHB) is presented 
in Table 4-3. 
 
Table 4-3: Permitted Discharge Rates from Duntroon Quary into South Tributary  

Season Location SW1 (L/s) 
Spring (April 1 – June 30) 130 
Summer (July 1 – Sept 30) 20 
Fall (Oct 1 – Mar 30) 70 

 
These rates have been approved by the MOE for the existing operations at the Duntroon Quarry, 
but this strategy will need to be revised if the aggregate expansion license is granted to Georgian.  
The available capacity of this tributary to handle peak flow has not been fully assessed.  As part 
of the permitting process both quarry operations will need to rationalize how this resource can be 
most effectively used to serve all parties.  M.A.Q. wishes to consider the use of this tributary for 
the discharge of incidental surplus water from the Highland Quarry, but realizes this stormwater 
management plan will have to coincide with other users including the Duntroon Quarry. 
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4.2.2 Central Wetland 
The Central Wetland is one of the 17 individual wetlands linked to the provincially significant 
Rob Roy Wetland Complex (Robinson et al., 1990).  The Newmarket Till was plastered over the 
runneled surface topography of the bedrock creating an impervious surface.  This surface 
contains small depressions that over time have fostered the development of wetland complex, 
especially when flow between these depressions is suspended in drier seasons.  This is more 
easily seen when the topography is shaded to accent this situation as seen in Figure 5-2.  The 
Central Wetland is located in the center of the Highland Quarry property in a natural topographic 
low (518.7 masl) and is approximately 3.1 ha in area.  Based on field observations (i.e., ground 
water elevations, surface water chemistry, and soil conditions), this wetland is isolated from the 
ground water regime and collects surface water runoff during wet conditions. 
 
In order to assess the soil conditions beneath the Central Wetland, one test hole was drilled with 
a hand auger (TH#8; Figure 4-3).  At this location, approximately 0.15 m of wet organic material 
overlay a dense, grey clay unit, which may represent fines collected in the basin from the erosion 
of the Newmarket Till.  The thickness of this clay is undetermined due to difficulties in augering 
to depth.  This dense clay unit is at least 0.3 m thick; indicating that ground water recharge 
through this stratum is minimal.  This impermeable overburden appears to be limited to the 
Central Wetland area, as the remaining lands are characterized as sandy loam.  The field 
descriptions are comparative to the Osprey soils series, which is mapped in the area (Soil Survey 
of Grey County, 1954).  The Osprey soils are developed from a light buff coloured stony till of 
dolomitic origin (Newmarket Till). 
 
The Central Wetland collects surface water runoff from a drainage area that is approximately 
21 ha (Figure 4-4).  Ditches have been constructed in some locations on-site to improve the 
drainage of the agricultural lands by direct the surface water runoff and snowmelt to the natural 
surface water features.  During these wet periods, interstitial / karstic flow between the Central 
Wetland and the North Wetland occurs. 
 
The thin veneer of overburden in certain areas of the site has not protected the bedrock surface 
from dissolution.  The carbonate content in the overburden materials have a buffering effect on 
meteoric waters prior to their migration into the carbonate bedrock and reduce the chemical 
aggressiveness of the water to dissolution the rock matrix. 
 
A karstic sinkhole (Sink #1) has been identified as a drainage outlet of the Central Wetland 
(Figure 4-3).  This sinkhole acts as a “losing” stream with infiltration into the first permeable 
bedding plane fracture and then horizontal movement in a bedrock bedding plane fracture.  
Surficial evidence suggests that horizontal flow along the bedding plane fracture occurs 
northward for a distance of approximately 80 m.  At this location, a stream surfaces from a seep 
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(Seep #1) and continues to flow along the defined drainage swale for approximately 20 m, and 
then infiltrates below ground surface (Sink #2).  The stream discharges at the North Wetland 
(Seep #2), approximately 250 m to the north (Figure 4-3).  The elevation of Seep #2 is 
approximately 508 masl, demarking the first transmissive horizontal bedding plane fracture.  
However, this fracture only conveys surface water.  There is no ground water flow component 
along this fracture, indicating that although this fracture has the ability to transmit ground water, 
this fracture is located within the unsaturated zone of the Amabel Formation. 
 
This flow regime was confirmed through the completion of a dye-tracing program.  The findings 
of this program are described below. 
 
Dye Tracing 
Dye tracing is a well-accepted methodology for evaluating karst hydrological systems in forested 
terrain (Stokes and Griffiths, 2000).  Fluorescent red dye (Rhodamine WT) is typically released 
into a recharge site (e.g., sinking stream), and then tracked through sampling sites located at 
likely discharge locations (e.g., springs/seeps).  The objectives for developing the dye tracing 
investigation included determining: 

• the main recharge and discharge areas; 
• the location and connectivity of subsurface conduits (ground water / surface water 

interaction); and 
• the subsurface flow response/transit times. 

 
Dye tracing conducted at the planning level is not intended to be an exhaustive procedure, but 
rather to provide a general idea of the karst hydrology, and give an indication as to whether 
further detailed investigation may or may not be required.  The dye tracing protocol / 
methodology is set out in Appendix A. 
 
Rhodamine WT dye was released into Sink #1 (drainage outlet of the Central Wetland).  The 
breakthrough curves for the two discharge locations identified on Graph 4-1 are presented below.  
It should be noted that breakthrough curves represent the sum of a series of curves, each 
representing a flow path through the bedrock to the discharge location.  Therefore, the results 
presented below, represent an estimated flow velocity. 
 
The dye tracing results confirm that Central Wetland is hydraulically connected to the North 
Wetland during wet periods.  At the time of sampling, the flow rate was calculated based on the 
time of travel of the peak concentration of the Rhodamine WT.  For Seeps #1 and #2, this 
occurred at 10.5 and 33 minutes, respectively.  This equates to an average linear flow velocity of 
7.5 m/min.  The flow rate measured at the surface between Seep #1 and Sink #2 was 
approximately 15 m/min.  The difference between these two estimates can be accounted for by 
suggesting the water flows in a tortuous nature typical in fractured rock environments; however, 
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it is recognized that other factors can also influence the dye migration, which have not been 
considered.  These other factors likely account for the “tailing” effect that is seen in the data 
presented below (i.e., Graph 4-1).  Thus, the flow path distance is estimated to be approximately 
twice that of the linear distance. 
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Graph 4-1: Breakthrough curves for dye tracer test 
 
Rhodamine WT (14 mL of solution: 20% strength) dye was introduced into Sink #1.  Based on 
the breakout curves presented above, approximately 82% and 77% of this dye was recovered at 
Seep #1 and Seep #2, respectively.  Dye recovery in excess of 50% is considered exceptional as 
dye “losses” typically occur as a result of long travel times and complex dispersion patterns 
within the fractured bedrock.  In short, ground water movement is not typically confined to a 
single flow pathway.  Therefore, the results from the Highland Quarry site confirm that this 
interstitial / karstic flow is a relatively simple system where the majority of the discharge from 
Central Wetland enters the North Wetland. 
 
4.2.3 North Wetland 
The North Wetland occupies an area of approximately 13.3 ha on the subject lands.  The 
catchment area for the North Wetland is approximately 280 ha in area with the headwaters 
originating on the adjacent lands to the north and west.  From the high-resolution air photo 
(Figure 4-3), it is apparent that the natural drainage features of lands to the north of the Highland 
Quarry property have been altered to promote flow into the wetland area.  In addition, the 
subcatchment area for the Central Wetland drains from the south into the North Wetland via a 
karstic channel, as discussed in the previous section.  The North Wetland collects surface water 
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runoff from a total drainage area (including drainage from the Central Wetland) that is 
approximately 301 ha (Figure 4-4). 
 
The parcel of land that contains the North Wetland was incorporated as part of the proposed 
Highland Quarry in June 2005.  Representatives from M.A.Q. made several site visits in 2005 
(June 13; July 9 & 19; August 2, 16, 23 & 30; September 8, and October 5) to document surface 
water flow conditions within this wetland area.  No standing or flowing water was observed 
during any of the visits.  However, there is evidence that this wetland holds and transmits surface 
water during the spring freshet. 
 
Based on air photography interpretation as presented in Figure 4-3 and confirmed through 
ground “truthing”, there is little evidence of a naturally defined flow channel leading into (from 
the east) and out (from the west) of this wetland feature.  The surface water flow conditions 
across Grey Road 31 (SW3; Figure 4-3) have been monitored by Jagger Hims (2005b).  Flow 
was observed on only six of the 23 occasions since monitoring was initiated in 2003.  Surface 
water flow rates were reported between 0.8 L/s and 31 L/s in during the spring months of 2004 
and 2005.  Under non-freezing conditions, flow was reported in December 2003 at 0.2 L/s.  All 
other monitoring events reported dry conditions. 
 
In attempts to determine the depth to bedrock and soil conditions beneath the North Wetland, 
seven test holes (TH#1 through to TH#7) were excavated with a hand auger (Figure 4-3) on 
July 14, 2005.  At all locations, with the exception of TH#7, the overburden materials can be 
described as reddish-brown, dry, dense, silty sand.  Overburden thickness at these locations 
ranged from 0.3 m to greater than 1.4 m.  At TH#7, the overburden materials were described as 
silty clay. 
 
In the eastern portion of the North Wetland, there is a 0.2 ha man-made pond that is 
approximately 3 m deep at SW8.  This pond was excavated into silty clay materials.  The water 
quality of the pond has a surface water signature, indicating that water inputs are primarily fed 
by surface water runoff.  Water losses are due to evaporation from the open water surface. 
 
4.3 Hydrochemistry Properties 
Natural surface water flow in the vicinity of the Highland Quarry property consists primarily of 
spring freshet, with minor ground water discharge (Seep #3).  Surface water samples were 
collected during the spring melt in 2005.  In addition, samples were collected from the on-site 
man-made pond in the summer of 2005 and from the South Tributary in the fall and winter of 
2005.  Samples were analyzed for major and minor ion chemistry.  The major and minor ion 
chemistry results are provided in Appendix B.  The surface water monitoring stations are 
identified on Figure 4-3.  The descriptions of the surface water sampling locations are provided 
on Table 4-4. 
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The intent of this ongoing monitoring program is to establish background water quality prior to 
quarry development and assist in characterizing the interaction between surface water and 
ground water.  The current interpretation of the results is presented in the following sections. 
 
Table 4-4: Surface Water Monitoring Locations (Current and Proposed) 
Surface Water 

Monitoring 
Location 

Description of Location Surface Water 
Monitoring 

Location 

Description of Location 

SW1 Duntroon Quarry Discharge at 
County Road 31 

SW6 Western Highland property boundary 

SW7 Head waters to Pretty River.  Grey 
Road 31 before Pretty River Road 

SW2 Upstream of Duntroon Quarry 
Discharge at Simcoe County 
Road 91 SW8 Man-made pond 

SW3 (proposed) Upstream of the North Wetland 
at County Road 31 

SW9 Ground water Seep #3 (in South 
Tributary) 

SW4 Sink hole at Central Wetland SW10 (proposed) Overflow from North Wetland 
SW5 Seep from Central Wetland SW11 (proposed) Tile drainage into North Wetland 

from the adjacent land 
 
4.3.1 General Water Quality 
Major ion chemistry was useful to characterize some of the more important sources of water to 
the surface water flow regimes.  Rainfall, rock weathering, evaporation and fractional 
crystallization, and potentially anthropogenic inputs can influence, to varying degrees, the 
surface water chemistry.  Piper Diagrams (Piper, 1944) were used for the chemical analyses of 
the surface water, which are normalized (Appendix B: Figure B-1).  The ratio of the major ion 
chemistry from a water source tends to remain unchanged, unless influenced by an external 
factor.  This ratio, or “chemical signature”, allows an evaluation of different water sources.  
These diagrams can be used to show the effects of various factors, including major and minor ion 
composition, of possible source waters, as well as, the effects of water mixing.  The effects of 
hydrogeochemical interactions between water and soil may be indicated.  For this site, there is a 
segregation of surface waters on the basis of the relative chemical signature. 
 
The surface water collected on and in the vicinity of the Highland Quarry property can be 
categorized into three distinct groups: 

1. carbonate buffered / saturated surface waters; 
2. surface waters impacted by anthropogenic inputs (i.e., road salt); and 
3. carbonate buffered / saturated ground water discharge. 

 
All surface water samples, with the exception of surface water from the South Tributary, are 
classified as primarily carbonate buffered waters (Category 1).  The primary source of 
bicarbonate is dissolution from the soil zone of carbonate-rich sediments, which can be carried 
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into surface water bodies during runoff and bank erosion.  Rainwater typically has a low 
chemical concentration including the alkaline-earth metals (Ca2+ and Mg2+) and the alkali-metals 
(Na+ and K+).  In addition, low concentrations of the corresponding anions (HCO3¯ and SO4

2¯) 
are present, as these ions are derived from weathering by soil, (i.e., carbonate and sulphide 
minerals).  Rainwater is slightly acidic and therefore, as it begins to infiltrate through the vadose 
zone, the oxidizing solution can “weather” the soils, organic material, and minerals through 
which it moves.  In the process, the chemical character of the water itself also begins to change 
as it migrates. 
 
Surface water samples obtained from the South Tributary (SW1, SW2 and SW9) have a 
hydrogeochemical signature that deviates from the carbonate buffered / saturated surface waters.  
Surface water samples obtained from SW1 have a similar signature as the water discharged from 
the Duntroon Quarry.  This signature varies as these samples may represent ground water or 
spring freshet, depending on the season and environmental conditions at the time of sampling.  
These waters are reported slightly elevated with chloride (approximately 40 mg/L) and sodium 
(approximately 15 mg/L) concentrations during the time of sampling (April 2005).  Jagger Hims 
(2005a) reported concentrations as high as 100 mg/L for chloride and 27.4 mg/L for sodium.  
This deviation from the typically surface water signature can best be explained by contamination 
from municipal road salting applications. 
 
As discussed previously, the chemical signatures presented on the Piper Diagram allows an 
evaluation of different water sources.  Of specific interest are the similarities in the 
hydrogeochemical signature of the waters collected from SW2 and SW9, two ground water 
discharge areas along the South Tributary.  Coupling major ion chemistry with the measurement 
of Total Dissolved Solids (TDS) has provided further evidence that ground water is contributing 
to baseflow at these locations.  TDS are a direct measurement of the interaction between ground 
water and subsurface minerals.  For instance, ground water typically has a higher TDS than 
surface water since it is more mineralized and so the increase from a background TDS range of 
80 to 170 mg/L to values in the 300 to 400 mg/L range may indicate the presence of ground 
water springs.   
 
4.3.2 Provincial Water Quality Objectives 
Provincial Water Quality Objectives (PWQO) are numerical and narrative criteria which serve as 
chemical and physical indicators representing a satisfactory water quality level for surface waters 
(i.e., lakes and rivers) and, where it discharges to the surface, the ground water of the Province 
(http://www.ene.gov.on.ca/).  The PWQO are set at a level of water quality that is protective of 
all forms of aquatic life and all aspects of the aquatic life cycles during indefinite exposure to the 
water.  The objectives for protection of recreational water uses are based on public health and 
aesthetic considerations. 
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Surface water in the study area is primarily composed of runoff from spring freshet and 
stormwater.  However, the Southern Tributary is fed by surface water runoff, ground water 
seepage, and discharge from the Duntroon Quarry.  As a result, the surface water quality has a 
slight ground water quality signature (i.e. more mineralized). 
 
Metal concentrations generally meet the PWQO’s for the protection of aquatic life (Appendix B).  
Most “heavy” metals are usually found at trace levels, or are non-detect.  The majority of the 
exceedences are from the samples taken from the South Tributary (aluminum, iron, and zinc).  
As discussed previously, the South Tributary is fed primarily by the incidental waters pumped 
from the Duntroon Quarry, runoff, and to a lesser extent, by ground water springs.  Aluminum 
exceeded the PWQO at SW4 (Central Wetland) and SW6 (spring freshet runoff).  These waters 
may have been influenced by the presence of suspended clay sediments in collected, but 
unfiltered samples.  Aluminum is commonly associated with clay particles, and samples taken 
from surface water are likely not clay-free (as specified in the PWQO).  Iron and zinc are 
parameters that are present in the ground water geochemistry within the Amabel Formation, 
further indicating that ground water contribution to this system is occurring.  The AEMOT 
(2001) study reported that well water collected from the Amabel Formation could have elevated 
iron concentrations.  Ground water data collected from the Highland property confirm this 
finding.  Similarly, the ground water results indicate that zinc is present at trace concentrations. 
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5.0 Geology  
The underlying geology forms the basis for ground water movement (or lack there of) at the 
proposed Highland Quarry.  The geological units relevant to this study include the dolostone 
(Amabel and Fossil Hill Formations) and the basal shale (Cabot Head Formation) as well as the 
overlying Newmarket Till.  Typically in southern Ontario dolostone aquifers, the vertical 
jointing coupled with open bedding planes form ground water flow networks through the fine-
grained carbonate bedrock.  This structure is characteristic of the Amabel Formation in the along 
the southern portion of the Niagara Escarpment (south of Milton) and is observed along quarry 
faces and rock outcrops.  However, the Amabel Formation in the vicinity of the Highland 
property appears have a unique massive structure dominated by deep vertical fractures. 
 
Due to limited scientific documentation of the structure of the Amabel in this area, considerable 
effort has been expended to refine the geologic understanding of the sediments and their origins, 
which has resulted in a detailed description of the geological setting that forms the basis for the 
area hydrogeology.  This chapter focuses on the origins of the geological framework for the 
bedrock underlying the proposed quarry lands.  A site conceptual model is presented forming a 
foundation that is built upon in the ensuing chapters.  This chapter presents aspects on the site 
geological history, stratigraphy, geophysical properties, and the economical value of the 
formations following the discussion of the site conceptual geological model. 
 
5.1 Development of the Conceptual Geological Model 
An objective of this project was to characterize the potential fracture network extending from the 
Silurian dolomite aquifer (Amabel and Fossil Hill Formations) down to the Cabot Head Shale.  
Our investigation was limited to the depth of the Cabot Head Shale since it is recognized as a 
regional confining layer in the stratigraphic sequence present along the Niagara Escarpment.  
Fractures of various sizes and lengths combine to form three-dimensional network, which if 
interconnected, can serve as the primary ground water flow regime.  The orientation and 
interconnection of this network can signify the sequencing of geologic events that result in the 
preferential fracturing patterns.  It is this sequencing that becomes important in determining 
preferred pathways for ground water flow.  Determining an appropriate conceptual model for the 
three-dimensional arrangement of fractures is essential in understanding and predicting ground 
water flow in fractured rock.  It is important that all subsequent analyses of the site honour and 
adhere to the site conceptual model, which is hypothesized on Figure 5-1. 
 
The conceptual model, which is presented on Figure 5-1, is intended to provide the reader with a 
”frame of reference” of the fracturing network within the Amabel Formation.  Recognizing that 
this conceptual model was used as the foundation to developing an understanding of the 
fracturing system, it may not accurately represent the structure of the Amabel Formation beneath 
the Highland Quarry property.  However, it is believed that the interconnectivity of the 
discontinuous fractures (i.e., the small discs in Figure 5-1) can be applied to the site.  The 
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conceptual understanding of the geological framework will continue to be refined as monitoring 
data is collected during the development of the proposed quarry. 
 
The geologic structure of an area defines the fracture network and hence the ground water 
movement.  Knowledge of the geologic history and processes associated with the study area is 
fundamental to understanding the geologic structure, which provides the framework for the 
ground water movement through the sediments beneath the study area.  The lithology of the site 
provides insights into the geochemistry of the water and interaction of contaminants that migrate 
through the geologic setting.  The conceptual geological model is presented below. 
 
The bedrock material directly underneath the Highland Quarry site is composed of the Cabot 
Head Shale, the Fossil Hill Formation, and the Amabel Formation, which is the geological unit 
of interest.  There are two major aspects to consider in order to understand the geological 
structure of the Amabel Formation.  These are: 
 

(1) the original sedimentary environment and the processes that deposited the Paleozoic 
bedrock; and 

(2) chemical and physical changes which happen to the sediments after deposition, 
including diagenetic processes (especially dolomitization); response to tensor 
stresses, stress release(s) (i.e., related to glacial unloading), weathering and other 
relevant geologic events / processes. 

5.1.1 Depositional History  
To provide a geological setting for the study area it is necessary to examine the depositional 
history of the Paleozoic and Quaternary sediments.  The geological history begins during the 
Ordovician Period (438 million years to 505 million years before present) when the North 
American tectonic plate collided with Europe (Techonic Orogeny), buckling the crust 
(Precambrian shield rocks) beneath the study area, creating basins and arches (i.e., Michigan and 
Appalachian basins).  on crests of the radial anticline mounds of Paleozoic sediments over a 
structurally controlled “corrugated” basement-cover interface Erosion of the Taconic Mountains 
(presently referred to as the Appalachian Mountains) by wind and water led to the deposition of 
sand, silt and clay particles in a warm interior Ordovician sea in the Michigan basin.  These 
Ordovician limestone and shale lie unconformably upon the “corrugated” Precambrian shield 
rocks.  These clastic particles that make up the sedimentary packages were deposited for millions 
of years and eventually came to be over a thousand metres thick (Eyles, 2002).   
 
The Paleozoic bedrock units found immediately beneath the study area consist primarily of 
limestone and shales of the Georgain Bay and Queenston Formation, the sandstone and shales of 
the Cataract and Clinton Group (Whirlpool, Cabot Head, and Fossil Hill Formations), and the 
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Dolostone of the Amabel Formation (Figure 5-3).  The base of the geological model for this 
study is the Cabot Head Formation 
 
Over time, the Taconic Mountains began to wear down and less sand and mud reached the 
Queenston Delta.  Beds of shale (Cabot Head Formation) alternating with dolostone record the 
return of clear waters.  The Cabot Head Formation was deposited in a shallowing upward setting, 
ranging from storm-influenced offshore to marginal marine towards its top (Duke, 1982; Brett et 
al., 1990).  The top of the Cabot Head Formation is marked by a local unconformity. 
 
Renewed cratonic uplift and the onset of a regional transgression resulted in the development 
and a significant change in sedimentation style and distribution (i.e., the Fossil Hill and Amabel 
Formations).  The Fossil Hill and Amabel Formations were deposited as the Silurian sea 
transgressed up the flanks of the Algonquin Arch.  It is generally believed that the Amabel 
Formation was deposited as an immense barrier reef formed along the periphery of the Michigan 
Basin during the middle Silurian period (409 to 438 million years before present) (Sanford, 
1961).  However, more recent investigations indicate that the Amabel Formation has more in 
common with shallow-water carbonate mounds than with true reefs (Smith and Legault, 1985; 
Pratt and Miall, 1993). 
 
Generally, carbonate mounds are deposited as bioclastic and oolitic grainstones, or calcarenites 
that accumulated as sands in offshore shoals on crests of the radial anticline mounds of Paleozoic 
sediments over a structurally controlled “corrugated” basement-cover interface.  The carbonate 
mounds of the Amabel Formation have a high initial porosity and are preserved generally as 
broad mounds enclosed in finer grained dolostones representing the sediments deposited in lower 
energy environments (Pratt and Miall, 1993).  The slightly porous units may be a result of 
frequent high-energy events that were responsible for scouring and re-depositing the bulk of the 
sediment.  Site conditions reveal that the Amabel Formation is characterized by alternating units 
of a slightly porous dolostone with a denser, fine-grained crystalline dolostone of low porosity, 
which is consistent with the findings of previous research (Kappel and Tepper, 1992). 
 
After the transgression has proceeded to the point where deepening water eliminated the 
shallow-water Amabel-type environment, deposition of the inter-reefal Eramosa Member of the 
Lockport Formation and the deeper water Guelph Limestone occurred.  The Eramosa Member 
and Guelph Formation were removed from the study area during the subsequent ice advances, 
and probably the final ice advance.  However, these units are present at a distance of 
approximately 5 km to the west. 
 



 

30 

5.1.2 Chemical Alteration  
Once buried, the geochemical process altered the limestone, where calcium ions are replaced by 
magnesium, forming the mineral dolomite.  The soft Silurian limestones were converted into a 
harder and more durable dolostone (i.e., Amabel Formation) and therefore are able to better 
withstand erosional processes.  Today, this dolostone forms the caprock of the Niagara 
Escarpment. 
 
In addition to mineralogical changes, carbonates are also susceptible to textural change, 
cementation and dissolution.  These alterations can occur at any time from initial deposition to 
deep burial.  Because of the broad-spectrum of diagenesis that affects carbonate rocks, the final 
porosity in carbonates may or may not be related to depositional environment.  Unlike other 
lithologies, the original primary porosity in carbonates may be totally altered and hence lost 
during diagenesis and significant new secondary porosity may be created.  Porosity formed 
during diagenesis varies.  However, in the vicinity of the Highland property, the most common 
secondary porosity is represented by the “vuggy” nature of the Amabel Formation.  If 
interconnected, the vugs create pathways for ground water flow.  However, there is little ground 
water flow due to the presence of significant mineralization associated with the vugs. 

5.1.3 Physical Alteration 
The Niagara Escarpment and many of the re-entrant valleys, such as the Beaver Valley, Pretty, or 
Mad River valley, were formed as part of the Laurentian River valley system, which represented 
an enormous river system that extended from the top of present-day Lake Huron to Lake Ontario 
and beyond.  Bedrock mapping suggests that the Laurentian River appears to have flowed within 
a broad valley in a direction from Georgian Bay southeast towards (and beneath) the City of 
Toronto (Spencer, 1881).  The Laurentian River is attributed to the creation of Georgian Bay and 
its buried extension through to Lake Ontario when it flowed through Ontario hundreds of 
millions of years ago (i.e., 350M to 135,000 year BP).  When the Laurentian River cut down into 
these sediments it has been speculated that this river system eroded the land surface down 
through several kilometers of rock (Eyles, 2002).  The Niagara Escarpment and the re-entrant 
valleys cut by the Laurentian River eroded the caprock leaving more resistant megashoal 
carbonate mounds were preserved to create an isolated “island” of bedrock material where the 
subject lands are situated today. 
 
Although the Niagara Escarpment was formed prior to glaciation, ice cover and melt water have 
dramatically altered it.  The visible effects of last glaciation (i.e., Wisconsinan) on the 
escarpment are most evident, but not the only advance detectable along this feature.  During the 
Wisconsinan advance, an ice sheet 2,000 m thick overrode and covered the escarpment.  This ice 
sheet scoured and abraded the land surface, removing a quantity of the surface rock (i.e., 
hundreds of metres). 
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Local evidence of glaciation includes the glacial deposits found as overburden.  Glacial deposits 
are the result of glacier melting and the deposition of eroded material including large rock 
fragments or boulders and till.  In the last 15,000 years (Late Winconsinan), glaciers advancing 
from Georgian Bay, Lake Huron and Lake Simcoe left their marks in the area depositing a mix 
of sand, silt and clay derived from the various carbonate rock units.  Locally, a silty clay till 
known as the Newmarket Till has been deposited overtop of the Amabel bedrock surface.  As 
expected, this till unit tends to be thicker where depressions in the bedrock surface occurred and 
shallowest along the ridges that persisted on this surface of this bedrock unit. 
 
Furthermore, meltwater erosion has altered the Niagara Escarpment landscape by further incising 
the re-entrant valleys or break-lines present along the escarpment, such as the Beaver Valley.  
The significance of the Beaver Valley is that it is an extensively incised outlet for postglacial 
runoff and continues to serve as a major ground water discharge feature within the escarpment.  
In some instances these valleys have been partially or completely buried as in the case of a 
portion of the Beaver Valley and the Pretty River Valley.  Sediments in these buried valleys tend 
to be more coarse-grained (i.e., sands and gravel) owing to the depositional processes involved 
with the valley infilling. 

5.1.4 Structural Geological Model 
An understanding of the depositional and subsequent chemical and physical processes that 
altered the bedrock environment provided a foundation to the development of the conceptual 
structural geological model.  Specifically, these processes have had an important influence on the 
creation of the fracture network at this site being: the response to local stress relief resulting from 
glacial unloading and the “corrugated” nature of the Precambrian basement rock.  The glacial 
unloading is thought to have contributed to the lateral bedding plane or “en echelon” fracturing 
that is discussed further in this section.  In contrast, the corrugated basement rock is believed to 
have contributed to the propagation of the vertical jointing present at this site.  It is our 
impression that the vertical jointing is a much more important feature at this location, which is 
markedly different than that typically found in limestone environments in southern Ontario. 
 
Traditionally in fractured limestones of southern Ontario, vertical joint propagation is potentially 
controlled by the presence of fracture or bedding planes existing above and below the vertical 
fracture.  The joint will develop until the fracture tip intersects a bedding plane fracture, serving 
as a barrier to joint propagation, but not necessarily in the horizontal direction (Engelder, et al., 
1993).  This would suggest that the lateral fracturing at the formation contact represents the 
primary fracture within the bedrock environment.  Other mechanisms can also contribute to the 
propagation or termination of a joint such as differing rock composition. 
 
The Niagara Escarpment or the eastern extent of the Amabel Formation is located approximately 
2.5 km to the east and is incised to the north and south by the Pretty River and Mad River 
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valleys, respectively.  The close proximity to the brow of the escarpment typically has greatly 
influenced the geological structure of adjacent areas and hence the associated hydrogeology of 
the area.  The hydrogeological importance of the escarpment is that it compromises the structural 
integrity of the bedrock stratigraphy, allowing access to deeper fracture planes through stress 
relief and hence vertical jointing.  The brow of the escarpment is heavily jointed/fractured and 
interconnected because of stress release mechanisms associated with the vertical free surface 
represented by the exposed face of the escarpment as well as that associated with the escarpment 
creation.  The in-situ horizontal confining stress within the rock mass are absent or significantly 
reduced at the escarpment face and, like a weathered laminated board, the rock will separate 
from the face along pre-existing vertical fractures. 
 
Over time, these weathering/stress relief processes have penetrated laterally into the escarpment 
in a progressive fashion with the greatest stress relief coinciding with the proximity to the 
escarpment face.  However, the massive carbonate mounds may impinge on the lateral 
propagation of bedding plane fractures by limiting or interrupting this process (Blair and 
McFarland, 1992).  In the vicinity of the site, it is possible that the massive carbonate mounds 
have minimized the formation of these regionally extensive lateral bedding planes fractures seen 
in the Amabel Formation elsewhere in the province.  Stress release from glacial unloading occurs 
most prominently at the uppermost major geological contacts.  Specifically, the unconformable 
contact between the Amabel and the Fossil Hill Formations, and the contact between the Fossil 
Hill Formation and the underlying Cabot Head Formation were identified as regionally extensive 
lateral bedding plane fractures capable of conducting ground water.  The Lions Head Member, 
found at the base of the Amabel Formation, is characterized as a blocky, vertically jointed 
dolostone, which results in a vertical connection between the two identified lateral bedding plane 
fractures. 
 
Typically, significant water bearing zones at depth are not persistent as the weight of the 
overlying rock mass is too great to allow fractures to remain open over much distance.  The 
persistence of open fractures at depth (contact between the Amabel, Fossil Hill and Cabot Head 
Formations) is probably related to the significant erosion that has occurred along these contacts 
(Kappel and Tepper, 1992). 
 
A second form of lateral fracturing, which is seen in southern Ontario, is referred to as “en 
echelon”.  This fracturing suggests that instead of “popping” along bedding planes, which dip at 
4.8 to 7.6 m/km, the fracture genesis that likely generated from a contact weakness, which runs 
parallel to the topography.  Therefore the fractures cross formation boundaries, if present.  This 
occurs during glacial unloading where fractures preferentially form where there is a weakness 
across a geological unit as a result of significant changes in grain size and/or rock composition 
(Kappel and Tepper, 1992). 
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The major vertical fractures were reported to be consistent with the orientation of the structural 
grain of the underlying Precambrian basement (Cruden, 2005).  The aperture thickness of the 
vertical fractures exposed on the quarry face generally decrease with depth and may only be 
present as “hair-line” fractures at their terminus (approximate depth of 20 m).  The continuity of 
the vertical jointing within the Amabel Formation represents the primary fracture set, which 
differs with the typically lateral bedding plane fracturing within a specific geological unit seen in 
the carbonate rocks of southern Ontario.  The orientation of the more prominent joints correlates 
strongly with existing watercourses, such as the South Tributary, located just south of the 
Highland property (Cruden, 2005). 
 
Jagger Hims identified a locally transmissive lateral fracture during the on-going investigative 
work for the Duntroon Quarry.  The ground water seeped from the western face of the Duntroon 
Quarry prior to being blocked by the construction of the new settling pond.  Using this elevation 
as a benchmark, further evidence from the study area was collected to determine if this fracture 
was present beneath the Highland Quarry property.  Through the DEM mapping, crosschecking 
with core photos, hydraulic testing, and field verification of ground water springs, there was 
some evidence to suggest that the 508 masl fracture was laterally extensive.  This evidence 
includes: 

1. ground water seeps to the surface at an elevation of approximately 508 masl;  
2. the high-resolution DEM mapping identified a lateral plane of weakness at an 

approximate elevation of 508 masl.  At this elevation there is distinct plateau that 
surrounded the upland areas (Figure 5-2); 

3. identification of weathered fractures (indicating ground water flow) in the rock core of 
BH4 and BH6; and 

4. identification of locally transmissive flow zones at this elevation in OW4 and OW6. 
 
However, there is also evidence to which does not support this interpretation.  For example: 

1. there is no ground water seepage into the Duntroon Quarry along the northern face of the 
excavation; 

2. correlation of a distinct weathered fracture from the rock core at all borehole locations 
was not observed; 

3. correlation of a transmissive fracture at 508 masl based on packer-testing data across the 
entire site was not observed, and 

4. if 508 masl was a significant flow zone within the Amabel Formation, it would be 
anticipated that the potentiometric surface would reach equilibrium at this elevation, 
which is not the case. 

 
Due to the complexity of the sedimentary environment and the processes that deposited the 
Amabel Formation, and the subsequent changes, which happen to the sediments after deposition, 
the significance of the 508 masl fracture from a ground water flow perspective, in this locale, is 
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questionable.  However, the lack of interconnectivity of this feature supports the conceptual 
understanding of the geological and hydrogeological model. 
 
It is known that the persistence of open fractures at depth (contact between the Amabel, Fossil 
Hill and Cabot Head Formations) was conceived to have a significant control on ground water 
flow from the study area.  These lateral fractures are the only significant fractures that propagate 
to any appreciable lateral extent within the study area such that it outcrops along the escarpment 
face surface and in various locations corresponds to spring discharges denoted in the area 
(Figure 5-2).  This concept is discussed further in Section 6. 
 
The challenge of this hydrogeological investigation was to translate the conceptual understand of 
the geological and hydrogeological setting into a numerical ground water flow model.  
Numerical ground water flow models are premised on the fact that geological and 
hydrogeological units (i.e. ground water flow paths) are laterally continuous.  For the purpose of 
this evaluation, the 508 masl fracture was assumed to be laterally continuous resulting in a 
conservation impact assessment.  This concept is discussed further in Section 9. 
 
5.2 Site Stratigraphy 
The local stratigraphy in the vicinity of the site consists of Quaternary aged overburden deposits 
underlain by Paleozoic aged dolostones and shales of the Amabel, Fossil Hill, and Cabot Head 
Formations.  The regional conceptual stratigraphic profile of the Paleozoic deposits is illustrated 
on Figure 5-3.  The local stratigraphy is presented in cross sectional view on Figures 5-4 through 
to 5-8. 
 
Figures 5-4, 5-5, and 5-6 illustrate the stratigraphy in cross sectional view looking east from the 
Niagara Escarpment westward into the Rob Roy Wetland.  These three cross sections are useful 
in illustrating the thickness of the Amabel Formation near the brow of the Escarpment and its 
removal to the west of the site where the Rob Roy Wetland Complex exists.  The absence of the 
Amabel Formation to the west of the Highland Quarry site is due in part to the presence of the 
Pretty River re-entrant valley.  This re-entrant valley was later infilled with coarse-grained 
sediments and then eventually covered by the Wisconsian till sheet.  Figures 5-5 and 5-6 
effectively illustrate the emergence of the valley in a southerly direction.  It is also noteworthy to 
point out the depositional transition in the basal sediments as the valley shallows.  The 
southernmost cross-section reveals very little granular material.  The lateral extent of the buried 
valley is effectively demonstrated in these cross-sections and suggests the re-entrant valley is a 
significant feature in this geologic setting.   
 
Figures 5-7 and 5-8 illustrate the stratigraphy in a cross sectional view looking north from the 
escarpment east of the Pretty River re-entrant valley southward to the Community of 
Singhampton.  The position of the cross sectional lines do not show any evidence of the re-
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entrant valley immediately to the west of these cross-sectional lines.  The limited extent of the 
rock mass above 508 masl is also evident in this and the east-west cross-sections.  The north-
south cross-sections also confirm the absence of granular overburden materials outside of the re-
re-entrant valley. 
 
The importance of these findings includes the fact that the deeper ground water flow system does 
not likely contribute to the Beaver Valley watershed.  In fact a portion of the Beaver Valley 
watershed mapped on Figure 4-1 may actually contribute ground water to the Pretty River re-
entrant valley system and the extent of the ground water contribution to the Pretty River system 
could be far-reaching.  From a mapping perspective, the watershed boundaries will vary 
depending upon whether surface water or ground water is being considered.  This situation is 
discussed further in Section 6.3.1. 
 
Table 5-1 summarizes the approximate thickness of each geological unit and provides an 
estimate of the volume of extractable dolostone within the proposed Highland Quarry lands. 
 
Table 5-1: Local Stratigraphy 
Formation Elevation of contact 

(masl)a 
Thickness 

Rangeb (m) 
Volume of Material m3 

(within extraction area)c 
Aggregate 

Classificationd 
Overburden Surface 0-5 1,763,000 N/A 
Amabel 510-526  25-45 17,500,000 

(46,000,000 tonnes) 
Hot mix paving / 

concrete 
Fossil Hill 480-483 1-3 N/A Granular A / B 
Cabot Head 478-482  N/A N/A N/A 
Notes:   a – Elevation estimated based on geological mapping and subsurface interpretation 
             b – Thickness is based on results of site drilling program. 
             c – Volume is estimate from proposed Highland Quarry assuming full development of site. 
             d – Aggregate classification based on testing completed by John Emery Geotechnical Engineering (2004). 
                   Highlighted area represents bedrock not to be extracted 
 
The following sections describe each geological formation in detail.  While subtleties in the 
geologic descriptions exist between this report and that presented in the Jagger Hims (2005a & 
2005b) reports; it is important to realize that both documents are describing the same geologic 
sequence and there appears to be little difference in the local lithology and stratigraphy present 
on either of these sites. 

5.2.1 Quaternary Geology 
The Quaternary geology (Late Wisconsinan) of the study area is presented on Figure 5-9 as 
mapped by Burwasser (1974).   
 
Generally, the study area is mapped as exposed bedrock, with areas covered in Quaternary 
deposits consisting of surficial till and outwash and ice-contact sands and gravels.  In general, the 
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differences in the sediment deposition can be correlated to specific geologic features.  
Quaternary geological mapping is interpreted through aerial photography and some field 
verification, resulting in generalizations.  For example, areas covered by a relatively thin veneer 
of overburden deposits (i.e., <1 m) are considered as bedrock.  In addition, the Quaternary 
geology mapping only considers the most recent (or surficial) deposits, and not the underlying 
unconsolidated materials. 
 
To ensure that the conceptual understanding represents the three-dimensional geological setting, 
a detailed assessment of the Quaternary glacial sediments was completed.  Based on 
interpretation of the MOE water well records, the overburden deposits range from non-existent to 
in excess of 35 m in thickness (Figure 5-10).  There is minimal overburden cover over the 
majority of the area with the exception of the Pretty River buried valley.  The local variation in 
the overburden thickness reflects the topographic infilling of the upper bedrock surface. 
 
As presented on Figure 5-4, the bedrock surface to the west of the study area has been eroded 
and incised by a glacial re-entrant valley of the Pretty River, allowing for the deposition of these 
glacial deposits.  The Pretty River valley consists of a three-layer system (from youngest to 
oldest): an upper sand and gravel unit, a sandy silt till, and a lower sand and gravel unit 
(Figures 5-11, 5-12, and 5-13).   
 
Conceptually, it would appear that the Pretty River re-entrant valley was infilled with outwash 
sediments (Figure 5-13) prior to the advance of the Newmarket Till unit which was spread over 
the entire surface of the study area (Figure 5-12).  The deposition of this lower permeable 
material (i.e., till unit) has isolated the surface drainage from the underlying materials.  The 
upper sand and gravel unit is associated with the Pretty River valley and suggests that postglacial 
meltwater drainage likely occurred via this corridor and hence resulted in the deposition of these 
overlying sediments only in this area.  As seen in the cross-sections, the Newmarket Till is 
present elsewhere in the study area. 
 
The upper sand and gravel unit, where present, appears to be thickest in areas where the till unit 
is thin to absent or otherwise confined to present day drainage systems (Figure 5-11).  The 
“thinning” of the till unit may be a result of postglacial meltwater erosion of the till unit.  This 
also raises the possibility that the till unit could be eroded in some location allowing the surficial 
drainage to infiltrate into the deeper sand and gravel unit.  Mapped as glaciofluvial outwash, ice-
contact, and modern day alluvial and organic deposits (Figure 5-9), these sediments represent 
different stages of glacial and postglacial deposition.  The outwash sands and gravels sand were 
deposited by meltwater streams during the last glacial retreat and are distributed along the 
escarpment and the tributaries of the Beaver River.  The ice-contact stratified sands and gravels 
were deposited in contact with the glacial ice front and are found most prominently in the Pretty 
River valley where meltwater drainage is most likely to have occurred. 
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More recently, the postglacial sediments consist of organics deposits (mud, muck, and peat) from 
a wetland environment signifying the poor drainage that exists throughout this area and the 
topographic undulations that “trap” pockets of water.  These deposits are found within the Rob 
Roy Swamp Complex.  In fact, it is reasonable to suggest that the Rob Roy Swamp Complex is 
topographically defined and controlled assuming that the Newmarket Till is present to capture 
the surface flow (Figure 5-2).  The other important consideration with this drainage situation is 
the fact that the till unit isolates the underlying sediments or caprock and does not permit 
significant infiltration such that this wetland environment has developed over time.  Only where 
the till unit has “thinned” over the bedrock is there the opportunity for infiltration down into the 
underlying bedrock.  The overburden isopach (Figure 5-10) provides a conceptualization of 
where this is likely to occur across the study area and also identifies the Highland Quarry 
property as one of these isolated areas.  However, the areas identified at the Highland property 
are located on topographic highs, limiting the infiltration component of the water surplus. 
 
The silty sand till mapped within the vicinity of the study area is interpreted to be an ablation 
phase of the Newmarket Till, but this correlation is tentative (Figure 5-12).  This till unit contains 
a high percentage of clasts from the weathered dolostone beneath.  The till is thin and has been 
modified by meltwater erosion (Figures 5-4 and 5-12). 
 
The lower sand and gravel unit is present in the western edge of the study area (Figure 5-13).  
These deposits were deposited in the “buried” Pretty River re-entrant valley.  The bedrock low 
along the Pretty River indicates that a glacial meltwater outlet eroded the Amabel at this location, 
allowing for the deposition of fluvialglacial sands and gravels.  It is also important to note that it 
also provides a buried conduit for the ground water discharge from the adjacent bedrock unit. 

5.2.2 Paleozoic Geology 
The Paleozoic geology of the study area is presented on Figure 5-14.  The Paleozoic bedrock 
beneath the Highland Quarry is made up of a sedimentary rock sequence consisting primarily of 
layered dolostone, shale and sandstones units that were deposited in an ocean environment 400 
to 500 million years ago.  The bedrock stratigraphy of the study area was based on existing 
geological mapping, the interpretation of the continuous drill core, and downhole geophysical 
surveys. 
 
Located at the top of the bedrock column is the Amabel Formation, the only formation exposed 
above the escarpment, followed by the underlying Fossil Hill Formation and Cabot Head 
Formation of the Cataract Group (Figure 5-14).  These layers “en masse” dip towards the 
Michigan Basin to the southwest at a rate of 4.8 to 7.6 m per kilometer (Straw, 1968). 
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Photo 1: Amabel Formation overlying the Fossil Hill and Cabot Head Formations 
 
Amabel Formation 
Beneath the subject property, the Amabel Formation ranges between approximately 25 and 45 m 
in thickness (Figure 5-15).  The Amabel Formation is laterally continuous and comprises the 
rock exposed on the Niagara Escarpment.  The irregular surface of the Amabel caprock, as seen 
on both the isopach mapping (Figure 5-15) and the top of surface mapping (Figure 5-16), results 
from glacial scouring and plucking processes and the preservation of the erosional resistant 
megashoal carbonate mounds.  The presumed southern extent of the re-entrant valley for the 
Pretty River can be inferred along the western edge of the study boundary in Figure 5-15.  There 
appears to be a pronounced increase in the Amabel Formation thickness just south of the 
10th Concession Road. 
 
The Amabel Formation has been described as a crinoidal dolostone, deposited as an offshore 
carbonate sand shoal (Pratt and Miall, 1993) that is preserved as alternating units of low and 
moderate porosities represent carbonate mounds (see Photos 1 and 2).  The cyclic character of 
these mounding sequences is a response to constant cyclic changes in the depositional setting 
(Kappel and Tepper, 1992).  These alternating units have previously been interpreted in the area 
as reefal and flank facies (Bolton, 1957, and Liberty, et al., 1971) and have been used to describe 
the Amabel Formation on the adjacent lands (Jagger Hims, 2005a). 
 
The more porous units of the Amabel Formation have been described as having a “vuggy” 
texture with a matrix composed primarily of broken fragments of corals, bryozoans, crinoids, and 
other fossils (Photos 2 and 3).  As discussed in Section 5.1, the degree of interconnectivity 
between vugs is believed to be minimal due to the level of crystallization that has developed 
within the cavities (Photo 3), indicating that ground water flow is minimal.  The colour is 
typically buff to white.  These mounds are enclosed in finer-grained, less porous dolostones 
representing the sediments of a quieter depositional environment.  These sediments have been 
described as being calcarenites (consisting mainly of detrital calcite particles of sand size), with 
often a faint to distinct blue to white mottling appearance (Photos 1 and 4). 
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Photo 2:  Amabel Formation – Porous to vuggy nature 
 

  
Photo 3:  Amabel Formation: –large vug with crystallization 
 

 
Photo 4:  Amabel Formation: blue-white mottling and calcarenite character 
 
At the base of the Amabel Formation, there is 2 to 3 m very pale buff to light grey, grey-mottled, 
medium- to fine-crystalline, dense dolostone with occasional tan beds.  These lithologies are all 
consistent with those of the Lions Head Member of the Amabel Formation.  The Lions Head 
Member is a blocky, vertically jointed dolostone that unconformably overlies the Fossil Hill 
Formation (Stott and von Bitter, 1999). 
 
It is recognized by a bright buff weathered surface colouration, its thin to medium bedding and 
the vertical, conchoidal fracture pattern, which, when broken down, forms a flaggy rubble on top 
of the main talus slope. 
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Fossil Hill Formation 
The Fossil Hill Formation underlies the Amabel Formation.  The Fossil Hill Formation was 
encountered at the three deep borehole locations and is comprised of light greenish grey to light 
grey, fine grained, thinly to medium bedded, dolostone with argillaceous dolostone beds and 
occasional shaly bedding partings (Photo 5).  The unit thickness beneath the site ranged between 
1 and 3 m (refer to Appendix C).  The Fossil Hill Formation is considered to be contiguous with 
the Reynales Formation mapped to the south (i.e., Milton).  Blair and McFarland (1992) and 
Telford et al., (1974) indicate that this formation is approximately 2.5 m in thickness.  The top of 
this geological unit is found between approximately 465 and 490 masl within the study area 
(Figure 5-17).  The basal section of the formation contains pyrite mineralization.  The contact 
with the overlying Amabel Formation is sharp. 
 
The Fossil Hill Formation is known for its chert content and well preserved, silicified fauna.  The 
presence of chert was not identified from core samples taken from the Highland Quarry site.  
However, the Fossil Hill Formation was only intersected at three of the borehole locations.  
Therefore, it is possible that the core simply did not encounter chert nodules at these locations.  
Jagger Hims (2005a) reported that chert was detected within the Fossil Hill Formation on the 
expansion lands, but not in boreholes on the existing quarry. 
 

Photo 5:  Fossil Hill Formation  
 
Cabot Head Shale Formation 
The contact between the Fossil Hill and the Cabot Head Formations is sharp due to the 
weathered surface of the unconformable contact (Photo 1).  The Cabot Head Formation is the 
upper unit of the Cataract Group and is described as a light grey/green and red calcareous clay 
shale (Photo 6).  The Cabot Head Formation was encountered at a depths ranging between 30 
and 44 mbgl beneath the Highland property.  At the three deep borehole locations, drilling 
proceeded approximately 1 m into this formation to confirm the thickness of the overlying 
dolostone.  Although the site drilling program did not penetrate the entire thickness of the Cabot 
Head Formation, local water well records report that the shale is at least 10 m thick.  The 
elevation of the top of the Cabot Head Formation beneath the study area ranges between 
approximately 460 and 485 masl (Figure 5-18). 
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Photo 6:  Cabot Head Shale  

5.2.3 Geophysical Properties 
In general, the physical properties survey was successful in uniquely identifying the formations.  
The geophysical logs are provided in Appendix D. 
 
The Amabel unit was differentiated into three subunits based on the geophysical signatures.  
These include dolomite, “massive” dolomite, and “less dense” dolomite.  The dolomite unit has a 
low gamma, high neutron and moderate density signatures.  The massive dolomite unit has a low 
gamma, high density and higher neutron signature.  The less dense dolomite units have low 
gamma, moderate density, high P-wave velocity as well as a moderate neutron signature.  It 
appears that the presence of vugs in the Amabel can be distinctly related to the differing physical 
property signatures that define the three subunits.  A distinction between the Lions Head 
Member and the upper Amabel Formation was not possible through the use of geophysical 
surveys due to the similarities in physical properties. 
 
The Fossil Hill Formation is a shaley dolostone unit, which is identified in the logs by an 
increase in density, gamma and neutron signatures.  The Cabot Head Formation is a distinctly 
shaley unit that is easily recognizable in the logs, by a sharp break in the gamma logs.  It also 
displays a higher density, gamma and neutron signatures. 
 
The net result is that the logging greatly assisted in defining the stratigraphic difference that 
existed within the bedrock profile. 
 
5.3 Structural Geology 
A sound understanding of the nature of fractures (both lateral and vertical) in the Paleozoic 
bedrock in the environs of the proposed Highland Quarry is required for the development of a 
well-constrained geological and hydrogeological conceptual model.  For the purpose of this 
presentation jointing will be used to refer to vertical and sub-vertical fracturing, where fractures 
will be used to describe the horizontal to sub-horizontal fracturing. 
 
As discussed previously, vertical jointing is the most prominent form of fracturing within the 
portion of the Amabel Formation that is proposed for quarry extraction.  However, the less 
prominent lateral fractures play a fundamental role in the ground water flow regime within the 
model area if connected to a vertical fracture that intersects a surface water feature.  Therefore, 
assessing the interconnectivity between the lateral fracturing and vertical jointing was an 
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imperative objective of this assessment.  A detailed discussion on the fracturing is provided in 
the following sections. 
 
5.3.1 Vertical Jointing Assessment 
To relate the site-specific vertical joint mapping into a more regional assessment, which has been 
used to assist in the development of the geological conceptual understanding of the study area, 
M.A.Q. retained Dr. Alexander Cruden, a professor of structural geology and tectonics at the 
University of Toronto.  Dr. Cruden characterized the spatial statistics of lineaments and joints 
(data collected by Jaggar Hims, 2005, and Dr. Cruden during a site visit), which assisted in 
quantifying the scale-dependence and interconnectivity of the fracture network.  Dr. Cruden’s 
report is present in Appendix E.  A summary of the findings is presented in the following 
paragraphs. 
 
The analysis of joint orientations focuses entirely on orientation frequency and does not include 
any weighting based on other important joint attributes such as vertical or horizontal length 
extent, spacing or aperture.  Ignoring such dimensional features can significantly over- or under-
estimate the importance of certain joint sets for the purposes of ground water flow modeling.  
For example, one joint with significant lateral and or vertical extent can transport many times 
more fluid volume than many joints that are confined to a single bed.  In order to evaluate this 
question, a general evaluation of joint characteristics was made in the field. 
 
A regional analysis of joints observed in outcrop and corresponding topographic lineaments 
detected from aerial photographs and digital elevation data indicates the presence of well-
developed, systematic vertical joint sets in the Amabel and Manitoulin Formations that underlie 
the proposed Highland Quarry site.  A joint analysis was completed on the Manitoulin Formation 
to allow for a better understanding the proposed scenarios for the formation of the major 
systematic vertical joint. 
 
Based on limited aerial photograph observations some of these vertical joints have horizontal 
trace lengths of up to 200 m adjacent to the Highland Quarry site, and up to 400 m in length 
adjacent to the Niagara Escarpment.  The horizontal spacing of vertical joints in the Amabel 
Formation has not been determined in this study with any precision.  Limited field observation 
(Duntroon Quarry and aerial photographs) indicates a characteristic spacing in the 5 to 50 m 
range. 
 
The analysis indicated that the vertical joints have peak trends oriented 140°, 110°, 050° and 
015° azimuth.  Of these joints the 110° joint set and a distinctive additional set trending 095° is 
particularly well developed in the Amabel Formation.  These peak trends and their ranges 
correspond to the regional NNE-NE, ENE, SE and ESE joint sets reported by Andjelkovic et al. 
(1997). 
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Andjelkovic et al. (1996, 1997, and 1998) have proposed the following scenarios for the 
formation of the major systematic vertical joint sets in South central Ontario, in chronological 
order. 

• NNE-trending set: these joints track the orientation of the structural grain of the 
underlying Precambrian basement with remarkable consistency.  They are interpreted to 
have formed due to differential compaction of Paleozoic sediments over a structurally 
controlled “corrugated” basement-cover interface under conditions of high pore fluid 
pressure. 

• SE-trending set: most likely formed due to high in-plane stresses transmitted into the 
foreland of the Appalachian orogeny (i.e., tectonic loading). 

• ESE-trending set: formed due to regional extension of the crust that affected all of eastern 
North America during the Jurassic breakup of the Atlantic (i.e. tectonic loading). 

• ENE-trending set: may be neotectonic in origin (i.e., formed during the current tectonic 
stress regime, which is attributed to mid Atlantic ridge push and has remained 
approximately constant since the Cretaceous Period). 

 
The origin of the important 095° joint set in the Amabel Formation is currently unknown.  
However, it may be linked to the differences in major primary structure between the Amabel and 
Manitoulin Formations, which are the presence or absence of well-defined beds (Manitoulin) and 
elongate carbonate megashoals (Amabel).  Since the main trend of carbonate megashoals (as 
indicated by topographic ridges) in the Amabel Formation in study area is sub parallel to the 
095° joint set, it is tempting to choose the latter interpretation.  In this case the 095° trending 
joint set could have formed under a local stress regime set up within massive, elongate carbonate 
megashoal structures during one of the loading events.  Dr. Cruden suggests that further 
academic research would be required to fully explore this hypothesis. 
 
A component of the joint analysis was to determine how the identified joint pattern affects the 
ground water regime.  Specifically, how the presence of these joints influence the vertical and 
lateral movement of ground water.  To meet this objective, an assessment of the study area was 
completed.  No lineaments are discernable within the Highland Quarry site limits, which is due 
to a lack of well-developed drainage features and agricultural activities.  However, of particular 
relevance to the Highland Quarry property are lineaments measured in the Highland Quarry sub-
area.  These features are observed in a stream that drains from wetland south of the Highland 
Quarry site and west of the Duntroon Quarry.  Lineaments in this area are very similar in 
orientation to those measured in the Duntroon Quarry, most notably sets oriented 095°, 112°, 
140° and ~050°.  As noted above, three very prominent lineaments, parallel to the main 095° and 
140° joint sets, are observed immediately south of the Highland Quarry site boundary.  These 
observations provide a strong indication that jointing in the exposed Duntroon Quarry is a good 
model or proxy for jointing in the proposed Highland Quarry site. 
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The joints oriented primarily ~100° and ~140° have been identified as the prominent features as 
they are the most likely to traverse the entire unit (i.e., ~20 m), with transverse horizontal 
spacing between 5 and 50 m and horizontal longitudinal trace lengths of up to 400 m.  Given the 
finite horizontal length of individual joints, a regionally interconnected network of vertical joints 
is unlikely.  Another potential model for the jointing is that each vertical joint is relatively 
independent of one another.  However, the degree of networking between vertical joints could 
not be determined in this study, as no suitable pavements were observed in the study area.  If 
plausible then this has a profound effect on the site evaluation process and would suggest that 
there is little correlation between measured hydraulic heads at different boreholes across the site 
and the ground water flow direction.  Consider the hydraulic head measurements at any one site 
are supposedly related to the vertical joint in proximity but beyond this measurement location.  
In fact, it would be a misnomer to interpret between boreholes since the flow is actually related 
to the joint direction not the ill-conceived bulk hydraulic gradient between measured points 
because there is no interrelationship.  This possibility is discussed in greater detail below (i.e., 
Section 6.3.2). 
 
On-site drilling revealed the presence of an extensive vertical joint.  At OW4, drilling proceed 
through 18 m of a clay filled vertical joint.  The entire 18 m of this joint had an aperture 
thickness of at least 2.5 cm (Photo 7). 
 

 
Photo 7:  Amabel Formation – Vertical fracture encountered while drilling OW4 deep. 
 
5.3.2 Lateral Fracture Assessment 
The geologic materials that make up this area have been influenced by numerous geologic events 
that have affected the structural geology of this region.  Stress fields, for example, create or 
enhance lateral fractures that occur along planes of weakness in the subject material.  In southern 
Ontario, glacial unloading has altered the stress field in the underlying sedimentary bedrock 
sequences, and resulted in regional bedding plane fractures.  This form of fracture structure, 
referred to as Mode I fracturing (Engelder et al., 1993 as presented in Lapcevic, et al., 1999), are 
formed by the separation of the cracked walls / surface, under the action of tensile stresses 
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normal to the crack plane.  In the case of glacial unloading, the stress release allowed bedding 
planes to separate (i.e., pull apart) and form regionally continuous, conductive “bedding plane” 
fractures. 
 
As discussed in Section 5.0, a second form of lateral fracturing is referred to as “en echelon”.  
This suggests that instead of “popping” along bedding planes, the fracture genesis likely is 
generated from a contact weakness, which then runs parallel to the topography as opposed to the 
dipping bedding plane (Kappel and Tepper, 1992).  Therefore the fractures cross formation 
boundaries.  Both forms of fracturing have been described across southern Ontario in 
sedimentary sequences due to this affect.  Furthermore in southern Ontario this form of 
fracturing tends to be the primary fracturing and thus tends to be extensive and in most cases 
conductive.  Lateral movement of ground water in these fracture planes tends to be prevalent and 
vertical interconnectivity is often limited (Oxtobee and Novakowski, 2002). 
 
At the Highland Quarry site, lateral fractures within the Amabel Formation were identified 
during the drilling program.  The rock core contained numerous weathered fractures, indicating 
that these fractures appeared to have transmitted water.  Fracture spacing in the upper portions of 
the Amabel (above approximately 500 masl) ranged from 1 cm to over 100 cm, with an average 
of approximately one fracture every 50 cm.  This frequency decreased with increased depth, with 
more massive sections of dolostone within the lower 15 m of the Amabel. 
 
Although frequent, a more important question that needs to be answered in order to have a 
comprehensive understanding of the geological and hydrogeological conceptual model is what is 
the lateral extent of these fractures?  The significance of this characteristic relates to the ability of 
the lateral fractures to transmit ground water.  For ground water to flow along discrete lateral 
fractures, the fracture must have an upgradient recharge area and a downgradient discharge point 
to create a hydraulic gradient.  Hydraulic evidence at this site suggests that the majority of these 
lateral fractures are locally restricted which support’s Blair and McFarland (1992) interpretation 
that the massive carbonate mounds may impinge on the lateral propagation of bedding plane 
fractures by limiting or interrupting this process. 
 
Site and regional data identified one regionally extensive lateral fracture zone, even though it is 
deep within the bedrock profile.  The unconformable contact between the Amabel and the Fossil 
Hill Formations, and the contact between the Fossil Hill Formation and the underlying Cabot 
Head Formation were identified as regionally extensive lateral bedding plane fractures capable of 
conducting ground water.  The majority of the domestic water wells in the area draw from this 
zone, indicating that it is the first water bearing zone that yields a sufficient quantity to meets a 
typical domestic supply.  This zone is located at a elevation of between approximately 485 to 
480 masl beneath the Highland property.  The base of the proposed quarry is 490 masl, leaving at 
least 5 m of Amabel Formation to confine the lower flow zone. 
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As discussed throughout this report, a fracture interpreted to be “en echelon” was identified at an 
elevation of approximately 508 masl.  Evidence suggests that a fracture is present at this 
elevation throughout the study area, but it does not appear to significantly influence the local 
ground water flow regime.  Again, it is unknown as to whether this fracture is hydraulically 
continuous.  To ensure that the significance of this fracture is not overlooked in this evaluation, 
due to assumptions that have been made, this fracture has been assumed to be continuous across 
the study area. 
 

 
Photo 8:  Amabel Formation – Weather lateral fracture at an elevation of 508 masl (OW4 shallow)  
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6.0 Hydrogeology 
In formulating an understanding of ground water flow through a fractured rock environment, it is 
important to develop a reasonable site conceptual model as the starting point (Lapcevic et al., 
1999).  The level of understanding of the fractured rock flow system can be translated through 
the development of this site conceptual model.  When there is a sufficient level of understanding, 
this conceptual representation of the fractured bedrock can be translated into a mathematical 
model.  Although this conceptual representation of a fractured rock system requires a gross 
simplification of the site hydrogeology, it remains a powerful tool in providing an objective 
evaluation of the environment.  Even as a “worst-case” evaluation, the numerical simulation can 
provide invaluable information on the relative sensitivity of the site to proposed impingements as 
has been done for this site evaluation.  Among the parameters required for such a model is a 
reasonable estimate of the aquifer properties (i.e., fractured rock network) controlling the ground 
water flow. 
 
Dr. Allen Shapiro (2004), a renowned fractured rock researcher for the US Geologic Survey 
(USGS), noted in the annual National Ground Water Educational Foundation (NGWEF - 
NGWA) distinguished researcher “Darcy Lecture” that fractured rock systems could be 
envisioned at various scales ranging from a few metres to kilometers in size.  The scale of a 
study very much dictates the level of resolution required for a project.  For example, a regional 
study cannot be expected to accurately evaluate fracture properties at a metre scale.  The data 
acquisition at such a scale would be impractical.  The practical solution is to provide input 
estimates at the appropriate scale of the solution; however, the scale dependence of the estimate 
must be realized since it does not represent a “true” measure of the environment.  The site 
conceptual model can be developed to define the elements of a flow system at a variety of scales.  
Bear (1993) identified four operational scales that defined the flow through a fractured rock 
medium: 

1. very-near-field scale, where ground water flow is dominated by a single fracture (i.e., 
laboratory-scale evaluation); 

2. near-field scale, where ground water flow is dominated by a few well defined fractures 
(i.e., test plot scale evaluation); 

3. far-field scale, where multiple continua are defined using at least one continuum for the 
unfractured matrix, possible one for the minor fracture and another for the major fractures 
(i.e., site scale evaluation); and 

4. very-far-field scale, where fracturing is so frequent that use of a continuum is warranted 
(i.e., local to regional scale evaluation). 

 
This site hydrogeological assessment is being conducted at the “far-field” scale. The basis of the 
conceptual model for the fractured bedrock environment is derived from the stratigraphic and 
hydrogeological studies completed at the study area.  The ground water flow regime in a 
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fractured bedrock environment is controlled by the site geology and more specifically the 
fracture geometry.  Ground water flow occurs principally through pathways provided by fracture 
and jointing networks in the bedrock rather than through the matrix materials of the overburden 
or bedrock.  This three-dimensional network of interconnected fractures can be incorporated into 
the far-field scale conceptual model. 
 
To accurately construct a conceptual model at this scale, a research level approach to the field 
program and data collection is required.  This has been proven to be an acceptable approach to 
delineating areas of impacts in fractured sedimentary environments (e.g. Rayne et al., 200).  In 
the shallow sedimentary bedrock sequences of southern Ontario, bedding plane fractures are 
considered as major structural drains as was seen by Lapcevic et al. (1997) in a study on ground 
water flow in a fractured dolostone.  Therefore, the dominant flow zones tend to be laterally 
extensive and relatively planar.  Despite this trend in southern Ontario, this site does not appear 
to conform well to this conceptualization. 
 
It is important that all technical analysis completed for the site (i.e. hydraulic, structural, and 
chemical) adheres to the site conceptual model.  Testing results should be consistent with the 
current conceptual understanding.  If inconsistencies exist, the conceptual model needs to be 
adapted to be consistent with all data.  This conceptualization is not easily determined with 
limited site investigations and is not easily reconciled using standard analytical techniques.  In 
fact, limited investigations of the site setting can lead to a non-unique solution.  Therefore, the 
current standards for developing numerical models can result in a gross simplification of the 
ground water flow system due to the lack of information on the three-dimensional network of 
interconnected fractures.  To avoid over simplifying the conceptual model, considerable effort 
has been applied to developing a representative ground water flow conceptual model. 
 
6.1 Ground Water Flow Conceptual Model 
The Amabel Formation forms a massively thick unit over the Fossil Hill Formation, controlling 
the quality and distribution of the recharge into the underlying aquifer.  It is reasoned that the 
recharge through the caprock is considered to be relatively low due to the presence of wetlands 
in the vicinity of the site.  Specifically, the extensive 408 ha Rob Roy Wetland Complex, of 
which 350 ha is located within the site study area (Figure 4-2).  The undulating ground surface 
reflects the bedrock topography and the wetland complex persists in the depressions that make 
up this topographic surface; due in part to the surficial deposition of a till overburden that 
appears to have effectively isolated the surface flow from the shallow bedrock throughout this 
area.  It is hypothesized that there is little ground water movement in the underlying bedrock at 
elevations above the base of the proposed quarry (490 masl), despite the presence of a joint 
network for reasons discussed below.  The conceptual model affords little recharge / infiltration 
and therefore the majority of the precipitation is routed to the surface water flow system that 
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exists in this region.  In essence, the excess water flows from depression to depression within this 
wetland complex until it intercepts a tributary that conveys the surface water to the Beaver River. 
 
The vertical jointing that spans the thickness of the Amabel Formation and lack of regional 
lateral fracturing within the unit plays a fundamental role in the development of the 
hydrogeological model of the Amabel Formation (Figure 5-1).  Of particular importance is the 
three-dimensional network of interconnected fractures.  From a hydrogeological perspective, this 
interconnectivity does not indicate that the Amabel Formation has the ability to readily store 
and/or transmit large quantities of ground water.  In fact, the upper portion of the Amabel 
Formation in the vicinity of the Highland Quarry property acts as a “reservoir” holding relatively 
small quantities of water in the disconnected joints for a significant period of time. 
 
The relatively small percentage of precipitation that does not runoff to the Rob Roy Wetland 
Complex infiltrates into the Amabel Formation through the vertical jointing.  This recharge water 
refills the vertical joints to surface.  This recharge of the fractured bedrock system appears to 
only occur during the spring freshet.  Bounded vertically by the lower, more massive portion of 
the formation where the aperture thickness of the vertical fractures are considered to taper with 
depth, and horizontally by a lack of extensive lateral fracturing deeper in the formation, the 
infiltrating water appears to be confined within the joint network of this formation.  The limit 
volume of the joint network is easily filled via this freshet. 
 
The ground water flow in the upper portion of the bedrock in the vicinity of the Highland Quarry 
property is influenced by a discontinuous lateral fracture identified at an elevation of 508 masl.  
The discharge from the fracture plane appears to be skewed to the western edge of the bedrock 
outcropping that exists above this elevation.  It is speculated that the seepage zones may correlate 
with specific vertical joints, but this has not been fully evaluated.  Of issue, is the flux from the 
seep in comparison to the reservoir size of an individual joint plane. 
 
Deeper within the formation at the geological contact between the Amabel / Fossil Hill and 
Cabot Head Formations (i.e., ~480-485 masl) a conductive zone was encountered.  As presented 
by Lapcevic et al. (1997), these lateral fractures are considered as the primary structural drains.  
Ground water flow from these fractures is sluggish as it seeps along the horizontal flow paths out 
to the occasional ground water spring, or vertically through the lower portion of the Amabel 
Formation.  This situation is hypothesized because the site monitoring data suggests that 
recharge to the lower units is tenuous. 
 
Infiltration through the lower portion of the Amabel Formation to the geological contact with the 
Fossil Hill Formation is dependent on the local interconnectivity, which is considered to be 
minimal due to the lack of transmissive vertical jointing to depth and the massive, dense, and low 
porosity characteristics of this unit.  In essence, the ability to transmit ground water vertically 
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down is being limited, in part, by the joint tapering within the vertical joint system.  Locally, 
lateral fracturing persists, but is not perceived to be extensive enough to interconnect the system 
in any meaningful manner.  Lateral fractures appear connected to the local vertical joints and 
thus can allow rapid flow movement into the 3-dimensional interconnected core.  However, this 
interconnection does not appear to span a sufficient lateral distance to create an interconnected 
network of vertical joints.  The resulting situation is that each joint functions independent of the 
other jointing present at the site.  This situation was revealed with the longer-term hydraulic 
monitoring data (Appendix G). 
 
The ground water can promulgate laterally within the longitudinal extent of the vertical joint, but 
if the entire joint length is being influenced by a regional storm event then there is little 
opportunity for this movement unless it is to a discharge point intersected by the vertical joint 
system.  These may occur along the western edge of the bedrock outcropping as seeps (Figure 5-
2).  It is hypothesized that such discharge points are limited to the upper portion of the rock 
matrix and thus the majority of the jointing has no effective drainage mechanism.  The net result 
is that the joint system acts like a cup with a small crack in the base of the unit that permits a low 
rate of seepage, if any at all. 
 
The other critical factor is that over time it appears that the vertical joint system has been infilled 
with sediments.  The infiltrating ground water at surface is likely to have allowed the infiltration 
of suspended solids that settle once the flow in the joint is abated.  Over time this material has 
accumulated to a point where many fractures within the vertical joint system are believed to be 
infilled with such material.  The deposition at depth can be subject to a degree of consolidation 
by the overlying sediment pressure and this further reduces the ability of the water to migrate 
downward.  This infilled situation further limits the ability of ground water to move laterally 
within this system and also enhances the buffering capacity of the host environment and hence 
limits the karstification of the system.  The infilled joint acts as a much smaller fracture since 
flow is limited to the space that exists between the rock face and infilled matrix.  The net result is 
a relatively low permeable system. 
 
The presence of infilling also supports the contention that there is limited discharge from the 
vertical joint network.  Infilling is possible only when ground water flow is limited.  An active 
flow regime is unlikely to permit sedimentation within a constricted flow field.  The presence of 
the infilled joints attests to the slow ground water flow within this system and hence the 
deposition over time. 
 
Two regionally extensive bedding plane fractures bounding the Fossil Hill Formation represents 
the most regionally dominant lateral ground water flow zones.  The majority of local water wells 
must penetrate down to this horizon in order to obtain a potable supply of water.  This fact is not 
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lost on the evaluation process since it reaffirms the lack of water present higher in the geologic 
profile as was discussed above. 
 
Beneath Fossil Hill Formation lies the Cabot Head Shale.  Based on water well records 
chronicled with the MOE, the confining Cabot Head Shale is approximately 10 m thick in the 
vicinity of the site and acts as the lower boundary to the geological and hydrogeological model.  
The majority of headwater streams found along the Niagara Escarpment emanate from or close 
to this horizon. 
 
Due to the thin or absent layer of overburden material in areas in proximity to the escarpment 
face, the caprock has been exposed to chemical weathering resulting in karstic features.  Karst 
creates a distinctive topography in the landscape.  If the fracture network transmits significant 
amounts of meteoric water, unusual surface and subsurface features can result; such as sinkholes, 
where flowing surface water disappears into what could be a complex underground drainage 
system.  Occasionally, these underground drainage systems reappear at ground surface (i.e., 
seeps).  This occurs at the Highland Quarry site as a result of limited vertical drainage.  In 
essence the karst must form laterally because the vertical jointing provides no means to transmit 
aggressive meteoric waters to depth.  Since there is little active vertical ground water movement 
then waters either stagnant and prevent karst or laterally move in the upper “weathered” region 
of the caprock and facilitate karstification.  As a result, the water movement is likely to come to 
surface in this area because the active ground water flow system is limited to shallow lateral 
movement. 
 
The formation of karst is a natural process where meteoric water flowing through the fractures in 
carbonate rock enhances the size of the fracture, because of the chemical disequilibrium and 
physical “wear” associated with rapid flow.  Over hundreds of thousands of years, this can create 
enhanced ground water flow pathways in the rock matrix.  The successive advance of glaciers 
across Ontario is believed to have sheared away hundreds of feet of surficial bedrock, which 
would have contained such well-developed karstic features.  The removal of the epikarst also 
accounts for the apparent absence of karst-enhanced features within Ontario.  Approximately 
10,000 years has elapsed from the retreat of the last glacier, which is considered to be an 
insufficient time period to develop an extensive karstic environment in “fresh” rock.  This does 
not preclude karstic features from forming but suggests such features will not dominate the 
geologic environment in Ontario since they are still in their infancy. 
 
6.2 Hydrogeological Properties 
The hydrogeological properties of the underlying formations were determined through a 
continuous straddle packer testing program.  These results are provided in Appendix F.  A 
continuous stratigraphic profile of the discrete fracture transmissivity is the preferred 
hydrogeologic evaluation technique in fractured rock media.  Most fractured rock academic 
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researchers conduct this type of discrete-level testing because it provides “truer” data on the 
individual characteristics of the fractures that exist within a formation (Lapcevic et al., 1999).  A 
continuous log over the entire stratigraphic profile renders a complete understanding for 
evaluative purposes.  Literature from the research community has been critical on more 
traditional testing methods (i.e., open-hole pump testing) because of the “averaging” or 
imprecision such results provide about the ground water flow system (Tiedeman and Hsieh, 
2001). 
 
During packer testing, the volume of water used to perturb hydraulic conditions in the well is 
small relative to the volume of fluid in the formation; as a result, packer tests stress only a small 
volume of the formation around the testing zone (Shapiro and Hsieh, 1998).  Recognizing that 
slug test cannot be used to determine large-scale formation properties or to identify heterogeneity 
in formation properties, this data was used in the development of the conceptual understanding 
of the near-field scale ground water flow characteristics within the Amabel Formation.  
Comparison/contrast in the fracture information obtained across the site allow for extrapolation 
of this information on a site-wide basis.  Thus, the presence of a transmissive zone at a set 
elevation across the site leads to the inference that it could be laterally continuous, especially if 
the relative permeability across the site tends to be consistent.  The same can be stated for the 
other hydraulic properties associated with the conductive fracture (such as the static hydraulic 
head of the test interval or geochemical signature).  Local water wells that are terminated at or 
just below a fracture plane tend to indicate the hydraulic conductivity of the associated fracture 
and are used in this fashion to identify conductive zones. 
 
To extrapolate the near-field scale data to a far-field scale understanding of the hydrogeological 
function of the Amabel Formation involved further field testing which included the collection of 
continuous water level and hydrogeochemical data (refer to Sections 6.3 and 6.4, respectively). 
 
6.2.1 Storativity 
Storativity is defined as the volume of water released from storage per unit surface area of 
aquifer per unit decline in hydraulic head (dimensionless).  Therefore, in the Amabel Formation, 
the storativity is primarily a function of the fracture aperture although the secondary porosity of 
the dolostone can have some influence, (i.e., the degree to which open fractures and pores can 
store ground water), under the prevailing state of stress.  The storativity values for the discrete 
flow zones identified within the stratigraphic profile were assigned a storativity value as low as 
10-20 for several reasons.  Fractures within a rock matrix represent less than 1% porosity and 
more typically represent 0.1% to 0.01% from a bulk hydraulic property perspective.  Fracture 
responses typically have a minimal storage capacity.  Analytical curve matching techniques often 
suggest such low storativities for fracture flow response.  The other constraint was practical in 
nature since evaluation software imposed an arbitrary lower storativity limit of 10-20.  While 
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inconvenient in some instances this limit was not unreasonable for the majority of the analyses 
completed. 
 
The majority of the responses were assigned a storativity value of approximately 10-20; however, 
storativities as high as ~10-3 were used to yield the best “type-curve” fit to the testing data. 
 
6.2.2 Fracture Transmissivity 
A total of 184 transient hydraulic tests (with packer spacing of 1.2 m) have been conducted in all 
of the drilled boreholes at the site (Appendix F).  The purpose of the testing was to determine the 
location and properties of discrete, conductive lateral fractures within the bedrock stratigraphy.  
The fracture transmissivity data was used to develop the site Conceptual Hydrogeological Model 
presented in Section 6.1.  The testing has provided a database that can be used to compare and 
contrast results on a borehole-by-borehole basis across the site. 
 
It is fundamental to know the depths at which the flow zones exist for staging quarry operations.  
Therefore, during the packer testing program, only relatively high transmissive zones were fully 
tested.  If the testing sequence showed a slower response (i.e., <10-7 m2/s), the test was 
discontinued prior to complete recovery.  The transmissivity testing also provided a fundamental 
understanding of the physical setting.  Numerous test zones were relatively pervious.  As 
expected, there tends to be a striking difference between the transmissivity of the rock matrix and 
a conductive fracture.  This reality allows the vertical profile testing to proceed relatively 
quickly.  A testing instrument designed to isolate a short section of the borehole is lowered to the 
bottom of the borehole and then is raised such that the entire borehole length is evaluated 
through a series of testing events.  Testing interval transmissivities ranged from less than 
10-7 m2/s (i.e., rock matrix) to greater than 10-3 m2/s (i.e., conductive fracture) for the Amabel / 
Fossil Hill aquifer system within the vicinity of the boreholes. 
 
From a bulk hydraulic property evaluation, the harmonic mean of the interval transmissivity of a 
formation is considered the most appropriate “averaged” value of a data set when a specific 
value is needed for calculations (i.e., numerical ground water flow model).  The first 
consideration is whether the lateral or vertical flow situation is being considered.  In the lateral 
system, where the geology is orientated parallel to flow, it is necessary to accentuate the flow.  
Flow will occur along the path of least resistance.  Therefore, the most permeable measurements 
from the data set should dominate the flow regime and thus receive a greater “weighted” value.  
Conversely, when flow is vertical through a laterally layered formation, the more impermeable 
formations will control the flow rate.  In this situation, the mean should favour the lower 
permeable values in the data set (Gelhar and Axness, 1983). 
 
Singer et al. (1997) noted that because the Amabel Formation is fairly thick, its porosity and 
water-yielding capabilities are highly variable.  This report sampled 6,516 “open-hole” water 
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wells to determine the transmissivity distributions for the wells constructed in the Amabel 
Formation.  The reported transmissivity ranges from 0.1 to 7,548 m2/d, (10-6 to 100 m2/s) with a 
geometric mean of 15.5 m2/d (2x10-4 m2/s).  In order to determine where the Highland Quarry 
property domestic wells fit in this range, short-term well hydraulic tests were completed.  Based 
on the recovery data, the domestic water wells on the Highland Quarry property have an 
estimated lateral transmissivity of 8.6 m2/d (10-4 m2/s). 
 
All of this data becomes important when considering the regional model since the regional flow 
regime contrasts considerably with the borehole specific data.  This contrast was difficult to 
reconcile at the outset of the site evaluation process, but became increasingly more lucid as the 
conceptual model was refined. 
 
6.3 Ground Water Regime 

6.3.1 Long-term Ground Water Trends and Hydraulic Heads 
Water level elevation data has been collected during the period between September 2004 and 
January 2006 and are presented in Appendix G (Figures G1 – G8).  The 2005-2006 winter 
experienced several “thaws”.  As a result, a sufficient amount of ground water elevation data has 
been collected to interpret the seasonal ground water fluctuation at the site.  This data provides 
imperative insight to the regional or “far-field scale” hydrogeological function of the Amabel 
Formation. 
 
Typically in fractured rock aquifers, an increase in hydraulic heads within an interconnected 
fracture network, which is vertically connected to the surface, will correspond to both snowmelt 
and precipitations events.  However, at the Highland Quarry site, the water surplus from a 
precipitation event is generally insufficient to result in a measurable pressure response within the 
Amabel Formation (Figure G-1 and G-2).  Based on the continuous water level data, all of these 
isolated monitoring wells respond quickly to snowmelt periods, but in a differential fashion.  In 
other words, during snowmelt periods, the ground water regime is sufficiently inundated with 
water that it recharges the fractured bedrock system and this is accomplished relatively quickly 
due to the vertical jointing and interconnect fracture network associated with any single “nested” 
borehole location.  The resulting increase in hydraulic heads and the rate at which these heads 
return to equilibrium is dependent on the fracture network’s bulk transmissivity or its ability to 
“drain”.  It is also a function of the interconnectivity of each the responsive joint and its 
associated fracture network. 
 
Generally, the water levels increase by an average of 5 m during the peak of the spring freshet.  
This “recharge” replenishes the monitored joint on an annual basis.  The monitored hydraulic 
heads slowly decrease over a period of approximately seven months.  In other words, the ground 
water system recharges significantly more rapidly than the system’s ability to drain.  What this 
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suggests is that there exists an available “reservoir” within the upper portion of the fracture 
network, but there is no active drain within the network once the water is interned into this 
system.  It is hypothesized that the system drains out the bottom of the vertical jointing, but a 
component of this loss could also represent evapotranspiration.  Hence, the flow into the network 
is “unconfined” but flow from this system is “confined” and thus flows at a different rate.  A 
discussion of the water level data collected from each ground water monitoring nest is provided 
below.  A summary of the water level monitoring information is provided in Table 6-1.  Manual 
water level measurements are tabulated in Appendix G (Table G-1). 
 
Table 6-1: Summary of Water Level Monitoring Information   

Monitoring 
Location Installation of Dataloggers 

Ground 
Elevation 

(masl) 

Water Level 
Fluctuation 

(masl) 

OW1 OW1-I and OW1-III.  An additional datalogger was installed in OW1-
IV in the fall of 2005. 512.2 509 - >513.3 

OW2 OW2-III.  Additional dataloggers were installed in OW2-II and OW2-
IV in the fall of 2005. 522.2 510.8 - 516.3 

OW3 OW3-I and OW3-.  An additional datalogger was installed in OW3-IV 
in the fall of 2005. 515.8 510.7 - 515.7 

OW4 OW4-I and OW4-IV 518.9 515.6 -518.6 
OW5 OW5-I and OW5-IV 510.0 502.9 - 507.5 

OW6 OW6-II and OW6.  Additional dataloggers were installed in OW6-I 
and OW6-IV in the fall of 2005. 526.3 516 - 524 

Notes: all dataloggers were originally installed in September 2004. 
 
The same hydraulic head is measured at any monitoring location in the Amabel Formation 
regardless of the vertical position of the screened interval.  However, the relative hydraulic head 
measured in the Amabel Formation varies across the site (based on the readings taken at all 
monitoring locations).  If an aquifer were hydraulically connected, it would be anticipated that 
the elevation of the hydraulic heads across the Highland property (during equilibrium conditions) 
would be similar or all monitoring locations would tend to an equilibrium elevation dictated by 
the nature of the interconnectivity.  However, as presented on Figures G-1, each monitoring well 
locations “fills” and “drains” to a specific elevation unique to each borehole location.  
Furthermore, the rate of this change varies from site to site and does not appear to be influenced 
by a “set” equilibrium condition.  In other words, the rate of change is not related to the absolute 
elevation at any particular location (i.e., gradient driven to a set static condition for the site). 
 
There is even more information then this simple relationship.  The jointing fills quite quickly 
during the spring freshet.  This suggests that the joints are transmissive and have the ability to 
readily flow or in this case fill rapidly.  This conclusion corresponds well with the discrete 
packer testing results.  It is hypothesized that the vertical jointing is connected to the lateral 
fracture planes in the near vicinity such that short-term testing sequence reveals the transmissive 
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nature of the jointing.  However, the vertical joints do not appear to be interconnected to each 
other or deep lateral fracture planes that were identified above.  If so, then the accumulated water 
from the spring freshet would be quickly discharge / dissipated in the network.  Instead, the 
hydraulic head slowly declines over time suggesting an extremely low transmissive flow zone.  It 
is questioned whether the head decline is due to flow or evapotranspiration. 
 
The other interesting result is that the decline is not to a consistent elevation such as the 508 masl 
fracture elevation.  The decline to a “static” level appears to be spatially variable from the data 
collected.  This would reaffirm the isolated nature of the jointing intersected.  The fact that all of 
the monitored lateral zones at any one location respond in the same way infers a vertically 
transmissive zone at that location even though it is hydraulically isolated in terms of a lateral 
flow continuum. 
 
The conceptual model derived was that there exist transmissive vertical joints that are well 
connected to locally continuous lateral planes; however, this local system is not interconnected 
such that it allows any significant flow.  This suggested the jointing is laterally finite and hence 
also prevents discharge at the periphery of the bedrock formation (i.e., Niagara Escarpment or 
Pretty River re-entrant valley).  The need for local domestic wells to penetration into underlying 
units attests to this situation.  As a result it is concluded that there is no significant ground water 
flow in the formation.  The water essentially sits in the fracture and flow, if present, is minor in 
nature.  This conceptual model although unusual fits well this the site information as is discussed 
below. 
 
During drier periods, OW4 and OW6 well nests “drain” to and elevation of approximately 
516 masl.  The response observed at OW4 suggests that the there is enhanced permeability 
(vertical or horizontal) in the vicinity of this monitoring location.  Ground water elevations range 
varies between a low of 515.6 masl and peak at 518.6 masl (i.e., about ground surface).  
Recovery from this 3 m peak recharge that rapidly “fills” occurs between a 3 to 4 month period.  
OW4 was drilling directly overtop of an extensive vertical fracture.  Although, in the drill core 
the fracture was in filled with clay at this location (Photo 7).  The hydraulic data suggests that the 
ground water response is likely related to the hydraulic properties of the enhanced permeability 
of the fracture network due to the monitoring wells proximity to a vertical fracture. 
 
Similarly, OW2 and OW3 well nests drain to an elevation of approximately 511 masl, indicating 
that a common transmissive zone may control the hydraulic head at these locations.  The 
response to infiltration at these locations is very similar, with the exception of the delayed 
response to snow melt periods at OW2.  This delay may be a result in the topographic differences 
in the two locations.  OW2 is located on a topographic high whereas OW3 is located in a 
topographic low.  A hydraulic response to a snowmelt would be detected in low-lying recharge 
areas prior to topographic highs. 



 

57 

 
The remaining monitoring locations within the Amabel Formation (i.e., OW1 and OW5) reach 
their annual low hydraulic head measure at elevations of approximately 509 and 503 masl, 
respectively.  This data suggests that the controlling factor in the hydraulic head values across 
the site is the interconnection with the vertical fractures and the elevation at which these 
fractures outcrop laterally at the surface. 
 
The data provides several important insights.  First, the jointing does not decline to a consistent 
static hydraulic level as noted above.  Furthermore, the static level does not coincide with any 
known seepage horizon (i.e., 508 masl facture plane).  All of the monitored zones appear to be 
influenced by similar seasonal events, but respond differently to these influences.  In general, all 
zones being monitored at any one location within the Amabel Formation respond the same 
suggesting vertical interconnectivity (with the exception of OW5).  The rate of recovery to the 
seasonal recharge events varies appreciably from point to point across the site and once again 
suggests uniqueness.  For example, the rate of recovery changes in OW6 once the water level 
falls below about 519 masl.  However, no other monitoring site shows a similar inflection point 
in the response. 
 
The continuous water level data collected from OW5-I indicates that, unlike other shallow 
ground water monitoring wells, a significant precipitation event can result in a measurable 
response in the Amabel Formation.  On June 13, 2005 approximately 43.8 mm of precipitation 
fell at the Ruskview Weather Station.  A response of approximately 0.4 m was recorded at 
OW5-I.  This response may be related to the proximity to the North Wetland, which receives 
stormwater runoff from an area of approximately 250 ha. 
 
Typically during equilibrium conditions (i.e., dry conditions), the interconnected fracture 
network is able to dissipate the hydraulic pressure, resulting in an equivalent potentiometric 
surface throughout the formation.  However, during the spring surcharge, the degree of 
heterogeneity that exists within the upper fracture network becomes apparent.  This results from 
the differential potentiometric heads within the monitoring network.  In essence, most of the site 
will “recharge” up to the proximity of the ground surface with the exception of OW1.  
Deviations from this trend are explained by presence or absence of extensive vertical jointing in 
proximity to the monitoring zone. 
 
The degree on hydraulic interconnectivity is dependent on the proximity of the monitoring 
location to the influencing vertical fracture.  For example, OW2-IV, OW5-IV, and OW6-IV are 
constructed at the contact between the Fossil Hill and Cabot Head Formation.  It would be 
anticipated that this flow zone, which is considered to be semi-confined by the more massive 
lower portion of the Amabel Formation, would have a similar hydraulic gradient and response to 
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ground water recharge.  The fact that all monitored horizons respond roughly the same suggests 
that the Amabel Formation is transmissive to depth. 
 
The hydraulic head measured in OW5-IV is distinctly different compared to the typical response 
observed in the ground water monitoring wells across the site.  The response to the melting of the 
accumulated snow pack is much more subdued.  The hydraulic head increases approximately 
1.5 m during this period from a low of 506 masl and peaking at approximately 507.5 masl.  This 
response is typical of an isolated or “confined” flow system, which is not hydraulically 
connected to the overlying fracture network.  This interpretation is further supported by the 
upward gradient.  At OW5-IV the measured response is considered to be that of an actual ground 
water flow zone, which is isolated from a direct hydraulic connection to a vertical joint.  This is 
inferred because the geochemical signature of the deeper water at OW5-IV is different than that 
above (i.e., OW5-III) even though there exists an upward gradient.  The measured response from 
OW5-IV has lead to the interpretation that this well intersects an isolated flow zone.  A full 
hydrogeochemical and isotopic analysis was completed to further support this interpretation 
(Section 6.4). 
 
The significance of the lateral fracture at 508 masl was assessed based on the long-term water 
level monitoring data.  All of the monitoring wells constructed in the Amabel Formation (with 
the exception of OW5) have hydraulic heads above an elevation of 508 masl, indicating that 
there is a potential for the these zones to provide ground water flow to the 508 masl fracture.  
None of the monitored locations have a hydraulic head response that appears to trend to the 
508 masl fracture.  Each monitoring location hydraulic head trends to a different elevation.  For 
example, OW4 stabilizes quickly at a static hydraulic head of ~516 masl.  Other monitoring 
locations trend more slowly, but none trends to the 508 masl elevation. 
 
At OW5, the hydraulic head during the dry season is approximately 503 masl.  Therefore, in the 
vicinity of the North Wetland the 508 masl fracture is considered to be dewatered and therefore 
not controlling the drainage of the lower portion of the Amabel Formation. 
 
Despite the detection of the 508 masl fracture in the hydraulic test data; it appears this fracture 
has little influence on the site monitoring locations.  The connection if present is tenuous.  
Therefore the contribution would be minor and it must be suggested that the seepage water 
source is derived from other locations or coalesces the ground water of these individual joints at 
the edge of the bedrock formation into the Pretty River re-entrant valley such that this water is 
discharged at about this horizon. 
 
A reconnaissance inspection of the Pretty River headwater area suggests that ground water 
seepage occurs along a specific horizon that coincides with the Fossil Hill Formation elevation 



 

59 

(i.e., 485 masl); however, it was uncertain whether this water source originated from the granular 
overburden buried within the valley or from the adjacent bedrock scarp although buried. 
 
Due to the presence of the wetland complex, subsurface information in the buried Pretty River 
Valley is limited (i.e., lack of domestic water well records).  It is important to note that due to the 
absence of data within this area, it has been assumed that the till sheet is continuous across the 
valley.  Based on this assumption, all the runoff from surface water / shallow ground water 
discharge from the study area enters the Beaver River.  However, if there were breaches in the 
Newmarket Till in this valley, surface water would recharge the lower sand and gravel aquifer 
and discharge to the Pretty River.  Therefore, the ground water and surface water catchment 
areas for the Beaver and Pretty River would differ. 
 
It is obvious that a ground water source is discharging to these headwater areas, downgradient 
from the site due to the continuous flow in the Pretty River.  Based on the assumption that the till 
sheet is continuous, the baseflow in the Pretty River is sustained by ground water discharge from 
below 490 masl.  Therefore, it is presumed that this baseflow is coming from the flow zone 
identified at the contact between the Amabel and Fossil Hill Formation. 

6.3.2 Ground Water Elevations 
Isolating and monitoring multiple flow zones within a fractured bedrock environment provides 
significant insight to the hydrogeological function of the ground water regime.  As discussed in 
Appendix A, a detailed observation well network and monitoring program was conducted to 
provide this information.  The water level monitoring results are provided in Appendix G.  The 
monitoring of these wells is on-going, however this report includes data collected between 
October 2004 and January 2006.  In order to understand the current ground water conditions in 
the vicinity of the Highland Quarry property, the recent (2005) water level data collected by 
Jagger Hims on the Georgian Aggregates properties has been incorporated into this evaluation. 
 
In the vicinity of the Highland Quarry property, features such as the Niagara Escarpment, the 
Pretty and Beaver Rivers, and the Duntroon Quarry have the potential to influence the ground 
water flow within the Amabel Formation.  The Niagara Escarpment bounds the study area to the 
north (Pretty River Re-entrant Valley), east, and south (Mad River Valley).  Based on the 
physiographic setting, this flow system has been interpreted to represent “stair-step” ground 
water migration.  The escarpment face, due to stress-relieved fracturing coalesces waters at the 
first impervious layer, which is considered to be the Cabot Head Shale Formation.  Ground water 
discharge observed at the base of the Amabel Formation along the edge of the escarpment and 
the insufficient domestic water supplies noted by water well drillers in wells located along the 
brow of the escarpment supports this interpretation. 
 



 

60 

The operations of the Duntroon Quarry are perceived to have locally altered the natural ground 
water flow conditions, although the influence of this operation may not be as large as would 
normally be expected.  Site inspections and historical recollections would suggest that this site 
intersected minor amounts of ground water through its initial years of operation.  The quarry 
appears to have intersected a transmissive joint or fracture as the working face was advanced 
westward and, at this point, a water management strategy was required.  This situation is 
important to consider since it shows that, in general, there is not an active ground water flow 
regime.  The ground water system may be restricted to discrete joint alignments that have the 
potential to create a flow condition.  This situation reflects that seen at the Highland Quarry site 
and suggests that the discrete monitoring locations may not be effective at identifying potential 
flow zones.  However, it does suggest that such conductive zones are related to discrete flow 
zones, which can be easily managed. 
 
Given the geological and hydrogeological conditions of the Amabel Formation in the study area, 
the influence of the existing operation has been relatively insignificant to date.  The inferred 1 m 
ground water drawdown contour simulated by Jagger Hims (2005a) extends approximately 
700 m from the Duntroon extraction face.  Such a result is not unexpected for the setting 
conceptualized above.  The influence of the quarry would only be seen in the joints that the 
quarry intercepts and dewaters.  In all other locations, assuming the fracture network is not well 
connected, the quarry influence is non-existent.  The Jagger Hims monitoring data collected 
since 1996 (2005a) indicates that the only off-site impacts identified are at the limit of the 
simulated area of influence, where a 2 to 3 m drawdown has been recorded in two wells on the 
Camarthen Lake Farms property.  Unfortunately, it is impossible to determine whether a specific 
joint alignment connects these two locations and therefore accounts for this response.  However, 
it is a reasonable hypothesis given the evaluation of the local hydrogeologic setting. 
 
The potentiometric surface in the vicinity of the Highland Quarry property appears to mimic the 
bedrock topography (Figures 6-1 and 6-2).  However, the Duntroon monitoring data appear to 
show the same “cyclic” behavior that was evident in the Highland Quarry monitoring data.  The 
Duntroon data suggests that the fractured rock is recharged annually during the spring freshet 
and then slowly declines over the remainder of the year.  The “seasonal low” hydraulic head seen 
at the various monitoring sites are just as variable as that seen for the Highland Quarry site.  In 
general, the network does not trend to a specific elevation.  The inference is that this conceptual 
geologic setting is present through this immediate area. 
 
Our assessment of the site data and that provided by Georgian is that there is no meaningful 
lateral flow regime in the Amabel Formation at elevations above the proposed base of the quarry 
(i.e., 490 masl).  The portrayal of an inferred ground water flow system in plan view (Figures 6-1 
and 6-2) is over-simplified since it implies lateral interconnection between these monitoring sites 
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that is not observed in the field.  Without this interconnectivity it is inappropriate to infer lateral 
gradients exist and hence a ground water flow field. 
 
A distinct increase in the ground water “mound” beneath the topographic highs in the vicinity of 
the Highland Quarry and Georgian properties results during periods of snow melt.  An increase 
in the potentiometric surface occurs as a result of the aquifers inability to transmit or drain the 
waters recharging the system through the vertical fractures and into the interconnected core.  
With few lateral outlets to the ground water system (i.e., Amabel / Fossil Hill contact fractures), 
the pressure in the system builds.  This apparent increase is solely due to the fact that there is 
sufficient excess water to imbibe into the discrete joints thereby raising the water level to ground 
surface.  Once again it would be inappropriate to infer any horizontal hydraulic gradient 
associated with such an event and therefore has not been presented. 
 
During the drier periods, water in these joints is lost perhaps due to a minor component of flow.  
The hydraulic head in OW5-I was recorded to be 502.9 masl in November 2005, at least 1 m 
below the lowest interpreted bedrock surface.  This is supported by the absence of base flow in 
the North Wetland and the dry overburden sediments during the summer and fall months. 
 
Ground water discharge from the Highland Quarry property may provide a small contribution to 
base flow in the Southern Stream.  Based on GPS and air photo interpretation, a ground water 
seep is located at an elevation of approximately 508 masl, which corresponds to the elevation of 
the en echelon fracture.  The source of the ground water seepage is unknown, but presumed to 
come from upland areas in proximity to the seep.  The conceptual model would suggest that this 
source would be associated with the discrete joint alignment.  However, the paradox is whether a 
single joint spacing is sufficiently large enough to support the seepage rate seen at such location 
or whether some degree of interconnectivity is necessary to supply a sufficient reservoir of 
water. 
 
6.4 Ground Water Quality 
The ground water sampling program commenced in October 2004.  Since this time, 53 ground 
water quality samples have been collected and subsequently analyzed for major and minor ion 
chemistry.  The ground water samples were collected in October 2004, and in April, August, and 
November 2005, in order to determine if seasonal trends in the quality exists.  Two ground water 
quality samples were collected in November 2005 to determine the isotopic character of the 
waters.  The chemistry results are provided in Tables H-1 to H-6 (general water quality), 
Table H-7 (isotope results); Appendix H.  Locations are identified on Figure 1-3. 
 
Hydrochemistry involves the consideration of chemical and environmental data to identify 
aquifer recharge areas, aquifer flow processes, and the degree of hydraulic interaction between 
neighbouring aquifers.  In Southern Ontario, hydrochemistry has been used to deduce the 
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structure of the ground water flow regimes in fractured Silurian and Ordovician bedrock aquifers 
(Novakowski, et al., 1988; and Zanini, et al., 2000).  In a similar manner, hydrochemistry has 
been used to aid in the identification of conceptual ground water flow model within the bedrock 
aquifer beneath the study area. 

6.4.1 General Water Quality 
Major ion chemistry was useful to identify some of the more important sources of water to the 
ground water flow regimes.  Piper diagrams (Piper, 1944) were used for the chemical analyses of 
the ground water, which are normalized (Appendix H: Figure H-1 – H-6).  The ratio of the major 
ion chemistry from a water source tends to remain unchanged, unless influenced by an external 
factor.  This ratio, or “hydrogeochemical signature”, allows an evaluation of different water 
sources.  These diagrams can be used to show the effects of various factors, including major and 
minor ion composition, of possible source waters, as well as, the effects of aquifer mixing.  The 
effects of hydrogeochemical interactions between water and soil or aquifer minerals may also be 
indicated.  The Amabel Formation consists of dolomite.  Dolomite is a mineral (formula 
Ca·Mg·(CO3)2) consisting of a calcium magnesium carbonate. 
 
Ground water can be “traced” by following the chemical evolution, or aging of the water.  
Rainwater typically has low concentrations of minerals including the alkaline-earths (Ca2+ and 
Mg2+) and the alkali-metals (Na+ and K+).  In addition, low concentrations of the corresponding 
anions (HCO3

- and SO4
2-) are present, as these ions are derived from weathering by soil, (i.e., 

carbonate and sulphide minerals).  Rainwater is acidic and therefore, as it begins to infiltrate 
through the vadose zone, the oxidizing solution can alter the soils, organic material, and minerals 
through which it moves.  In the process, the chemical character of the water itself also begins to 
change as it migrates.  The ground water composition changes progressively along a flow path 
with an increase in Total Dissolved Solids (TDS), or an indication of the mineralization that has 
occurred in terms of the concentration of dissolved salts, etc.  The mineralization of the meteoric 
water buffers the solution and decreases the aggressiveness of the water, but the process will 
continue until equilibrium with the host environment is reached.  The immense mineral potential 
of the host rock drives the ground water geochemistry towards a saturation limit.  Ion 
concentrations are controlled by reaction kinetics and the availability of the source minerals. 
 
This natural evolution occurs in the following sequence (Chebotarev sequence): 
 
HCO3 

- → HCO3 
- + SO4 

2- → SO4 
2- + HCO3 

-→ SO4 
2- + Cl- → Cl- + SO4 

2- → Cl- 
 
The dominant anion in the ground water correlates with distance along the flow path and 
residence time, or age of the water and also coincides with the host mineralogy.  Water 
containing predominantly bicarbonate is generally present in areas of active ground water 
movement where the ground water is relatively young because carbonate reactions are 
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comparatively rapid.  The term “young” ground water can be misleading, as HCO3
-dominant 

waters can be tens to hundreds of years old.  Although chloride is the most soluble parameter, 
HCO3

- is more readily available in the shallow system and can quickly buffer meteoric waters 
(i.e., days to months). 
 
Figures H-1 through to H-6, presents the hydrogeochemical signature of the ground water during 
three seasons (spring, summer, and fall).  The majority of the waters plot as strongly calcium 
bicarbonate in character, typical of natural (uncontaminated) ground water.  For comparison 
purposes, the hydrogeochemical characteristics of the water from each well nest were plotted 
together.  This allows for the shallow and deeper waters from within the formation to be 
evaluated for each sampling event. 
 
The chemistry of ground water at this site is dominated by the relatively rapid dissolution of 
carbonate minerals.  The monitored sequence consists entirely of carbonates, so that the observed 
changes in ground water chemistry reflect subtle variation in the trace mineral composition of the 
carbonates (i.e., degree of dolomitization) as well as the trace levels of non-carbonate minerals 
that are included in the host rock (e.g. gypsum nodules, pyrite or other silicates).  Since the 
mineralogical changes are subtle, so to are the changes in water quality.  This is particularly true 
since the ground water is assumed to be a moving entity and reacts with the host rock along its 
travel.  The following sections discuss these subtle changes at each of the monitored locations. 
 
As mentioned above, the hydrogeochemical characteristic of the ground waters from the 
Highland property exhibit a strong Ca-HCO3

-
 signature.  A slight shift from a Ca-HCO3

- to a 
slightly Na+ and K+-dominated HCO3

- type corresponds to depth within the Amabel Formation.  
This shift may be attributed to “impurities” in the lower carbonate sequences, the waters are 
more stagnant deeper into the profile, or a result of upwards diffusion from the underlying 
shales.  The shift is more substantial at OW5 and OW6 then observed at the other monitoring 
locations.  However, with slightly lower ion ratios of Na+, K+, and Cl-, this water shows minor 
influences likely associated with deeper shale water.  This is supported by the upward hydraulic 
gradients observed between the deeper and shallow monitoring wells (discussed in detail in 
Section 6.3).  The conclusion reached is that despite the upward gradient there is little 
hydrogeochemical influence, which suggests a poorly connected flow regime. 
 
Generally, the waters that exhibit the shift towards a Na+ and K+-dominated HCO3

- type ground 
water also show small increases in concentrations of minor ions (i.e., bromide, fluoride and 
strontium) and occasional detectable concentrations of trace metals (i.e., boron, manganese, 
molybdenum, nickel, titanium, uranium, vanadium, and zinc).  As discussed previously, the 
weathering of shales and carbonates supply a large portion of the above noted parameters, 
indicating that the ground water at this location may be experiencing mixing or represents a 
longer residence time which the system (i.e., inactive flow). 
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Deviations from this trend are explained by contamination as a result of chemicals used in 
modern-day agricultural and urban environments.  These waters plot with increasing chloride 
and sodium.  Although small in magnitude, the only evidence of anthropogenic influences on the 
ground water regime from these figures is from the spring sample taken at OW4-I.  OW4-I is 
located immediate west of Grey County Road 31.  With an elevated chloride concentration of 
31 mg/L (increase of 21.5 mg/L from the Fall sample), it is anticipated that road salt has 
impacted this well. 

6.4.2 Isotope Analysis – Tritium (3H) 
The two ground water samples were taken from OW5-I (upper Amabel) and OW5-IV (base of 
Amabel) and analysed for enriched tritium (3H).  As discussed in the previous section, the 
ground water sampled at OW5-IV had a distinctively different hydrogeochemical signature then 
the shallower ground waters.  This hydrogeochemical signature suggested that waters from this 
flow zone are older in terms of distance along the flow path and residence time, or age of the 
water.  Therefore, the purpose of this analysis was to assist in the assessment of the recharge 
mechanisms and recharge rates on the infiltrating surface waters. 
 
Tritium is a radioactive isotope of hydrogen (half-life 12.43 years) that is produced naturally in 
the upper atmosphere by solar radiation.  Background concentrations are normally low.  
However, atmospheric testing of thermonuclear bombs beginning in 1953 and peaking in 1962, 
resulted in substantially increased 3H concentrations in the atmosphere and consequently in both 
precipitation and aquifer recharge.  In general, ground water with a 3H concentration of about 1-
2 TU (tritium units) represents water that has infiltrated prior to 1953. 
 
Elevated concentrations of 3H in ground waters indicate that the recharge from surface water has 
occurred within the past fifty years.  Calculating the potential role of decay from the date 
sampled and comparing the concentrations to the historical average annual concentrations of 3H 
in the precipitation can estimate a relative age of the ground water.  Therefore, the study of 3H is 
a valuable indicator of aquifer flow characteristics.  However, the value of 3H as an indicator of 
modern recharge has reduced in recent years, due to the short half-life of 3H.  It is also due to 
international treaty agreements, which have all but banned atmospheric testing of nuclear 
devices, thus lowering the 3H levels in the atmosphere by orders of magnitude.  The exception to 
this general rule is emissions from nuclear generation plants (i.e., Pickering Nuclear Generation 
Plant) that continue to maintain 3H concentrations well above natural background levels (i.e., 
>90 TU) and is readily detectable within at least 100 km of the site (Gerber and Howard, 1996; 
White, 2004).  The 3H results are presented in Table 6-2. 
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Table 6-2: Tritium 3H Concentrations  
Location Tritium Results 

(TU) 
Approximate Date of 

Infiltration 
OW5-I (upper Amabel Formation) 17.9 (+/- 1.3) Recent 
OW5-IV (contact between Amabel and Fossil Hill Formation) <0.8 (+/- 0.3) Pre-1953 
 
Tritium concentrations measured in ground waters collected from OW5-I and OW5-IV are 17.9 
and less than 0.8 TU, respectively.  Without average annual tritium data for the precipitation 
falling in the vicinity of the site, an estimated date of infiltration is not possible.  However, it is 
anticipated that infiltration to this flow zone is relative rapid based on the major and minor ion 
chemistry.  Similar to Howard’s (1986) and White’s (2004) findings, the ground water falling in 
the calcium bicarbonate classification (chemically least mature type water) contains 3H in the 
range of 28-100 TU.  The 3H data presented in Table 6-2 are seen to support the proposed ground 
water classification and chemical evolutionary sequence in that the deeper flow system contains 
a significant component of more mature “pre-bomb” ground water that was infiltrated prior to 
1953. 
 
Summary 
The water quality characteristics (both general chemistry and isotopic) of these waters support 
the ground water conceptual model where the Amabel aquifer is a vertically dominated system.  
The ability of the Amabel aquifer to become recharged through the vertical connection is 
apparent by the calcium bicarbonate dominated waters at all monitoring depths during the wetter 
periods (i.e., large storm events and spring freshet).  The inability of the Amabel Formation to 
move or “flush” this ground water is demonstrated by the shift in the hydrogeochemical 
signature. 
 
The geochemical variability seen from successive sampling events may represent the “flushing” 
of the joint as deeper waters are replaced by shallower sources.  This potential trend in the data 
requires further investigation.  However, if present, it would tend to support the conceptual 
model.  The inference is that the discrete joint, by nature, has a limited reservoir so as the unit is 
sampled it depletes the older waters present in the system and hence the geochemical shift in the 
water is seen at the sampling locations. 
 
The geochemical variability is not representative of a consistent flow field.  In a consistent flow 
field, the water chemistry tends to be quite constant since it represents a continuum.  In essence, 
the water extracted from a point within this flow field should have the same relative 
geochemistry on every occasion this it represents the same relative point in the flow field.  In 
contrast, a variable water quality attests to changing conditions.  The fact that the initial samples 
were more mineralized and over time this has decreased would suggest a stagnation that is now 
being replenished by younger waters presumably from above.  The inference is the flow system 
is not moving quickly, if at all, and therefore successive samples are too frequent to allow the 



 

66 

system to replace the extracted waters with similarly aged water.  This effect was particularly 
pronounced in the deeper monitoring zone where it is suggested that the flow is the slowest. 
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7.0 Local Water Use 
In the vicinity of the study area, all of the private potable water users rely on the ground water 
within the bedrock formations.  Quarry operations that extract aggregate from below the 
potentiometric surface and rely on water management operations to maintain dry operating 
conditions will alter the existing ground water flow conditions in the vicinity of the site.  
Therefore to effectively assess the potential impact to the local private water supplies, a thorough 
review of the water users was required. 
 
7.1 Existing Wells  
It is clear from the MOE water well database that the local residents obtain water from the base 
of the Amabel Formation and/or the Fossil Hill Formation.  Graph 7-1 presents the summary of 
the domestics wells total depth and water found elevation.  The water well records also reported 
that many wells found water between 505 – 510 masl (i.e., the 508 fracture elevation).  However, 
this zone did not provide sufficient yields for a domestic water supply and the wells were then 
drilled to depth (i.e., approximately to the Amabel / Fossil Hill contact). 

Graph 7-1: Elevation of the Base of Domestic Wells (within estimated area of influence) 
 
There are 48 domestic water wells on record with the MOE within a 2 km radius of the property 
(Figure 7-1).  An additional 19 water wells have been identified through the completion of a 
domestic water well survey and air photography interpretation.  The locations of these domestic 
water wells are presented on Figure 7-1.  Tables 7-1 and 7-2 provide a summary of the known 
domestic water wells within the area.  It should be noted that the water levels provided in these 
tables do not represent current water level depths but those measured at the time of drilling.  The 
original water well records, where available, are provided in Appendix I. 
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The domestic water well survey was completed to inventory the domestic water wells within 
approximately a 1 km radius of the subject property.  Azimuth representatives visited each house 
to collect relevant information regarding the owners well (May 12, 2004).  If contacting the 
owner was unsuccessful, a letter explaining the water well survey was left at the property with 
Azimuth contact information if they wished to participate in the survey. 
 
7.1.1 Private Water Wells within 1 km of Highland Property Boundary 
In order to ensure this hydrogeological assessment accounted for the adjacent water users, 
considerable effort was made to ensure that the well database was up to date with the most recent 
information for the water wells within a 1 km radius.  There are a total of 17 known water wells 
within the 1 km radius, ten of which water wells are existing wells on record with the MOE 
(Table 7-1).  The domestic water well survey identified the additional seven domestic water 
wells, which are not recorded in the MOE database. 
 
M.A.Q. Aggregates, Inc. 
The Highland property contains three of these wells (Wells 1, 2, and 3).  No MOE water well 
records have been registered for these wells.  Well 2 is located beneath one of the homes on the 
property.  Prior to the start-up of quarry operations, this well will be decommissioned in 
accordance with O.Reg. 903.  Well 1 is located within the proposed excavation area and, if 
licensed, this well will be incorporated into the ground water monitoring program.  However, as 
the operations move into Phase 2, this well will be properly decommissioned.  Well 3 is located 
outside the excavation area and will continue to service as on observation well. 
 
Georgian Aggregates and Construction Limited - Duntroon Quarry 
There are eight MOE water wells located on lands currently owned by Georgian Aggregates and 
Construction Limited.  Of these, five are located within the 1 km radius (MOE No.: 57-34282, 
57-27704, 57-2620, 57-02621, 57-and 57-05515).  MOE water wells 57-34282 and 57-27704 
have been destroyed during the excavation phases of the existing quarry development.  MOE 
water wells MOE 57-05515 and 57-02621 are located on the Duntroon Quarry expansion lands.  
Jagger Hims (pers. comm., 2005) has not been able to confirm the location or status of 57-02621.  
Considering that the old school house that use to be situated on these lands has been relocated, it 
is anticipated that the well was destroyed or buried. 
 
Private Domestic Wells 
Within the 1 km radius, there are 10 residents who obtain their potable water from wells drilled 
within the Amabel Formation.  If the application to license the Highland Quarry is accepted, a 
detailed domestic water well monitoring program will commence.  The predicted influence of the 
quarry operations on these wells is discussed in Section 10.  The proposed domestic water well 
monitoring program, which has been designed to measure these predicted impacts, is presented 
in Section 12. 
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As documented in Table 7-1, the well survey has provided limited information.  The information 
database is consistent with the rural setting.  The lack of hydrogeological information concerning 
the private domestic wells surveyed was disappointing and limits the evaluation with respect to 
this informational source.  As a result, this evaluation focused on other sources of information. 
 
Table 7-1:  Domestic Water Wells within 1 km of the Highland Property Boundary 

MOE No. Date Drilled 
Total 
Depth 

(m) 

Water 
Found1 
(mbgl) 

Water 
Level2 
(mbgl) 

Pump 
Rate 

(GPM) 
Notes 

Domestic Water Wells on Record with the Ministry of the Environment 

57-02621 1951 25.6 25.6 6.7 N/A Georgian Aggregates - Duntroon Quarry – 
expansion lands - not located 

57-34282 1999 32.9 10.7 / 
29.0 1.52 35 Georgian Aggregates - Duntroon Quarry – 

Destroyed 

57-27704 1990 24.7 23.5 / 
24.7 1.82 7 Georgian Aggregates - Duntroon Quarry – 

Destroyed 

57-05515 1968 7.6 3.6 2.7 10 Georgian Aggregates -Duntroon Quarry – 
expansion lands 

57-11417 1974 17.1 15.2 9.4 8  

25-04777 1974 27.4 7.6 8.5 5  

25-06844 1979 22.9 22.9 6.1 12 Georgian Aggregates  

25-13638 1998 25 12.2 9.4 10  

25-12684 1994 30.5 18.3 12.2 8  

25-14193 2000 25.0 8.5 2.4 7  

Domestic Water Wells not on Record with the Ministry of the Environment 

1. 1990 274 N/A 7.43 N/A Highland Property Well  

2. >1978 9.1 N/A N/A N/A Highland Property Well  
Silted in – not in use 

3. N/A 33.5 N/A 4.03 N/A Highland Property Well  

4. N/A N/A N/A N/A N/A Owner did not know anything about well 

5. 1904 15.2 N/A 4.6 N/A Drilled well in pit 

6. N/A N/A N/A N/A N/A Owner did not know anything about well 

7. 1950’s 20.4 N/A N/A N/A Owner did not want to provide any more 
information 

Notes:  
N/A  = not available 
1 first water found 
2. Static water level at time of drilling 
3. static water level on Nov 19, 2005 

 
7.1.2 Domestic Water Wells between 1 and 2 km of Highland Property Boundary 
A review of the water wells on record with the MOE between 1 and 2 km for the property was 
completed.  Many of these wells were included in the water wells survey completed by either 
Azimuth or as part of the hydrogeological assessment completed by Jagger Hims (2005a) for the 
expansion of the Duntroon Quarry.  There are a total of 40 known water wells between 1 and 
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2 km from the Highland property boundary; 36 of which water wells on record with the MOE 
(Figure 7-1; Table 7-2).  The remaining wells five wells were identified during the domestic 
water well surveys.  It is recognized that there may be wells that have not been identified by 
either the MOE or the domestic water well survey. 
 
Georgian Aggregates and Construction Limited - Duntroon Quarry 
There are eight MOE water wells located on lands currently owned by Georgian Aggregates and 
Construction Limited.  Of these, five are located within the 1 km radius (MOE No.: 57-34282, 
57-27704, 57-2620, 57-02621, 57-and 57-05515).  MOE water wells 57-34282 and 57-27704 
have been destroyed during the excavation phases of the existing quarry development.  MOE 
water wells MOE 57-05515 and 57-02621 are located on the Duntroon Quarry expansion lands.  
Jagger Hims (pers. comm., 2005) has not been able to confirm the location or status of 57-02621.  
Considering that the old school house that use to be situated on these lands has been relocated, it 
is anticipated that the well was destroyed or buried. 
 
Camarthen Lake Farm Wells 
Based on the water well survey form completed by the owners of Camarthen Lake Farms, there 
are currently eleven water wells which are used for livestock watering and for the various 
residences that are present on the property.  Camarthen Lake Farms provided the original water 
well records for these wells.  An attempt to correlate the water well records with the actual wells 
was completed by the property owner (Figure 7-1). 
 
Water level monitoring of five of these wells has been completed by Jagger Hims (2005a) as part 
of the Duntroon Quarry ground water monitoring program.  There has been a slow but 
progressive decline in ground water levels at MOE No.: 25-09666 and 25-09668 since the 
Duntroon Quarry expanded into the southwestern portion of the existing operation in 1999.  It is 
estimated that the static potentiometric surface at these wells has dropped by 2 to 3 m in 6 years.  
These wells are located approximately 500 m from the existing quarry face. 
 
Osprey Bluff Mountain Estates Wells 
There are 43 lots with Osprey Bluff Mountain Estates.  Currently, there are 13 water wells on 
record with the MOE the development area.  Of these wells, seven wells did not encounter a 
sufficient potable water supply within the Amabel Formation.  Due to the proximity to the brow 
of the Niagara Escarpment, it is anticipated that the Amabel Formation has dewatered in the 
vicinity of this development.  As a result, these wells were drilled through the Amabel, Cabot 
Head, and Manitoulin Formations, and into the shales of the Queenston Formation (Figure 5-3). 
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Table 7-2:  Domestic Water Wells within 1 km of the Highland Property Boundary 
MOE 
No. 

Date 
Drilled 

Total 
Depth 

(m) 

Water 
Found1 
(mbgl) 

Water 
Level2 
(mbgl) 

Pump 
Rate 

(GPM) 
Notes 

Domestic Water Wells on Record with the Ministry of the Environment 
Duntroon Quarry 

57-02620 1967 24.4 10.7 7.3 5 Duntroon Quarry Well 

57-05252 1978 16.1 6.7 1.5 10  

57-06021 1968 24.7 14.0 12.8 5 Duntroon Quarry Well 

8. 1900’s 
(dug) 2.5 Wells typically flows throughout 

the year 

Jagger Hims (2005a) reported that there are 
two dug wells and a drilled well on their 
expansion lands at this location.  Drilled well 
not used 

Camarthen Lake Farms 

25-01831 1967 18.3 12.2 6.1 12 Located in back room of house 

57-02618 1966 15.2 12.2 3.6 10 Located near shop 

57-02619 1966 19.8 9.1 0.6 15 Located near Edward Lake 

57-06924 1969 15.8 10.7 4.8 20 Driveway well 

57-07531 1970 35.5 13.7 6.1 7 First large barn 
Drilled 0.3 m into the Cabot Head Shale 

57-07820 1970 35.4 30.5 6.1 20 Field Well 

57-09666 1973 49.4 15.2 4.3 18 Located near silo barm 
Drilled 24 m into the Cabot Head Shale 

57-09668 1973 48.8 12.1 7.3 15 Located near silo barm 
Drilled 7.6 m into the Cabot Head Shale 

57-09669 1973 42.6 13.7 9.1 10 Not is use - Sealed 

12. 1994 30.5 30.5 9.7 10 No MOE record 

13. 1989 36.5 15.2 7.9 12 No MOE record 

Osprey Bluff Mountain Estates 

25-05454 1975 53.3 25.9 18.3 10  

25-06197 1977 53.6 48.8 13.7 15 Drilled through Cabot Head, Manitoulin, and 
into the Queenston Frm. 

25-06228 1977 39.9 22.8 21.0 4 Drilled 11 m into the Cabot Head Shale 

25-06292 1977 40.5 27.4 14.6 8 Drilled 6.7 m into the Cabot Head Shale 

25-06293 1977 53.9 27.4 15.2 8 Drilled through Amabel, Cabot Head, 
Manitoulin, and into the Queenston Frm. 

25-06294 1977 34.1 20.7 19.8 8 Drilled 2.7 m into the Cabot Head Shale 

25-06295 1977 31.4 19.8 17.7 10 Drilled through Cabot Head, Manitoulin, and 
into the Queenston Frm. 

25-06454 1978 20.1 13.1 8.5 9  

25-08784 1987 91.4 68.6 50.3 5 Drilled through Amabel, Cabot Head, 
Manitoulin, and into the Queenston Frm. 

25-08968 1987 54.8 45.7 35.0 5 Drilled through Cabot Head, Manitoulin, and 
into the Queenston Frm. 

25-09137 1987 61.3 61.3 53.3 5 Drilled through Amabel, Cabot Head, and 
into the Manitoulin Frm. 

25-12585 1994 92.0 88.1 69.8 6 Well completed in shale 
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25-13087 1996 51.6 25.9 23.5 8  

Rural Estate Lots 

57-02622 1957 11.5 11.5 1.2 N/A Drilled in gravel overburden 

57-02623 1962 24.4 22.8 1.8 3  

25-33789 1998 55.5 15.2 2.1 2  

25-01895 1948 17.7 17.7 13.1 N/A Well constructed in gravel overburden 

25-01896 1957 14.6 13.7 1.52 8  

25-01897 1962 15.8 15.2 7.3 8  

25-12534 1994 14.9 14.0 7.3 15 Drilled through 14 m of clay and into sand 

Domestic Water Wells not on Record with the Ministry of the Environment 

9. N/A N/A N/A N/A N/A Jagger Hims (2005a) reported that there is a 
drilled well at this location 

10. N/A N/A N/A N/A N/A 
Jagger Hims (2005a) reported that this is a 
shallow well constructed at the brow of the 
escarpment 

11. N/A N/A N/A N/A N/A  

Notes:  
1 first water found 
2. Static water level at time of drilling 

 Potable water source not obtained from Amabel Formation 

 
7.2 Ground Water Use 
The MOE Southwest Regional office provided information regarding the permitted water users 
within a 5 km radius of the Highland Quarry property.  In addition, information was obtained 
from the Environmental Bill of Rights (EBR) web site.  The locations of these takings are 
presented on Figure 7-2.  Ground water is used for municipal drinking water supplies in the 
Former Township of Osprey (Feversham) and in Clearview Township (i.e., Creemore, Stayner, 
and several estate subdivisions).  Georgian Aggregates & Construction Inc. holds the only 
PTTW within the study area.  The majority of the remaining PTTW identified on Figure 7-2 are 
municipal systems, which are located below the escarpment.  In addition, there are two bottle 
water companies (Ice River and Gibraltar Springs), which are located between 5 and 6 km to the 
northwest of the Highland property on the opposite side of the Pretty River Valley.  As a result, 
these ground water users were not considered applicable to this evaluation. 
 
A revised PTTW (No.: 1168-665NHB) was issued to Georgian Aggregates & Construction Inc., 
for the water takings from the Duntroon Quarry on November 21, 2005.  A summary of the 
permitted pumping periods and rates is provided below in Table 7-3. 
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Table 7-3:  Summary of Georgian Aggregates PTTW No. 1168-665NHB 
Max taking per 

minute 
Max taking 

per day 
Source Name / 

Description 

Dates of 
Permitted 
Pumping (litres) 

Max No. of hours 
taken per day 

(litres) 

Max No. of days 
taken per year 

April 1 to June 30 7,800 24 11,232,000 91 
July 1 to Sept 30 1,200 24 1,728,000 91 

Quarry Operations: 
Off-site discharge at SW1 

Oct 1 to Mar 30 4,200 24 6,048,000 183 
Quarry Operations: 
Internal pumping N/A 21,000 24 30,240,000 220 

Quarry Operations: 
Dewatering to settling pond N/A 1,2000 24 17,280,000 365 

 
The intent of the revised PTTW is to control the off-site discharge of the incidental waters 
collected by the quarry into the Southern Stream.  As discussed in Section 4.2.1, Jagger Hims 
(2005b) completed a detailed assessment of the current (pumping and non-pumping) flow 
conditions of the stream and compared these rates to the estimated historical (i.e. pre-quarry) 
conditions. 
 
 



 

74 

8.0 Proposed Quarry Extraction Operations 
The proposed Highland Quarry has been designed is to ensure that the operations have 
regard for the natural functions of the surrounding lands.  Specifically, the environmental 
integrity shall be maintained or enhanced, minimizing impact to ground water and 
surface water resources.  The proposed extraction plan is outlined below.  A brief 
description of the Duntroon expansion is included. 
 
8.1 Proposed Highland Quarry 
The characteristics and phasing of the proposed quarry are conceptually illustrated on 
Figure 8-1.  The proposed license area covers approximately 100 hectare (245 acres).  
The area proposed for bedrock extraction will encompass approximately 61 ha 
(150 acres).  The difference between the two areas includes the wetland areas and the 
regulatory setbacks as required under the ARA. 
 
8.1.1 Highland Quarry: Excavation Phasing 
Development of the quarry is to proceed in two phases commencing in the southwestern 
portion of the Highland property (Figure 8-1).  Phase 1 will consist of two stages 
(Phase 1a and Phase 1b).  During Phase 1a, the extraction depth of the initial bench will 
be from an elevation of approximately 525 masl to an elevation of approximately 
514 masl.  The resulting ground elevation will become the temporary area for the 
washing and processing operations. 
 
Concurrently with the development of Phase 1a, a sinking cut will be made in the area 
referred to as Phase 1b.  The rock will be excavated in 15 m lifts to an elevation of 
approximately 490 masl.  The excavation area will provide a fixed location, below grade, 
for the washing and processing operations.  Once Phase 1b is fully developed, the 
extraction of Phase 1a from an elevation of 514 masl to 490 masl will occur.  The total 
area of Phase 1 is approximately 32.2 ha (80 acres).  The tonnage of rock available for 
extraction is estimated to be approximately 24 million tonnes.  At an extraction rate of 
1 million tonnes per year, Phase 1 will take approximately 24 years to extract. 
 
Extraction will proceed eastward around the Central Wetland and into Phase 2.  Similar 
to Phase 1, extraction of the aggregate will be completed in multiply lifts of 15 m down 
to 490 masl.  The total area of Phase 2 is approximately 28.4 ha (80 acres).  The tonnage 
of rock available for extraction is estimated to be approximately 22 million tonnes.  At an 
extraction rate of 1 million tonnes per year, Phase 2 will take approximately 22 years to 
extract, bring the total life of the quarry to approximately 46 years. 
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8.1.2 Setbacks 
The proposed extraction area of the Highland Quarry incorporates the required setbacks 
as defined under the ARA.  These setbacks allow for the quarry to maximize recovery of 
the high quality aggregate while maintaining the environmental integrity and functions of 
the surrounding lands. 
 
The southern and western property boundary will have a setback of 15 m.  The North 
Wetland is located along the northern property boundary and will be preserved.  The 
proposed buffer zone from this wetland area is 15 m.  However, a corridor with an 
average width of 200 m to the Central Wetland will be maintained, increasing the buffer 
in the central portion of the North Wetland to in excess of 200 m.  The buffer around the 
Central Wetland will be approximately 50 m and is based on the natural topographic 
relief in the vicinity of this feature.  The easterly property boundary, which is located 
along County Road 31, will have the required setback of 30 m. 
 
8.1.3 Berms 
Earthen berms are constructed around the perimeter of quarry operations to control dust, 
noise, and surface water runoff into the operations area.  The earthen berms are typically 
constructed of on-site materials, but must remain stable throughout their operational 
lifespan.  Finer-grained materials with a degree of cohesiveness are favoured over 
cohesionless sediments.  At this site, the overburden sediments are finer-grained 
materials believed to be ideal for this application. 
 
Based on the isopach of the overburden material on-site (Figure 5-10) and field 
observations, the thickness of unconsolidated material ranges between 0 and 5 m.  The 
estimated volume of overburden material available for berm construction from within the 
extraction area is approximately 1.8 million m3. 
 
8.2 Proposed Duntroon Quarry Expansion 
8.2.1 Duntroon Quarry Expansion: Excavation Phasing 
Jagger Hims (2005a) has summarized the proposed expansion of the Duntroon Quarry.  
The expansion is to be completed in three phases beginning with Phase 1, which is 
located in the south central part of the Georgian Aggregates property and abuts Simcoe 
Road 91.  Phase 1 encompasses an area of approximately 26 ha (64 acres).  Phase 2 is 
located across the west side of the expansion lands, and encompasses an area of 
approximately 12 ha (30 acres).  Phase 2 is located around the north and east side of the 
expansion lands and encompasses an area of approximately 31 ha (77 acres).  Extraction 
of the rock resource is proposed to extend down to a final floor elevation of 500 masl.  
The final stage of Phase 3 involves the extraction of the rock resource beneath Phase 1 
area from the 500 m level down to a final quarry floor of 490 masl. 
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9.0 Numerical Ground Water Flow Model  
A ground water flow model was developed for the proposed Highland Quarry and 
surrounding area.  The primary objective of this modeling effort is to assess the potential 
impact of quarry development on ground water levels in the study area, on ground water 
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. 
 
The numerical ground water flow model was prepared to evaluate “worst case” with fully 
interconnected fracture sets.  The site conceptual model indicates that the degree of 
connectivity is low so that the numerical model over-emphasizes the rates of flow.  While 
this is not a good assumption to follow in attempting to match site observations, it is 
appropriate in evaluating the potential impacts that the quarry might have on the 
surrounding ground water regime. 
 
Impact assessment is typically based upon a “worst-case” evaluation thereby representing 
a conservative estimate.  This assessment intends to follow this principle.  In a “worst-
case” scenario the fractured bedrock system would be interconnected such that it allows 
ground water flow.  The ability to “draw” ground water into the proposed pit is the 
central issue in this evaluative process; therefore a numerical model was used that 
represented an interconnected fractured rock system.  This representation would simulate 
a site setting where the quarry has the ability to create the maximum possible influence 
on the surrounding environment. 
 
Typically, ground water flow studies in fractured rock aquifers are premised on the 
assumption that the aquifer approximates an equivalent porous medium (EPM) at the 
scale of the study area.  It is the validity of this assumption that is of the greatest 
importance to the evaluation process.  Our experience in evaluating similar site settings in 
Southern Ontario (i.e., bedded limestone formations) suggests that on a sub-regional scale 
this approach is reasonable and effective at evaluating cumulative impacts. 
 
9.1 Application of Equivalent Porous Media Model 
Porous media models such as MODFLOW (McDonald and Harbaugh, 1988; Harbaugh 
and McDonald, 1996) and FEFLOW (Diersch, 2002a, 2002b) have become an industry 
standard in the environmental consulting business.  As such, fractured bedrock is 
typically treated as an EPM (a continuum) to facilitate the use of porous media models 
such as MODFLOW.  Individual fractures are not explicitly represented, and the 
hydraulic properties of the domain represent the volume-averaged contributions of many 
fractures. 
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Alternatives to EPM modeling are not overly attractive.  Discrete fracture modeling has 
not been overly successful because of the difficulty in reasonably defining the fracture 
network even at a “near-field” scale.  Different conceptualization methods have been 
used for discrete fracture modeling (i.e., statistical prediction, “fuzzy” logic) to varying 
degrees of success, but in general the commercial industry has not embraced this 
methodology to any significant degree, opting for readily available commercial products 
(i.e., MODFLOW; Harbaugh, 1996). 
 
The assumption of EPM requires several other validity checks.  Among these is a 
paradoxical situation for regional-scale applications where in order to establish if a 
fracture medium behaves in a homogeneous, anisotropic manner and Darcy’s law in 
three-dimensions is valid, a symmetric permeability tensor must be shown to exist 
(Pawley, 2002).  The only way to show this is to actually measure the directional 
permeability, a parameter that cannot be directly measured at a large (far-field) scale 
(Witherspoon et al., 1981).  However, it is recognized that at the domain scale used in 
this hydrogeological evaluation, prediction of the ground water flux may be conducted 
with only minor error using EPM models, provided the characteristics of the major 
fracture zones and unfractured rock are known and appropriately represented.  Thus, the 
hydraulic effects of long-term pumping (i.e., quarry development) can be reliably 
explored using this approach (Lapcevic et al., 1999).  This situation is important to the 
impact assessment process since it is the long-term influence of the quarrying operation 
(i.e., passive pumping) on the surrounding environment is being evaluated. 
 
9.2 Proposed Highland Quarry: Ground Water Flow Model  
The development of the numerical ground water flow model was to better understand the 
complex geology and hydrogeology of the study area under worst-case conditions (i.e., 
continuous lateral fracturing).  The modeling was also to assess, as best as is possible, the 
potential impact of quarry development on ground water levels in the study area, on 
ground water 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.  A 
detailed modeling report completed by Earthfx (2006) is provided in Appendix J.  
However, a brief description of the model construction and calibration is provided in the 
following sections. 
 
9.2.1 Ground Water Flow Model Development 
As stressed throughout this report, prior to building a numerical ground water flow 
model, it is necessary to develop a comprehensive understanding of the ground water 
flow system or a “conceptual” flow model, which encompasses the physical and 
hydrogeologic setting of the study area and the hydrologic factors that govern ground 
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water flow.  Key issues addressed in developing the conceptual model development 
include:  
 

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

 
Identification and quantification of these key issues have been address and used to 
support the conceptual model presented in Section 5.1.  The purpose of this discussion is 
to provide insight to the translation from the conceptual understanding to the 
development of a scientifically defensible numerical ground water flow model. 
 
Geological/Hydrogeological Development of the Numerical Ground Water Flow Model 
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. 
 
An east-west geologic cross section based on the interpretation of the local stratigraphy 
and similar to that presented in Section 4, is presented in Figure J-2 (Appendix J).  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 ground water flow patterns observed at the site. 
 
Site data suggest that significant bedding plane fractures, such as that occurring at the 
contact between the Amabel and Fossil Hill Formations, represent important fracture sets.  
This grouping of bedding plane fractures was assumed to be laterally extensive and 
represented a continuous transmissive flow zone.  There exists considerable uncertainty 
about the presence of a laterally extensive 508 masl fracture plane.  The inclusion or 
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exclusion of this fracture in the model was debated, but eventually added on the basis of a 
“worst case” scenario. 
 
Local variations in aperture size, fracture density, and infilling may reduce the effective 
transmissivity of these units, but this detail is beyond this modeling exercise.  In the 
intervening units, vertical and sub-vertical jointing allows vertical exchange of ground 
water between the horizontal fracture zones. 
 
Geological 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.  This situation was compensated for by 
pushing down the top of the Amabel Formation by 1.0 m and then assigning the “pinched 
out zone” the same 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. 
 
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 

 
The field packer testing program, documented in Appendix F provided critical input to 
the model.  Additional packer test and pumping test work by Jagger Hims (2005a) 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” layers.  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 
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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 Section 6.  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 Jagger Hims (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.  Jagger Hims (2005) also noted an 
area of lower hydraulic conductivity in the topographically high area of the Duntroon 
Quarry expansion lands (Figures J-1 and J-5).  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 (Jagger Hims 2005a).  The initial estimates were adjusted 
during model calibration. 
 
Numerical Ground Water Flow Model Calibration 
The ground water model was calibrated to match ground water flow "patterns", not site-
specific or regional data points.  While the limitations of this process are recognized in 
terms of the inferred site conceptual model (as discussed in Section 6); this premise 
seemed reasonable if the site was to be assumed to be conductive. 
 
The ground water flow patterns were originally mapped based on existing site conditions, 
using the water level data collected from the Highland property and the Duntroon Quarry.  
This calibration approach was required due to the large seasonal variation in the 
potentiometric surface of the Amabel Formation.  Therefore, the model simulates the 
steady-state condition based on average annual recharge values. 
 
For the purpose of this study, the 508 masl and the Lions Head/Fossil Hill fracture zones 
were treated in the ground water 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. 
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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-11) 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 ground water 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 
ground water 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 ground water system primarily as ground water discharge 
from fractures into the existing quarry and as base flow to streams and wetlands.  Small 
amounts of ground water may discharges as underflow beneath the streams that define 
the model boundaries and through ground water pumping for domestic supply, irrigation, 
and other uses.  Data on dewatering rates and stream base flow were compiled and 
analyzed to determine rates of ground water 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.  
Water level maps, prepared as part of earlier quarry studies were obtained and used in the 
model calibration process.  Site data was used to supplement these representations.  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 
Duntroon Quarry and the water table mounds within the topographic high areas. 
 
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 site by Jagger Hims.  This combination of data 
allowed many of the individual formation members to be extrapolated, particularly in the 
east-west direction. 
 
Final model calibration provides an acceptable match to the baseline ground water 
conditions in the model area assuming there is lateral connectivity.  This assumption is 
somewhat contentious given the site data, but represents a worst-case scenario for the 
movement of ground water in the vicinity of the Highland Quarry. 
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The model was not easily calibrated.  This in itself suggests that the underlying 
connectivity may be speculative.  The initial parameter estimated had to be changed in 
order to sustain the base flow conditions at key lateral fractures such as the 508 masl 
horizon.  This situation was not unexpected given the site conceptual model.  
Modifications to the initial parameters were required in order to simulate this alternative 
scenario.  Had the conductive flow model calibrated favourably to initial site conditions 
then there would have been greater concern about the interconnectivity of the formation.  
Regardless, the model representation provide an evaluative tool under an interconnected 
flow regime, which represents the “worst-case”. 
 
The importance of the modeling exercise was to contemplate the existence of flow at this 
site in order to evaluate the lateral extent of the influence it could create.  The expectation 
is that the model is overly conservative by allowing for this ground water flow.  
However, even if this is considered the “representative” influence of the quarry; it is not 
significant and thus under either scenario the proposed Highland Quarry is unlikely to 
create a significant impact on the surrounding environment. 
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10.0 Water Balance (Pre and Post Development) 
The water balance is a quantitative expression that describes the relationship between 
inflows and outflows of a hydrologic system over a specified time period.  The basic 
concept is simply a statement of the principle of the conservation of mass.  The 
parameters involved depend on the nature and scale of the system in interest.  For 
example, soil moisture balance studies are used to calculate direct recharge (an inflow) by 
balancing inflow (as precipitation minus surface runoff) against other outflows, (i.e., 
evapotranspiration).  Similarly, at the catchment scale, an estimation of ground water 
discharge is combined with aquifer production (both outflows) to provide an estimate of 
total recharge (the inflow to the aquifer system).  A water balance preformed over an 
extended period of time (e.g. many years) are simpler than those conducted over short 
periods since long-term changes in storage can often be regarded as negligible in the 
comparison to the inflows and outflows.  For example, a long-term or equilibrium 
assessment is one where changes in the storage of the flow system are negligible such 
that INFLOW = OUTFLOW.  For water balances conducted over the short term, storage 
changes must be considered.  The water balances conducted for the purpose of this 
evaluation are considered to represent a steady-state long-term assessment. 
 
Water balance assessments were conducted at two scales to allow for a comprehensive 
evaluation of the pre- and post water balance conditions as a result of the proposed quarry 
operations.  The first water balance analysis conducted at a site scale to assess the 
impacts associated with aggregate extraction on the on-site wetlands.  The second water 
balance conducted was at a catchment scale to assess the impacts associated with the 
proposed operations on the ground water and surface water flow regimes. 
 
10.1 Site Specific Water Balance Assessment 
According to the modeling results, the proposed extraction of aggregate at the Highland 
property will result in a reduction in the surface water catchment area for the North and 
Central Wetland, in addition to the South Tributary.  As discussed in Section 4.2, during 
these wet periods, interstitial / karstic flow between these two wetlands occurs.  However, 
for the purpose of this assessment, the two wetlands have been evaluated independently. 
 
10.1.1 Central Wetland 
The proposed extraction area will not impact the water balance conditions of this feature 
as the wetland currently serves as a holding reservoir and surface water is conveyed to 
the North Wetland.  To maintain the hydrological integrity of the Central Wetland, the 
surface water that is collected and contained within this feature during wet periods must 
continue during and after quarry development. 
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The Central Wetland can hold an estimated 12,000 m3 of water (0.5 m of standing water 
in the wetland depression) before overflow into the sinkhole occurs, feeding the North 
Wetland.  This is based on a ponding area of 2.4 ha.  Therefore, in order to have 
negligible impact, the wetland must continue to receive and hold 12,000 m3 of water 
during the spring freshet. 
 
The Central Wetland collects surface water runoff from a drainage area that is 
approximately 21 ha (Figure 4-5).  It is proposed to reduce this catchment area to an area 
of 7 ha.  Based on the 30-year normals for water surplus, approximately 443 mm/a is 
available for runoff and infiltration.  However, the majority of the water that enters this 
wetland is during the spring freshet where approximately 377 mm is available for runoff 
and infiltration.  The following table summarizes the pre- and post water balance 
assessment. 
 
Table 10-1: Pre and Post Water Balance Assessment: Central Wetland 

Scenario Catchment 
Area (ha) 

Water Surplus 
(mm) 

Volume of water entering 
Central Wetland (m3) 

Pre-development 
Annual  447 94,000 
Spring Freshet 

21 
377 79,000 

Post-development 
Annual  447 31,000 
Spring Freshet 

7 
377 26,000 

 
The post development conditions indicate that during the spring freshet, 26,000 m3 of 
water will enter the wetland area, of which approximately 14,000 m3 will runoff via the 
sinkhole / karstic flow to the North Wetland.  The remaining 12,000 m3 of water will be 
held in the depression for infiltration. 
 
The net change to this system that can be expected would be quantity of water conveyed 
to the North Wetland will be diminished.  The functionality of the wetland during the 
spring will be maintained as the storage capacity of the wetland (i.e., 12,000 m3) is 
exceeded in both scenarios.  Furthermore, the non-spring freshet contribution will be 
diminished by 12,000 m3 over the remainder of the year.  This is anticipated to represent 
a net decrease in the saturation of the wetland due to regional storm events generating 
runoff.  Transfer of water to the North Wetland would not be anticipated during regional 
storm events since the 12,000 m3 capacity represents a storm event in excess of 50 mm 
for the original 21 ha catchment.  Therefore, surface water runoff generated during 
regional storm events to this feature will be slightly reduced.  In general, such events are 
much more infrequent than typical rain events of a few millimetres, based on the 
meteorological data. 
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10.1.2 North Wetland 
The catchment for the North Wetland will be reduced in area the proposed Highland 
Quarry.  The decrease in area is estimated to be approximately 27 ha (280 ha down to 
254 ha).  Similar to the Central Wetland, it is anticipated that the impact to the hydrologic 
function of the North Wetland will be negligible.  The following table summarizes the 
pre and post water balance assessment. 
 
Table 10-2: Pre and Post Water Balance Assessment: North Wetland 

Scenario Catchment 
Area (ha) 

Water Surplus 
(mm) 

Volume of water entering 
North Wetland (m3) 

Pre-development 
Annual  447 1,256,000 
Spring Freshet 

280 
377 1,060,000 

Post-development 
Annual  447 1,135,000 
Spring Freshet 

254 
377 958,000 

 
It is estimated that the North Wetland holds approximately 42,500 m3 of water (0.5 m of 
standing water in the wetland) before overflow occurs.  The net result is a diminished 
springtime contribution to the Rob Roy complex (i.e., 102,000 m3).  For the remainder of 
the year the net reduction is estimated to be 19,000 m3.  Storm events in excess of about 
15 mm are required to generate a sufficient runoff to exceed the holding capacity of the 
North Wetland.  The reduction in the catchment area represents a 1 mm difference in 
storm size to replicate the volume difference.  Such a difference for regional storm events 
is will not translate to a significant change in the catchment functionality. 
 
10.1.3 South Tributary 
The catchment area for the South Tributary will be reduced as a result of the proposed 
quarry extraction by approximately 18 ha (319 ha down to 301 ha).  It is anticipated that 
the impact to the hydrologic function of this stream will be negligible.  The following 
table summarizes the pre and post water balance assessment. 
 
Table 10-3: Pre and Post Water Balance Assessment: South Tributary 

Scenario Catchment 
Area (ha) 

Water Surplus 
(mm) 

Volume of water entering 
South Tributary (m3) 

Pre-development 
Annual  447 1,426,000 
Spring Freshet 

319 
377 1,203,000 

Post-development 
Annual  447 1,345,500 
Spring Freshet 

301 
377 1,135,000 
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The reduction in catchment area results in an estimated 5% decrease in the volume of 
water entering the South Tributary and is not anticipated to result in a measurable change 
in the current conditions of the stream.   
 
10.2 Regional Water Balance Assessment 
A water balance was computed from results of the numerical model for the modeled area.  
The site and surrounding area falls within the surface watershed of the Beaver River and 
ground watershed of the Pretty River.  The northern, eastern, and southern model 
boundary coincides with the limit of the Niagara Escarpment.  The western limit 
coincides with the headwaters of the Pretty and Beaver Rivers. 
 
The Highland Quarry lies at an inflection point in the ground water flow system.  Thus, a 
portion of the site has a downward gradient while the remainder of the site is subject to 
an upward gradient.  The combination of the slope of the geologic units, man-made 
influences (i.e., Duntroon Quarry), and the physical position of the proposed quarry in 
this ground water flow system all factor into this situation.  Thus, the water balance if not 
properly interpreted, or summarized on a unit-by-unit basis, can lead to incorrect 
conclusions. 
 
Figures 10-1 to 10-4 summarize the simplified water balances for the modeled area and 
represent the steady-state evaluation of the current and proposed average pumping 
conditions.  The effects of temporal changes such as the spring freshet or storm event 
runoff, cannot be evaluated with the current steady-state model.  The steady state results 
provide a conservative mechanism to evaluate the regional flow system and identify 
potentially sensitive areas and the reasons for such sensitivity, as highlighted below. 
 
Under steady state conditions the net recharge to the system does not change.  The 
increased ground water extraction must alter the distribution of the output from the 
aquifers, (Table 10-4).  The increase in extraction caused by the Highland Quarry (i.e., 
17.2 L/s) is reflected by reductions in the stream and lake contributions in the uppermost 
hydrostratigraphic units as well as decreased lateral flow from the study area 
(Figures 10-1 to 10-4). 
 
The changes in the water balance distribution due to the introduction of the quarries have 
the most pronounced influence on the systems closest to them.  In this case the flow to 
508 masl fracture is affected to the largest extent (i.e., 65% or net change from a pre-
quarry condition of 9.4 L/s to 3.3 L/s).  The least influenced is the deep fracture system 
(i.e., 9% or net change from a pre-quarry condition of 35.7 L/s to 32.6 L/s).  The final 
component was the discharge reduction to the Beaver and Pretty Rivers as well as the 
Rob Roy Complex, which represented a 25% change from 22.6 L/s to 17.0 L/s.  The 
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evaluation suggests that the quarries will intercept about 17.2 L/s from the pre-quarry 
condition. 
 
Overall, there will be a net gain of about 5 L/s to the stream and wetland discharge (i.e., 
17% increase in the pre-quarry flow rates) when the intercepted waters in the quarries are 
routed to these features.  The seepage losses from the 508 masl fracture are more than 
compensated by the increased flow that will originate from the quarries.  The most 
significant change is the baseflow reduction out of the Niagara Escarpment from the 
deeper flow system(s) (i.e., a net change from a pre-quarry condition of 10.7 L/s to 
8.7 L/s).  However, this recognizes that the existing Duntroon Quarry has already altered 
the pre-quarry discharge from the escarpment from 10.7 L/s to 9.4 L/s.  Thus, the net 
change due to the addition quarrying being proposed will amount to an additional 0.7 L/s 
reduction in flow from the escarpment. 
 
Table 10-4:  Estimated Water Balance for Study Area(a) 

Input/Outputs 
Pre-Quarry 
Condition 

(m3/d) 

Existing 
Condition 

(m3/d) 

Phase I 
Simulation 

(m3/d) 

Phase II 
Simulation 

(m3/d) 

In
pu

t 

Net Ground Water Recharge 5,800 (67.2) 

Ground Water Discharge to 
Streams (from study area) 1,950 (22.5) 1,800 (20.8) 1,530 (17.7) 1,470 (17.0)

Ground Water Discharge to 
508 mASL fracture plane 820 (9.4) 770 (8.9) 360 (4.2) 285 (3.3)

Ground Water Discharge to 
Niagara Escarpment 920 (10.7) 810 (9.4) 770 (8.9) 750 (8.7)

Lateral Migration 
(from study area) 2,160 (25.0) 2,110 (24.4) 2,100 (24.3) 2,065 (23.9)

Discharge from Quarries 0 (0) 380 (4.4) 1,305 (15.1) 1,485 (17.2)

O
ut

pu
ts

 

Net Ground Water Discharge 5,800 (67.2) 
(a)        Values have been rounded and may not sum to zero. 
           Mass balance error was 1%.  Some layers may have higher or lower mass balance errors. 
(b)        Negative sign indicates an inflow to the study area 
(22.5)  Units expressed in L/s 
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11.0 Cumulative Impact Assessment 
To effectively characterize current hydrogeological conditions and predict potential 
impacts as a result of quarry operations, the collection of hydrogeological data from 
surrounding areas is fundamental.  At a provincial level, there has been concern that the 
hydrogeological conditions and predicted impacts of proposed quarry operations have not 
been assessed appropriately.  Specifically, it is felt that the cumulative impacts as a result 
of multiple quarry operations in close proximity to one another has been overlooked.  
Therefore, Azimuth and Jagger Hims Limited (with the support of our clients, MAQ and 
Georgian) have secured an agreement to exchange all field data, both historic and future 
to address this concern for these two quarry operations. 
 
Cumulative impacts are the incremental impacts that result an influential action 
conducted in the past or present, and reasonably foreseeable actions in the future.  The 
cumulative impacts on the ground water regime of proposed excavations in close 
proximity to existing or planned quarries were assessed based on the numerical model 
and the pre- and post water balance analysis (i.e., worst-case scenario).  It was necessary 
to assess cumulative impacts because significant impacts can result from several smaller 
actions that individually might not have significant impacts. 
 
While the quarry operations were considered, it is felt that it is not feasible to incorporate 
the domestic water well use into the ground water flow model.  With the few known 
water wells within one kilometer, the total domestic use is estimated at less than 5 m3/d, 
which is insignificant compared to the remainder of impacts being consider in this 
numerical simulation.  The other consideration for private wells is that they tend to 
“recycle” the majority of water vis-à-vis the septic system such that the net difference is 
minor, albeit from flow regimes. 
 
11.1 Cumulative Ground Water Impacts 
The cumulative impact of the quarries (Proposed Highland and the expansion of the 
Duntroon quarries) on the seven-layer hydrogeological system is discussed in the 
following sections.  The predicted impacts are compared to both “pre-quarry” and natural 
conditions of the study area, in addition to the current conditions, which have already 
impacted the flow system as a result of the operations at the Duntroon Quarry.  The 
predicted impacts show the incremental development of proposed Highland Quarry and 
Duntroon expansion through to discrete phases of work. 
 
The potential impact associated with quarry development has been evaluated based on a 
series of numerical ground water flow model simulations.  Each simulation provides a 
predicted potentiometric surface for each hydrostratigraphic unit to reflect the extraction 
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of both rock and water during each phase of quarry development.  To simplify the 
interpretation, the historic potentiometric surfaces have been subtracted from the 
simulated potentiometric surfaces to produce simulated drawdown area.  This 
representation shows the amount of change in the ground water conditions with the future 
development of the proposed quarries. 
 
Although there are three hydrostratigraphic layers, which represent the ground water flow 
through the Amabel Formation (Layers 3 [Upper Amabel (above 508 masl)], 4 [508 masl 
fracture zone], and 5 [Lower Amabel (below 508 masl)]), only Layers 4 and 5 are 
presented in this report.  Layers 3 and 4 represent the Upper Upper Amabel Formation 
(above 508 masl) / lower sand and gravel unit and the 508 masl fracture zone.  These two 
layers are hydraulically connected and therefore respond similarly to alterations to the 
ground water regime.  The results presented for Layer 4 can be considered to also 
represent Layer 3. 
 
11.1.1 Simulation 1: Existing Conditions 
As noted earlier, the model was calibrated by simulating present day ground water 
conditions in the vicinity of the existing Duntroon Quarry.  This scenario also forms the 
baseline for comparison with the future scenarios and for estimating the incremental 
changes in ground water potentials and ground water discharge to streams and wetlands.  
Simulated water levels were compared with the observed water levels from the 
monitoring networks.  The key features to be matched were the mounds in the 
topographic high areas and the depressed water levels associated with the existing quarry. 
 
The numerical ground water flow model was calibrated to existing ground water flow 
patterns o r the existing conditions.  Figures 11-1 and 11-2 illustrate the existing 
conditions for Layers 4 and 5, respectively.  The ground water flow patterns simulated 
mimic the inferred potentiometric surfaces based on the water level data collected in 
2005.  The presence of the ground water high dividing ground water flow towards the 
east (Niagara Escarpment) and towards the west (Beaver / Pretty Rivers) runs parallel to 
County Road 31.  The influence of the existing Duntroon Quarry is evident as the 
potentiometric surfaces have been depressurized as a result of aggregate extraction and 
the on-going water management operations. 
 
As discussed previously, two regionally extensive bedding plane fractures bounding the 
Fossil Hill Formation represents the most regionally dominant lateral ground water flow 
zones (Layer 5).  The simulated ground water flow pattern for this deep zone indicates 
that the majority of the ground water flowing from the subject lands feeds the Pretty 
River.  The ground water that migrates through the upper Amabel Formation discharges 
to the Rob Roy Wetland Complex, which ultimately drains to the Beaver River. 
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The influence of the Niagara Escarpment is evident in Figure 11-1, as this scarp has 
undergone weathering (dissolution and stress relief) which has ultimately resulted in an 
enhanced permeability.  As a result, the local ground water preferentially flows toward 
the escarpment face in a “stair-stepping” orientation.  Layer 4 is essentially dewatered 
along the escarpment (i.e., area shown in white along the eastern model boundary). 
 
In order to assess the impact associated with the aggregate operations of the existing 
quarry, a comparison of the current and the “pre-quarry” or the natural conditions is 
required.  The simulated “pre-quarry” conditions for Layers 4and 5, respectively, are 
presented on Figures 11-3 and 11-4.  To simplify the interpretation, the two simulated 
potentiometric surfaces have been subtracted from one another (pre-quarry minus current 
conditions) to produce a simulated drawdown area (Figure 11-5).  This representation 
shows the amount of change in the ground water conditions with the development of the 
proposed quarry.  The drawdown in Layer 5 has been presented as it represents the most 
accurate simulation of the “open-hole” conditions within the Amabel Formation. 
 
The maximum drawdown is simulated to be approximately 18 m, which is quickly 
dissipated away from the quarry face.  The overall area of influence is represented by the 
1 m contour since most wells are drilled metres into the bedrock and have a safe yield in 
excess of the 1 m drawdown shown for this representation and the level of accuracy 
represented by the numerical model.  This influence extends radially from the Duntroon 
Quarry to a distance of approximately 700 m from the quarry face.  This numerical 
simulation has been compared to the numerical modeling results presented in the 
Duntroon Quarry Expansion – Geological Report and Level 2 Hydrogeological 
Assessment (Jagger Hims, 2005a).  The two numerical simulations are analogous. 
 
The shape and orientation of the simulated area of influence reflects the existing quarry 
extraction area, surface topography, and anisotropy in the horizontal hydraulic 
conductivity of the rock inferred from the fracture pattern.  As anticipated, the 
simulations represent an “averaged” condition as the model overestimates the impact 
towards the north, and underestimates the drawdown to the south. 
 
The area of influence extends westward from the quarry face to beneath a wetland 
complexed to the Rob Roy Swamp Wetland.  The wetland continues to receive recharge 
due to direct precipitation and surface runoff, as well as discharge of excess water from 
the quarry.  Stantec (2005) has indicated that the wetland continues to function as a 
wetland with this discharge. 
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11.1.2 Simulation 2: Highland (Phase 1) and Duntroon (Phases 1 & 2)  
In order to determine the cumulative impacts associated with both quarry operations, 
Phases 1 and 2 of the proposed expansion of the Duntroon Quarry have been incorporated 
into the numerical simulation.  For the purposes of this assessment, it has been assumed 
that these phases will be extracted simultaneously. 
 
Figures 11-6 and 11-7 illustrate the simulated potentiometric surface at the end of Phase 1 
at the proposed Highland Quarry.  The excavation of aggregate results in a 
depressurization of the potentiometric surface, creating an east-west  “notch” out of the 
north-south ground water divide.  The drawdowns associated with this stage of quarry 
development, relative to the current conditions are presented on Figures 11-8 and 11-9.  
The drawdown in the 508 masl fracture (Layer 4) is the most severe between the quarried 
lands.  In general, the drawdown is limited to about a metre outside of these boundaries 
with the exception of the lands to the southwest (i.e., South Tributary).  The volumetric 
loss in this tributary from ground water recharge can be replaced by the treated discharge 
from the quarries. 
 
The lateral extent of the drawdown in this unit is limited by the lateral extent of the 
bedrock unit and therefore does not extend significantly to the west as is seen in Layer 5 
(i.e., the Amabel Formation below the 508 masl fracture).  This was handled in the model 
by merging the 508 masl fracture into the adjacent sand and gravel aquifer in the Pretty 
River re-entrant valley.  As is expected, the drawdown in the fracture does not propagate 
into the adjacent sand and gravel unit and therefore is limited at this interface.  The same 
situation exists for Layer 5 as is emerges into the deeper sand and gravel unit within the 
Pretty River re-entrant valley. 
 
To large extent, the influence in Layer 5 (Figure 11-9) is quite similar to that seen in 
Figure 11-8.  The most severe drawdown is where the quarries are being actively 
dewatered.  Away from these lands the drawdown tends to be limited to about a metre.  
The difference between the responses is that Layer 5 is continuous to the west and thus 
reflects this situation in the response.  The same is true to the east where the 508 masl 
fracture pinches out. 
 
The cumulative impact simulations also account for the progressive rehabilitation of the 
existing quarry, which will be occurring concurrently with the expansion.  This involves 
the gradual filling of the extracted area with direct precipitation, runoff, and ground water 
influx.  For the steady-state model, the final lake water level (510 masl) has been 
assumed.  Figures 11-10 and 11-11 illustrate the drawdown associated with the existing 
Duntroon Quarry, which increases the area of influence to the south. 
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11.1.3 Simulation 3: Highland (Phases 1 & 2) and Duntroon (Phases 1, 2 & 3)  
The resulting potentiometric surfaces associated with the final stages of quarry are 
presented on Figures 11-12 and 11-13.  Further depressurization of the potentiometric 
surface has resulted from the increased areas and depth of the cumulative extraction 
areas.  The drawdowns associated with these final stages of quarry development, relative 
to the current conditions are presented on Figures 11-14 and 11-16.  Figure 11-15 
illustrates the full extent of the dewatering influence in Layer 4.  The influence extended 
north and south because the fracture is dewatered to the eastern and western extent of the 
fracture.  In fact, the extent of the dewatering influence to the north is also limited by the 
extent of this unit in that direction.  In general, the drawdown appears to be limited to 
about a metre on lands not owned by the two aggregate operations (with a few notable 
exceptions). 
 
The response in Layer 5 (Figure 11-17) is akin to that described above.  The influence of 
the dewatering has extended further north because it has reached the eastern and western 
boundaries of the unit.  It is in the northern direction where the drawdown has the 
greatest influence and the 3 m drawdown cone is evident as much a 750 m from the 
quarry face.  It is interesting to note that while the severity of the drawdown in the 
southern direction has occurred; the southern extent of the drawdown cone has not 
changed from that depicted in Figure 11-11. 
 
Figures 11-15 and 11-17 illustrate the drawdown associated with the existing Duntroon 
Quarry rehabilitated.  The lake level in the existing quarry is simulated to be at an 
elevation of 505 masl at the end of Phase 1 such that there is a 5 m deep lake within the 
quarry.  This represents an approximate decrease of 5 m from the simulated rehabilitated 
water level of 510 masl (with no proposed quarry operations) used in the Phase I 
simulations (Section 11.1.2). 
 
The same general trends as mention in the Phase 1 discussion can be noted for 
Figure 11-15 (Section 11.1.2).  The quarry dewatering has dewatered the fracture to the 
east and west; thus the influence can only extend to the north and south.  The extent of 
the fracture to the north also limits the propagation of the influence.  The most significant 
change is the ability of the rehabilitated Duntroon Quarry to limit the southern extent of 
the dewatering in this unit.  The same generally holds true for the response seen in 
Layer 5 (Figure 11-16). 
 
Overall, the cumulative impacts on the functionality of the ground water flow systems 
will be minimal.  The most significant influences are seen immediately adjacent to the 
proposed extraction areas and are reasonably dissipated within 500 m from the quarry 
face.  One notable occurrence would be the cessation of seepage locations from the 
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508 masl fracture in the vicinity of the quarries.  The lost from these seepage locations 
will be replaced by the discharge from the quarries of treated water routed to the South 
Tributary and North Wetland.  This discharge water will result in a net gain to the flow to 
the Rob Roy Complex such that the effect of the lost seepage should be minimal. 
 
Similarly, the most pronounced influence along the Niagara Escarpment would be the 
reduction and /or cessation of ground water seepage from the deeper fracture zones 
immediately east of these operations.  It is our understanding that Duntroon expansion 
plans call for the replacement of this lost seepage with discharged waters collected within 
the quarry.  From this perspective, there should be “no net” difference. 
 
The radius of influence of the proposed Highland Quarry is predicted to extend over a 
kilometer from the site, but its relative influence will be inconsequential.  This is stated 
since the relative drawdown away from the quarries is insufficient to meaningfully 
impact the available reserves present in most of the surrounding domestic wells.  This is 
presented in Section 11.3 in greater detail.  With respect to the surface water impacts, 
there should be “no net” loss and in fact it is predicted that there will be a net gain (albeit 
a modest increase) due to the discharge of the treated water into the adjacent tributaries.  
The evaluation suggests that overall the ground water system is to be deprived of about 
450 m3/d from a pre-quarry flow of about 3,850 m3/d. 

11.1.4 Simulation 3: Final Highland Quarry Only (Phases 1 & 2)  
Figure 11-18 presents the predicted area of influence on the Amabel Formation with only 
the proposed Highland Quarry under full development conditions (and the Duntroon 
Quarry rehabilitated).  The predicted future area of influence for the Highland Quarry 
extends into the proposed expansion area of the Duntroon Quarry, creating a “shadow”.  
The estimated area of influence as a result of the proposed quarry operations extends 
approximately 1.5 km to the west, 1.3 km to the east, 600 m to the south and 500 m to the 
north.  The importance of the evaluation is that it demonstrates that the Highland Quarry 
has a preferential orientation to the influence it creates.  This occurs because of the 
hydraulic variability in the layering used to simulate the drawdown.  The influence of the 
Highland Quarry extends to the western limit of the Layer 5.  The northern influence is 
more pronounced because of the influence of the rehabilitated Duntroon Quarry.  As 
shown above, the rehabilitation influence is considerable the therefore limits the southern 
propagation of the drawdown curve. 
 
The majority of the area defining the influence in this unit represents a drawdown 
between 3 and 1 m, which was considered to represent a minimal impact on the safe yield 
of majority of the water wells drawing from this formation (discussed further in 
following sections). 
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11.1.5 Simulation 4: Final Duntroon Quarry Expansion (Phases 1, 2 & 3)  
Figure 11-19 presents the predicted area of influence on the deep Amabel Formation with 
only the proposed expansion of the Duntroon Quarry under full development conditions 
(and the Duntroon Quarry rehabilitated).  Similar to that noted above for the Highland 
Quarry, the predicted future area of influence from the Duntroon expansion extends into 
the proposed Highland Quarry.  The estimated area of influence as a result of the 
proposed expansion extends approximately 750 m to the west, north, and east.  The 
influence to the south is minimized by the existing quarry, which at this stage will be 
rehabilitated into a lake.  Once again, the eastern extent of the influence is limited by the 
presence of the Amabel Formation along the Niagara Escarpment. 

11.1.6 Summary 
Under “worst-case” conditions the modelling of an interconnected fractured bedrock 
suggests the quarry operations will influence the underlying bedrock.  The influence does 
not extend into the adjacent re-entrant valley because of the significant contrast between 
the hydraulic properties of a discrete fracture plane and a permeable outwash sand and 
gravel aquifer.  The fracture is not sufficiently large enough to create any influence in the 
granular aquifer.  Similarly, the influence of the quarrying will extend to the Niagara 
Escarpment and diminish the base flow from this feature to the adjacent streams.  The 
influence will be most pronounced directly east of the Duntroon expansion.  It is 
anticipated that the influence from the Highland Quarry will be less then 0.7 L/s due to 
the location of the Duntroon expansion. 
 
Conductive laterally continuous bedding plane fractures, wherever they occur in the 
bedrock profile become critical conduits to the local ground water flow system in the 
vicinity of the quarries, (if they exist). 
 
A conductive laterally continuous bedding plane fracture may not be open and permeable 
everywhere.  Where highly transmissive, it may also essentially define the water table 
position, limiting the seasonal rise in water levels.  To date, such conductive fractures 
have not been identified within the Amabel Formation in the quarry vicinity.  The 
western outcrop of the 508 masl zone, and the resulting interconnection with the Pretty 
River re-entrant valley, appears to control much of the flow from this unit, if present. 
 
The numerous simulations demonstrate that the two quarries interact, however the 
proposed quarry lake (i.e., former Duntroon Quarry) appears to mitigate the dewatering 
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 
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Formation and the Lions Head/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 ground water 
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 hypothetical 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. 
 
The final consideration worth mentioning would be the situation that occurred in the 
Duntroon Quarry.  As the quarry face was advanced westward it intersected a conductive 
horizontal fracture, which is believed to be hydraulically connected to a vertical joint, 
that resulted in significant inflow.  The joint appears to be associated with the flow in the 
South Tributary.  The progression of the quarry face westward and discharge of treated 
waters to this water course is believed to enhanced the re-circulation of the water back 
into the quarry. 
 
Similar conductive joints may be present yet undetected within the Highland Quarry 
extraction area such that when they are intersected they will create a similar affect.  The 
influence / impact of such an element would be extremely limited since there would be 
no meaningful lateral propagation as was presented in the modeling exercise, but it would 
influence along the joint alignment for the extent of the joint segment.  From a practical 
viewpoint this may prove to be the greatest concern for the site development since there 
the site conceptual model is premised on discrete vertical jointing that is not well 
connected.  From an impact perspective this situation is not overly critical nor laterally 
extensive and should be easily mitigated. 
 
11.2 Qualitative Assessment of Potential Ground Water Impacts 
A qualitative approach has been developed to assist in evaluating the effects that changes 
in ground water elevation would have on identified receptors.  The principle behind this 
approach is that receptors are more likely to be negatively effected relative to the degree 
of observed water level change in response to the dewatering (i.e., pumping).  The 
following matrix has been used to translate predicted change of water level into a relative 
risk at the receptors. 
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The severity of impact is considered and evaluated in terms of the percentage of 
additional static water level decline: 

Severity of 
Impact 

% Decrease in Available 
Drawdown 

Negligible < 10% 
Minimal 10 - 20% 
Moderate 20 - 30% 
High > 30% 

 
The decrease in static water level should be measured in comparison to the seasonal low 
water level (i.e., fall).  In certain instances, consideration of the formation transmissivity 
may be required since the transient pumping can create significant, short-term influences.  
While this provides a general guideline, the ability to impose a change in the static water 
level is a function of the formation transmissivity.  More transmissive formations are not 
expected to incur any measurable impact.  Thus, in establishing the “severity of impact” 
levels, the ability to accurately measure a response has superseded the ability to create an 
impact in transmissive zones.  Simply stated, the ability to create a 10% change in the 
drawdown of a highly transmissive zone represents a significantly larger taking than a 
50% change in drawdown of a low transmissive zone.  Thus, as the formation 
transmissivity increases; the ability to influence the formation decreases.  It is suggested 
that any “measured” change less than <10% is within the precision of the modeling and 
therefore represents essentially no change from current conditions. 
 
The steady-state model and the analysis approach followed are considered to be 
conservative, but cannot account for any transient effects, such as seasonal fluctuations in 
ground water levels.  Potential receptors, (i.e., private water wells), can withstand minor 
changes in ground water elevation, depending upon the available drawdown.  The 
cumulative impact assessment on the ground water and surface water regimes is 
presented below. 

11.2.1 Potential Ground Water Receptors 
To be conservative, the potential receptors have been identified as those who are located 
within the simulated cumulative area of influence as a result of the proposed quarry 
operations and obtain their potable water supply from the Amabel Formation.  As 
discussed above, cumulative impacts result from several smaller actions that individually 
might not have a significant impact.  Figures 11-18 and 11-19 illustrate that the extent of 
the impact associated with the individual operations.  The cumulative impacts result in an 
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increased drawdown in these areas (Figure 11-17), and ultimately increase of the overall 
area of the area of influence. 
 
The area of influence that has been applied for the impact assessment is the overall 
cumulative impact of both quarries at the end of the proposed extraction phases (i.e., 
Phase 2).  In other words, the proposed Highland Quarry and the proposed expansion of 
the Duntroon Quarry under full development conditions (i.e., all aggregate extracted and 
continuation of the water management programs).  However, the water management 
operations at the existing Duntroon Quarry will have ceased, resulting in a lake with a 
water level elevation of approximately 510 masl. 
 
The domestic water wells located within this area of influence along with the quantitative 
assessment of the severity of potential impact is presented in Table 11-1.  There are 24 
domestic water wells located within the predicted area of influence.  From the wells 
where available drawdown information is available; five are anticipated to be highly 
impacted by the proposed quarry operations (MOE 57-05515, 57-11417, 25-01896, 57-
05252 and Well 8).  These wells have been identified as potential receptors primarily due 
to the limited available drawdown (i.e., shallow wells).  Two of these wells are located on 
the expansion lands for the Duntroon Quarry (i.e., MOE 57-05515 and Well 8).  Based on 
the numerical modeling results, the majority of the drawdown predicted at Well 8 is a 
result of the proposed on-site operations and not those proposed for the Highland Quarry. 
 
Shallow wells, whether drilled or dug, have a greater risk at being adversely affected by 
the proposed quarry operations.  To ensure that the domestic water well database is 
accurate and complete, an attempt to obtain a static water level in all the domestic water 
wells located within the estimated area of influence will be completed.  This information 
will be incorporated into the supporting documentation for the Permit to Take Water 
application.  It is recommended that these measurement are made in the late fall in order 
to obtain ground water low-level conditions.  In addition, it is recommended that a short-
term pumping test (i.e. 1 hour) be completed on these domestic wells be these wells if the 
quarry application is granted and permission is given by the property owners.  This will 
provide information on the wells current yield 
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Table 11-1:  Cumulative Impact Assessment- Domestic Water Wells 
Simulated 
Drawdown 

(m) 

Decrease in 
Available 

Drawdown 
(%) 

Severity of 
Impact 

Simulated 
Drawdown 

(m) 

Decrease in 
Available 

Drawdown 
(%) 

Severity of 
Impact MOE No. 

Distance to the 
Proposed 

Extraction 
Boundary (m) 

Available 
Drawdown 

(m)1 
Phase 1 Phase 2 

57-05515 125 4.9 7.4 151 High 12.7 259 High 

25-13638 350 15.6 1.1 7 Negligible 2.9 19 Minimal 

25-04777 450 18.9 1.4 7 Negligible 1.9 10 Minimal 

Well 4 490 N/A 1.3 N/A N/A 1.8 N/A N/A 

Well 5 535 10.6 1.5 14 Minimal 1.5 14 Minimal 

25-06844 345 16.8 1.4 8 Negligible 1.6 10 Minimal 

Well 7 725 N/A 1.2 N/A N/A 1.6 N/A N/A 

57-11417 800 7.7 1.3 17 Minimal 3.0 39 High 

Well 6 800 N/A 2.4 N/A N/A 2.2 N/A N/A 

25-12684 800 18.3 1.3 7 Negligible 1.4 8 Negligible 

57-33789 880 55.5 1.6 3 Negligible 3.6 6 Negligible 

25-14193 900 22.6 0.7 3 Negligible 0.8 4 Negligible 

57-09666 920 45.1 0.8 2 Negligible 0.8 2 Negligible 

57-09668 950 41.5 0.7 2 Negligible 0.7 2 Negligible 

57-09669 1020 33.5 0.7 2 Negligible 0.8 2 Negligible 

57-07820 1120 29.3 0.6 2 Negligible 0.7 2 Negligible 

57-06924 1125 11.0 0.6 5 Negligible 0.6 5 Negligible 

57-07531 1125 29.4 0.5 2 Negligible 0.5 2 Negligible 

Well 10 1200 N/A 0.7 N/A N/A 1.4 N/A N/A 

25-01896 1230 8.5 3.6 42 High 3.6 42 High 

Well 8 1260 >5.7  4.6 80 High 8.2 143 High 

25-01897 1300 13.1 1.6 12 Minimal 1.6 12 Minimal 

Well 9 1500 N/A 1.4 N/A N/A 2.6 N/A N/A 

57-05252 1740 14.6 2.3 16 Minimal 4.2 29 High 

Notes:  
1. The available drawdown is calculated based on static water level at the time of drilling minus the 

total depth of the well. 
 
11.3 Qualitative Assessment of Potential Surface Water Impacts 
Stream and wetlands are strongly influence by availability of the ground water at or near 
surface.  Discharge of ground water provides baseflow to streams in the study area (i.e., 
Seep#3) (Figure 11-20).  Streams may also “lose” water to the aquifer in some reaches if 
the stream intersects a vertical joint.  Discharge of ground water to the existing and 
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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. 
 
The results of the simulations are presented on Figures 11-21 and 11-22.  The Phase 1 
staging (Figure 11-21) suggests that under steady-state conditions (i.e., 0.005 L/s), the 
quarry would “dry-out” the upper reach of the North Wetland due to the dewatering 
activities.  The influence basically extends to the western edge of the upper Amabel 
Formation (i.e., above ~508 masl).  A similar influence is seen at the South Tributary, as 
denoted in the figure. 
 
Minor drainage flux changes are denoted further into the Rob Roy Complex where 
predicted ground water discharges are the most significant.  Such changes would be 
expected when the system is influenced by the dewatering activities.  However, at these 
locations the stream flow is not depleted but merely reduced. 
 
Figure 11-21 provides the same presentation for the Phase 2 operations (i.e., fully 
developed quarries).  As expected, the influence is greater and extends further a field.  
However, there is a significant difference between the two representations, which at first 
glance is surprising given that the Phase I operations represent an estimated dewatering 
of 1,300 m3/d and the Phase 2 operations are only marginally higher at 1,485 m3/d. 
 
The interpretation is that the 1,300 m3/d taking in Phase 1 is approaching the sustainable 
limit of ground water to provide flow to the streams, which is exceeded in the Phase 2 
operations resulting in a much more significant influence. 
 
It is important to realize that the modeling does not consider the disposal of the ground 
water collected in the quarries.  This volume is “lost” to the environment.  In reality, it 
would be discharged to the adjacent tributaries such that there would be a 17% net gain in 
the annual average stream flow.  The lost in the ground water base flow to the stream is 
more than compensated by the discharge from the quarries to these same tributaries. 
 
As discussed above, the simulated percent change in drain flux does not account for the 
flow in the streams resulting from snow melt, storm events, the water management 
operations at the Duntroon Quarry, or the proposed water management program for the 
Highland Quarry.  Since snow melt and storm events account for the majority of the 
measurable flow in the streams on-site, the overall impact to the surface water features 
will be minimal.  An impact assessment is discussed in detail in the following sections. 
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11.3.1 Potential Surface Water Receptors 
As reported throughout this document, the surface water flow on the Highland site is 
intermittent.  Continuous flow is only observed in the spring when excess water collected 
in the Central and North Wetland overflow and as overland flow from the North Wetland 
into the downstream portions of the Rob Roy Wetland Complex.  Baseflow contribution 
to the South Tributary from the Highland property is considered minimal.  Ground water 
seeps identified along the streambed (i.e. Seep #3) do not contribute sufficient quantities 
to sustain flowing conditions throughout the year. 
 
The headwater for the South Tributary is located in the wetland feature just west of the 
western extraction boundary for the existing Duntroon Quarry.  The current PTTW 
requires that the water management program for the Duntroon Quarry control the off-site 
discharge of the incidental waters collected by the quarry into the South Tributary.  Flows 
within this system will be controlled to mimic seasonal conditions. 
 
The Central and North Wetland are surface water features with a drainage area of 
approximately 281 ha, of which 27 ha are proposed for excavation.  The 10% decrease in 
watershed area will not result in adverse impacts to their hydrogeological or hydrological 
function.  As discussed previously, the North Wetland’s primary role is to collect surface 
water runoff.  The wetland has a limited functionality during summer storm events since 
only the largest storm events have the potential to generate any significant flow within 
this feature.  Site reconnaissance work suggests that the majority of the base flow for the 
Pretty River will be derived from deep ground water units (i.e., Fossil Hill Formation).  It 
is anticipated that there will be no measurable impact to the baseflow to the Pretty River 
as a result of the proposed. 
 
For convenience and from an operations perspective, excess water collected from within 
the quarry should be held in reserve and discharged as required to maintain flow 
conditions within these surface water features as dictated by the nature science experts.  
The feasibility and hydrogeological assessment of the proposed settling pond at this 
location will be addressed in the supporting documentation for the application for: 
 

1. Ontario Water Resources Act – Section 53 (Certificate of Approval Application 
for Sewage Works); and  

2. Ontario Water Resources Act – Section 34 (Permit to Take Water). 
 
In addition, assessing the potential impacts associated with changes in flow quantity, 
water quality must be considered.  As discussed in Section 6.4.1, the typical ground water 
quality exceeds the PWQO set for aluminum, boron, and zinc.  The ground water is also 
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elevated with respect to TDS and conductivity.  In a pre-quarry environment, this ground 
water would flow into the stream system under natural conditions. 
 
Water removed from the quarry will reflect this ground water chemistry but is also 
diluted by rainfall into the site.  Therefore, the resultant water chemistry is expected to 
have somewhat lower levels, which will be directed to the surface water system.  
Furthermore, as the water flows downgradient, additional mixing and dilution will occur. 
 
In summary, it is our option that there will be no meaningful impact to the surface water 
systems in the vicinity of the Highland property or the receiving Beaver River.  As noted 
previously, it will be necessary to “surcharge” the surface water system to a minor degree 
in order to effectively dispose of the incidental waters captured by the quarry.  Such a 
situation is not considered to be an adverse condition.  However, if the monitoring 
program identifies potential impacts, several mitigative strategies and control measures 
are presented in Section 14. 
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12.0 Assessment of Quarry Development 
The operation of all quarries is subject to specific regulatory requirements and practical 
guidelines.  In general, most limestone quarry operations follow similar procedures based 
on experience gained within the industry.  The other factor is that the geologic setting of 
limestone formations is reasonably consistent across Ontario.  This section overviews 
several operational aspects of the proposed development as it pertains to the 
environmental site setting. 
 
12.1 Ground Water and Surface Water Management 
The proposed quarry operation is to excavate to a maximum depth of 490 masl.  Some 
water management operations will be required to allow for extraction of the aggregate 
resources.  Water management is typically accomplished by one or more sumps that 
extend below the quarry floor in association with collection ditches (perimeter and 
internal) that direct the ground water and surface water into the sumps. 
 
Based on water budget analysis using Environment Canada data from the Thornbury 
meteorological station, mean annual water surplus is 443 mm/a.  The water surplus from 
the data collected at the Ruskview station ranges between 307 to 504 mm/a (between 
2003 and 2005).  The quarry footprint and drainage area is proposed to cover 
approximately a total of 61 ha.  Thus, the water management program must be designed 
to control at least ~270,000 m3/a due to the incidental collection of direct precipitation 
(minus evaporation). 
 
The estimated volumes of ground water that will be seeping into the Highland Quarry 
from different operational scenarios are provided in Table 12-1.  The ground water flux 
entering the Highland Quarry at the completion of Phase 1 is approximately 9 L/s or 
~284,000 m3/a.  Under full development conditions (i.e., end of Phase 2), this volume 
will have increased to approximately 12.8 L/s approximately ~404,000 m3/a). 
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Table 12-1: Simulated Discharge Flux Into Quarries 

Scenario Description 
Flux into 

Highland Quarry 
(L/s) 

Flux into Duntroon 
Expansion Quarry 

(L/s) 

1 Phase 1 at proposed Highland (Phases 1 and 2 at 
Duntroon) 9.0 4.7 

2 Phase 1 and 2 at proposed Highland (Phases 1, 2 
and 3 at Duntroon) 12.8 6.1 

3 Phase 1 and 2 at proposed Highland (no 
proposed Duntroon expansion) 8.9 0.0 

4 Phase 1, 2, and 3 at proposed Duntroon 
Expansion (no proposed Highland) 0.0 14.5 

 
Therefore, it is estimated that approximately 674,000 m3/a of incidental water will be 
required to be managed to maintain dry operating conditions.  The incidental water 
collected within the excavated area will be collected and used for aggregate washing 
operations and dust control.  However, the majority of the excess water will be 
discharged off site.  Details of the proposed operations are provided in the following 
sections. 
 
12.1.1 Aggregate Washing Operations 
Standard washing operations pump from a wash pond to the wash plant.  The proposed 
washing pond will be located in the southwestern portion of the Highland property.  The 
maximum estimated wash water requirements for the proposed operation is 113 L/s over 
a 10-hour operating day (May through to October). 
 
Most plants, including this proposed plant, recycle wash water through a “closed loop” 
series of holding ponds and settling ponds (i.e., the water is re-circulated, with no off-site 
discharge), so that the amount of water actually consumed in the process is limited to 
evaporation and the amount of residual water transported away with the product.  The 
make-up water normally comes from local ground water or surface water sources.  
Expected water losses are associated with evaporation and the amount of water retained 
in the aggregate product.  The washed product is stockpiled on the pit floor from between 
two to six weeks, depending on the market demand. 
 
The maximum pumping rate that is required to operate the washing facility is 113 L/s.  
However, as discussed previously, only a small portion of this taking is “removed” from 
the closed loop system as it is retained to the product (i.e. less than 1-5% by volume) or 
evaporates.  Therefore, the majority of the extracted water is returned immediately to the 
wash pond.  In addition to this water loss, losses due to open water evaporation can be 
accounted for.  The total amount of evaporation that would occur is dependent on the 
surface water area of the settling pond(s) and wash pond. 



 

104 

12.1.2 Dust Control 
The water used for dust control makes up a small percentage of the incidental water 
collected within the excavated area.  Approximately 2,900 m3 of water was used for the 
dust control in the existing Duntroon quarry during the summer of 2004 as reported by 
Jagger Hims (2005a).  This volume is inconsequential when compared to the overall 
water budget. 
 
12.1.3 Off-site Discharge of Excess Incidental Waters 
It is estimated that approximately 674,000 m3/a of incidental water will be required to be 
managed to maintain dry operating conditions.  The collected water that is not used as 
aggregate wash water or as dust suppressants is pumped out of the quarry, treated to 
remove suspended sediments, and then discharged off-site to surface waters in a 
controlled manner.  The aggregate wash water is recycled to the sump through a series of 
sedimentation ponds to remove all suspended sediment. 
 
For the discharge from the site, both the water quantity and water quality must be 
considered.  The typical quality of the ground water seeping into the quarry from the 
upper fracture horizons is provided in Table 12-2.  This ground water will be collected by 
the quarry sump and discharged to the surface water system.  Since this incidental water 
will be discharge off-site via surface water courses, the ground water quality has been 
compared to the PWQO. 
 
Compared to the PWQO, the typical ground water quality exceeds the objectives set for 
aluminum, boron, and zinc.  In addition, the ground water is elevated with respect to 
TDS, and conductivity.  Water removed from the quarry will reflect ground water 
chemistry but is also diluted by rainfall into the site so that the resultant water chemistry 
is expected to have somewhat lower levels.  All water discharged from the Highland site 
will meet the quality standards. 
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Table 12-2: Average of Reported Ground Water Quality 
Parameter Value PWQO Parameter Value PWQO 

PH 8.05 6.5-8.5 Barium 0.01 - 
Total Hardness (as CaCO3) 231 - Boron 0.27 0.2 
Bicarbonate (as CaCO3) 255 - Cadmium1 <0.002 0.0005 
Carbonate (as CaCO3) <5 - Chromium <0.003 - 
Electrical Conductivity (uS/cm) 487 - Copper 0.004 0.005 
Fluoride 0.23 - Iron 0.230 0.3 
Chloride 3.28 - Lead 0.003 0.025 
Nitrate as N 0.78 - Manganese 0.019 - 
Nitrite as N <0.05 - Mercury <0.00005 0.0002 
Sulfate 20.5 - Molybdenum 0.007 0.04 
Calcium 52.4 - Nickel 0.004 0.025 
Magnesium 24.3 - Total Phosphorus <0.05 0.02 
Sodium 18.5 - Selenium <0.004 0.1 
Potassium 2.04 - Silver <0.002 0.0001 
Bromide 0.09 - Strontium 0.27 - 
Reactive Silica  6.64 - Thallium <0.06 - 
Orthophosphate <0.05 - Tin <0.009 - 
Total Organic Carbon  6 - Titanium 0.020 - 
Colour (colour units) <5 - Uranium 0.004 0.005 
Turbidity (NTU) 10.2 - Vanadium 0.004 0.006 
Aluminum 0.22 0.075 Zinc 0.039 0.02 
Arsenic <0.003 0.005 Total Dissolved Solids 569 - 
Note: all values are expressed as mg/L unless otherwise noted. 
 
12.2 Rehabilitation 
The rehabilitation plan is to return the site to equilibrium conditions.  This would result in 
the flooding of the quarry as the system is allowed to return to a natural state and would 
result in a lake environment within the quarry.  Water will be obtained from the 
accumulation of precipitation and ground water seepage through the quarry faces. 
 
Simulating the time it will take for the quarry to return to equilibrium conditions (i.e., 
water level in “Highland Lake”) is relatively complex and is dependent on several 
factors, including the on-going operations at the Duntroon Quarry.  Similarly, the 
intersection of transmissive lateral fracturing will have a similar influence on the 
development and height of this lake.  In the extreme, the entire quarry may fill to the 
lowest topographic level and then be controlled by this feature as it discharges to the Rob 
Roy Wetland Complex. 
 
The numerical simulation of the equilibrium conditions upon the final rehabilitation of 
both the Duntroon and Highland Quarries is presented on Figure 12-1.  Assuming that 
these final elevations are not topographically controlled by the low outflow, the heads in 
the quarry lakes would range between 511.5 and 513.4 masl.  The maximum water levels 
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will not exceed the topographic lows of the face of the quarry excavation.  Currently, this 
elevation at the Highland property this elevation is approximately 508 masl.  At this 
location, surface water will overflow into the North Wetland.  However, the preferred 
location at this time is toward the South Tributary.  The final overflow location will be 
approved by the regulatory agencies prior to the on-set of quarry rehabilitation. 
 
12.3 Contaminant Control Plan 
The three typical sources of contamination that are addressed for a quarry operation are: 
 

1. hydrocarbon contamination from a fuel (i.e. leakage from fuel storage areas, 
accidental spills) 

2. dust suppressant chemicals (i.e. calcium chloride or magnesium chloride) 
3. contamination from the decay of vegetation (e.g. tannins)  

 
Of these three typical sources, the hydrocarbon contamination is of greatest concern.  No 
dust suppressant chemicals will be used on-site.  Dust will be controlled with water 
collected from the quarry sump.  In addition, all vegetative material that is removed for 
quarry operations will be properly disposed of to reduce the potential for tannin 
contamination.  This may involve burning and / or disposal at an approved landfill site or 
compost facility.  Therefore, the only likely potential source of contamination at this site 
is the release of hydrocarbons into the natural environment. 
 
Hydrocarbons, such as oil and gasoline, are light non-aqueous phase liquids (LNAPL’s), 
which are liquids that are sparingly soluble in water and less dense than water.  LNAPL’s 
"float" on top of water and do not mix with water.  This suggests that if spilt, the majority 
of the contaminant mass would remain as a separate phase liquid on the water surface.  
Although sparingly soluble, the solubility limit of petroleum products is sufficient to 
contaminate water above permissible limits.  However, the taste and odour imparted to 
the water is unpalatable for most individuals at concentrations well below health limits. 
 
Hydrocarbon loss to the rock surface will be heavily attenuated because the rock matrix is 
porous.  In fact the majority of the contaminant mass lost to the environment would 
reside in the rock matrix as has been seen at similar limestone sites (i.e., Smithville PCB 
site).  This occurs because of the significant concentration gradient that exists between 
the rock matrix and source driving the source into the rock matrix to obtain a chemical 
equilibrium.  Once the source is removed, the reverse gradient is much smaller and the 
matrix slowly “bleeds” the contaminant source out of the matrix.  The net result is that 
small-scale releases will not readily migrate in this environment.  Regardless, routine 
inspection of equipment for leaks will be performed to minimize such events.  Any 
equipment requiring repair should be immediately taken out of service until such repairs 
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can be completed.  Where possible, equipment maintenance will be performed outside of 
the pit in a controlled area (i.e., repair yard). 
 
In a significant spill or leak scenario, product migration off-site would be via ground 
water or surface water.  Protocols are suggested that will minimize this potential.  The 
most effective strategies would include either the removal of the fuel dump from the 
quarry pit and / or the installation of secondary spill containment with an equivalent 
volume of at least 1.5 times the storage capacity of the fuel tanks.  Daily removal of 
accumulated rain water within the secondary containment system(s) should occur or the 
accumulation of rain water in the secondary containment should be mitigated through a 
protective roof structure and checked daily to ensure the integrity of the system. 
 
The quarry operations below the water table represent a ground water sink where flow is 
consistently into the operation.  Contamination of the ground water is remote under such 
conditions because contaminants are unlikely to “migrate” in the opposite direction to the 
hydraulic gradients.  It is much more reasonable to such that contaminants would move 
with the water being discharged into the quarry and controlled through surface water 
systems. 
 
Hydrocarbon contamination of surface water is readily seen by sheening evident on the 
water surface.  Daily monitoring of the sump water and that in the sedimentation pond 
will be part of an overall daily inspection procedure.  The installation of a floating boom 
across the sedimentation pond would serve to monitor accumulation of trace 
hydrocarbons through the staining of the boom.  Similarly, the hickenbottom inlet 
proposed for the discharge structure could be wrapped with a geotextile / sorbant material 
to allow the passage of water but retard any contaminant or particulate movement.   
 
Other practical considerations will include the placement of fueling depots at or near the 
center of the quarry to maximum the travel distance to the quarry periphery and having a 
“fill” pad that prevents release.  A fill pad controls drainage beneath truck to dry pit or 
some equally effective control mechanism, thus can’t loss mass during filling.  Buckeye 
self-terminating fueling nozzles would also be recommended to avoid overfilling of 
equipment.  However, operational protocols should prevent staff from leaving such 
equipment unattended despite the redundancy systems in place.  A small quantity of soil 
will be stockpiled in the pit for the creation of temporary interceptor berms.  A sufficient 
quantity of sorbant materials will also be available for emergency purposes. 
 
In the quarry setting with, an operational dewatering system, there should be no 
significant off-site movement of contaminants.  Therefore, a contamination control plan 
should be implemented.  The program should consist of the following elements: 
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1. Aboveground fuel storage should be within a geomembrane that is 
constructed to contain a volume 1.5 times that of the fuel storage tank. 

2. Aboveground fuel storage / geomembrane should be protected (i.e. covered). 
3. Equipment fueling and maintenance should be conducted in designated areas 

designed to collected fuel that has leaked or spilled.  
4. A viable plan for the emergency response to an accident spill should be 

prepared and all relevant staff trained to effectively implement this plan, if 
necessary. 

5. Chemicals should not be used for dust control. 
6. Daily monitoring of the sump water and that in the sedimentation pond will 

be part of an overall daily inspection procedure. 
7. Hickenbottom inlet proposed for the discharge structure could be wrapped 

with a geotextile / sorbant material to allow the passage of water but retard 
any contaminant or particulate movement 

8. Buckeye self-terminating fueling nozzles would also be recommended to 
avoid overfilling of equipment. 

9. A small quantity of soil will be stockpiled in the pit for the creation of 
temporary interceptor berms. 

10. A sufficient quantity of sorbant materials will also be available for 
emergency purposes. 

11. Stationary equipment should have catch pans beneath fuel tanks to prevent 
spillage from entering the ground 
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13.0 Performance Monitoring Program 
Performance monitoring is a verification process where hypotheses provided in the 
previous sections are evaluated.  For example, numerical modeling was used to predict 
the effects the proposed quarry will have on the surrounding environment.  These 
predictions were based on a conservative steady-state set of conditions and as such 
represent a worst-case scenario.  Therefore, the actual response is expected to be 
significantly less than that predicted. 
 
Where potential ground and surface water impacts are predicted to be adverse, 
performance monitoring can be used to assess the severity of actual response.  A 
measured change above a predetermined level of response is commonly used to “trigger” 
one or more levels of action to prevent adverse impacts.  In certain circumstances it will 
trigger the implementation of one or more of the mitigative strategies as is outlined in 
Section 14. 
 
Performance monitoring can also be used to monitor other conductive pathways, which 
are not anticipated to be influenced.  This verification process ensures that unforeseen 
impacts in sensitive flow regimes do not occur.  The goal of this aspect of the 
performance monitoring program is to establish the longer-term trend in supposedly non-
responsive horizons.  For the Highland Quarry, these non-responsive horizons would be 
the contact between the Amabel, Fossil Hill and Cabot Head Formations.   
 
13.1 Ground and Surface Water Monitoring 
The performance monitoring program for the Highland Quarry, which has been on-going 
since September 2004, will continue to allow for the growth of a comprehensive 
pre-development database.  The monitoring program utilizes several traditional 
evaluative techniques including, but not limited to: hydrogeochemical sampling and trend 
analysis, hydraulic head monitoring and trend analysis, and hydrologic testing of the 
various surface water systems in the vicinity of the proposed quarry. 
 
An Ontario Water Resources Act – Section 53 (Certificate of Approval Application for 
Sewage Works [C of A]) and Ontario Water Resources Act – Section 34 (Permit to Take 
Water [PTTW]) for the water management program at the site must be obtained.  A 
detailed monitoring program will be a requirement under the Special Conditions of the 
PTTW and C of A.  It is recommended that the compliance ground and surface water 
monitoring program for the ARA license (issued by the MNR) meets the terms and 
conditions of all permits and approvals issued by the MOE.   
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13.2 Domestic Water Wells 
Upon licensing, it is proposed that the pre-construction monitoring program be 
implemented.  This program is designed to determine the current conditions of existing 
domestic water wells within the predicted area of influence.  The pre-construction 
monitoring program will involve the collection of a water quality sample for evaluation 
of bacterial and inorganic chemistry and a pumping test to evaluate the well response. 
 
For samples from any well that exceeds a health related criteria (e.g. bacteria), Azimuth 
will notify the property owner within 24 hours of Azimuth receiving the laboratory 
results.  All property owners will receive a letter with the results of their water analysis 
that highlights those parameters not in compliance with the Ontario Drinking Water 
Quality Standards (ODWQS) following the completion of the field work program.  The 
results of the hydraulic testing program will be kept on file for future reference. 
 
In addition, water wells within the predicted area of influence will be monitored during 
quarry operations, if requested by the property owner.  All hydrogeological information 
collected during the pre-construction and supplementary monitoring will be available for 
potential well interference complaints.  If a complaint is received from a property owner 
from within the predicted area of influence, a hydrogeological assessment will proceed 
and will involve repeating the testing done during the pre-construction monitoring 
program.  At the outset of this process, the MOE District office would be notified and the 
proposed actions approved with the District Manager or their designate as required under 
the OWRA. 
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14.0 Mitigation and Control Measures 
It has been recognized that an effective way to determine the potential impacts to the 
ground water regime as a result of the proposed quarry operations is through the 
implementation of an on-going monitoring during the initial stages of quarry 
development (i.e., sinking cut).  This would involve expanding the monitoring network 
(install monitors in proximity to the sinking cut location) and developing a trigger 
mechanism (to be approved by the MOE).  The triggering mechanism would be set based 
on predicted responses formulated from an annual evaluation of the hydrogeologic 
system.  It is envisioned that this trigger mechanism is established by setting an 
“investigative” trigger, and a “suspension” trigger. 
 
The investigative or “cautionary” trigger represents a situation where the hydrogeologic 
environment is not responding as expected, but is not so severe as to warrant a suspension 
of operations.  The purpose of the trigger would be to initiate an investigation that would 
adequately explain the deviation from predicted levels.  This investigation would need to 
be completed within a predetermined period of time to avoid suspension of operations. 
 
The “suspension” trigger represents a situation where there has been a significant 
deviation from the predicted response that has the potential to create an adverse impact.  
If the suspension level is reached, the quarry operations would be halted, until a detailed 
hydrogeological assessment is completed that can adequately explain the site response.  
Included in this evaluation would an assessment of the need for the implementation of 
mitigative strategies. This approach has been adopted recently at other quarry operations 
namely the Dufferin Quarry in Milton. 
 
In addition, in the case of a water interference complaint, whether it is a ground or 
surface water concern, it is recommended that the Water Interference Complaint 
Response Procedure be followed to address and resolve the issue. 
 
14.1 Water Interference Complaint Response Procedure 
The M.A.Q. contact for any water quality or quantity complaints from private wells or 
surface water features is Azimuth Environmental who can be reached at 1-705-721-8451.  
The following information will be collected when a complaint is received: 

• date and time of complaint; 
• name, address and phone number of the complainant;  
• nature of the complaint; 
• indication of complaint urgency (i.e., inquiry or no water); 
• well or surface water information; 
• logging the call in MAQ Cares Program. 



 

112 

Following the receipt of the complaint, MAQ staff will enter each complaint in “MAQ 
Cares”, their proprietary complaint tracking system.  Staff will contact the resident to 
address the complaint and appropriate action will be taken to mitigate the complaint.  All 
complaints will be reported to the District Manager, MOE Barrie Office. 
 
Mitigation options for water interference complaints are investigated on a case-by-case 
basis and address water quantity and quality issues.  Should the complaint be with 
regards to insufficient water supply, and appears to be a result of the Highland Quarry 
operations, the quarry operator will provide an alternate water supply immediately in 
accordance with Ministry requirements.  The procedure that MAQ will follow to 
investigate and mitigate a claim is outlined below. 
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M.A.Q. WATER INTERFERENCE COMPLAINT RESPONSE PROCEDURE

Call Received by MAQ
Water Resources Protection Staff

Information is collected and logged into 
MAQ CARES

tracking system

Complaint reported to the
District Manager MOE

Barrie  Office

Contact Owner to define problem and
potentially resolve it over the phone.
Conduct field investigation if required

Are MAQ activities
responsible?

YesNo

Explain findings to Owner
Determine resolutions,

explain findings to Owner
and take action

Report to the Ministry of 
Environment

Is the Owner satisfied? YesNo

If Owner is not
satisfied, suggest

they follow up 
with the Ministry
of Environment

Complaint 
closed

Report to the Ministry of 
Environment
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14.2 Ground Water Receptors – Domestic Water Wells  
If the monitoring program and complaint investigation determine that an unacceptable 
impact has occurred to a domestic potable water source as a result of the quarry 
operations, the following contingencies should be considered: 

• individual water treatment systems, 
• alternate water supply, 
• deepen, casing, or replace residential wells. 

 
Table 11-1 provides a summary of the domestic water wells located within the predicted 
area of influence and the predicted severity of the impact associated with the cumulative 
impacts of the development of the Duntroon Quarry expansion and the Highland Quarry.  
In addition to identifying which water users have a likelihood of being significantly 
impacted, this table will be relied upon to set contingency trigger levels at monitoring 
and/or domestic wells.  As discussed above, this contingency monitoring program will be 
approved by the MOE prior to implementation. 
 
14.3 Surface Water Receptors  
Similar to the ground water monitoring program, the surface water monitoring program 
has been designed to provide early warning of on and off-site interference to surface 
water features.  An on-going assessment of the surface water quality and quantity will 
completed as the quarry develops to ensure the hydrologic function of the surface water 
features are being maintained. 
 
Based on this assessment, it is anticipated that there will no negative impacts to the 
hydrogeological and hydrological functions for the North and Central Wetlands.  
However, site-specific mitigation strategies and control measures may be required to 
contain and convey surface water flow within the North and Central Wetland.  The flow 
characteristics from the Central Wetland indicate that surface water reaches the North 
Wetland through a series of sinkholes.  As a result, it is possible due to the tortuous 
nature of subsurface flow in fracture rock that once the quarry has excavated up to 
Central Wetland buffer, the karstic flow may seep into the excavated area.  To limit the 
volume of water to manage with the excavated area, the surface water flow should be 
contained to ensure leakage over the quarry face does not occur during high flow periods.  
Therefore, as a contingency measure, it may be feasible isolate the sinkhole (i.e. Sink#1) 
from the surface water within the Central Wetland (i.e. berm the wetland to the north 
prior to flow entering the sinkhole). 
 
The South Tributary is currently fed by surface water runoff, ground water discharge, and 
the discharge from the Duntroon Quarry.  Under the current PTTW, Georgian operates a 



 

115 

water management program designed to mimic the natural seasonal surface water flow 
trends in the South River.  Similarly, through the Highland water management program, 
any changes to the flow conditions in the South Tributary can be mitigated through 
controlled discharge of incidental waters. 
 
If mitigative strategies are required to ensure the protection of the Rob Roy Wetland, 
there are several options to be considered, which are: 
 

• to store site surface water runoff and release this water at a controlled rate to the 
local surface water systems; and 

• discharge water meets regulatory criteria for surface water quality. 
 
The proposed mitigation and control measures have proven to be effective at addressing 
water taking impacts in fractured bedrock environments.  As discussed above, mitigative 
strategies will be approved by the regulatory authorities prior to implementation. 
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15.0 Summary and Conclusions 
M.A.Q. is preparing an application under the ARA to the Ministry of Natural Resources 
(MNR) to license a 100 hectare (245 acres) property located on Part Lot 20, Lot 21, and 
Part Lot 22, Concession A, Municipality of Grey Highlands.  Of the 100 ha, 61 ha are 
proposed for aggregate extraction.  It is our opinion that this proposed quarry could be 
successfully licensed and operated without having significant impacts to the hydrological 
regime.  Although no ground or surface water impacts are predicted, potential impacts 
can be readily mitigated and will be identified through the long term monitoring 
programs. 
 
This site lies on a geologically complex bedrock setting composed of massive 
megashoals (i.e., carbonate mounds) associated with the Amabel Formation.  There is 
minimal ground water flow within the Amabel Formation.  The monitored data suggest 
that isolated vertical joints are present, but these features do not appear to represent a 
viable flow regime.  The outstanding concern with the site conceptual model is the 
presence of a conductive vertical joint that is tied into a significant water bearing feature, 
which has not yet been encountered.  Detection of such an elusive feature is beyond a 
reasonable site evaluation and not very likely.  The dewatering of the host environment 
would essentially be the dewatering of the discrete joint network present in the rock 
mass.  Such a network will have no significant influence away from the proposed quarry. 
 
As was seen at the Duntroon Quarry, the operations were conducted with limited ground 
water seepage into the excavated area until the quarry was extended westward and 
encountered a conductive fracture system.  At present, the Duntroon Quarry maintains a 
water management program that discharges water from the quarry into the South 
Tributary.  Historically, some of this water leaked back into the quarry, to be pumped out 
again.  The same physiographic situation may occur at the Highland Quarry.  The issue 
would become the same as the Duntroon Quarry, being the intersection of a conductive 
fracture that would allow the invasion of water into the quarry.  There does not appear to 
be any such feature in proximity to the Highland Quarry (i.e., a headwater stream 
condition such as the South Tributary). 
 
Despite this contention, a numerical model was used to impose a conductive fracture 
network to assess potential “worst-case” conditions associated with the site development.  
These simulations are presented in Section 11.  The simulated ground water flow in the 
Amabel Formation principally occurs in two transmissive lateral fractures that are located 
at an elevation of 508 masl and at the base of the Amabel at the contact with the Fossil 
Hill Formation.  From a local perspective, the individual fractured rock flow regimes are 
radially, flowing toward the Niagara Escarpment to the north, east, and south, and toward 
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the Beaver River to the west.  The imposition of quarries and drains influence these flow 
regimes by depressing the potentiometric surface associated with these conductive and 
laterally extensive bedding plane fractures in the vicinity of the feature. 
 
The introduction of the Highland Quarry will have the same effect on the potentiometric 
surfaces, assuming any exist.  The increased depth of the Highland Quarry could 
conceivably result in a greater depression of the potentiometric surface in these 
conductive fractures than as simulated for the proposed expansion of the Duntroon 
Quarry, but no potentiometric surface is expected within the Amabel Formation. 
 
The overall impact on the local setting has been hypothetically represented as a 
cumulative impact attributable to the three local quarry sites (i.e., one active and two 
proposed).  The cumulative impact estimated an extensive radius of influence for these 
features, although it is most pronounced in the general vicinity of each quarry site.  
However, the impact is premised on the interconnectivity of a fracture network that does 
not appear to exist in the Amabel Formation. 
 
Overall, it is our opinion that the cumulative impacts on the functionality of the ground 
water flow systems will be minimal.  The most significant influences are seen 
immediately adjacent to the proposed quarry and are reasonably dissipated within 500 m 
from the quarry face. 
 
The results of this assessment indicate that there will no negative impacts to the 
hydrogeological and hydrological functions for the North and Central Wetlands.  
However, site-specific mitigation strategies and control measures may be required to 
contain and convey surface water flow within the North and Central Wetland.  Through 
the Highland water management program, any changes to the flow conditions in the 
South Tributary can be mitigated through controlled discharge of incidental waters. 
 
Traditional operations techniques will be supplemented with a few innovative strategies 
to abate all impacts associated with the quarry operations.  Essentially, all water collected 
from the quarry will be discharged to the designated surface water system(s) as 
determined by the natural scientists assessing this site and final approval from the 
regulatory agencies. 
 
Site-specific investigations have been used to supplement this knowledge.  The 
assessment has led to an improved understanding of the geologic and hydrogeologic 
setting.  Based on this sound understanding, the effect the Highland Quarry would have 
on the environmental setting was assessed.  The results of this assessment lead us to 
conclude that the proposed Highland Quarry is viable in this hydrogeologic setting. 
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16.0 Recommendations 
Our assessment of the hydrogeologic environment leads us to suggest the following 
recommendations: 
 
1. The sinking cut of the quarry should be completed in the southwest.  This is the 

best location to commence operations from a hydrogeologic perspective.  It will 
allow for the on-going evaluation of the site using the proposed monitoring 
network while remaining separated from key sensitive receptors (i.e., North and 
Central Wetland). 

2. The floor of the quarry is not to be excavated below the 490 masl.  The lower 
portion of the Amabel is a relative massive portion of the geological unit with a 
low transmissivity, which confines the lower flow zone identified at the 
geological contact between the Amabel and the Fossil Hill Formations. 

3. The proposed ground water and surface water monitoring outlined in Section 13 
should be completed for the first year of quarry operation. 

4. Upon licensing, annual monitoring reports should be prepared which includes the 
presentation of the ground water and surface water monitoring results (water level 
and water quality), data interpretation, conclusions, and recommendations for 
future monitoring requirements. 

5. A weather station should be installed on the Highland property to collect site-
specific climatic data (i.e. precipitation, temperature, wind speed and direction) to 
be used in annual hydrogeological assessments. 

6. A report in support of an OWRA Section 34 Permit to Take Water application for 
the off-site discharge of incidental waters and quarry washing operations should 
be submitted to the Ministry of the Environment (Approvals Branch) following 
the pre-consultation process with the District / Regional offices. 

7. A report in support of an OWRA Section 53 Certificate of Approvals application 
for discharge of stormwater to the natural environment should be submitted to the 
Ministry of the Environment (Approvals Branch) following the pre-consultation 
process with the District / Regional offices. 
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Glossary 
A 
Ablation 
The loss of ice from a glacier or 
ice sheet by melting or by 
calving of icebergs 
 
Arch 
Relatively high standing, up-
domed portion of the Canadian 
Shield.   
 
Aggregate 
General term used for sand and 
gravel used in construction of 
roads, buildings etc. 
 
Anion 
Negatively charged ion. 
 
Aperture 
The width of a fracture or an 
open bedding plane 
 
Aquifer 
A layer of permeable rock or 
sediment below the Earth’s 
surface which contains sufficient 
ground water to allow use for 
consumption. 
 
Aquitard 
A layer of impermeable rock or 
sediment which can confine 
(seal) an aquifer. 
 
Arkosic Conglomerate 
A variety of sandstone 
containing abundant feldspar and 
quartz, frequently in angular, 
poorly sorted grains 
------------------------------ 
B 
Basal 
refers to the base or lowest level. 
 
Basement  
Describes highly deformed 
igneous and metamorphic rocks, 
which usually occur below 
stratified sedimentary rocks of a 
region.  In Ontario, this is the 
Canadian Shield. 

 
Basin 
An area of the Earth’s crust that 
is depressed and may be covered 
by water. 
 
Bed 
A layer of sediment or rock from 
a few centimetres to a few 
metres thick. 
 
Bedding Plane 
Surface of separating beds of 
sediment or rock. 
 
Bedrock 
A term for solid rock that lies 
underneath soil or loose 
(unconsolidated) sediment (see 
overburden) 
 
Bentonite 
Clay formed from weathering  
of volcanic ash.  Often used as a 
seal in well construction. 
 
Bioclastic  
Limestone or dolostone 
composed of fragments of fossil 
material. 
 
Borehole 
A bored or drilled hole into an 
overburden or bedrock 
environment. 
------------------------------ 
C 
 
Calcarenites 
A limestone or dolostone 
consisting mainly of detrital 
calcite particles of sand size 
 
Carbonates  
Minerals dominated by calcium 
carbonate 
 
Cation 
Positively charged ion 
 
Clasts 

A particle derived from pre-
existing rock. 
 
Cone of Depression 
Refers to lowering of the water 
table around a well that is being 
pumped. 
 
Confined Aquifer 
An aquifer that is overlain by an 
impermeable layer (aquitard). 
 
Conglomerate 
A coarse grained sedimentary 
rock formed by the cementation 
of rounded clasts larger that 2 
mm in diameter. 
 
Craton 
The part of a continent that is 
stable and forms the central mass 
of the continent; typically 
Precambrian. 
 
------------------------------ 
D 
Datalogger (pressure) 
a device that measures fluid 
pressure at a specified time 
interval which is converted to a 
static water level. 
 
Detrital 
A sediment deposited by a 
physical process. 
 
Diagenetic 
Undergone chemical or physical 
changes that occur in 
sedimentary rocks at relatively 
shallow depths and thus at low 
temperatures. 
 
Dip 
The angle by which a stratum or 
other planar feature deviates 
from the horizontal. The angle is 
measured in a plane 
perpendicular to the strike. 
 
Divides 
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Area of high ground separating 
two drainage basins. 
 
Dolomite 
Carbonate mineral with the 
composition (Ca,Mg)CO3 
 
Dolostone 
Hard sedimentary rock that 
contains the mineral dolomite.  
Dolostone forms the Niagara 
Escarpment in Ontario. 
 
Drainage Basin 
The total area drained by a 
stream and its tributaries; also 
know as a watershed.   
------------------------------ 
E 
Escarpment 
A cliff or a very steep slope 
 
Ephemeral 
is a short-lived system for 
carrying runoff. Under normal 
conditions, these systems  flow 
for brief periods of the year. 
 
Eon 
A division of geological time. 
 
Evapotranspiration 
The combined loss of water from 
soil by evaporation and 
transpiration 
 
Era 
A division of geological time 
shorter than an eon. 
------------------------------ 
F 
Fault 
A fracture in bedrock along 
which movement has taken place  
 
Fluid Pressure 
The pressure that is exerted by a 
fluid. It is a thrust which is 
normal and equally intense in all 
directions around a point. 
 
Foliation 

The banded appearance seen in 
metamorphic rocks such as 
gneiss. 
 
Formation 
Term used for a group of beds or 
strata lying on top of the other to 
form a package that shows 
similar overall characteristics.  
Separated by disconformities 
marking non-deposition or slight 
erosion. 
 
Fossil 
Remains of plants or animals 
preserved in rock or sediment 
 
Fossiliferous 
bearing or containing fossils. 
  
Fracture 
A crack in bedrock along which 
essentially no displacement has 
occurred. 
------------------------------ 
G 
Geophysics 
The study of the Earth by 
quantitative physical methods. 
 
Gneiss 
A metamorphic rock formed at 
high pressure or temperature 
composed of alternating light 
and dark mineral layers (see 
foliation) 
Gravel 
Sediment composed of particles 
(clasts) that are larger than 2 mm 
in diameter 
 
Ground Water 
Subsurface water that is 
contained within the pore spaces 
/fractures of rocks and sediments 
and which is able to flow under 
the influence of gravity or 
pressure (see head) 
 
Ground Water Flow 
The movement of water through 
openings in sediment and rock.   
 

Group 
Several stratigraphic formations 
that are lumped together to form 
a thicker package of strata.  
Groups are separated by major 
unconformities 
------------------------------ 
H 
Head, Static 
Water pressure that builds up in 
an aquifer as ground water flows 
from one elevation to another. 
 
Heterogeneity 
Pertaining to a substance having 
different characteristics in 
different locations.  A synonym 
is non-uniform.  
 
Homogeneity 
Pertaining to a substance having 
identical characteristics 
everywhere.  A synonym is 
uniform. 
 
Hydraulic Conductivity 
A measure of the permeability of 
rock or soil: the volume of flow 
through a unit surface in unit 
time with unit hydraulic pressure 
difference as the driving force. 
 
Hydraulic Gradient 
1.) the change in static head per 
unit of distance in a giver 
direction. 
2.) the slope of a water table or 
potentiometric surface 
3.) a change in the static pressure 
of ground wate expressed in 
terms of the height of water 
above a datum, per unit of 
distance in a given direction 
 
Hydrogeology 
The science of ground water. 
 
Hydrology 
The scientific study of water on 
and within the land. 
------------------------------ 
I 
Ice Sheet 
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A glacier that is large enough to 
cover all or part of continents.  
Southern Ontario has been 
buried many times by the 
Laurentide Ice Sheet. 
 
Impermeable 
A rock or sediment that does not 
contain enough pore space or it 
is insufficiently fractured to 
allow water to pass through (see 
aquitard). 
 
Infiltration  
The movement of water through 
surface sediments and rocks to 
the underlying water table and 
ground water system 
 
Ion 
An electrically charged atom or 
group of atoms 
------------------------------ 
J 
Joint 
See fracture. 
------------------------------ 
K 
Karst 
Refers to processes and 
landforms associated with 
dissolution of carbonate bedrock 
such as limestone to form an 
underground system of cavities.   
------------------------------ 
L 
Limestone 
A sedimentary rock that is 
composed mainly of  calcium 
carbonate.  Contrast with 
dolostone. 
 
Lithospheric Plates 
The Earth’s lithosphere is broken 
into 20 or so major plates that 
are moving and interacting with 
each other. 
------------------------------ 
M 
m asl 
Abbreviation for metres above 
sea level. 
 

Matrix 
The fine grained material that 
fills in between larger grains in 
igneous and sedimentary rocks. 
 
Metamorphism 
The transformation of pre-
existing rock as a result of 
pressure and temperature but 
without rock melting. 
 
Mineral 
A naturally occurring inorganic 
compound or element having an 
orderly internal structure, 
physical properties, and 
chemical composition. 
 
Mottled 
Any material that contains spots 
of different colors or shades. 
------------------------------ 
N 
------------------------------ 
O 
Orogeny 
Refers to large-scale 
deformation process within the 
Earth’s crust arising from the 
collision of lithospheric plates 
 
Outcrop 
Place where rock or sediment is 
exposed at the Earth’s surface 
and can be studied by geologists.  
 
Overburden 
Unconsolidated sediments, most 
commonly of glacial origin, that 
rests on bedrock. 
------------------------------ 
P 
Paleozoic  
A geological term denoting the 
time in Earth history between 
about 570 and 245 million years 
ago. 
 
Pavement 
A bare rock surface that is 
smooth; commonly found on the 
limestone of Southern Ontario. 
 

Period 
Name given to division of 
geological time. 
 
Permeable 
Term for sedimentary rock with 
interconnected pore spaces that 
allow liquids or gases to pass 
through. 
 
Plate Tectonics 
Refers to formation, movement 
and destruction of lithospheric 
plates on planet Earth. 
 
Potable Water 
Refers to water that is  safe for 
human consumption. 
 
Precambrian 
The time period before the 
Paleozoic era (i.e. older than 
570 million years) 
 
Precipitate 
Refers to mineral material that 
was directly deposited from the 
dissolved state in water 
------------------------------ 
Q 
------------------------------ 
R 
Recharge 
The downward movement of 
rainwater or snowmelt through 
sedimentary or rock to replenish 
ground water aquifers 
 
------------------------------ 
S 
Sandstone 
Sedimentary rock that is 
composed mostly of sand. 
 
Scarp 
See escarpment 
 
Sediment 
Loose particles and fragments of 
rocks such as sand and gravel 
produced by weathering. 
 
Sedimentary Rock 



 

131 

Rock formed by ithification of 
sediment, such as sandstone or 
precipitation from water 
(limestone) 
 
Seep 
A spot where ground water 
discharges from the earth, often 
forming the source of a small 
stream or spring.  For the 
purpose of this report, a seep 
only flows during the spring 
freshet 
 
Shale 
A fine grained sedimentary rock 
derived from mud. 
 
Siliciclastics 
Silica-based, noncarbonaceous 
sediments that are broken from 
preexisting rocks, transported 
elsewhere, and redeposited 
before forming another rock. 
 
Sinkhole 
A depression created by the 
dissolution of rock such as 
limestone. 
 
Storativity 
The volume of water released 
from storage per unit surface 
area of aquifer per unit decline in 
hydraulic head (dimensionless). 
 
Strata 
Plural of stratum, meaning layers 
of rock 
 
Stratigraphy 
The subdiscipline of geology 
concerned with establishing the 
order and age of rock strata. 
 
Styolite (Stylolitic) 
Wave-like or tooth-like, serrated, 
interlocking surfaces most 
commonly seen in carbonate and 
quartz-rich rocks that contain 
concentrated insoluble residue 
such as clay minerals and iron 
oxides. 

------------------------------ 
T 
Topography 
Refers to the shape, form and the 
physical features of the Earth’s 
surface. 
 
Transgression 
The advance or spread of seas 
over land surfaces which cause 
changes in erosion and 
depositional patterns of marine 
and non-marine strata. 
 
Transmissivity 
The rate at which water is 
transmitted through a unit width 
of an aquifer under a unit 
hydraulic gradient. It equals the 
hydraulic conductivity 
multiplied by the aquifer 
thickness. 
 
Transpiration 
The process by which plants 
absorb water and release it back 
to the atmosphere. 
------------------------------ 
U 
Unconfined Aquifer 
An aquifer that is not overlain 
with an impermeable bed (i.e. an 
aquitard). 
 
Unconformity 
An erosional surface within rock 
strata recording non-deposition 
and erosion of underlying strata. 
------------------------------ 
V 
Vug(gy) 
A rock cavity lined with crystals 
------------------------------ 
W 
Watershed 
(see drainage basin) 
 
Water table 
The upper surface of the 
saturated zone below ground 
surface in porous media.  
Technically, the ground water 
table does not exist in fractured 

media, except in very unique and 
specific settings. 
 
Weathering 
The process by which rocks are 
broken down by chemical and 
physical means 
 



 

 

 


