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ABSTRACT 
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Advisor: 

Dr. Beth Parker 

 

This study investigates an aquifer system in Guelph, Ontario, where trace concentrations 

of trichloroethylene have been detected in a municipal supply well since the mid-1990s. 

Using high-resolution multi-depth monitoring, four boreholes were drilled radially around 

the supply well (1 km2 area, ~70m deep), intersecting flow paths between the well and 

suspected threats. Of the four boreholes, one location was selected as a method 

calibration borehole where a suite of geophysical and hydrophysical datasets were 

collected, following the discrete fracture network–matrix field approach (Parker et al. 

2012). Incorporating temporal variation, 13 hydrogeologic units with distinct geometries 

and hydrogeologic properties were identified and evaluated against existing regional 

conceptual site models. The improved understanding of subsurface heterogeneity, and 

the position and thickness of aquitard units around the supply well, will be used to update 

existing numerical flow models, evaluate risks to water resources and improve strategies 

for long-term urban aquifer management. 
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1 Introduction 

Approximately ten million Canadians rely on groundwater (Rivera et al. 2003). 

Many of these groundwater sources are fractured sedimentary bedrock aquifers, found 

throughout Canada in western British Columbia (Wei et al. 2009), Quebec (Nastev et al. 

2004), the Maritime provinces (Chapman et al. 2015), and in southern Ontario (Carter et 

al. 2017). In the province of Ontario, approximately 23% of the population uses 

groundwater as a potable water source (Therrien and Sudicky 1996). To enforce 

proactive management of groundwater resources, the provincial Clean Water Act, 

introduced in 2006, necessitates that Ontario municipalities to evaluate threats to drinking 

water and employ measures to protect water supplies. The Clean Water Act (2006) 

requires the creation of regional groundwater flow models, where capture zone modeling 

is used as a tool for the designation of wellhead protection areas (Frind et al. 2002; 

Molson and Frind 2012).  

Groundwater flow analysis and modeling in fractured rock is often completed using 

an equivalent porous media (EPM) representation (Long et al. 1982). This simplifying 

approximation assumes that at a scale determined by a representative elemental volume, 

the fracture-dominated flow system can be represented as a continuum medium, or as 

porous media (Berkowitz 2002). While an EPM model can give insight into bulk 

groundwater flow, it is only applicable at large scales where the fracture network is dense 

and well-connected and is not appropriate for contaminant transport modeling. In this 

case, a discrete fracture network (DFN) conceptualization of “the geometries and 

properties of discrete fractures” is essential to understand flow through fractures, which 

would ultimately influence groundwater flow contaminant distribution (Dershowitz et al. 

2004).  

When characterizing groundwater flow through fractures and fracture networks, it 

is important to consider the scale of investigation, both spatially and temporally (Berkowitz 

2002). At the regional scale, groundwater flow through fractured sedimentary rock is 

controlled by large-scale fracture network connectivity and the presence of karst or 

dissolution features (Worthington and Gunn 2009). At the fracture network scale, 

groundwater is considered to be held in storage in the rock matrix, with groundwater 

preferentially flowing though fractures (Witherspoon 1986). Depending on the properties 

of the fracture network, there are often substantial differences between fracture and 

matrix groundwater flow velocities (Witherspoon 1986; Berkowitz 2002).  

To better characterize fracture network properties, the Discrete Fracture Network 

and Matrix (DFN-M) approach described by Parker et al. (2012) uses both new methods 
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and improved traditional methods of geophysical and hydrophysical logging to obtain 

insights on the borehole hydrologic conditions. By using many methods to estimate 

geologic, mechanical, and hydraulic properties, the inherent biases found in one method 

may not be found in the others. Profile datasets are used in geotechnical monitoring 

(Goodall and Quigley 2011) and water quality monitoring (Netzer et al. 2011; Bourke et 

al. 2015) at depths ranging from 20 m to 100 m below ground surface, and at depths up 

to 350 m with multilevel monitoring for nuclear waste disposal (Twining and Fisher 2012; 

Bartholomay et al. 2014). Multiple vertical profiles datasets are uncommon, particularly 

when multilevel monitoring systems are considered “specialized” (Maliva 2016). 

However, many studies have used multiple depth-aligned datasets to provide multiple 

lines of evidence of hydrogeological properties and are a powerful tool used in managing 

groundwater resources and designing multilevel well systems (Parker et al. 2006; Parker 

et al. 2012; Chapman et al. 2015). 

With advances in hydrogeological characterization technologies and the 

availability of high-resolution field data, such as depth-discrete hydraulic head 

measurements obtained from multi-level systems (MLS), hydrogeologists are better 

equipped to identify distinct hydrogeologic units (HGUs). Building upon the term 

hydrostratigraphic units (Maxey 1964), which are laterally extensive bodies of rock that 

form a geologic framework for a distinct hydrogeologic system, HGUs represent 

“partitions of the groundwater flow domain that are hydraulically consistent at a specified 

spatial scale” (Meyer et al. 2008). Units are laterally extensive with distinct geometries; 

boundaries are constrained by vertical hydraulic conductivity contrasts identified using 

high-resolution hydraulic head profiles and vertical gradients (Meyer et al. 2014). HGUs 

consider both the site-specific stratigraphic framework and the hydraulic properties of the 

rock to create a hydraulically-informed conceptual site model (CSM) (Meyer et al. 2016).  

Identifying HGUs is an essential step required to characterize aquitard unit 

continuity and integrity. Aquitard units are relatively low hydraulic conductivity units that 

possess an extent and geometry that impedes groundwater flow between aquifer units 

(Cherry et al. 2006). Aquitards in fractured rock can be associated with very thin depth 

intervals, requiring high-resolution hydraulic datasets to be observed (Meyer et al. 2014). 

High-resolution data is also required to understand fracture connectivity and aquitard 

thickness, properties which influence the travel time of groundwater and contaminants 

from a surface source to a pumping well (Cherry et al. 2006). A supply well’s vulnerability 

is therefore dependent on “the protective effect of the complete pathway to a well”, from 

the source to the receptor, due to a combination of intrinsic hydrogeological properties 

and specific contaminant characteristics (Einarson and Mackay 2001; Frind et al. 2006). 

Aquitard units can provide a means of protection to water quality (Parker et al. 2004), 
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which is important in urban areas where a variety of land uses may negatively impact 

water quality and quantity (Howard and Gerber 2018).  

Contamination of urban supply aquifers in southern Ontario can occur from many 

potential sources (IJC 2010). Diffuse contaminant sources are difficult to characterize, 

and include fertilizer application, road salt use, and leaky sewer systems (Hunt et al. 2010; 

Perera et al. 2013; Robertson et al. 2016) Alternatively, chemical spills from industrial 

activities such as manufacturing, dry cleaning, and chemical processing often result in 

known source plumes (Kueper et al. 2003; Rivett et al. 2014; Parker et al. 2019). The 

impact of contamination to potential receptors, such as municipal supply wells and 

surface water bodies, is of particular concern to municipalities (Grand River Conservation 

Authority 2016). For long-term monitoring of known sources and of new potential threats, 

sentry monitoring, also called sentinel monitoring, refers to groundwater monitoring for 

advanced detection of potential threats to a receptor. Sentry monitoring is a screening 

approach to investigate water quality up-gradient of a receptor, before concentrations 

exceed maximum limits or cause negative health impacts. This monitoring approach is 

used in a variety of hydrogeological applications, including evaluating remediation 

treatment progress (Senus and Tenbus 2000; Thomson et al. 2007; Truex et al. 2007), 

monitoring a known source plume’s extent (Gernand et al. 2001; Ling et al. 2003), and 

observing groundwater quality variations in a municipal well capture zone (Bonton et al. 

2010). Long-term hydraulic head and water chemistry data from sentry wells can be used 

to determine spatial and temporal changes in site hydraulic and chemical conditions. 

Sentry well data can also be used to refine the hydrogeologic units and conceptual model 

for a well of concern, to better understand the groundwater flow system and potential 

contaminant pathways. 

1.1 Thesis Objectives 

This study investigated the subsurface surrounding a water supply well (Municipal 

Well #1) in the City of Guelph, Ontario where trace concentrations of volatile organic 

compounds (VOCs), known carcinogens (National Research Council 1989), have been 

detected since the mid-1990s (Figure 1), including trichloroethylene (TCE) (Aquaresource 

Inc. 2010). To better understand the subsurface and flow system properties surrounding 

the supply well, this thesis will meet the following three objectives: 

 Identify the position and thickness of distinct hydrogeologic units, including 

aquitards, surrounding Municipal Well #1 
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 Associate lithostratigraphic and mechanical units with hydraulic datasets for 

hydrologic and geologic calibration, to examine the lateral continuity of 

hydrogeologic units 

 Quantify parameters important to groundwater flow and transport processes in 

both EPM and DFN frameworks 

The robust CSM developed from these datasets surrounding Municipal Well #1 is 

foundational to future project goals beyond the scope of this thesis, including numerical 

modeling of the hydrogeologic system to assess groundwater flow and contaminant 

movement in the study area. 
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2 Site Description 

2.1 Regional Setting 

The City of Guelph is located in Southern Ontario, within the Grand River 

Watershed (Figure 2). The city relies on 21 groundwater wells, in addition to a shallow 

groundwater collector system, to supply water from an underlying fractured dolostone 

aquifer to approximately 130,000 residents (City of Guelph 2018). This fractured bedrock 

aquifer extends across southern Ontario and is vulnerable to groundwater quality impacts 

due to numerous factors including land use changes, intensified water use, and historical 

industrial activities in the region. The city is underlain by layers of fractured Silurian 

dolostone, which sub-crop beneath Quaternary deposits of varying thickness (Brunton 

2009).  

The full stratigraphic sequence expected in the Silurian dolostone consists of eight 

bedrock formations, as shown in Figure 3a (Brunton 2009; Brunton and Brintnell 2011). 

All geologic formations are the product of sea level regressions and transgressions within 

the Michigan Basin. The deepest of these Silurian aged rocks in the City of Guelph is the 

Cabot Head shale, which underlies much of Southern Ontario. This shale has relatively 

low porosity compared to the overlying carbonate rocks. The Merritton formation rests 

disconformably on the Cabot Head formation, and marks the lithologic shift from shale to 

dolostone. The Merritton formation and the overlying Rockway and Irondequoit formations 

are relatively thin units of dolostone and shaley-dolostone. The Gasport formation, which 

is the thickest unit in the succession, is a highly fractured and vuggy carbonate unit, with 

varying thickness due to crinoid-dominated microbial reef mounds. This formation is 

considered a significant aquifer within the Guelph area. The reef-mound topography of 

the Gasport formation controls the presence or absence of overlying formations; a sharp 

disconformity separates the unit from the overlying Goat Island formation. The Goat 

Island formation is composed of finely-crystalline dolostone with characteristic chert 

nodules and wavy bedding. The overlying Eramosa formation is subdivided into three 

members (Vinemount, Reformatory Quarry, and Stone Road members), with spatial 

variability in the presence of members across the Guelph area. As a shaley, bituminous 

dolostone, the Vinemount Member of the Eramosa formation has a lower porosity than 

the wackestones to mudstones of the Reformatory Quarry and Stone Road Members 

above. The Guelph formation is a fractured and vuggy dolostone with a fine to medium 

porous matrix. This formation has two members- the Wellington and the Hanlon. 

Quaternary deposit thickness varies from approximately 2 to 10 m across the site.  
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The City of Guelph lies on the crest of the Algonquin arch, separating the Bruce 

megablock to the north from the Niagara megablock to the south, as shown in Figure 3b 

(Sanford et al. 1985). Joints were likely formed post-deposition, due to tectonic 

processes, burial and erosion of overlying strata, and glacial loading and unloading 

(Sanford et al. 1985; Eyles et al. 1997; Kunert et al. 1998). Generally, NE-SW and N-S 

striking joint sets from these megablocks intersect in the Guelph area (Sanford et al. 

1985), in addition to a WNW-ESE striking set observed within the Grand River Basin 

region (Eyles et al. 1997). 

The regional groundwater flow direction is generally from the northeast to the 

southwest, with local shallow flow toward the Speed and Eramosa rivers (Matrix Solutions 

Inc. 2017a). The Speed River flows adjacent to the study area, flowing south from Guelph 

Lake to the Grand River (Figure 2, Figure 4). The major aquifer targeted for water supply 

by the City of Guelph is within the Gasport Formation. This aquifer is considered to be 

confined between two stratigraphic units, the discontinuous Vinemount member above 

and the regionally continuous Cabot Head shale below (Brunton 2009; Carter et al. 2017). 

2.2 Site History and Prior Hydrogeological Characterization 

The study site encompasses an area of approximately 3 km2 surrounding a 

municipal supply well in the northeast quadrant of the city, which contains a mix of 

residential and small industrial properties (Figure 4). In 2017, an average of 2,437 m3 per 

day of water was pumped from Municipal Well #1, at approximately 72% capacity (City of 

Guelph 2018). Approximately 500 m to the east of Municipal Well #1, Municipal Well #2 

consists of 2 nested supply wells that together pumped an average of 4,423 m3/day in 

2017 (City of Guelph 2018). TCE has not been detected at Municipal Well #2.  

Surrounding Municipal Well #1, there are both known and suspected chlorinated 

solvent contamination sources, along with potential sources of other contaminants. The 

source zone of a local known chlorinated solvent plume of PCE was previously 

investigated by Camillo (2013). This source is located approximately 800 m to the 

southwest of Municipal Well #1, and was likely the result of spills at a dry cleaning site 

that operated from 1955 to 1990 (Camillo 2013). Other potential sources identified include 

dry cleaners, service stations, old landfills, and former manufacturing properties. The 

initial site conceptual model (Figure 5) proposes contaminant migration along horizontal 

active fractures, from the source northeast to the pumping well, with dissolved-phase 

VOCs reaching the Gasport formation due to vertical connectivity between units. The 

initial site conceptual model proposes that once DNAPL reaches the Gasport formation, 

it moves horizontally below the Speed River to subsequently reach Municipal Well #1. 

Compound specific isotope analysis (CSIA) ratios for 13C measured at Municipal Well #1 
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and a monitoring well provide evidence that TCE detected in the municipal well is 

associated with the characterized dry cleaner source zone (Figure 4, Figure 5). However, 

the spatial variability of measured VOC concentrations in monitoring wells installed near 

the suspected source during characterization efforts suggests the potential for multiple 

spills at the site and/or the influence of other nearby contamination sources (Camillo 

2013).  
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3 Methodology 

3.1 DFN-M Approach 

The high-resolution rock matrix, fracture network, and groundwater flow 

characterization completed in this study follows the discrete fracture network and matrix 

(DFN-M) field approach of Parker et al. (2012). This approach includes both new methods 

and improved traditional methods of geophysical and hydrophysical logging to provide 

insights on the borehole hydrologic conditions, particularly from a contaminated site 

perspective.  

Three boreholes were drilled radially around the supply well (~70 m deep) at 

locations intercepting suspected flow paths between known and potential sources and 

Municipal Well #1 (Figure 4). A fourth borehole (BH-401) provided additional borehole 

and multilevel well datasets from previous plume characterization work (Camillo 2013). 

Borehole details and drilling methods are summarized in Table 1. 

The full suite of DFN-M methods (Parker et al. 2012) were not universally applied 

at all sentry boreholes. A “golden spike” approach, using one of the three drilled 

boreholes, was used, where as many of the high-resolution methods readily available 

were applied and compared to provide multiple lines of evidence for geologic 

interpretation, fracture identification, and groundwater flow characterization. Following the 

DFN-M field approach, Table 2 summarizes the datasets collected sequentially at each 

sentry monitoring location. Of the four sentry boreholes, SEN06 was selected as a golden 

spike borehole, where continuous core was obtained. In the golden spike borehole, 

numerous data sets were also obtained with methods that allowed highest resolution 

possible in vertical profiles (due to the orientation of the core/boreholes) to identify and 

quantify the key hydrogeologic processes and properties at a scale that represents the 

heterogeneous system. The characterization of SEN06, combined with the calibration of 

various methods by comparison can then allow use of data sets in the non-cored holes. 

Fewer datasets are collected at the surrounding boreholes (SEN05 and SEN04), where 

golden spike data aids in the interpretation of the sparser datasets, when core is not 

available 

Continuous core obtained at SEN06 was logged for lithologic and fracture features. 

Lithological parameters described include Munsell colour (Munsell Color 1994), grain size 

and sorting, degree of cementation, crystallinity, fossil presence, sedimentary structures, 

and vug size and frequency.  During fracture logging, the approximate dip angle and 

fracture start and end depth was recorded. Each fracture was characterized for roughness 

and degree of fit, along with the presence of secondary mineral precipitates. Fractures 
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associated with lithological features, such as bedding planes and stylolites, were 

documented. Similar lithology and fracture datasets were obtained from continuous coring 

completed during previous characterization work at BH-401 (Camillo 2013).  In contrast, 

no core was recovered from SEN05 and SEN04. 

Depth-discrete rock samples were collected from SEN06 core. All rock core 

sampling was completed following standard procedures developed by the G360 Institute 

for Groundwater Research, consistent with the methods applied by Kennel (2008). A total 

of 218 VOC samples from fractures and adjacent matrix and 15 representative matrix 

property samples were taken from SEN06 core. Rock VOC samples were analyzed at 

University of Guelph analytical laboratories using microwave assisted extraction, and 

together with geological and geophysical datasets were used to inform the design of 

multilevel systems. 

Detailed geophysical and hydrogeophysical testing was completed at all four 

boreholes, as summarized in Table 2. Open-hole geophysical testing was completed in 

less than two days to minimize vertical cross-connection and spread of contamination 

through the borehole (Sterling et al. 2005). Gamma, acoustic televiewer (ATV), and 

optical televiewer (OTV) logging provide continuous information about fracture depth and 

attitude. Natural gamma logging measures the natural radioactivity of the rock, particularly 

potassium in clay and shale, and can be used to infer changes in rock chemistry and 

lithology (Russell 1943). ATV measures the amplitude and travel time of a sonic pulse 

that is reflected off the borehole wall and returned to the probe. The reflected amplitude 

is processed to create a high-resolution oriented image of the borehole wall, including 

vugs and fracture features, and a virtual caliper log of the borehole wall. The continuous 

acoustic image was manually interpreted to identify fractures and their respective 

orientations (Deltombe and Schepers 2004). OTV logging provides a continuous image 

of the borehole wall, and is used to manually identify lithological features, oxidation stains, 

and fractures (Williams and Johnson 2004). 

Following open hole geophysical testing, lined borehole geophysical testing was 

completed after conditions in the borehole stabilized (Pehme et al. 2007). Active line 

source (ALS) testing utilizes a temperature vector probe to examine temperature variation 

within the water column of the lined borehole during and after heating (Pehme et al. 2014). 

It is used to estimate locations of hydraulically active fractures and identify distinct flow 

zones. Similarly, Active Distributed Temperature Sensing (A-DTS) is a thermal test that 

utilizes fibre optic cable sealed between the borehole wall and the borehole liner to 

continuously measure temperature variation with depth, over both heating and cooling 

periods (Coleman et al. 2015). A continuous apparent thermal conductivity profile is 
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calculated from A-DTS tests within the temporarily sealed borehole. Active groundwater 

flow causes enhanced heat transfer from the fibre optic cable and results in an increased 

apparent thermal conductivity (Maldaner et al. 2019). Where the A-DTS measured 

apparent thermal conductivity exceeds the dolostone rock thermal conductivity 

(approximately 4 W/mK), active groundwater flow can be inferred (Maldaner et al. 2019). 

A continuous vertical profile of transmissivity was measured at SEN06 using a 

flexible, polyurethane-coated nylon fabric liner (FLUTeTM, Alcalde, NM), as described by 

Keller et al. (2014). The resulting transmissivity profile was used to target zones for 

straddle packer testing (Quinn et al. 2012; Quinn et al. 2015), which provided a vertical 

profile of transmissivity throughout the borehole, in addition to estimates of hydraulic 

fracture apertures and critical Reynolds number values (Quinn et al. 2011b). 

Temporary transducer deployments are arrays of RBR pressure and temperature 

transducers (RBR Ltd., Ottawa ON, Canada), which are subsequently sealed using a 

FLUTeTM liner. The series of transducers (25 at SEN05 and 24 at SEN06) are hung on 

aircraft cable, each with a vertical interval of 0.5 m and a 10 second sampling interval. 

Transducers were placed at locations of interest identified from previously-collected core, 

and geophysical logs, including ALS and ATV data. The combination of transducers and 

a lined borehole effectively created a temporary multilevel system that provided data over 

a period of months until a permanent MLS was installed (Pehme and Parker 2013). 

Profiles of hydraulic head and vertical components of hydraulic gradient then can be 

assessed from these temporary deployments. All transducers were calibrated to correct 

for variation between sensors and for individual sensor temporal drift (Pehme 2018, 

personal communication). 

The combination of geophysical and hydrophysical field methods described above, 

along with rock core VOC data from SEN06, informed the design of multilevel systems 

(MLS) at each monitoring location (Parker et al. 2006). Up to ten monitoring intervals were 

placed at depths informed by lithology, fracture locations, and hydraulic data, targeting 

zones with rock core VOC detections while minimizing cross-connection of hydrogeologic 

units. A summary of the MLS well installations is included in Appendix A. SEN04, SEN05, 

and SEN06 are permanent backfilled installations; BH-401 is a water FLUTe multilevel 

designed as a part of the study completed by Camillo (2013). 

3.2 Data Analysis Approach 

Of the four sentry boreholes, depth-aligned profile data from the golden spike 

borehole SEN06 were interpreted first, with the added insights from datasets such as core 

logs and temporary deployment head profiles. This interpretive process was repeated for 
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SEN05, SEN04, and BH-401, using the subsets of data collected at each borehole. For 

each subsurface property, potential interfaces resulting in changes in these properties 

were identified using a systematic approach presented in the following sections. Following 

the analysis of single borehole profile data, stratigraphic, mechanical, and hydrogeologic 

interfaces were correlated between sentry boreholes. These interfaces are crucial for 

understanding three-dimensional groundwater flow in the context of stratigraphic and 

mechanical unit geometry, and inform hydrogeologic unit continuity within the site static 

model. The matrix, fracture network, and hydraulic properties of each hydrogeologic unit 

across the study area are then informed by the golden spike datasets and can be used 

as input parameters in future numerical modeling. This workflow is illustrated in Figure 6. 

3.2.1 Lithostratigraphic Datasets 

Continuous core logs provided the primary basis for geological interpretation at 

SEN06. All lithostratigraphic interpretations are based on comparing field descriptions of 

SEN06 core with the lithologic descriptions of specific formations provided by (Brunton 

2009; Brintnell 2012; Carter et al. 2017). Geophysical logs such as natural gamma, 

acoustic televiewer (ATV) and optical televiewer (OTV), and virtual caliper logs provided 

additional lines of evidence to support stratigraphic interpretations from core. The golden 

spike corehole interpretation informed the evaluation of lithostratigraphic units at the 

surrounding sentry locations, using gamma log trends, colour changes identified in OTV 

logs, and zones of fracturing in ATV. These lithostratigraphic units were then correlated 

between boreholes (Brunton 2009; Carter et al. 2017).  

The matrix properties of distinct lithostratigraphic units were defined based on 

fifteen rock core samples selected from SEN06. Samples were analyzed for matrix 

porosity, using both gravimetric and mercury injection capillary pressure (MICP) analyses, 

thermal conductivity, specific surface area of materials using Brunauer-Emmett-Teller 

(BET) analysis (Sing 1998), and magnetic susceptibility. 

3.2.2 Mechanical Datasets 

At all boreholes, fractures were manually identified from a combination of ATV and 

OTV logs. At boreholes where both ATV and core fracture logs were obtained (SEN06 

and BH-401), both datasets were examined coincidentally to create a core-informed ATV 

fracture dataset, which was used during subsequent data analyses. Generally, core 

fracture counts are biased high due to the inevitable inclusion of mechanically induced 

fractures and ATV fracture counts are biased low due to televiewer image resolution and 

quality compared to the actual number of fractures present. 
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Beyond qualitatively examining fracture density and orientation in tadpole plots, 

cumulative fracture intensity (CFI) plots were created to visually display changes in 

fracture frequency with depth (La Pointe 2010). A change in the slope of a CFI plot 

indicates a change in linear fracturing intensity (P10) (La Pointe 2010). For these 

datasets, the calculated fracture intensity assumes 100% recovery, which is 

representative of the competent dolostone drilled at site. 

With respect to fracture orientation, there is bias inherent in vertical borehole 

sampling. All fracture data was Terzaghi-weighted to account for the systematic under-

sampling of vertical fractures (Terzaghi 1965). All Terzaghi-weighted fracture data was 

plotted as fracture poles on a Schmidt equal-area projection stereonet to identify 

regions of high fracture intensity, as completed in studies by Munn (2012), Fomenko 

(2015), and Ribeiro (2016).  

3.2.3 Hydraulic Datasets 

At SEN06 and SEN05, temporary transducer deployment head profiles were used 

as high-resolution datasets to constrain vertical locations of head decreases or increases. 

At SEN04 and BH-401, lower-resolution MLS manual head measurements were used to 

create head profiles and calculate vertical gradients. Resolvable vertical hydraulic 

gradients, calculated between discrete monitoring points, can provide evidence of low 

vertical hydraulic conductivity (Meyer et al. 2014). For the purposes of this analysis, 

gradients greater than ±0.02 m/m are considered resolvable, as error from a combination 

of elevation survey and RBR measurement accuracy is considered to be 0.04 m. A 

negative vertical gradient indicates potential for downward flow, and a positive gradient 

indicates potential for upward flow.  Vertical head profiles and vertical gradients can also 

provide insight into the relative location within the regional flow system (Freeze and 

Witherspoon 1967, Meyer et al. 2016).  

Hydraulic boundaries were selected at depths where a resolvable gradient and/or 

a change in gradient direction was identified in temporary transducer deployment or MLS 

head profiles (Meyer et al. 2008). These boundaries were identified at each individual 

borehole, capturing low vertical conductivity (Kv) units where head profile inflections 

occur.  

Hydrogeologic units (HGUs) represent “partitions of the groundwater flow domain 

that are hydraulically consistent at a specified spatial scale” (Meyer et al. 2008). HGU 

boundaries were selected at depths where a resolvable gradient and/or a change in 

gradient direction was identified at all four sentry boreholes (Meyer et al. 2008). HGU 

geometry can be as simple as many stacked horizontal layers, but may become 
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increasingly complex due to variations in sedimentary unit thickness and continuity, and 

variability in matrix properties and fracture network connectivity. HGU boundaries were 

aligned to final depths by examining inflections in hydraulic head profiles, prioritizing 

trends visible in high-resolution transducer data at SEN06 and SEN05, then incorporating 

relatively lower resolution MLS manual head measurements from SEN04 and BH-401. 

Hydrogeophysical datasets, such as ALS data and A-DTS data, were used as 

corroborating evidence of HGU boundaries. For example, active flow zones identified in 

these data were compared with units selected from head profile, identifying zones of 

groundwater flow. Additionally, transducer deployment hydrographs obtained at SEN06 

and SEN05 provided insight into the qualitative behaviour of HGUs during a variety of 

pumping conditions. 

The hydraulic properties of each HGU were then defined using straddle packer 

testing data from 24 intervals (1.5 m thick), to obtain transmissivity, hydraulic aperture, 

and fracture porosity values. According to Tsang (1992), the most widely used aperture 

value is the cubic law-derived hydraulic aperture, assuming all groundwater flow is limited 

by the smallest aperture along the flow path through the fracture. This value relates to the 

transmissivity of the fracture and was estimated from hydraulic testing data. In all 

transmissivity analyses, the critical Reynolds number (Rec) was used to distinguish 

laminar flow from turbulent flow (Quinn et al. 2011b). To estimate the hydraulic aperture, 

transmissivity values were calculated using flowrates within the linear flow regime (Quinn 

et al. 2011a). It is important to consider the assumptions made in applying the Reynold’s 

equation to a fractured rock system, where it is assumed that there is a small Reynold’s 

number and that the fracture aperture does not vary abruptly, with minimal roughness 

(conditions similar to a smooth, parallel plate assumption). This assumption can result in 

an overestimation of groundwater flow; however, by using linear flow data, this 

overestimation is mitigated. Fracture hydraulic aperture (2b) was calculated using the 

cubic law, following the methods presented in Quinn et al. (2011b).  
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g = acceleration due to gravity 

T = straddle packer interval bulk transmissivity 

N = number of fractures in the interval 

In this calculation, compared to the transmissivity of the fractures, matrix hydraulic 

conductivity is assumed to be negligible. For similar dolostone rock, the hydraulic 

conductivity of the matrix ranges from 3.5 x 10-10 to 2.5 x 10-7 m/s and is lower than K 

values usually measured in fractured dolostone rock (Quinn et al. 2011b). The number of 

hydraulically active fractures in the interval (N) used in this calculation was determined 

empirically from the best fit of flow data to the Rec parameters.  

Fracture porosity (P11) is the length of fracture intersects per unit length of 

scanline, or the thickness of fractures divided by the length of scanline (Dershowitz & 

Herda, USRM Symposium, 1992; Mauldon & Dershowitz). The effective fracture porosity 

(f) can be estimated as the sum of aperture divided by the spacing of fracture set using 

a derivation of the cubic law (Snow 1969): 

 

∅𝑓 = ∑ (
(2𝑏)𝑖

𝑑𝑖
)

𝑛

𝑖=1

 

 

2b = aperture of fracture set i 
d = spacing of fracture set i 

 

This calculation assumes that fractures behave as smooth parallel plates, 

according to the cubic law. Additionally, it is important to consider that a number of 

combinations of fracture spacing and aperture can provide an identical fracture porosity 

value. This has implications when considering sparse or dense fracture networks, where 

contaminant transport is sensitive to variations in the aperture of fractures and their 

density. The diffusive properties of contaminants, and the surface area available for 

diffusion can have an impact on both plume front migration and plume distribution (Freeze 

and Cherry 1979; Parker et al. 2019). 
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4 Results and Discussion 

4.1 High-Resolution Profile Datasets (Golden Spike Borehole) 

This section examines the lithostratigraphic, mechanical, and hydrologic variation in 

vertical profile data at the golden spike borehole (SEN06) using multiple data profiles to 

define distinct units. This interpretive process was repeated for SEN05, SEN04, and BH-

401, using the specific vertical profile data collected at each borehole. These additional 

borehole datasets and interpretations are included comprehensively in Appendix B, with 

compilation figures of depth-aligned profile data and potential unit boundaries. The 

Golden Spike Borehole data together with the data sets from Appendix B are then used 

in section 4.2 to develop a 3-D static model framework to be used to inform a 3-D 

hydrogeologic system. 

4.1.1 Lithostratigraphic Profiles 

Continuous core obtained at SEN06, from top of rock (TOR) through layered 

dolostone to underlying shale (at a depth of 69.9 mbgs), provided the primary basis for 

the identification of distinct lithostratigraphic units (Table 3). Figure 7 shows the 

continuous high-resolution core property graphical logs, in combination with 

complementary geophysical logs including natural gamma, ATV, and OTV geophysical 

logs. These data provided multiple lines of evidence when evaluating diagnostic features 

to identify 11 distinct stratigraphic formations and members within the framework of 

Brunton (2009), Brunton and Brintnell (2011), Brintnell (2012), and Carter et al. (2017).  

Starting at the bottom of the borehole, the Cabot Head shale is notable for its dark 

green colouration and distinct lithology, marked by a distinct lithology contrast with the 

overlying dolostone. The Merritton and Rockway formations, both less than 1 m thick, are 

respectively distinguished by an increase in fossil abundance and the presence of shaley 

partings. The overlying Irondequoit formation (2.7 m thick) is a finely crystalline 

packstone, identified by the presence of pyrite mineralization and small crinoid, compared 

to the Gasport formation above. The Gasport formation at SEN06 is a 22.7 m thick 

grainstone to packstone, identified by a characteristically low gamma response, high 

fossil abundance, and distinctive bluish gray colouration. In core, visual pore size ranges 

from 1 mm to larger than 15 mm. A zone of increased grainstone dissolution is present 

between 42 and 45 mbgs, with visual intergranular porosity. The repetitive variations in 

colour, bedding thickness, and lithology observed in this interval of core is characteristic 

of cyclic reef-building events that reflect sea level changes during deposition (Brunton 

2009).  
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Both members of the Goat Island formation are present in core. The lower Niagara 

Falls member (2.7 m thick), a visually similar grainstone compared the underlying Gasport 

formation, is identified by a continually low gamma response and fine crystallinity. Also 

finely crystalline, the upper Ancaster member (8.1 m thick) has wavy, bioturbated bedding 

and light-colored chert nodules observed in core and image logs. 

The petroliferous shaley-dolostone of the Vinemount member of the Eramosa 

formation is not observed in this core, nor is there a characteristic gamma peak. However, 

the two overlying members of this formation are present, primarily identified by the 

presence of seismite structures observed in core at 22.88 to 23.97 mbgs, noted as a “tight 

zone with a brecciated appearance”. This interval is observed as a small gamma peak at 

approximately 23.9 mbgs and is a diagnostic reference marker to identify the Reformatory 

Quarry member, which in this core is approximately 8.0 m thick (Brunton 2009). Observed 

in this core, the overlying Stone Road Member is a 4.0 m thick mudstone unit, 

distinguished from the Reformatory Quarry Member by infrequent vugs < 1 mm in size. 

The shallowest bedrock unit, the Guelph Formation, is composed of 10.1 m of 

mudstone to packstone layers. Differences in fossil abundance and vugginess are 

diagnostic in subdividing the unit into the lower Wellington Member and upper Hanlon 

Member. The 6.3 m thick Wellington Member, distinctive for its moldic porosity, 

possesses frequent vugs ranging in 1 – 15 mm in size. A distinctive gamma peak at 14 

mbgs marks a shaley interval within the Wellington Member that represents a shift in 

bedding thickness and vug size within the Member. The overlying Hanlon Member has 

fewer vugs and increased fossil abundance, and a thickness of 3.8 m. Variability in fossil 

abundance and bedding characteristics within these members represent distinct facies 

changes relating to variation in depositional environment (Brintnell 2012).  While 

representative of the regional Silurian dolostone, core from SEN06 shows some 

departures from expected regional geology. The most notable difference from the 

stratigraphic framework (Brunton 2009) is the absence of the Vinemount member of the 

Eramosa formation, a lithostratigraphic unit that can reach thicknesses of up to 10 m. The 

opposite is visible in the Ancaster member of the Goat Island formation, where the unit is 

thicker in than expected, at approximately 8 m thick instead of up to 6 m thick. 

The remaining sentry boreholes each have different combinations of useful data 

available for lithostratigraphic interpretation (Table 3). Particularly, BH-401 was 

previously cored and was therefore incorporated as a second calibration borehole using 

the golden spike approach. Lithology logs and core photos from BH-401, combined with 

gamma and ATV datasets, reinforced the relationship observed between core and 

geophysical datasets at SEN06. From both coreholes, the geophysical logs necessary 
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for this analysis included gamma and image logs. Referencing the relationship between 

core and geophysical logs at the golden spike locations provides more confidence in 

gamma and ATV/OTV log interpretation at SEN04 and SEN05, essentially creating core-

calibrated geophysical interpretations at those two sites that have less data. The 

stratigraphic interpretations of the remaining boreholes (BH-401, SEN05 and SEN04) 

using the range of available depth-aligned borehole data are included in Appendix B. 

4.1.2 Fracture Frequency Profiles 

Figure 8 shows the multiple depth-aligned datasets used to examine fracture 

frequency trends at SEN06. Cumulative fracture intensity (CFI) plots for core fractures 

and image log fractures provide a visual indication of changes in fracture intensity with 

depth. All calculated fractures per metre assume 100% recovery, which is consistent with 

the competent dolostone drilled at site, as noted in Appendix C. Comparing fracture data 

collected from the continuous core versus the geophysical image of the borehole wall, the 

fractures measured from each method are relatively abundant within the same intervals, 

and therefore show the same general trend. The core fracture log is biased high due to 

the possible inclusion of mechanical breaks as fractures induced during drilling (228 total 

fractures over 69.9 m in core at SEN06). The ATV and OTV log CFI plot is likely biased 

low due to factors such as televiewer image resolution and borehole wall quality (145 total 

fractures at SEN06).  

To improve the estimates of the most representative number of fractures present 

at SEN06, the ATV fracture log was examined alongside the core fracture log and core 

photos. Comparing the two datasets allowed for distinction of features such as 

mineralogy, lithology, and stylolites. Fractures were added or removed as needed to 

create a core-informed ATV fracture dataset (168 total fractures). The resulting reconciled 

core-informed ATV CFI line falls between the core and ATV CFI lines (Figure 8) and is 

the one used in future fracture analyses. 

It is also important to consider the bias imparted through the use of vertical 

boreholes in this, where high-angle joints are systematically under-sampled due to the 

angle between the sampling line and the fracture normal (Terzaghi 1965). To best 

accommodate vertical borehole data, a Terzaghi weighting correction (w) was applied.  

𝑤 =  
1

cos 𝛿
 

𝛿 = 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑛𝑜𝑟𝑚𝑎𝑙 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑙𝑖𝑛𝑒 (𝛿 < 82°) 
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This corrective measure is commonly used in structural analyses; however, it 

results in a ‘blind-zone’ where vertical borehole data is blind to vertical fractures (Priest 

1993). Vertical fractures are more parallel to the axis of the borehole and are less likely 

to be sampled (Figure 9). The weighting factor is restricted to 7 , according to industry 

standards to avoid overcorrection, which represents a  of approximately 82 degrees 

(Terzaghi 1965). This over-correction would potentially cause the weighting factor to 

overpower the fracture pattern. 

At SEN06, the entire borehole has an average linear fracture intensity (P10) of 

approximately 2.3 fractures per meter. P10 values greater than 5 fractures per meter are 

found from 0 to 18 mbgs within the Guelph formation, where increased fracture intensity 

is likely a product of bedrock mechanical weathering during exposure to Quaternary-aged 

glacial advances and retreats. Fracture frequency decreases to 1 fracture per meter or 

less in the Eramosa formation. A second interval of increased fracturing occurs between 

30 and 42 mbgs, within the Goat Island formation, with P10 values ranging from 3 to 5 

fracture per metre. The Ancaster member of the Goat Island formation is finely bedded 

and finely crystalline, with core and ATV fractures observed, where the majority of these 

fractures are near-parallel to bedding. Within the Gasport formation, fracture frequency 

varies from 0.3 to 2.7 fractures per meter. Increased fracturing corresponds with an 

increase in bedding thickness and increase in fossil abundance, and is likely due to 

changing rock properties with changing lithology, where each responds differently to 

applied stress (La Pointe 2010). 

As plotted in Figure 8, fracture frequency was calculated for 2 m intervals 

throughout the borehole. A 2 m interval was selected to capture the vertical distribution 

of fractures, without sensitivity to small changes in fracture frequency. The values within 

these intervals range from 0 to 6.5 fractures per metre.  Changes in fracture frequency 

through the borehole, calculated for 2 m intervals, will be considered in addition to P10 

inflections when correlating site-wide mechanical units in Section 4.2.2.  

4.1.3 Hydraulic head profiles 

Depth-discrete high-resolution vertical profiles of hydraulic head at SEN06 

obtained from temporary deployments were examined following the method of Parker et 

al. (2006), Chapman et al. (2013), and Meyer et al. (2008; 2014). Meyer el al. (2008; 

2014) used these profiles to calculate vertical components of gradient at snapshots in 

time to determine reproducibility and to support delineation of distinct hydrogeologic units, 

where inflections in depth-discrete head profiles are indicative of a change in vertical 

hydraulic conductivity. The data presented here are advanced further from Meyer et al. 

(2014) because continuous head measurements are used, sampled at a 60 second 
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frequency, thus capturing various transient hydraulic conditions due to seasons and 

pumping (Figure 10). Figure 10 shows SEN06 transducer hydrographs with temporal 

changes in pumping at Municipal Well #1 and Municipal Well #2. As measurements were 

taken over a two month period, seasonal variation was not examined in these datasets. 

Following this approach using continuous temporal data, the temporary transducer 

deployment at SEN06 (24 transducers logging at 1 second intervals), 10 hydraulic head 

profiles and their corresponding vertical components of gradient were selected from  to 

capture snapshots of different pumping conditions at municipal wells #1 and #2- either 

pumping simultaneously, pumping individually, or shut-off (Figure 11). Always resolvable 

vertical hydraulic gradients, marked as green intervals calculated between discrete 

monitoring points, can provide evidence of low vertical hydraulic conductivity due to less 

fractured zones or horizons (Meyer et al. 2014) or of zones with distinct hydraulic 

responses. 

Starting from the top of the borehole, (Zone 12, Figure 11) there is a zone of 

consistent head loss at 8 to 10 mbgs, where vertical gradients range from -0.1 to -0.5 

m/m regardless of pumping condition. This inflection in the head profile occurs across the 

lower Hanlon and upper Wellington member of the Guelph formation. No consistently 

resolvable vertical gradients are observed from 10 to 22 mbgs, which includes two 

stratigraphic units- the Wellington member and Stone Road member. Pumping conditions 

do not appear to have a large influence on gradient magnitude at this depth (Zone 11, 

Figure 11), which are consistently less than 0.02 m/m. 

Strong downward vertical gradients, enhanced by supply well pumping, dominate 

the mid-section of the borehole (Zone 8 – 10, Figure 11) and extend over multiple 

lithostratigraphic units. Zone 10 (Figure 11) occurs from 22 to 32 mbgs, where vertical 

gradients between transducers range from -0.1 to -1.4 m/m during shut-off and maximum 

pumping, respectively. These vertical gradients occur across the Reformatory Quarry and 

upper Ancaster members. Sometimes resolvable vertical gradients are present within the 

lower Ancaster member, from 32 to 36 mbgs, where they are consistently less than or 

equal to 0.02 m/m (Zone 9, Figure 11).  

The largest resolvable downward gradients, during all pumping conditions, in the 

borehole occur across a zone from 36 to 41.5 mbgs within the Niagara Falls member 

(Zone 8, Figure 11). Vertical gradients range from -0.2 to -1.0 m/m, where gradient 

magnitude appears impacted by pumping. Zone 7 (Figure 11), from 41.5 to 43.5 mbgs 

within the upper Gasport formation, also has resolvable downward gradient ranging from 

-0.1 to -0.4 m/m. However, the smaller variation in gradient magnitude suggests that this 

interval is less impacted by pumping than compared to the zone above. 
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An interval with a consistent upward gradient is located at 43 to 46 mbgs, within 

the upper Gasport formation (Zone 6, Figure 11). Gradient magnitude ranges from +0.2 

to +1.0 m/m between recovery and maximum pumping conditions. This is the only section 

within the borehole where resolvable upward gradients are consistently observed during 

all pumping conditions. 

Overall, the Gasport Formation below 46 mbgs shows few always resolvable 

gradients, where unresolvable gradients are present in two zones- from 46 to 55 mbgs 

(Zone 5, Figure 11) and 58 to 62 mbgs (Zone 3, Figure 11). Zones with unresolvable 

vertical gradients are generally indicative of high relative vertical hydraulic conductivity 

(Meyer 2008, 2014). Separating these two zones, there is an interval from 55 to 58 mbgs 

where resolvable downward gradients of -0.1 m/m are observed consistently, regardless 

of municipal well pumping condition (Zone 4, Figure 11). Transducers within the Gasport 

formation generally appear to respond to pumping together; while head values may 

change between pumping conditions, there is little variation in gradients during all 

scenarios. 

The deepest always resolvable inflection in the head profile occurs from 62 to 65 

mbgs, across the Irondequoit formation (Zone 2, Figure 11). Resolvable downward 

gradients range from -0.1 to -0.4 m/m, changing due to pumping condition. This inflection 

separates the dolostone rock above from the shaley-dolostone and shale rock of the 

Rockway, Merritton, and Cabot Head formations below. 

There are 11 interfaces marked in Figure 11, separating suspected low Kv intervals 

from those with relatively high Kv. At SEN06, there are 12 distinct hydraulic zones, where 

each zone has either consistently resolvable vertical gradients or no resolvable gradients 

throughout. The same procedure of data analysis was completed at the remaining sentry 

boreholes, included in Appendix B. However, the data resolution of head profiles used at 

each location is variable. SEN06 and SEN05 possess the highest-resolution head profile 

datasets, from temporary deployments constructed with narrow monitoring intervals. At 

the remaining sentry locations, SEN04 and BH-401, hydraulic zones were inferred from 

inflections in MLS head profiles, as temporary transducer deployment data were not 

collected at these locations. The MLS head profiles at SEN04 and BH-401 provide 

valuable head profiles and gradients, but at a different resolution when comparing their 

monitoring locations and interval lengths to those used during transducer monitoring. 
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4.2 3-D Static Conceptual Site Model 

Following the analysis of individual borehole profile data, stratigraphic, 

mechanical, and hydraulic head interfaces were correlated between sentry boreholes. 

These interfaces are crucial for understanding three-dimensional groundwater flow in the 

context of stratigraphic and mechanical unit geometry. Section 4.2 is focused on 

interfaces correlated between boreholes that reflect consistent changes in properties 

such as lithology and fracture frequency, and groundwater flow at the site.  

4.2.1 Lithostratigraphic Units 

Figure 12 shows the lithostratigraphic contacts correlated across all sentry 

boreholes. The thicknesses of each formation and member vary at each borehole (Table 

4). The Niagara Falls member of the Goat Island formation is not identified at SEN04, and 

due to this borehole’s depth, contacts between the Irondequoit, Rockway, Merritton, and 

Cabot Head formations are not interpreted at this borehole. The sharp increase in gamma 

at the Cabot Head formation is diagnostic of the transition of dolostone to shale. This 

trend is visible at SEN06, SEN05, and BH-401, along with the “noisy” gamma signature 

used to correlate the Irondequoit formation. The Gasport formation and Niagara Falls 

member both have a low gamma response. This signature is present at all boreholes, 

and crinoids visible in image logs support identification of the Gasport formation. The 

Ancaster member has wavy bedding with pale chert nodules visible in OTV logs, along 

with peaks in gamma. Correlating gamma peaks and ATV vugginess are used to correlate 

the Reformatory Quarry member, and a consistent decrease in gamma is visible across 

the site where the Stone Road member is present. The Vinemount member was absent 

in SEN06 core, and the lack of a large gamma peak (associated with higher clay content) 

at this borehole and at the remaining sentry locations provides evidence that it is absent 

across the site. There is a distinctive gamma peak in the lower Wellington member that 

is used to correlate between boreholes, where a finely crystalline, thinly bedded layer is 

observed in all boreholes (SEN06 = 14.40 mbgs, BH-401 = 11.95 mbgs, SEN05 = 14.20 

mbgs, SEN04 = 19.04 mbgs).The contact with the overlying Hanlon member of the 

Guelph formation, identified in core, is correlated with similar changes in vugginess 

observed in image and virtual caliper logs. 

At the site-characterization scale, the lithostratigraphic units have variable 

thicknesses, with units absent in some locations. For example, at SEN04, the Niagara 

Falls member appears to pinch out completely from the geologic sequence. Much of this 

irregularity may be a product of the reef mound topography of the Gasport formation. The 

irregular topography of this formation is attributed to reefal mound complexes formed 

during cyclical changes in sea level fluctuations, resulting in alternating grainstone and 
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packstone lithological units marking reef building sequences (Brunton 2009). Of all eight 

stratigraphic units present at this site, the Gasport formation is the most variable in 

thickness, ranging from 21.9 m to 37.5 m. Based on elevations of the top of the Gasport 

formation across the site, SEN04 appears near the peak of a reef complex and SEN06 

may be on the periphery of a reef mound. Depending on the depositional position relative 

to the reef mound, presence or absence of overlying units may reflect lateral facies 

changes or infilling of irregular topography (Brintnell 2012) and exposure time resulting in 

erosion or non-deposition (Bancroft et al. 2016). One or a combination of these processes 

may account for the absence of the Vinemount member at this site, a known 

discontinuous unit in the Guelph area (Cole et al. 2009). 

Additionally, the Guelph formation is a discontinuous unit across the City of 

Guelph. At this location both members are present and together are approximately 9 m 

in thickness. Considering the unconformity at this unit, there is both broad-scale erosion 

and focused erosion creating bedrock valleys through the Guelph formation (Priebe et al. 

2019). However, since both the Guelph and the Eramosa formations will outcrop at 

surface (Brunton 2009; Fomenko 2015; Fernandes 2017; Kennedy 2017), suggesting 

more broad scale erosion occurred. 

Intermittent tectonic uplift and erosion within the Gasport formation can result in 

paleokarstification before deposition of overlying units (Brunton et al. 2012; Priebe et al. 

2019). At SEN04, a drop in drilling rods from 45.7 to 53.6 mbgs, along with OTV log 

evidence, indicate that large (~8 m) karstic features are present in the Gasport formation. 

Image logs at SEN06 also indicate that smaller-scale dissolution features are present in 

the upper Gasport formation. This is also consistent with a 2 m diameter karstic feature 

in the Gasport formation intersected at a research site on the University of Guelph 

Campus, 4 km to the southeast (Fomenko 2015), a large void at a municipal well at ~47 

mbgs in the Gasport (E. Arnaud, personal communication), and large voids encountered 

approximately 60 mbgs (Cole et al. 2009).  

From core obtained at SEN06, potential paleokarst surfaces within the Gasport 

formation were identified from lithology logs. Sequence breaks occur between metre to 

decametre shallowing upward cycles (Brunton et al. 2012; Priebe et al. 2019), where the 

carbonate rock was deposited in progressively shallower water. In the Gasport formation, 

these boundaries are inferred from core at fracture and lithology changes where fossil 

content and vug intensity peaks, particularly at 57.24 and 41.47 mbgs. Generally, these 

zones possess a fracture feature with adjacent dissolution enhancement. As surfaces are 

the main control of groundwater flow within Cambrian-Ordovician carbonates and 

siliciclastic rock in Wisconsin (Meyer et al. 2016), these potential paleokarst surfaces 
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associated with seal level fluctuations will be examined in future studies to evaluate if 

there is any influence on groundwater flow. 

4.2.2 Mechanical Units 

Between the four boreholes, there are 5 correlated site-scale mechanical units 

(MU) that capture overall changes in fracture frequency with depth (Figure 13) (La Pointe 

2010). Mechanical units are layers of rock that respond uniformly in response to an 

applied stress (Gross 1993). When using CFI plots to identify mechanical units, fracture 

frequency or (the slope of the plot) remains relatively uniform within a mechanical unit, 

and boundaries are placed at broad inflections in slope (La Pointe 2010). Mechanical unit 

thickness at this site varies from approximately 2 m to greater than 30 m (Table 5). The 

thickest mechanical unit is MU2, coinciding with the thick Gasport formation, which 

contains the greatest total number of fractures. The thinnest units are MU3 and MU4 (7 

and 5.3 m thick, respectively), which coincide with the relatively thin Eramosa and Goat 

Island formations. 

Due to the sampling bias inherent in vertical borehole fracture logs (Terzaghi 

1965), vertical fractures are underrepresented in these datasets. This sampling bias 

results in a “blind-zone”, where all four borehole Terzaghi-weighted fracture datasets 

were plotted on a Schmidt equal area stereonet in polar projection (Error! Reference 

ource not found.). All data points represent poles to the fracture plane. The shaded grey 

region along the perimeter of the stereonet represents the blind-zone of the vertical 

boreholes, essentially obscuring any fractures with a dip angle between 82 and 90 

degrees. The data points clustered at the centre of the stereonet are well-represented 

horizontal bedding plane parallel fractures. At this location, approximately 58% of 

fractures are sub-horizontal (dip < 20°), 39% are oblique (dip between 20° and 70°), and 

3% are near-vertical (dip > 70°). 

Two previous studies in the same fractured dolostone aquifer used inclined 

boreholes to reduce this bias and identified 89% bedding plane and 11% high angle joints 

at one location (Fomenko 2015), and 74% bedding plane and 26% high angle fractures 

at a second (Munn 2012). At this second location, a research site approximately 3 km 

away (Munn 2012), data from 11 vertical coreholes showed a similar stereonet with a 

“bulls-eye appearance” (Error! Reference source not found.), where there were 88% 

edding plane fractures and only 12% high angle fractures observed. Mechanical unit 

thicknesses range from 4.0 to 27 m in Munn (2012), similar to those observed at this study 

site. Considering that vertical fracture spacing is proportional to mechanical unit thickness 

(Underwood et al. 2003), vertical fracture orientations obtained from angled boreholes 

are more appropriate for use in future DFN modelling and this study will herein utilize the 
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sub-horizontal fracture datasets from this study and high-angle fracture datasets from 

Munn (2012). 

Linear fracture intensity (P10) and fracture spacing is 2.1 fractures per metre, 

ranging from 2.0 fractures per metre to 5.3 fractures per metre, informed from data 

collected at this study site (Table 6). From Munn (2012), there are 2 high-angle fracture 

sets that are well represented in angled boreholes: a northeast to southwest set (dip of 

79°) and an east-northeast to west-southwest set (dip of 82°). These fracture sets have 

mean linear fracture intensities of 0.7 fractures per metre and 0.5 fractures per metre, 

respectively. These fracture sets are found throughout the dolostone sequence without 

correlation with mechanical layers, indicating that they are regional and post-depositional 

(Munn 2012). This data also matches joint orientations from large scale fracture mapping 

across Southern Ontario, particularly with the WNW-ESE striking set observed within the 

Grand River Basin region (Eyles et al. 1997) and with regional NE-SW striking joint sets 

(Sanford et al. 1985; Kunert et al. 1998).  

At this site, many mechanical unit interfaces do not match exactly with stratigraphic 

unit boundaries at all boreholes. Predictions of mechanical stratigraphy are not 

necessarily reliant on stratigraphic layers (Underwood et al. 2003). The lack of alignment 

between stratigraphic and mechanic datasets could be due to the presence of stronger 

termination surfaces at sequence stratigraphic boundaries (Meyer et al. 2016). In massive 

thick-bedded carbonates, such as the Gasport formation, the distance between 

mechanical boundaries can be larger than joint height, so joints may terminate at 

intermediate surfaces within the mechanical unit. In well-stratified rock, such as shaley-

dolostone, organic-rich mudstones can act as fracture termination boundaries between 

mechanical units (Gross 1993). Generally, coarse-grained, thick-bedded lithologies are 

mechanically separate from laminated, fine-grained lithologies (Underwood et al. 2003). 

Comparing core lithology logs to mechanical unit boundaries at SEN06 and BH-401, 

boundaries separate thick-bedded, medium to coarse grained lithologies from those that 

are thin-bedded and finely crystalline.  

Spatial differences in fracture frequency between boreholes may be a product of 

geologic structure (Procter and Sanderson 2018). As observed by Podwysocki and Gold 

in Devonioan dolostone (1974), vertical fracture frequency is associated with reef mound 

topography. In response to depositional compaction of sediments over the reef mound, 

the region of the reef mound peak possesses a lower vertical fracture frequency 

compared to an increase in vertical fracture frequency along the reef’s periphery 

(Blanchet 1957; Podwysocki and Gold 1974). While this study observes more sub-

horizontal fractures near the reef mound peak, it is not known whether there is a strong 
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relationship between reef topography and vertical fracturing at this site as observed in the 

Devonian dolostone of Powysocki and Gold (1974). 

Some attention should be paid to the various methods used across the study site, 

which may result in biases within the fracture data. Fracture data were obtained from 

oriented image logs at all locations, and core fracture logs were obtained at SEN06 and 

BH-401. Additionally, at SEN04, due to issues in borehole stability, only OTV logs were 

collected, which may introduce a low bias in fracture selection as it is typically harder to 

identify fractures in an OTV image than an ATV image. When comparing fracture data 

across the site, image log (or core-informed image log) data were used as the most 

consistently comparable method from each borehole. Drilling methods varied from 

borehole to borehole and may also impact dataset quality. For example, SEN04 and 

SEN05 were drilled using a 6” tricone bit, whereas BH-401 and SEN06 were drilled using 

triple tube PQ coring, but by different drillers in 2012 (BH401) and in 2017 (SEN06). This 

could bias fracture frequency, where drilling-introduced borehole roughness may obscure 

fractures in image logs. Method bias may impart some lateral variability in the sub-

horizontal fracture frequency observed between boreholes; however, these differences in 

fracture frequency are likely a product of the site-scale heterogeneity of the rock itself. 

4.2.3 Hydrogeologic Units 

Hydrogeologic units (HGU) were selected and correlated across the site by 

examining many datasets sequentially. HGUs were primarily informed by head profile 

inflections and resolvable gradients in hydraulic data from temporary deployments at 

SEN05 and SEN06, capturing a range of pumping conditions. These datasets were 

complimented by apparent thermal conductivity profiles from A-DTS at SEN06 and 

SEN05. At SEN04 and BH-401, where MLS head profiles are at a coarser resolution, 

some HGUs were correlated based on corroborating datasets with evidence of similar 

lithostratigraphic and mechanical features, including ATV fracture logs, matrix porosity, 

transmissivity obtained from straddle packer testing, and lithology logs for fossil content 

and rock crystallinity. At all boreholes, these corroborating datasets were rigorously 

compared to hydrogeologic boundaries to support the positioning of boundaries and 

inclusion of distinct units or surfaces. 

Following this process, 13 HGUs were correlated between the sentry boreholes 

(Figure 15). Units include both intervals with defined thicknesses (HGUs 1, 2, 3, 5, 7, 8, 

9, 10,11,12,13) and discrete surfaces or fracture features (HGU4) or a combination of the 

two (HGU6), which are deemed hydraulically distinct (Table 7). Within the 1 km2 study 

site, HGUs have variable thicknesses at each borehole. An example of this is observed 

in HGU6, where a surface with associated dissolution enhancement has a thickness at 
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SEN06, is a surface at SEN05 and BH-401, and may coincide with a karst feature at 

SEN04. Another example of thickness variability is observed in HGUs 7, 8, and 9, which 

are only identified at SEN06, and lumped together as a single unit (HGU7/8/9) at the 

remaining boreholes. Select units with characteristics of interest will be examined in 

greater detail, to further investigate the relationship between individual HGUs and the 

lithostratigraphic and mechanic unit frameworks.  

Positioned at a lithologic boundary within the lower Gasport formation, HGU4 is 

surface feature, lacking thickness. This surface was primarily identified at SEN06, where 

vertical gradient calculations show an always resolvable gradient of -0.1 m/m, regardless 

of municipal well pumping conditions. The consistent nature of this gradient at SEN06 

distinguishes this surface as a hydraulically important feature that coincides with a 

dissolution-enhanced fracture at 57.24 mbgs. While not observed as a resolvable gradient 

at SEN05, a peak in apparent thermal conductivity from fibre optic Active Distributed 

Temperature Sensing (A-DTS) coinciding with a fracture at 51.52 mbgs was used to 

correlate this surface. At BH-401, this surface was placed at an ATV fracture consistent 

with SEN05, located above a zone of sometimes resolvable upward gradients between 

MLS monitoring ports. 

HGU6 is interpreted as a transmissive and laterally variable dissolution feature. At 

SEN06, HGU6 has a consistently resolvable upward gradient within a vuggy interval of 

the Gasport formation. A peak in apparent thermal conductivity at approximately 43 to 49 

mbgs and a relatively high bulk horizontal hydraulic conductivities within this interval 

(Figure 16) provide further evidence that HGU6 possesses active groundwater flow at 

SEN06. At SEN05, only sometimes resolvable upward gradients are evident in temporary 

deployment data, and are not resolved in head profiles from BH-401 and SEN04. 

However, the HGU6 unit from SEN06 is correlated with an observed thermal conductivity 

peak and fracture surface at SEN05 (41.55 mbgs) and an inferred at a fracture surface 

(43.00 mbgs) observed in BH-401 core and ATV data. At SEN04, HGU6 may correlate 

with the karst feature observed at a similar elevation. In sum, the laterally variable 

dissolution within HGU6 is associated with a vuggy section at SEN06, surfaces at BH-

401 and SEN05, and a cavern at SEN04. 

The most lateral variability in hydraulic head profiles between boreholes is 

observed with HGU7, HGU8, and HGU9. At SEN06, these units are separated to capture 

distinct changes in resolvable vertical gradients; however, these gradient changes are 

neither observed in SEN05 temporary deployment data of similar resolution, nor at BH-

401 and SEN04 multilevel systems. At these locations, a single HGU7/8/9 is designated 

to represent the lack of resolvable hydraulic gradients present. Focusing on SEN06, 
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HGU7 has the highest bulk KH measured within the borehole of 10-4 m/s within upper 

Gasport formation. HGU8 and HGU9 have strong downward vertical gradients through 

the lower Ancaster member and Niagara Falls member of the Goat Island formation. 

These resolvable vertical gradients across the Goat Island formation are not observed at 

the remaining boreholes. At SEN05, a peak in apparent thermal conductivity from about 

26 to 34 mbgs indicates that there may be a horizontal component of groundwater flow 

not captured by vertical gradients in temporary deployment data. It is important to note 

that there are differences in head measurement resolution at each borehole (Figure 15); 

however, SEN06 and SEN05 possess equivalent high-resolution datasets with 25 and 24 

monitoring points, respectively. This provides evidence that the absences of these HGUs 

at SEN05, SEN04, and BH-401 may be a product of the reef topography itself, where the 

thicknesses of both Gasport and Goat Island formations are less than those observed 

where there are resolvable gradients at SEN06. 

A laterally consistent aquitard unit (HGU10) exists around Municipal Well #1, 

identified from always resolvable downward gradients observed at all boreholes. These 

resolvable vertical gradients occur over intervals of varying thickness at each borehole, 

and occur across different lithostratigraphic units at each location. At SEN05, SEN04, and 

BH0-401, HGU10 occurs within the lower Reformatory Quarry member of the Eramosa 

formation. At SEN06 this HGU includes both the Reformatory Quarry member and the 

upper Ancaster member of the Goat Island formation. The HGU10 aquitard appears to 

exist independently of lithostratigraphic units. This is unexpected compared to the 

regional conceptualization of groundwater flow, where the Vinemount member of the 

Eramosa formation is considered an important aquitard unit (Brunton 2009). At some 

Guelph-area locations, the Goat Island formation may alternatively behave as an aquitard 

unit as observed at this site (Camillo 2013; Matrix Solutions Inc. 2017b; Munn 2018). The 

presence of the HGU10 aquitard unit, regardless of associated lithostratigraphic unit, may 

be a result of rock properties imparted from bioturbation (Ancaster member) or seismic 

activity (Reformatory Quarry member), poor vertical fracture network connectivity across 

these units, or a combination of factors.  

A shallow aquifer unit, HGU11, is observed at all boreholes and includes the Stone 

Road member of the Eramosa formation as well as most or all of the Guelph formation 

Wellington member. There are sometimes resolvable gradients within this unit observed 

at SEN06 and SEN04 during pumping conditions, and no resolvable gradients observed 

at SEN05 and BH-401. From SEN06 hydrographs (Figure 17), this unit shows a relatively 

small response to municipal well pumping compared to other HGUs, indicating a 

moderate connection between HGU11 and the municipal wells. From straddle packer 

testing completed at SEN06, this unit has a relatively high KH of 10-4 m/s. 
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At this site, HGU boundaries coincide with one or more lithostratigraphic, 

mechanical, or sequence boundaries (Table 8). Within the upper half of the borehole, 

Within the Gasport formation, the positioning of HGU2 to HGU7 may be controlled by 

boundaries separating shallowing upward cycles where paleokarst may have influenced 

the fracture network or matrix hydraulic properties. HGU4 and HGU6 are two units 

equated with these surfaces that show evidence of dissolution. As the Gasport formation 

was deposited over cycles within transgressive (open-marine) conditions, this is likely a 

dominant factor in the hydraulic properties of the rock (Brunton et al. 2012). The 

lithostratigraphic units above were deposited in both transgressive and regressive marine 

environments with periods of subaerial exposure (Brintnell 2012), imparting more 

variability in rock matrix and mechanical properties, which may also influence hydraulic 

behaviour in the upper HGUs. The variability observed in lithostratigraphic, mechanical, 

and sequence boundaries (of both local and regional scale) when compared to HGU 

boundaries suggests that lateral heterogeneity in matrix properties, fracture network 

connectivity, and dissolution features may impact the distribution and properties of HGU 

at the site-scale. 

4.3 Hydrogeologic Parameters 

4.3.1 Matrix Properties 

Petrophysical analyses for porosity, specific surface area, thermal conductivity and 

diffusivity, magnetic susceptibility, and gas permeability were completed from 15 SEN06 

rock core samples. The samples were selected to capture lithostratigraphic variability 

observed throughout the rock core. Two measurements of porosity were obtained; MICP 

porosity and gravimetric porosity were measured from select samples throughout the 

borehole. These multiple methods were selected to obtain the most confidence in porosity 

values, as each method possesses an inherent bias. From gravimetric analyses (Table 

9), porosity values range from 1.9% to 16.1%. The Ancaster member has the lowest 

matrix porosity and smallest range of 1.9% to 8.8%. The highest porosities occur in the 

Guelph formation (arithmetic mean 13.4%), the Stone Road member (arithmetic mean 

14.3%) and Gasport formation (arithmetic mean 8.08%). The Gasport formation is the 

most variable stratigraphic unit with values ranging from 3.9% to 14.9%; this is consistent 

with the observed cyclical variability in lithology and complex porosity types. The variation 

within the Gasport is also observed at other Guelph area locations, where porosity in the 

Gasport varies from 3.5% to 10% (Munn 2018). From MICP analyses (Table 10), the 

porosity values show the largest porosity values within the Hanlon and Stone Road 

members, of 15.8% and 15.3% respectively. The lowest MICP porosity is within the 

Ancaster member, with an arithmetic mean of 4.5%.  
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Within HGUs, the largest mean porosity values are measured within HGU6 

(14.9%), followed by in HGU12 (13.4%). Within HGU10, the aquitard layer encompassing 

the Reformatory Quarry member and Ancaster member, the mean matrix porosity is 5.5% 

from gravimetric analysis and 3.3% from MICP analysis. The largest magnitude changes 

in porosity occurs between HGU10 and HGU11, and between HGU6 and HGU7. Overall, 

these matrix porosity values reflect previously measured values at other Guelph-area 

locations (Kennel 2008; Munn 2018) and fit within the observed range in dolostone 

porosity, which can vary from 4 to 30% (Sun 1995).  

Gas permeability analysis results were used to calculate the saturated matrix 

hydraulic conductivity (Km, sat). The largest Km,sat value was calculated for the Stone Road 

member, of 6 x 10-8 m/s (Table 11). Within the Ancaster member and Gasport formation, 

Km,sat values are 3 x 10-10 and 2 x 10-12 m/s respectively. The generally low Km,sat values 

across all lithostratigraphy and HGUs suggests that the bulk of hydraulic conductivity 

within the subsurface is contributed from groundwater flow through fractures. 

4.3.2 Fracture Properties 

The greatest fracture frequency values are found in HGU10, with a mean of 3.9 

fractures per metre across all boreholes (Table 12). Fracture frequency is variable within 

this unit, ranging from of 1.1 and 1.7 at SEN06 and BH-401 to 5.5 and 7.3 at SEN05 and 

SEN04. As HGU10 hydraulically behaves as an aquitard unit, there may be poor vertical 

connection of the fracture network. The lowest mean fracture frequencies are observed 

in HGU11 (1.6 fractures per metre), HGU7 (0.9 fractures per metre), HGU6 (1.1 fractures 

per metre), and HGU3 (1.6 fractures per metre).  

As proposed by Gross (1993), there is a positive relationship between mechanical 

unit thickness and fracture spacing where mechanical interface spacing controls vertical 

joint height, length, and spacing. An empirical ratio of 1:1 can be used to relate average 

fracture spacing and bed thickness (Underwood et al. 2003). However, at this study site, 

the lateral variability of mechanical unit thickness would suggest that vertical fracture 

spacing and therefore frequency will also vary laterally.  

4.3.3 Hydraulic Properties 

Mean bulk hydraulic conductivity (KH) values from straddle packer testing at 

SEN06, for each HGU, range from 10-7 to 10-4 m/s (Table 14Error! Reference source 

not found.). HGU6 has the largest mean KH of 10-4 m/s, within the Gasport Formation. 

Gasport Formation K values correspond well with regional studies where mean KH does 

not exceed values greater than 10-4 m/s (Priebe et al. 2017; Priebe et al. 2019). HGU10 
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has a mean KH value of 10-7 m/s, where the lowest measured individual interval within 

this unit was 10-9 m/s (Appendix D). This is consistent with head profile and gradient data, 

where there are resolvable gradients present across these units. This suggests that there 

is not only low vertical conductivity, but relatively poor horizontal hydraulic conductivity 

within HGU10.  

In addition to providing bulk transmissivity and hydraulic conductivity 

measurements, average hydraulic apertures (2b) were derived from each straddle packer 

test interval. These values were found using multiple series of constant head tests to 

determine the critical Reynold’s number (Rec) to ensure that transmissivity is calculated 

within a Darcian flow range (Quinn et al. 2011b). The number of hydraulically active 

fractures within a test interval was empirically obtained by adjusting the number of 

fractures (starting with core data) to find the best correlation between the calculated 

hydraulic apertures and the Rec. The estimated number of hydraulically active fractures 

ranges from 0.7 to 16.54 within individual HGUs. These values are fractional as they are 

empirically derived and represent the relative contribution of fractures to groundwater flow 

within the interval. 

The resultant Rec-calibrated hydraulic fracture aperture values range from 13 to 

726 m (Table 15) in an approximately log-normal distribution (Figure 18). The arithmetic 

mean hydraulic aperture obtained from packer testing analysis is 260 m. Of all HGUs, 

the aquitard unit HGU10 possesses the lowest mean hydraulic aperture of 67 m, 

providing further evidence of poor hydraulic connectivity within its fractures. HGU6, as a 

contrast, possesses the largest mean hydraulic aperture value of 572 m. The largest 

ranges in hydraulic aperture are found in HGU3 and HGU11. These fracture aperture 

values for Silurian dolostone, while difficult to find in literature, compare with those 

calculated at a nearby research site, where the arithmetic mean hydraulic aperture was 

125 m (Munn 2012). At a second site within Guelph, hydraulic fracture apertures ranged 

from 140 to 248 m, within the Eramosa formation (Fernandes 2017).  

Fracture porosity (P11) is the length of fracture intersects per unit length of 

scanline, or the thickness of fractures divided by the length of scanline (Snow 1969). 

When fractures are assumed to be smooth parallel plates, according to the cubic law, the 

effective fracture porosity can be estimated as the sum of hydraulic apertures, divided by 

the spacing of fracture set. Following this relationship, estimates of mean effective 

fracture porosity were calculated for each HGU (Table 15), using the mean hydraulic 

aperture of the respective HGU and incorporating the mean fracture spacing of sub-

horizontal data from this study and of vertical fracture sets from Munn (2012). An overall 

fracture porosity for the entire Silurian sequence of 2.7 x 10-4.  
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HGU10 has the smallest fracture porosity value of 3.4 x 10-4, which is expected 

considering the aquitard behaviour of this unit. The largest fracture porosity values are 

observed in HGU5 and HGU6 within the Gasport formation, at 1.3 x 10-3 and 1.4 x 10-4, 

respectively. These values represent the best approximation of fracture porosity, which 

in reality will vary due to spatial heterogeneity in the fracture network. They are consistent 

with previous studies completed in fractured Silurian dolostone, with overall fracture 

porosity values of 5x10-4 (Belan 2010) and 6.4x10-4 (Munn 2012). Fracture porosity is an 

important parameter for better predictive capabilities of numerical DFN-M contaminant 

modeling. 

4.4 Comparison with Current CSM 

The current conceptual model of groundwater flow through Guelph-area bedrock 

contains eight hydrostratigraphic units (Figure 3), each with aquitard or aquifer 

designations (Matrix Solutions Inc. 2017a). For seven of the eight hydrostratigraphic units, 

the position and thicknesses of these units are defined solely by lithostratigraphic units. 

One unit within the middle of the Gasport formation is identified as a high K zone and is 

given a 12 m constant thickness and slope, based on the average thickness of observed 

fractures and vugs. This study refined the current lithostratigraphic conceptualization of 

hydrogeologic units through the creation of a 3-D static model that incorporates 

stratigraphic, mechanical, and hydraulic variability over a 1 km2 area. All 13 hydrogeologic 

units in the refined CSM were observed on the basis of high-resolution hydraulic gradients 

analysis, and then further evaluated in the context of lithostratigraphic and mechanical 

stratigraphic units and boundaries. In this resulting CSM, the position and thickness of 

hydrogeologic units vary from discrete surfaces to thick units that span multiple 

lithostratigraphic units (Figure 19). 

Beyond an increase in the number of hydrogeologic units, an important distinction 

between previous CSMs and the CSM presented in this study falls to the data types used 

in delineating units. Since the existing CSM is created for regional groundwater flow 

analysis, the datasets informing units and their parameters are based in an EPM 

framework, capturing bulk values and contrasts in hydraulic conductivity. In this study, 

hydrogeologic units are informed within a DFN-M framework, and require high spatial and 

measurement resolution that captures fracture-scale variations. Although DFN-M 

parameters can also be used to inform EPM numerical models, a strength of this study is 

that a conceptualization is constructed with future DFN-M modeling in mind, to investigate 

contaminant transport through fractured dolostone aquifers. 

The refined CSM developed in this study can be used as a tool to strategically 

modify existing wells or position new supply well screens, to target zones with active 
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groundwater flow while minimizing the cross-connection of distinct aquitard layers. 

Additionally, units could be targeted to isolate longer groundwater flow paths and 

residence times with stronger attenuation abilities for potential contaminants of interest. 

4.5 Implications 

The aquitard unit HGU10 is locally present at the site, throughout all pumping 

conditions at Municipal Well #1. HGU10 exists despite the absence of the Vinemount 

member of the Eramosa formation at the site, which is commonly associated with aquitard 

properties within the City of Guelph. Instead, depending on borehole location, the 

Reformatory Quarry member of the Eramosa formation and the Ancaster member of the 

Eramosa formation are the lithostratigraphic units associated with aquitard properties at 

this site. A broad implication of this observation is that lithostratigraphic units do not 

correspond exactly to aquitard or aquifer units, and cannot be used predictively to 

understand the distribution of groundwater flow in the subsurface, particularly in 

heterogeneous fractured dolostone. Instead, hydraulic data is necessary to identify 

aquitard and aquifer units within the framework of a fractured geological system.  

In order to identify aquitard units, temporary deployments provide valuable high-

resolution spatial and temporal datasets that improved the selection of HGUs (Meyer et 

al. 2008),where head profile inflections and vertical gradients are most highly resolved in 

temporary deployment data, compared to those resolved from manual MLS 

measurements.  However, temporary deployment data also informed the construction of 

multilevel systems subsequently installed in the boreholes for long-term sentry well 

monitoring around Municipal Well #1. By understanding the distribution of HGUs around 

Municipal Well #1, discrete monitoring ports can be placed to minimize cross-connection 

of distinct aquitard and aquifer units. Multiple sentry wells, as opposed to a single well or 

transect of wells, can provide a more complete understanding of lateral heterogeneity, 

such as in the identification of a karst feature at SEN04, and the variable lithostratigraphic 

unit thickness observed between locations at this site. 

Utilizing a golden spike borehole is an effective method for site-scale 

characterization, where golden spike datasets offered calibration of direct and indirect 

datasets to create hydrologically-informed relationships. Particularly when working in 

fractured bedrock environments, using one borehole as a golden spike can help 

economize the costs of complementary boreholes. The most powerful datasets were 

temporary deployments and A-DTS, applied at SEN06 and SEN05, which provided two 

sources of high-resolution evidence relating to groundwater flow across the site. 

Additionally, continuous core combined with multiple complementary methods at the 
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golden spike borehole provided the needed corroboration to reduce uncertainty in data 

interpretation. 

4.6 Limitations and Further Work 

The main limitation of data collection in this study is the bias imparted by vertical 

boreholes, obscuring the impact of fracture controls on vertical hydraulic head loss. To 

better inform our fracture network parameters and constrain areal or volumetric measures 

of fracturing, further outcrop fracture characterization would be valuable to better 

characterize fracture length and horizontal spacing of vertical fractures. This would 

provide reasonably constrained areal fracture intensity values (P21) for 3D fracture 

network generation and modeling (Golder Associates 2008). Outcrop mapping would also 

provide insight into fracture length and spacing, particularly in the horizontal direction, 

which are valuable inputs when modelling contaminant plume migration through a DFN 

(Chapman et al. 2014; Ribeiro 2016). An alternative approach to obtain better constraints 

on vertical fracture sets could include the use of angled boreholes when designing the 

location of monitoring boreholes.  

It is important to consider the validity of applying parameter values from the golden 

spike to the entire site, particularly when working in complex geologic environments at a 

site characterization scale. For example, irregular dissolution features, fracture 

connectivity, and stratigraphic unit geometry introduce significant variability between the 

golden spike and additional boreholes. Future numerical modeling, informed with golden 

spike parameters, can be used as a tool to examine the method of parameterizing a 

geologically complex site. 

Oversimplified conceptual site models can result in oversimplified numerical 

modeling; therefore, there is a push to find adaptive and integrated approaches for 

characterization at fractured rock sites (NAS 2015). It is imperative have high-resolution 

data to not only capture the heterogeneity inherent in fractured rock aquifers, but to 

provide high-resolution input parameters for numerical modeling. The site-specific CSM 

developed in this study, and its associated parameters, will be used to inform future 

numerical model construction. Using an appropriate mesh and grid size, bulk hydraulic 

properties for groundwater flow will be used in future EPM modeling. A three-dimensional 

finite-element DFN model can be created by combining the two-dimensional DFN flow 

models with a regional three-dimensional equivalent porous media (EPM) groundwater 

flow model using the methods of Chapman et al. (2013). The high-resolution temporal 

hydraulic head data from temporary transducer deployments and MLS VOC chemistry 

data can be used to test the validity of the future PEST-optimized parameters.  
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Using this static CSM, specifically constructed for Municipal Well #1, future 

sensitivity analyses can be completed for a variety of pumping conditions, such as 

changing pumping well scenarios and volumes. This model can also act as a tool to 

investigate contaminant behaviour near the impacted water supply well, including source 

positions and flux conditions, travel distances, and attenuation capacities. The resulting 

field-informed numerical models can be used as tools to evaluate operating regional 

CSMs, and ultimately, improve strategies for long-term urban aquifer management. 
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5 Conclusions 

A 3-D static conceptual site model, including 13 HGUs and their parameters was 

created to better capture hydrogeologic variability in the subsurface surrounding 

Municipal Well #1. Many high-resolution depth-aligned datasets informed the construction 

of independent lithostratigraphic and mechanical static models. These static models were 

compared with hydraulic head profiles and gradients from temporary transducer 

deployments and multilevel wells to create the refined CSM for the study site, with 

associated parameters for future numerical modelling in both EPM and DFN-M 

frameworks.  

As observed with high-resolution head profile data, aquifer and aquitard units do 

not correspond with lithostratigraphy surrounding Municipal Well #1. This is observed in 

aquitard unit HGU10, which is consistently observed in hydraulic head profile data despite 

the absence of the Vinemount member of the Eramosa formation at the site, commonly 

considered as an important aquitard unit in the City of Guelph. Instead, vertical 

components of gradient are observed across different thicknesses of other 

lithostratigraphic units, and sometimes include multiple lithostratigraphic units. Variability 

in lithostratigraphy and mechanical units- including reef mound topography, the absence 

or pinching out of overlying lithostratigraphic units, and laterally variable dissolution 

features- likely influence the distribution of HGUs at the study-site scale. However, 

geological conceptualizations alone did not provide the necessary insights required to 

identify aquifer and aquitard hydrogeological units- the multiple datasets collected were 

key to identifying the distinct HGUs. 

Temporary transducer deployments provided the needed high-resolution hydraulic 

data to identify both variable HGUs and discrete transmissive surfaces. The variability of 

aquifer and aquitard thicknesses was well-resolved in the high-resolution head profiles 

from temporary deployments at SEN06 and SEN05. Temporary transducer deployment 

data vastly improved the selection of HGUs, providing up to 25 head measurement points 

with 0.5 m monitoring lengths across approximately 70 m of rock in vertical profile. These 

datasets are subsequently used to optimize multilevel system construction for long term 

groundwater quality monitoring. 

The refined units presented in this study allow for an improved understanding of 

groundwater flow around Municipal Well #1, particularly when examining the relationship 

between potential contaminant sources and plume movement. As contaminant transport 

is reliant on the interplay of fracture network and matrix properties, the multiple datasets 
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used in this refined CSM are of the highest spatial and temporal measurement resolution 

to capture the necessary scale of variability in DFN-M properties.  
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Table 1: Sentry borehole details, including drilling method and notes. 

Borehole 
ID 

Ground 
Elevation 

(masl) 
Boring Method 

Drilling 
Completion 

Date 

Borehole 
Diameter 

(inch) 

Top of 
Bedrock 
(mbgs) 

Bottom 
of Hole 
(mbgs) 

Notes 
Multilevel 
System 
(MLS) 

SEN04 332.000 Tri-cone air rotary 9/29/2016 6.0 10.5 60.96 

Karst feature from 
45.72 - 53.55 mbgs, 

concerns about 
borehole cave-in 

Waterloo 
Hybrid MLS 

SEN05 326.103 Tri-cone air rotary 10/4/2016 6.0 1.8 70.01   G360 MLS 

SEN06 326.121 

Triple-tube PQ coring 3/27/2017 4.8 

6.4 69.92 
Corehole reamed to 6 
inches in preparation 

for MLS 
G360 MLS 

Reaming: Tri-cone air 
rotary 

7/21/2017 6.0 

BH-401 325.73 Triple-tube PQ coring 10/15/2010 3.8 4.86 72.08 
Drilled during previous 

characterization 
(Camillo 2013) 

FLUTe MLS 
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Table 2: Datasets collected at each sentry monitoring location. 

Investigation 
Stage 

Method SEN06 SEN05 SEN04 
BH-
401 

Core 

Detailed lithology and feature logging         

Core matrix VOC sampling         

Matrix property sampling         

Open Borehole 

Borehole Geophysics (gamma, OTV, 
ATV) 

        

ALS/TVP         

Depth Discrete 
Borehole 
Sections 

Packer Testing         

FLUTe transmissivity profiling         

Lined Borehole 

ALS/TVP         

A-DTS with FLUTe         

Depth-Discrete Transducers with 
FLUTe 

        

Temporal 
Monitoring 

Pressure transducer data         

MLS manual head measurements         

Chemistry and VOC sampling         

VOC: volatile organic compound 

OTV: optical televiewer 

ATV: acoustic televiewer 

ALS/TVP: active line source logging using a temperature vector probe 

A-DTS: active distributed temperature sensing 

MLS: multilevel system well 
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Table 3: Summary of data collected used in lithostratigraphic analysis. 

  BH-401 SEN04 SEN05 SEN06 

Ground Surface Elevation 
(masl): 

325.73 332.00 326.10 326.12 

Total Depth (mbgs): 72.08 60.96 70.01 69.92 

Priority Rank Dataset     

1) 
Continuous 
Core Log 

X   X 

1) Core Photos X   X 

2) Gamma X X X X 

3) ATV X  X X 

3) OTV  X X X 
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Table 4: Depths of stratigraphic contacts and thicknesses of stratigraphic units at SEN06, SEN05, SEN04, and BH-401. 

 Well ID  SEN06  BH-401  SEN04  SEN05 

 GS Elevation 
(masl) 

 326.12  325.73  332.00  326.10 

Formation Member 

 Top 
Depth 

Thickness  Top 
Depth 

Thickness  Top 
Depth 

Thickness  Top 
Depth 

Thickness 

 (mbgs) (m)  (mbgs) (m)  (mbgs) (m)  (mbgs) (m) 

Overburden   0 6.86  0 4.86  0 10.50  0 1.80 

Guelph Hanlon  6.86 3.22  4.86 2.11  10.5 5.49  1.80 5.64 

 Wellington  10.08 6.82  6.97 6.49  15.99 3.86  7.44 9.55 

Eramosa Stone Road  16.90 3.99  13.46 4.83  19.85 1.55  16.99 2.79 

 Reformatory Quarry 20.89 7.94  18.29 6.01  21.40 4.50  19.78 5.70 

Goat Island Ancaster  28.83 8.12  24.30 3.85  25.90 4.50  25.48 2.68 

 Niagara Falls  36.95 2.73  28.15 2.97     28.16 3.16 

Gasport   39.68 22.68  31.12 29.82  30.40 30.29  31.32 30.11 

Irondequoit   62.36 2.73  60.94 6.94     61.43 5.56 

Rockway   65.09 0.92  67.88 0.96     66.99 1.17 

Merritton   66.01 0.59  68.84 0.72     68.16 0.66 

Cabot Head   66.60 3.02  69.56 2.52     68.82 1.19 

Bottom of 
Hole 

  69.62   72.08   60.69   70.01  
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Table 5: Mechanical unit depths (mbgs) and thickness (m) at each borehole across the study site. 

MU 

SEN06 BH-401 SEN05 SEN04 

Ground Surface Elevation 326.12 
masl 

Ground Surface Elevation 325.75 
masl 

Ground Surface Elevation 326.103 
masl 

Ground Surface Elevation 332.00 
masl 

Top 
(mbgs) 

Bottom 
(mbgs) 

Thickness 
(m) 

Top 
(mbgs) 

Bottom 
(mbgs) 

Thickness 
(m) 

Top 
(mbgs) 

Bottom 
(mbgs) 

Thickness 
(m) 

Top 
(mbgs) 

Bottom 
(mbgs) 

Thickness 
(m) 

5 6.4 16.8 10.4 4.9 14.4 9.5 5.7 18.5 12.8 10.5 16.0 5.5 

4 16.8 30.5 13.7 14.4 28.0 13.6 18.5 25.9 7.4 16.0 29.1 13.1 

3 30.5 41.0 10.5 28.0 42.0 14.0 25.9 33.8 7.9 29.1 34.4 5.3 

2 41.0 66.8 25.8 42.0 68.5 26.5 33.8 67.6 33.8 34.4 44.5 10.1 

1 66.8 69.9 3.1 68.5 72.1 3.6 67.6 70.0 2.4    
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Table 6: Mechanical unit fracture intensity at SEN06, SEN05, SEN04, and BH-401 with calculated average 

values. 

MU   SEN06 BH-401 SEN05 SEN04   Average 
Standard 
Variance 

5   4.3 2.4 1.8 0.9 
  

2.4 2.1 

4   0.9 1.9 4.6 1.8 
  

2.3 2.6 

3   3.3 1.1 6.5 2.9 
  

3.4 5.1 

2   1.4 2.8 2.4 1.2 
  

2.0 0.6 

1   5.4 3.9 6.6   
  

5.3 1.9 

Full length   2.1 2.1 2.9 1.2 
  

2.1 0.5 
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Table 7: HGU depths and thicknesses for all study-site boreholes. Note that SEN06 has additional HGUs 7, 8, 9 distinguished from the remaining 

boreholes. Additionally, HGU4 is a surface feature without thickness, and HGU6 has a thickness at SEN06 and is a surface at SEN05 and BH-401.. 

  SEN06   BH-401   SEN05   SEN04 

HGU 
Top Bottom Thickness   Top Bottom Thickness   Top Bottom Thickness   Top Bottom Thickness 

[mbgs] [mbgs] [m]   [mbgs] [mbgs] [m]   [mbgs] [mbgs] [m]   [mbgs] [mbgs] [m] 

13 TOR 8.26 1.86  TOR 9.94 5.08  TOR 10.10 8.30  TOR 17.67 7.17 

12 8.26 10.01 1.75  9.94 14.94 5.00  10.10 17.83 7.73  17.67 20.33 2.66 

11 10.01 21.63 11.62  14.94 18.26 3.32  17.83 20.70 2.87  20.33 25.24 4.91 

10 21.63 31.85 10.22  18.26 25.33 7.07  20.70 25.46 4.76  25.24 26.74 1.50 

9 31.85 36.44 4.59  25.33 43.00 17.67  25.46 41.55 16.09  26.74 BOH 18.98 

8 36.44 40.81 4.37             

7 40.81 42.95 2.14             

6 42.95 46.48 3.53  43.00 43.00 0.00  41.55 41.55 0.00     

5 46.48 57.24 10.76  43.00 54.10 11.10  41.55 51.52 9.97     

4 57.24 57.24 0.00  54.10 54.10 0.00  51.52 51.52 0.00     

3 57.24 62.36 5.12  54.10 60.13 6.03  51.52 58.71 7.19     

2 62.36 65.09 2.73  60.13 62.96 2.83  58.71 61.20 2.49     

1 65.09 BOH 4.83  62.96 BOH 9.12  61.20 BOH 8.81     

TOR = top of bedrock                             

BOH = bottom of hole                             
mbgs = metres below ground 
surface                           
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Table 8: Summary table of HGU boundaries and the contacts they coincide with. Note that the term sequence boundary here refers a surface that 

could occur at various regional scales, from regional to localized intraformational surfaces. 

HGU Type 

HGU Bottom Contact Type 

Lithostratigraphic Mechanical Sequence Boundary 

13 Unit       

12 Unit (SEN04, SEN05, BH-401) (SEN04, SEN05, BH-401)   SEN04, SEN05, BH-401)  

11 Unit (SEN06, SEN05, BH-401)     

10 Unit (SEN06) (SEN05, SEN04, BH-401)  (SEN05, SEN04, BH-401) 

9 Unit (SEN06)     

8 Unit 
 (SEN06)   

7 Unit    (SEN06, SEN05, SEN04, BH-401) 

6 Surface     (SEN06, SEN05, SEN04, BH-401) 

5 Unit     (SEN06, SEN05, SEN04, BH-401)X 

4 Surface     (SEN06, SEN05, SEN04, BH-401) 

3 Unit  (SEN06)   (SEN05, SEN04, BH-401)X 

2 Unit (SEN06, SEN05, SEN04, BH-401) (SEN06, SEN05, SEN04, BH-401) (SEN06, SEN05, SEN04, BH-401) 

1 Unit Bottom of Hole Bottom of Hole Bottom of Hole 
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Table 9: Matrix porosity from gravimetric analysis, per HGU and lithostratigraphic unit. 

Lithostratigraphy Arithmetic Mean Geometric Mean Min Max Count 

Guelph Hanlon 13.38%   13.38% 13.38% 1 

  Wellington 4.26% 3.93% 2.62% 5.90% 2 

Eramosa Stone Road 14.33% 14.23% 12.59% 16.08% 2 

  
Reformatory 
Quarry 7.35% 7.03% 5.20% 9.49% 2 

Goat Island Ancaster 5.33% 4.07% 1.89% 8.77% 2 

  Niagara Falls 6.78%   6.78% 6.78% 1 

Gasport   8.08% 6.85% 3.88% 14.91% 4 

Irondequoit   5.89%   5.89% 5.89% 1 

  Overall 8.06% 6.79% 1.89% 16.08% 15 

 

HGU Arithmetic Mean Geometric Mean Min Max Count 

12 13.4  13.4% 13.4% 1 

11 9.3% 7.5% 2.6% 16.1% 4 

10 5.5% 4.5% 1.9% 9.5% 3 

9 8.8%  8.8% 8.8% 1 

8 6.8%  6.8% 6.8% 1 

7 3.9%  3.9% 3.9% 1 

6 14.9%  14.9% 14.9% 1 

5 9.5%  9.5% 9.5% 1 

3 3.9%  3.9% 3.9% 1 

2 5.9%  5.9% 5.9% 1 

1     0 

Overall 8.1% 6.8% 1.9% 16.1% 15 
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Table 10: Matrix porosity from mercury injection capillary pressure (MICP) analysis, per HGU and lithostratigraphic unit 

Lithostratigraphy Arithmetic Mean Geometric Mean Min Max Count 

Guelph Hanlon 15.8%  15.8% 15.8% 1 

  Wellington 9.7% 7.5% 3.5% 15.9% 2 

Eramosa Stone Road 15.3% 15.0% 12.4% 18.2% 2 

  
Reformatory 
Quarry 

5.2%  5.2% 5.2% 1 

Goat Island Ancaster 4.5% 3.3% 1.4% 7.7% 2 

  Niagara Falls     0 

Gasport   8.4% 8.4% 8.0% 8.8% 2 

Irondequoit   5.4%  5.4% 5.4% 1 

  Overall 9.3% 7.5% 1.4% 18.2% 11 

 

HGU Arithmetic Mean Geometric Mean Min Max Count 

12 15.8%  15.8% 15.8% 1 

11 12.5% 10.6% 3.5% 18.2% 4 

10 3.3% 2.7% 1.4% 5.2% 2 

9 7.7%  7.7% 7.7% 1 

8     0 

7     0 

6 8.0%  8.0% 8.0% 1 

5 8.8%  8.8% 8.8% 1 

3     0 

2 5.4%  5.4% 5.4% 1 

1     0 

Overall 9.3% 7.5% 1.4% 18.2% 11 
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Table 11: Matrix hydraulic conductivity, calculated from gas permeability measurements, by HGU and lithostratigraphic unit. 

Lithostratigraphy 
Arithmetic Mean 

(m/s) 
Geometric Mean 

(m/s) 
Min Max Count 

Guelph Hanlon      

  Wellington 1.34E-09  1.34E-09 1.34E-09 1 

Eramosa Stone Road 6.15E-08  6.15E-08 6.15E-08 1 

  Reformatory Quarry     

Goat Island Ancaster 2.98E-10  2.98E-10 2.98E-10 1 

  Niagara Falls 2.37E-09  2.37E-09 2.37E-09 1 

Gasport   1.77E-12  1.77E-12 1.77E-12 1 

Irondequoit   9.87E-12  9.87E-12 9.87E-12 1 

  Overall 1.09E-08 9.36E-07 3.17E-10 6.15E-08 6 

 

HGU 
Arithmetic Mean 

(m/s) 
Geometric Mean 

(m/s) 
Min Max Count 

12     0 

11 3.14E-08 9.07E-09 1.34E-09 6.15E-08 2 

10 2.98E-10  2.98E-10 2.98E-10 1 

9     0 

8 2.37E-09  2.37E-09 2.37E-09 1 

7     0 

6     0 

5     0 

3 1.77E-12  1.77E-12 1.77E-12 1 

2 9.87E-12  9.87E-12 9.87E-12 1 

1     0 

Overall 1.09E-08 9.36E-07 1.77E-12 6.15E-08 6 
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Table 12: Linear fracture intensity of all fractures (data from SEN06, SEN05, SEN04, and BH-401), by HGU. 

Lithostratigraphy 
Linear fracture intensity (fractures/m) 

SEN06 BH-401 SEN05 SEN04 Count 

Guelph Hanlon      

  Wellington 1.34E-09  1.34E-09 1.34E-09 1 

Eramosa Stone Road 6.15E-08  6.15E-08 6.15E-08 1 

  Reformatory Quarry         

Goat Island Ancaster 2.98E-10  2.98E-10 2.98E-10 1 

  Niagara Falls 2.37E-09  2.37E-09 2.37E-09 1 

Gasport   1.77E-12  1.77E-12 1.77E-12 1 

Irondequoit   9.87E-12  9.87E-12 9.87E-12 1 

  Overall 1.09E-08 9.36E-07 3.17E-10 6.15E-08 6 

 

HGU 
Linear fracture intensity (fractures/m) 

SEN06 BH-401 SEN05 SEN04 Mean 

13 1.1 1.2 0.8 0.7 0.9 

12 5.7 3.4 1.8 1.9 3.2 

11 3.4 1.2 0.7 1.0 1.6 

10 1.1 1.7 5.5 7.3 3.9 

9 2.8 1.6 4.7 1.4 2.6 

8 3.7    3.7 

7 0.9    0.9 

6 1.0    1.0 

5 1.5 3.5 3.4  2.8 

4 S S S  S 

3 1.2 1.8 1.8  1.6 

2 1.8 3.5 2.0  2.5 

1 4.3 2.7 3.5  3.5 

Overall 2.4 2.3 2.7 2.5 2.4 
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Table 13: Mean fracture spacing of bedding plane fractures from the study site, and vertical fracture set spacing. 

HGU 
Mean Fracture Spacing (m) 

Bedding NE-SW* ENE-WSW* 

13 1.1 1.5 2.1 

12 0.3 1.5 2.1 

11 0.6 1.5 2.1 

10 0.3 1.5 2.1 

9 0.4 1.5 2.1 

8 0.3 1.5 2.1 

7 1.1 1.5 2.1 

6 0.9 1.5 2.1 

5 0.4 1.5 2.1 

4 1.0 1.5 2.1 

3 0.6 1.5 2.1 

2 0.4 1.5 2.1 

1 0.3 1.5 2.1 

Overall 0.4 1.5 2.1 

Note: Fracture set orientations and mean spacing from Munn (2012). 
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Table 14: Mean bulk horizontal hydraulic conductivity (KH), calculated for each HGU at SEN06.  

HGU Top Depth (mbgs) 
Bottom Depth 

(mbgs) 
Thickness 

(m) 

Geometric 
Mean KH  

(m/s) 
Number  

13 TOR 8.26 1.40 3.6E-05 2 

12 8.26 10.01 1.75 9.5E-05 3 

11 10.01 21.63 11.62 1.1E-04 6 

10 21.63 31.85 10.22 2.7E-07 2 

9 31.85 36.44 4.59 7.0E-06 3 

8 36.44 40.81 4.37 1.7E-06 4 

7 40.81 42.95 2.14 1.2E-06 1 

6 42.95 46.48 3.53 2.7E-04 3 

5 46.48 57.24 10.76 3.1E-05 3 

4 57.24 57.24 0 6.4E-06 1 

3 57.24 62.36 5.12 1.2E-04 3 

2 62.36 65.09 2.73 8.1E-07 1 

1 65.09 BOH 4.83 2.9E-05 1 

Note: HGU11 is the uppermost extent of packer testing, where values for HGU12 and HGU13 are estimated 

from FLUTe transmissivity profiling. 
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Table 15: Hydraulic apertures and mean effective fracture porosity within each HGU. 

HGU 
Arithmetic 

Mean 2b (um) 
Geometric 

Mean 2b (um) 
Min 2b 
(um) 

Max 2b 
(um) 

Mean effective 
fracture porosity 

13 - - - - - 

12 - - - - - 

11 343 264 102 592 9.3E-04 

10 67 40 13 141 3.4E-04 

9 102 75 44 309 3.9E-04 

8 106 105 0 162 5.1E-04 

7 159 159 159 159 3.3E-04 

6 572 546 387 648 1.3E-03 

5 343 320 196 638 1.4E-03 

4 174 174 174 174 3.7E-04 

3 386 252 91 586 1.1E-03 

2 125 125 125 125 4.5E-04 

1 430 430 430 430 2.0E-03 

Overall 260 192   2.7 x 10-4 

Note: Vertical fracture set orientations and mean spacing (m) from Munn (2012) used in mean 
effective fracture porosity calculations. 
HGU = hydrogeologic unit 
2b = hydraulic aperture 
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Figure 1: Municipal Well #1 TCE concentration (black dots) and well pumping volumes (black line) with 
between 3/28/2008 and 3/21/2018. TCE has been detected in Municipal Well #1 since the mid-1990s. All 

TCE concentrations fall below the maximum allowable concentration of 5 g/L set by the Ontario Drinking 
Water Quality Standard and show a general decreasing trend.  
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Figure 2: The City of Guelph is located in Southern Ontario, within the Grand River Watershed. This region 
of Ontario is underlain by horizontal layers of fractured dolomite bedrock that subcrop beneath glacial 
deposits of varying thickness.
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Figure 3: (a) The stratigraphy of southern Ontario Silurian rock, from Brunton (2009). The symbology to the left will be used throughout to represent 
the respective Formations and Members. Sequence boundaries and breaks occur at different scales, from regional to local (reef mound scale) 
variations, and are represented to the left of the stratigraphic column. To the right, the hydrostratigraphic unit designations of each lithostratigraphic 
unit in the current regional conceptual model (Matrix Solutions Inc. 2017). (b) Strike directions of two major fracture sets in southern Ontario. Note 
that both are present in Guelph bedrock.  

  



 

 

55 

 

 

Figure 4: The study site includes an area of approximately 3 km2 surrounding Municipal Well #1. A previous chlorinated solvent plume 
characterization study was completed by Camillo (2013), investigating a dry cleaning source to the southwest. 
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Figure 5: The existing conceptual site model for the region around Municipal Well #1, based on the PCE source plume study by Camillo (2013). 

 



 

 

57 

 

 

Figure 6: Workflow for data analysis, systematically analyzing vertical profile datasets (using the golden 
spike borehole as a calibration dataset for interpreting the surrounding borehole datasets) to create a 3-D 
static conceptual site model with hydrogeologic parameters. 
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Figure 7: Borehole image logs, geophysical logs, and core logs and corresponding stratigraphic unit interpretations at SEN06 (masl = metres above 

sea level, mbgs = metres below ground surface, RGD = rock quality designation).  
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Figure 8: SEN06 cumulative fracture intensity plots (P10) from core and image log fracture data, with fracture frequency calculated for 2 m intervals. 
These datasets were used to identify zones of fracture frequency changes throughout the borehole where CFI lines change slope. The legend for 
image log fracture selection is included on the right. See Figure 7 for stratigraphic legend.  

ATV Fracture Legend 
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Figure 9: From the cumulative distribution of fracture dips, approximately 70% of fractures have dips less 
than 20 degrees. Due to vertical borehole orientation, the blind-zone in orange (a dip of 82 to 90 degrees 
from horizontal) represents the low probability of sampling a fracture near parallel to the borehole axis. The 
Terzaghi weighting factor cannot correct for bias in the ‘blind-zone’.
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Figure 10: The hydrograph of SEN06 temporary deployment transducers shows the hydraulic head variation within the borehole in response to 
municipal well pumping (plotted on secondary axis). Coincidental precipitation events are included in the plot below. The plot to the right shows an 
example hydraulic head profile obtained on 5/20/2017, with the distribution of transducer monitoring points with depth through the lined borehole. 
Dated lines intersecting the hydrograph correspond to selected head and gradient profiles plotted in Figure 11. 
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Figure 11: SEN06 temporary deployment head profiles and gradients for select times shown in Figure 10. Each coloured head profile has a 
corresponding gradient profile. The centre column shows always resolvable gradients in green, sometimes resolvable gradients in beige, and 
unresolvable gradients in white. Distinct hydraulic units are marked at inflections in the head profiles, dividing zones of always resolvable gradients 
from those that are sometimes resolvable or unresolvable. These hydraulic units are numbered to the right of gradients. In the right-most column, 
net gradients across distinct head profile inflections and resolvable gradients are shown for system recovery and maximum pumping conditions. 



 

 

63 

 

 

Figure 12: Correlated stratigraphic units across the site (Brunton 2009). Note the 8 m void feature 
encountered at SEN04 within the Gasport Formation and the missing Niagara Falls member of the Goat 
Island formation. All depths are referenced to elevation (332 m above sea level at SEN04).
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Figure 13: Between the four boreholes, there are 5 correlated site-scale mechanical units. Following the method presented by La Pointe (2010), the 
cumulative fracture intensity (P10) plots of fracture data at each borehole (in red) are correlated based on broad inflections in the slope of the line. 
Changes in P10 slope visually represent changes in fracture frequency. To the right of the CFI graphs, fracture frequency is calculated per 2 metre 
intervals, as a second visualization of fracture frequency trends with depth. 
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Figure 14: Fracture orientation analyses were completed in Fracman. (a) Fracture data from SEN06, SEN05, SEN04, and BH-401 vertical boreholes 
are plotted on a Schmidt equal-area stereonet in polar projection (n=648). The bulls-eye contouring is characteristic of horizontal fractures. The grey 

shaded region on the edge represents the Terzaghi ‘blind-zone’ including fractures with a dip angle > 82 (b) A Schmidt equal-area stereonet for 
fractures from angled boreholes at a nearby research location 3 km away from the study site (Munn 2012). (c) Fracture frequency and orientation 
data from angled boreholes at the nearby research site will be used to inform near vertical fracture orientations. 
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Figure 15: Diagram showing all HGUs identified across all boreholes based on the analysis of vertical head profiles and gradients at each location. 

At SEN06, there are additional head profile inflections capturing HGU7, HGU8, and HGU9, where at the remaining boreholes, this unit is treated as 

a single HGU7/8/9. 
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Figure 16: High-resolution borehole datasets (lithostratigraphy, select hydraulic head profiles and vertical 

gradients, active-distributed temperature sensing (A-DTS), and packer bulk hydraulic conductivity) inform 

the selection of HGUs at SEN06. The large enhancement in thermal conductivity measured from top of 

bedrock to approximately 40 mbgs is likely due to water leakage behind the liner along the fibre optic cable 

resulting from an incomplete seal around the cable and presence of vertical gradients. Below 40 mbgs, the 

fibre optic cable is likely better-sealed due to the greater difference between the head within the FLUTe 

liner and within the rock; measured peaks in apparent thermal conductivity are likely a product of active 

groundwater flow. 
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Figure 17: Hydrograph of transducers at SEN06 from 5/17/2017 to 7/16/2017. Datasets are coloured by HGU, where transducer datasets are 
qualitatively grouped together based on interpreted HGUs. b) Selection of recovery conditions as indicated on hydrograph above. b) Selection of 
drawdown conditions as indicated on hydrograph above. 
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Figure 18: The hydraulically active fractures from critical Reynold’s number (Rec) analysis (Quinn el al. 
2001b) and their respective hydraulic apertures have a somewhat log-normal distribution. Hydraulic 
apertures range from 13 microns (um) to 726 microns (um). 
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Figure 19: This schematic diagram (c) shows the 13 hydraulically-distinct HGUs identified surrounding Municipal Well #1. The HGU boundaries 
were informed by high-resolution head profiles and vertical gradients obtained from temporary transducer deployments at SEN06 and SEN05 and 
multilevel systems at SEN04 and BH-401, combined with insights from separate (a) lithostratigraphic and (b) mechanic static models. HGU 
boundaries coincide with either one or a combination of lithostratigraphic, sequence stratigraphic, or mechanical unit boundaries. 
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APPENDIX A – MULTILEVEL SYSTEM INSTALLATIONS 

The following table details the sentry MLS construction information, including monitoring 

intervals at each borehole. 

Borehole 
Name 

Ground Surface 
Elevation 

(masl) 

Monitoring Well 
Installation Date 

Multilevel 
System 

Interval 
ID 

Top Sand 
Pack (mbgs) 

Bottom 
Sand Pack 

(mbgs) 

SEN04 332.000 12/1/2017 G360 

S 14 17.5 

4 19.2 21.2 

5 23.4 25.2 

I 26.8 29.6 

2 34.8 37 

D 39.4 41.6 

1 45 46.15 

SEN05 326.103 8/15/2017 G360 

S 5 6.99 

6 9.4 10.35 

5 12.58 13.6 

I 16.9 19.01 

4 22.19 23.21 

3 32.81 33.81 

D 38.18 41.21 

2 50.27 51.28 

1 60.28 61.78 

SEN06 326.121 8/1/2017 G360 

S 7.61 10.03 

6 14.02 15.1 

5 20.57 22.99 

I 26.59 29.02 

4 33.9 35.18 

D 44.66 47.1 

3 50.46 53.52 

2 57.18 59.11 

1 62.5 65.42 

BH401 325.73 3/1/2011 FLUTe 

1 6.23 11.57 

2 14.95 18.31 

3 24.49 27.31 

4 29.99 32.55 

5 36.41 38.61 

6 41.85 45.69 

7 49.15 51.9 

8 53.61 55.23 

9 58.39 62.15 

10 67.21 68.8 
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APPENDIX B – BOREHOLE PROFILE DATASETS 

This section includes the borehole montages related to lithostratigraphy, fracture 

frequency, and hydraulic head profiles. These data were examined with a similar process 

to data from SEN06 in Section 4.1. These boreholes (BH-401, SEN05, and SEN04) have 

fewer available datasets, so each has a unique combination of data used during 

interpretation. 
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BH-401 

The following figures show the lithostratigraphic (B1), fracture frequency (B2) and 

hydraulic head profiles (B3) from BH-401, where there was previously obtained core from 

the study by Camillo (2013). As core was previous collected at BH-401, this borehole acts 

as a secondary golden spike location with lithostratigraphic interpretations. 

 

Figure B1: Dataset montage of BH401 geological data, including stratigraphy, recovery, rock quality 

designation (RQD), lithology logs, and borehole geophysical logs.  
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BH-401 

 

Figure B2: The cumulative fracture intensity (CFI) plot calculated from fracture data, with fracture 

frequency per 2 metre intervals calculated on the right for BH-401.
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Figure B3: Resolvable gradients calculated from manual hydraulic head measurements at BH-401.
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SEN05 

Figures B4, B5, B6, and B7 show the lithostratigraphic, fracture frequency and 
hydraulic head profiles from SEN05, where core was not collected at this locations. 
However, some additional datasets including temporary deployment head profiles and A-
DTS were collected here to aid hydraulic interpretation.  

 

Figure B4: Dataset montage of available SEN05 lithostratigraphic data, including ATV, OTV, and gamma, 
used in lithostratigraphic interpretation. 
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SEN05 

 

Figure A5: SEN05 fracture data including ATV and OTV informed fractures, a cumulative fracture intensity 
(CFI) plot, and calculated fracture frequencies for 2 metre intervals throughout the borehole.
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Figure B6: Similar to SEN06 in Section 4.1.3, the hydrographs above are from 24 transducers in a temporary deployment at SEN05. To capture a 
variety of pumping conditions, the dated lines indicated data selected for head profiles and vertical gradient calculations. 
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Figure B7: Hydraulic data from the SEN05 temporary transducer deployment, selected to capture various municipal pumping conditions. Head 
profiles, vertical gradients, and A-DTS are included.
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SEN04 

Figures B8, B9, and B10 show the lithostratigraphic, fracture frequency and 
hydraulic head profiles from SEN04. Core was not collected at this location, and fewer 
geophysical and hydrophysical datasets were available for interpretation.  

 

Figure B8: Borehole dataset montage of SEN04, including OTV, gamma and stratigraphic interpretation. 
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SEN04 

 

Figure B9: Fracture datasets from SEN04, where the most limited of fracture data was collected. Fractures 
are selected only from OTV data, as an ATV dataset was not collected this borehole.
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Figure B10: SEN04 borehole data, including stratigraphy, gamma, multilevel system (MLS) head profile and vertical gradients, OTV and fracture 

plots (CFI and tadpole). Note that head measurements are from manual water level measurements in the MLS. 
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APPENDIX C – FRACTURE ANALYSIS 

The core collected at SEN06 had very high recovery rates, where the majority 
recovery percentages for runs was greater than 96%. The first run of core, at top of 
bedrock, had only 79% recovery and appeared fragmented. Run 19 (in the Stone Road 
member of the Eramosa formation) and run 35 (in the upper Gasport formation) are both 
96% recovery. The remaining runs have 100% recovery.  

The rock quality designation (RQD) indicates how fragmented the core is. At 
SEN06, the majority of core runs have RQD values greater than 80%. Poorer RQD values 
range from 63 to 69% were encountered in runs 16 and 22 (within the Reformatory Quarry 
member), and 38 (within the Gasport formation). Despite this, all core fracture calculations 
used an assumed recovery of 100%. 

 

Fracture Orientation 

The Terzaghi-weighted fracture datasets from all four boreholes were plotted on a 

Schmidt equal area stereonet in polar projection (Figure C1). Plotted data has a bull’s eye 

appearance, with fracture poles clustered at the centre, which is characteristic of a 

horizontal bedding plane-dominated fracture network. Fracture clusters were manually 

identified from the contoured stereonet, and then used as the preliminary orientations for 

stochastic analyses to iteratively identify potential fracture sets and their respective 

distributions (Figure C2). 

An east-west (WNW-ESE) trending set comprises 8% of the total fracture data. A 

northwest-southeast (NW-SE) trending set also makes up 8% of the total fractures. 

Finally, a northeast-southwest (NE-SW) trending set, mostly measured in SEN05 and 

SEN04 data, comprises approximately 7% of the total fracture data. The sub-horizontal 

set makes up the remaining 77% of the total fracture data. Previous fracture network 

studies in Guelph also found NW-SE and WNW-ESE trending fracture sets, in 

predominately horizontally-fractured systems. The NE-SW fracture set observed at this 

site was not identified in these other studies, yet may be a conjugate fracture set.  

These fracture sets, while identified using FRACMAN (Golder Associates Inc. 

2018), are poorly capture with the vertical borehole data. As shown in Table C1, the 

fracture count of bedding plane fracture sets contains nearly 5x as many data points as 

those from the vertical fracture sets. This is additional evidence that fracture orientation 

and spacing data from angled boreholes in the study completed by Munn (2012) should 

be used. 
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Figure C1: Fracture data from all 4 boreholes is plotted on a Schmidt equal-area stereonet in polar 

projection (n=648). The bulls-eye contouring is indicative of fractured rock dominated by horizontal 

fractures. 
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Figure C2: Fracture orientation analyses were completed in Fracman. Four fracture sets were identified 

based stochastic ISIS analyses of fracture pole clusters. 

 

Table C1: Output orientations and statistics are included for each of the four identified fracture sets, from 

fracture analysis completed with Fracman software. 

 

 

  

Fracture Count 428 66 73 81

Relative Intensity 0.66 0.102 0.113 0.125

Mean Pole Trend 329 7 303 94

Mean Pole Plunge 87 23 38 41

Major Axis Dip Direction 149 187 123 274

Major Axis Dip Angle 3 67 52 49

K 24.8 10.5 9.3 8.7

N-SBedding Plane WNW-ESE NW-SE
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APPENDIX D – STRADDLE PACKER TESTING RESULTS 

Table D1: The results from straddle packer testing completed in 24 intervals at SEN06 is included in the 
table below. 

Borehole 
Interval 
Number 

Interval 
Length 

m 

Interval 
Top 

(mbgs) 

Interval 
Bottom 
(mbgs) 

T (m2/s) K (m/s) 

Sen06 23 1.52 11.40 12.92 5.49E-05 3.60E-05 

Sen06 22 1.52 12.92 14.45 1.45E-04 9.49E-05 

Sen06 21 1.52 14.45 15.97 1.10E-04 7.21E-05 

Sen06 20 1.52 15.97 17.49 5.41E-04 3.55E-04 

Sen06 19 1.52 17.49 19.02 1.93E-06 1.27E-06 

Sen06 18 1.52 19.02 20.54 4.71E-07 3.09E-07 

Sen06 17 1.52 22.98 24.50 1.84E-06 1.20E-06 

Sen06 16 1.52 27.55 29.08 2.32E-09 1.52E-09 

Sen06 15 1.52 31.21 32.73 1.13E-07 7.39E-08 

Sen06 14 1.52 33.34 34.87 2.03E-05 1.33E-05 

Sen06 13 1.52 34.87 36.39 5.32E-07 3.49E-07 

Sen06 12 1.52 36.39 37.91 6.50E-07 4.26E-07 

Sen06 11 1.52 37.91 39.44 5.42E-07 3.56E-07 

Sen06 10 1.52 39.44 40.96 1.87E-06 1.23E-06 

Sen06 9 1.52 40.96 42.49 1.75E-06 1.15E-06 

Sen06 8 1.52 42.49 44.01 5.73E-04 3.76E-04 

Sen06 7 1.52 44.01 45.53 5.09E-05 3.34E-05 

Sen06 6 1.52 48.43 49.95 1.62E-04 1.06E-04 

Sen06 5 1.52 50.72 52.24 4.84E-05 3.17E-05 

Sen06 4 1.52 56.51 58.03 9.82E-06 6.45E-06 

Sen06 3 1.52 59.86 61.38 8.18E-07 5.37E-07 

Sen06 2 1.52 61.38 62.91 3.76E-04 2.47E-04 

Sen06 1 1.52 62.91 64.43 1.24E-06 8.10E-07 

Sen06 1S 5.58 64.43 70.01 1.61E-04 2.89E-05 

 


