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Vertical flow in open boreholes is common in fractured rock because the borehole will 

hydraulically cross-connect the active fractures intersecting the hole. This study uses an 

equivalent porous medium (EPM) numerical model to examine the effect of hydraulic 

cross-connection on the flow system and the vulnerabilities surrounding an open borehole 

cored through the Silurian-aged dolostone aquifer. A suite of high-resolution dataset was 

used to create a robust site conceptual model (SCM). The numerical model developed 

from the SCM was shown to reasonably match the field data. The results demonstrate 

how varying open hole conditions disturb the natural flow conditions leading to erroneous 

estimation of hydraulic properties and misleading interpretations of data for management 

decisions. Hydraulic cross-connection caused by open boreholes is important, especially 

when contaminated sites exist, because these open holes create preferential pathways 

for re-directing shallow water that moves more readily deeper, increasing the vulnerability 

of the deeper aquifer. 
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Introduction 

1.1 Background 

Groundwater is a vital resource, with worldwide dependencies upon this supply for 
drinking and sanitation. About 30 percent of the Canadian population and 28.5 percent 
of the population in Ontario use groundwater, with this number much higher (90 percent) 
in rural areas (Dewar & Soulard, 2010; Taylor et al. 2009). In southern Ontario, the main 
sources of groundwater used by numerous communities are the underlying fractured 
sedimentary bedrock aquifers and the Silurian dolostone aquifer along the Niagara 
Escarpment from Niagara Falls to the Bruce Peninsula (Johnson et al. 1992; Steelman 
et al. 2017) serving approximately 1M people. Fractured sedimentary bedrock aquifers 
contain features that enhance flow such as fractures (e.g. joints and bedding partings) 
and vuggy porosity within the porous rock matrix, creating a complex network of 
preferential flow features (Bear, 1993; Berkowitz, 2002; Neuman, 2005; Munn, 2019). In 
2006, following the Walkerton Tragedy, the Clean Water Act was introduced in Ontario 
to protect sources of drinking water, which included assessment of groundwater 
vulnerability. Under this program, a regional groundwater flow model, developed through 
the “City of Guelph Tier Three Water Budget and Local Area Risk Assessment” was used 
to delineate wellhead protection areas (Matrix Solutions Inc., 2017).   

Fractures act as preferential pathways in rock (Berkowitz, 2002), and their connectivity 
influences groundwater flow pathways. Meyer et al. (2008) showed that the joint 
terminations at bedding planes may explain the head loss within fractured sedimentary 
rock aquifers influencing hydraulic head distributions, and showing that aquitards can be 
much thinner and often do not align with lithostratigraphic unit boundaries. Fracture and 
matrix data from site characterization studies can be used to inform discrete fracture 
matrix (DFM) numerical models to represent plume migration where the number and 
aperture of hydraulically active fractures influence bulk plume migration rates or travel 
times and fluxes to receptors (Chapman et al. 2013; Parker et al. 2018; Pierce et al. 
2018; Pilato, 2021). These studies provide support for using a suite of discrete fracture 
network and matrix (DFN-M) methods (a selection of field and laboratory methods on 
core and in the borehole) to enhance the hydrogeological characterization of fractured 
sedimentary bedrock aquifers (e.g., dolostone) with porous rock matrix blocks between 
fractures through acquisition of high-resolution field data (Parker et al. 2012). 
Highresolution datasets are the basis to develop hydraulically-informed, processbased 
SCMs through delineation of hydrogeologic units (HGUs) “which are partitions of 
groundwater flow system with contrasting hydraulic conductivities and vertical gradient” 
(Poeter and Gaylord, 1990; Parker et al. 2012; Meyer et al. 2008, 2014, 2016) to build 
robust numerical simulations to predict groundwater flow and contaminant transport. 
Vertical flow in open boreholes has been observed as far back as the 1950’s in boreholes 
that intersect multi-layered aquifer systems. This vertical flow is caused by the differing 
heads in the units, where water enters the hole from the units with higher head than the 
blended head, and exits the hole through the units with lower head. Sokol (1963) was 
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one of the first researchers to mathematically describe the relationship between the 
blended head in the open hole and the individual heads in multiple aquifers intersected 
by the well. Researchers in the late 1980s-1990s were able to infer vertical flow from the 
chemical analysis of groundwater samples collected throughout the open hole water 
column (e.g., Reilly et al. 1989; Williams and Conger, 1990; Brassington, 1992; Church 
and Granato, 1996; Shapiro, 2002). Price and Williams (1993) inferred cross-connection 
affecting the natural groundwater chemistry by comparing pore water analysis to samples 
collected in specific portions of the hole isolated by straddle packers. Sterling et al (2005) 
described in detail cross connection effects on the TCE distributions by comparing rock 
core concentrations to groundwater samples from a multilevel system. Flow metering in 
open holes under pumping and abient conditions has long been used to identify the most 
permeable zones (e.g., Hess, 1986; Paillet, 1998, 2000, 2001). Others have used salinity 
differences of the borehole water to identify flow (e.g., Tsang et al, 1990) and dilution 
methods with active logging have been shown to produce similar results (e.g., Pitrak et 
al. 2007). Keller et al. (2014, 2017) presented a method to obtain a transmissivity profile 
by  sealing boreholes after drilling with a flexible liner and measuring the liner descent 
velocity, and if the liner is sequentially removed, a head profile can be obtained. More 
recently, others have used the FLUTe technology to seal boreholes and identify ambient 
flow through temperature logging (e.g., Pehme et al 2013) or use the liner to seal a string 
of transducers against the borehole wall to obtain a hydraulic head profile (Pehme et al. 
2014) or seal fiber optic cables against the wall to characterize ambient flow (Coleman 
et al. 2015; Maldaner et al. 2019; Munn et al. 2020).   

Even though considerable research has been done to understand the effects of hydraulic 
cross-connection in boreholes, only a few studies simulated the effects of cross-
connected systems (Myers, 2019; Poulsen, 2019) with the focus on contaminant 
transport. This study builds off of this work by starting with a numerical model of a 
multilayered fractured dolostone aquifer that is calibrated and PEST optimized to 
represent the regional flow system partially informed by high-resolution data. Then the 
local conditions around a cross-connecting borehole together with DFN-M field datasets 
are used with a cutout of the regional model to refine the local flow system conditions in 
order to quantify borehole cross-connect effects throughout the vertical profile.   

Groundwater modeling can be a useful tool to investigate the impacts of 
crossconnections. Groundwater flow is often modeled using the ‘equivalent porous 
medium’ (EPM) approach, assuming that the fractures are sufficiently numerous and 
wellconnected and that the hydraulics of the fractured aquifer system can be reasonably 
represented using porous media bulk parameters (Berkowitz et al. 1988). Despite the 
simplifications, the EPM approach generally provides satisfactory results representative 
of the groundwater flow system although it is much more challenging to represent 
contaminant transport (Guerin and Billaux, 1994; Carneiro 2005; Chapman et al. 2014). 
A hybrid EPM-DFN approach is recommended for numerical modeling of groundwater 
flow with contaminant transport, where the EPM model is used to simulate the flow 
system conditions where hydrogeologic units have well-define parameters and transport 
is modeled using the DFM approach (Chapman et al. 2014). In this study, FEFLOW is 
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used to develop an EPM model that is refined using the DFM datasets requiring a 
methodology to bridge the gap between these methods in order to illustrate the dynamic 
hydraulic flow in and out of the open borehole.  

 

1.2 Thesis Objectives 

The main goal is to develop a steady-state EPM numerical model informed by field data 
to examine the effects of open borehole hydraulic cross-connection on the flow system 
and the vulnerabilities surrounding a single 85 m deep borehole cored through the 
multiple members of the Silurian-aged dolostone aquifer. It is evident that hydraulic cross-
connection occurs in the borehole under the open hole condition and hypothesized that 
the flow system is altered in a variable way at different depths depending on the blended 
well and natural system conditions. At this study site, the redistributed flow conditions are 
variable with depth and contributing to bedrock aquifer vulnerability in deeper zones to 
shallow and surface sources of contamination, not previously quantifie. The 3D EPM 
model representing a multi-layered fractured aquifer system is designed to evaluate 
hydraulic responses in the flow regime and changes in flow direction/velocity field (particle 
tracking) for the study site field conditions, and visually demonstrate the changes in flow 
conditions with depth and illustrate through scenario testing, the range of impacts on 
potential contaminant transport pathways (relation of recharge or contaminant sources to 
plume receptors) and vulnerabilities created by various open borehole configurations.  

The thesis is organized into four sections. This introductory chapter starts with a literature 
review of relevant field characterization and modeling methods used to support the study 
and continues with thesis objectives and scope. Chapter 2 introduces the approach and 
methodology. Insights from the field data and pre-existing studies are combined to 
develop the 3D EPM flow model to simulate the effects of open borehole hydraulic cross-
connection. Chapter 3 discusses the results and the implications of hydraulic cross-
connection using hypothetical scenarios along with the study limitations and 
recommendations for future work. The overall conclusion is presented in Chapter 4. 
Finally, the Appendices contain other findings that may be of interest for this study, 
including more details on the interpretation of the high-resolution data, distribution of the 
model inputs, model outputs, and the regional model. 
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2 Approach and Methods 

The issue of hydraulic cross-connection in boreholes with long open well screens is of 
universal interest. It is a common practice to use blended heads over open borehole (or 
long screened) intervals as opposed to depth-discrete heads over shorter intervals to 
represent the hydraulic head under ambient conditions. This causes potential sources of 
error for the investigation of groundwater systems and evaluation of these impacts is 
important to better understand groundwater system behavior, ultimately to aid decision-
making. This investigation uses a well-studied Silurian dolostone aquifer underlying the 
City of Guelph, Ontario, Canada as a realistic field scenario to demonstrate the influence 
of open (or long screened) boreholes on the flow paths from recharge to discharge areas 
and the seriousness of these effects in an urban hydrogeologic setting. The Guelph 
aquifer has been subject to intensive research investigations, characterization, and 
monitoring datasets for many years (Kennel, 2008; Belan, 2010; Munn, 2012; Fomenko, 
2015; Munn, 2019; Skinner, 2019; Johnson, 2020; Pilato, 2021). There is  

The existing 3D EPM flow model for the greater Guelph area (Matrix Solutions Inc., 2017) 
was used to inform the boundary conditions and initial framework of the study area flow 
model. The approach was to refine the “cutout ”  (subregional scale- a smaller domain 
within existing calibrated, optimized model with consistent boundary conditions) based on 
the site-specific information for the Guelph aquifer where sufficient high-resolution data 
are available to represent the field conditions around HBP5 as best as possible using a 
stylized model. Similarly detailed data from additional boreholes were relied upon to 
create the cutout  flow model better representing the site conditions. Then, the 3D EPM 
model was used to evaluate, quantitatively,  the influence of various length boreholes on 
vertical cross-connection. 

Therefore, this study is comprised of two main stages: 1) collection and interpretation of 
high-resolution data from HBP5 (the study borehole) along with the pre-existing data from 
other boreholes within/near the research area (Figure 2-2:C shows the locations where 
high-resolution data are available); and 2) the numerical model development for a cutout  
area or subregion of an established, calibrated and parameterized 3D EPM flow model, 
whereby these field data were used to refine the subregion  then used to develop the 
revised EPM model for the study area subdomain model (Figure 2-1:).  
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Figure 2-1: The flowchart summarizes the two main stages of the study. 

 

2.1 Site Description 

The research domain has areal extent of 100 km2 and is situated within the City of Guelph 
in southern Ontario where a population of approximately 130,000 relies on groundwater 
resources (using a well-field of 21 operating wells) for its potable water supply (Figure 
2-2:C). This resource, known as an excellent source of freshwater (Singer et al. 2003), is 
primarily drawn from a fractured Silurian dolostone aquifer system (Figure 2-2:A) that 
extends along the Niagara Escarpment from Niagara Falls to the Bruce Peninsula. The 
regional stratigraphic sequence in the Guelph area is subdivided into eight geologic 
Formations (Figure 2-3) including Guelph (the uppermost Formation), Eramosa, Goat 
Island, Gasport, Irondequoit, Rockway, Merritton, and Cabot Head (the lowermost 
Formation) (Brunton and Britnell 2011). Eramosa Formation is subdivided into three 
members (Vinemount (V), Reformatory Quarry (RQ), and Stone Road (SR)), and the Goat 
Island Formation has two members: Ancaster (A) and Niagara Falls (NF). The City of 
Guelph depends upon the Guelph and Gasport Formations for drinking water supply. The 
former Formation is known as the main unconfined aquifer and the latter represents the 
main confined aquifer due to the high transmissivity of the limestone unit. These two 
aquifers are separated by two discontinuous shaley dolostone formations: Eramosa and 
Goat Island. The Eramosa and Cabot Head Formations are known as regional aquitard 
units (Nunes et al. 2021; Brunton, 2008, 2009).   
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Figure 2-2: (A) Guelph location within the regional geology, (B) the regional model domain, the City 
boundary, and the research model domain (modified from Matrix Solutions Inc., 2017), (C) the pre-
existing advanced characterization studies conducted within the Guelph area, (D) high-resolution 
monitoring boreholes within the research domain.  

 

Figure 2-3: The Brunton (2009) framework for the stratigraphy of southern Ontario Silurian rock 
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The surficial geology comprises primarily glaciofluvial outwash, sand and gravel, and 
deposition of till materials, including Catfish Creek Till, Mary Hill Till, Wentworth  Till, and 
Port Stanely Till with different scales of heterogeneity (Arnaud et al. 2018). Some zones 
behave as confining units that reduce leakage to the lower units while the permeable 
materials such as sand and gravel allow for higher groundwater flow and connect 
regionally providing recharge to the underlying bedrock. Local relief ranges approximately 
from 345 to 315 m above sea level (m asl) throughout the research domain (Matrix 
Solutions Inc., 2017). Surface topography elevates (~340 m asl) along the Paris moraine 
in the southeast and slowly decreases toward the Speed River in the Northwest boundary 
(~316 m asl). Regional shallow groundwater flow follows the topography trend (toward 
the northwestern boundary due to the influence of the Paris moraine) while local 
groundwater flow is more dominated by pumping of the supply wells across the city. The 
mean annual precipitation is 921 mm (Environment Canada, 1976-1979) 

The research domain was selected given the recent drilling of high-resolution monitoring 
well “HBP5” located near a new water supply well to support future demands for the City 
of Guelph. During drilling, it was discovered that there were dramatically varying hydraulic 
heads in distinct depth horizons. The Paris moraine crossing the southeastern boundary 
of the City (Figure 2-2:D) is characterized by a belt of hummocky topography, consisting 
primarily of diamict (till) (Arnaud et al. 2018). Extensive outwash plains (sand and gravel 
deposits) are located both in front (northwest boundary) and behind (southeast boundary) 
of the moraine. The water table elevation is higher in the moraine (~8 m) than in the 
discharge areas (wetlands) located in the vicinity of HBP5. Geology and topography 
control the groundwater to rise above the ground surface, causing a flowing artesian 
condition in HBP5. This condition starts at 21.3-23.6 m below ground surface (m bgs) 
where the zone is sandwiched between the upper Guelph Formation above it and the 
Reformatory Quarry of Eramosa Formation below it, pressurizing it to the point of it being 
a flowing artesian zone (i.e. forcing the groundwater level to flow from the artesian zone 
to the non-artesian zone and rise above the ground surface). Artesian flow significantly 
slows within the Goat Island Formation (36.5-38.9 m bgs). Furthermore, in the Gasport 
aquifer, the heads are lower than the shallow system in part due to pumping from 
municipal supply wells. These are the main components leading to a strong head 
difference between the shallow system and the deeper aquifer “Gasport” at the HBP5 
location. 

 

2.2 DFN-M Field Approach  

The site characterization completed within the research domain follows the DFN-M field 
approach developed by Parker et al. (2012). This approach emphasizes the acquisition 
of the complementary datasets in vertical profile from both the rock core and borehole in 
fractured bedrock system. Accurate data describing the behavior of the aquifer system 
rely on the high-resolution DFN-M techniques that provide multiple lines of evidence for 
hydrogeologic characterization of the subsurface system.  
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A robust suite of geological, geophysical, and hydrophysical techniques was deployed at 
HBP5. The DFN-M approach began with coring a hole in HBP5. The continuous core was 
completed using S Geobor (SG) wireline rotary coring technique with water as the drilling 
fluid which creates a 6.625" diameter borehole (~85 m deep). The casing depth is 14.3 m 
(the top of the casing (TOC) is 0.5 m above the ground surface). Rock core sampling was 
completed (23 physical properties samples and 48 chloride samples were collected) to 
provide insight on transport properties of the matrix and understanding the existing 
contaminant(s) (Kennel, 2008; Munn, 2012; Fomenko, 2015; Skinner, 2019; Hommersen, 
2021) to contribute to the rock matrix properties database for the regio and existing data 
was used in this study. Continuous core logging provided foundational information on 
lithologic and fracture features such as depth, frequency, and orientation, colour, 
mineralogy,grain size and cementation.  

After coring, three open hole geophysical logs including natural gamma, acoustic 
televiewer (ATV), and Thermal Vector Probe (TVP) were conducted in HBP5 to provide 
complementary insight into the stratigraphic sequence and the fracture network (Parker 
et al. 2012). Natural gamma measures the mineralogy of the rocks (particularly potassium 
in clay and shale). ATV generates a borehole image and measures the amplitude and 
travel time of the acoustic signal reflected off the borehole wall which is affected by the 
characteristics of the wall (hardness and structure). TVP, a multi-sensor probe (four 
sensors), is another advanced high sensitivity technique used to measure both the 
temperature and the characteristics of the thermal gradient. This information can be used 
to measure the horizontal and vertical components and direction of the thermal gradient 
along the length of the borehole and thereby monitor the temperature recovery and 
determine the thermal subunits in the borehole based on the orientation and/or 
magnitude. The TVP data provide additional lines of evidence into the groundwater flow 

within the fractured rock (Pehme et al. 2014). A down‐hole video log was also recorded 
in the borehole. 

Hydrophysical techniques were performed at HBP5 to better understand the hydraulics 
of the aquifer system including straddle packer hydraulic measurement and flowmeter 
logging using impeller, and heat pulse. Straddle packers were used to measure a depth-
discrete head profile in a partially open hole (Price and Williams 1993; Quinn et al. 2012; 
Quinn et al. 2016). For HBP5, four packers (deflated diameter: 3.35”; inflated diameter: 
6.38”; length: 25-40”) were used to create three short intervals (1.5 m) to collect 
head values at three zones at the same time throughout the borehole. The straddle 
packer system measured the hydraulic head of the isolated intervals while the rest of the 
borehole remained open. This system was inflated nine times at different depths to obtain 
head profiles throughout the borehole with transducers placed in each interval between 
the packers. Positive vertical gradients on the packer head profile are evidence of upward 
flow and negative values show downward flow.  

Flowmeter testing measures the cumulative vertical flow continuously across open 
boreholes and determines zones contributing to the flow into/out of the borehole (Paillet, 
2000; Wilson et al. 2001). HBP5 was entirely tested with the impeller flowmeter and the 
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lower and upper portions with the heat pulse flowmeter where the flow condition is 
ambient. The test was conducted following standard industry practice as recommended 
by the manufacturer and completed in a narrow time window immediately after the 
packers were removed to restrict strong vertical flow within the open hole, minimizing the 
vertical cross-connection. The impeller measures the velocity of water movement relative 
to the probe (either stationary or moving) based on the spin of the impeller without 
resolution of direction. The impeller probe can only measure flow above a threshold that 
varies depending on whether the flow is downward passing the probe or upward directly 
into the impeller. Four dynamic tests were conducted, two with the probe moving down 
the hole and two moving upward, nominally at 2 and 4 m/min in each direction. The 
relative changes in flow patterns from the flowmeter logging showed excellent 
repeatability in four different logs, although conditions had not reach steady state. The 
Heat pulse testing measures the directional flow rate by forcing the water movement 
through the probe with baffles and measuring the time required for a pulse of heat to 
travel vertically between a heater and thermistors above and below. Twenty-seven 
stationary tests were conducted (at each depth a minimum of 3 and a maximum of 6 
repeated measurements).  

Multilevel systems (MLSs) measure depth-discrete hydraulic heads in granular and 
fractured environments. Four (6 in) G360 MLSs (MPS1-4) were installed in the 
overburden within the research domain to complement the existing conventional network. 
These systems were developed by researchers from the Morwick G360 Institute for 
Groundwater Research at the University of Guelph (2019, 2020). Lithostratigraphic log, 
natural Gamma, and head profiles derived from these systems were used to inform/refine 
the overburden hydrogeologic layers represented in the cutout  . 

A temporary deployment of transducers for obtaining a high-resolution temporal vertical 
head profile is another DFN-M technique that monitors the pressure in bedrock boreholes. 
Transducers were deployed in two bedrock boreholes within the study area (MW2 and 
TW3) which were sealed using FLUTeTM liners (Pehme et al. 2014). In MW2 (6-in 
borehole), 26 transducers were deployed along a string at locations of interest, each with 
a vertical interval ranging from 0.5 to 1 m and a 1-second sampling interval, and 22 
transducers were placed in TW3 (8-in borehole) with a vertical interval ranging 0.5-1.5 m 
and a 1-second sampling interval. All transducers were calibrated to allow the 
assessment of vertical gradients (Pehme et al. 2014). 

 

2.3 Numerical Model Methods   

The conceptual model layers are based on hydrogeologic units that were well-established 
for the bedrock by other documented studies conducted in the Guelph area using 
advanced field characterization methods (Belan, 2010; Munn, 2012; Munn, 2019; 
Skinner, 2019; Johnson, 2020) as described by Meyer et al. (2008) where the positions 
of HGU boundaries were primarily gleaned from the inflections on the head profiles and 



 

 

 

10 

complimented by comparison of corroborating datasets (such as lithostratigraphic and 
gamma logs). The study model extends from the ground surface to Cabot Head 
Formation and features 12 HGUs in the bedrock representative of a multi-layered aquifer-
aquitard system.  

Understanding of the Guelph aquifer system has also been advanced by a 3D steady-
state EPM flow model at the larger regional scale (Matrix Solutions Inc., 2017) using 
FEFLOW (simulation tool) and PEST (calibration tool). Figure 2-2:B shows the boundary 
of the regional model which was used to inform/constrain the "cutout  " model of the 
focused study area presented herein. Of the prevalent commercial software, this study 
uses FEFLOW, a finite element subsurface flow simulation system, to be consistent with 
the regional model (Matrix Solutions Inc., 2017) but more importantly because it has 
advanced capabilities to represent the complexity of groundwater flow in porous media 
(Chapman et al. 2014; Frind and Molson, 2018; Moeck et al. 2020) and the groundwater 
flow and conduit-matrix interactions in fractured media (Diersch, 2013). A steady-state 
model is used to be consistent with the regional model (Matrix Solutions Inc., 2017) that 
informs the cutout  model boundaries. The steady-state assumption allows for modeling 
borehole cross-connections and therefore, the extra computational load of transient 
modeling is not essential to fulfill the purpose of the study. The closest pumping well used 
by the City of Guelph is located 1.5 km away (to the north) from HBP5 (Figure 2-2D). 
Hydrographs from HBP5 multi-packer system (Stockford, in progress) showed that the 
radius of influence of the municipal well impacts the HBP5 location. However, the 
maximum recovered head value when the supply well was inactive was used in the 
modeling process to represent pseudo steady-state non-pumping conditions.  

The SCM (100 km2 domain; ~85 m deep) defined as a heterogeneous and anisotropic 
system with 15 layers (12 in bedrock plus 3 in overburden) was informed by a combination 
of high-resolution vertical head profiles and lower resolution borehole datasets in the 
bedrock and overburden within or near the study area. The multilevel high-resolution 
datasets are the keys to a revised SCM that was partially included in the source water 
vulnerability study (Matrix Solutions Inc., 2017). The top layer of the flow model 
corresponds to the Digital Elevation Model (DEM) of the site (resolution of 30 m×30 m) 
representing the ground surface. The model domain was discretized into triangular mesh 
with 131,274 elements and 71,876 nodes in total with the grid refined around observation 
points. The meshes were refined around the boreholes to a nodal spacing of ~ 2 meters 
where a higher resolution of model output is desired. Local refinement was made where 
needed to ensure a better mesh quality by checking for obtuse angles and triangles 
violating the Delaunay and the Péclet Number criteria (Diersch, 2013). 

The research domain is bounded by two dominant hydrological features: Speed River 
(northwestern) and Mill Creek (southeastern) acting as specified head (SH) boundaries. 
The nodes along these boundaries (Figure 2-4: ) were assigned to specified heads 
informed by the regional study (Matrix Solutions Inc., 2017). The eastern and western 
boundaries are set to be no-flow boundaries because they are parallel to the groundwater 
flow lines from the regional potentiometric map. Half of the eastern boundary in the 
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overburden was set to specified head values to simulate the regional flow pathways. A 
range of 295 to 330 m asl was assigned to the specified head nodes which correspond 
with the potentiometric surface from the regional model. Recharge is driven by the 
regional gradient, entering the system mainly from uplands (Paris moraine) and moving 
laterally or staying pressurized by the regional aquitard (Arnaud et al. 2018). The 
distribution of recharge rates was relatively in agreement with the regional recharge map 
(AquaResource, 2009a). A range of 5-250 mm/y was assigned to the top layer as the 
initial recharge rates. The highest recharge value was assigned to the hummocky areas 
(250 mm/y) while the lowest value (5 mm/y) was assigned to the wetlands. Figure 2-4:  
shows the boundary conditions on a plan view on the top layer. Bulk hydraulic conductivity 
(Kb) values were initially informed using the pre-existing Kb values indirectly estimated 
from packer testing with the University of Guelph packer testing equipment in boreholes 
within the City (Belan, 2010; Quinn et al. 2011; Meyer et al. 2014; Skinner, 2019; Johnson, 
2020), and the calibrated Kb values from the regional study. The horizontal Kb values 
ranging from 8E-03 to 1E-10 m/s initially assigned to the SCM were slightly changed later 
during the calibration process. To represent the artesian condition across a specific depth 
at the HBP5 location, the hydraulic gradient of the whole layer (where artesian condition 
starts) needed to be pressurized. Thus, higher values of specified head and hydraulic 
conductivity needed to be assigned to that unit than the other layers. Given the nature of 
finite element models, the EPM layers must be continuous across the domain, and 
therefore, a minimum thickness of 0.5 m was assigned to short intervals or delineated 
surfaces with distinct behavior identified by Skinner (2019) and Johnson (2020).  
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Figure 2-4: The boundary conditions on the top model layer. Densely spaced nodes show the 
locations of the boreholes. 

The steady-state EPM model (with no open borehole) was calibrated to 40 depth discrete 
head points from seven boreholes (straddle packer hydraulic measurements at HBP5, 
four overburden MLSs (MPS1-4), and two temporary deployments at TW3 and MW2) 
distributed across the research domain (Figure 2-2:D). Iterative manual calibration was 
used to accomplish a satisfactory match between predicted and measured head values. 
To examine the key sources of uncertainty in the conceptual model, a relative sensitivity 
analysis of input parameters (hydraulic conductivity, recharge, specified head) was 
conducted with respect to the calibrated input parameters using the objective function 
value given by: 

 

where RS is the relative sensitivity coefficient (−) averaged over the number of 
observations, Hi is the simulated value at observation point i with the modified parameter 
value Pi, and Href is the reference simulated output at observation point i with the reference 
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parameter value Pref. The lower the RS, the more robust the model while the larger value 
represents greater parameter sensitivity (McCuen, 1973; Persaud et al. 2020). Variations 
of 1-3 orders of magnitude to the Kb values and ± 10% and ± 30% to recharge rates were 
applied (Levison et al. 2014). Thus, all the elemental values were shifted in each iteration. 
An offset of ± 1-2 m was applied to the specified head nodes allowing for the evaluation 
of how the aquifer system is controlled by this parameter.  

The open borehole condition has been simulated in MODFLOW using the MNW1 package 
to examine contaminant transport pathways through open boreholes from hydraulically 
fractured shale to a near-surface aquifer (Myers, 2012) and to quantify sample bias 
caused by intraborehole flow in long screened wells in a homogeneous aquifer (Poulsen 
et al. 2019). This study focuses on the simulation of the flow re-distribution and the 
potential vulnerabilities as a result of introducing hydraulic cross-connection to the 
subsurface system. A 1-D discrete elemental feature/conduit using the Hagen-Poiseuille 
equation (Eq. 2) with laminar flow assumptions in a circular tube, was used to simulate 
open borehole cross-connection within the EPM domain in FEFLOW. 

 

Where Qpipe is the flow through the pipe, d is the diameter of the pipe, g is the 
acceleration due to gravity, L is the length of the pipe, A is the cross-sectional area of the 
pipe, and v is the kinematic viscosity of the flowing fluid; and ∆h is the head loss. The line 
element functions as a conduit that distributes the hydraulic head and flow along the 
borehole, disturbing the natural flow pattern in the system. A small area around HBP5 
was selected on each layer across the screened section (Figure 2-5). The subdomain 
budget in FEFLOW separates “discrete features”. The masked area can only affect the 
“flow across the discrete feature component” through discretization error (i.e., if a huge 
area is selected around the borehole because of insufficient mesh refinement, a different 
calculated flow through discrete feature can be obtained due to the discretization issues) 
(Matrix Solutions Inc., 2017).  

                                            

1 Multi-node well 
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Figure 2-5: Mesh discretization on the domain (on the left). The masked area around HBP5 (in red) 
used to calculate the subdomain budget (on the right). 

The simulated flow rate across the masked area was used to obtain the relative water 
exchange between the borehole and the HGUs (positive and negative flow rates 
represent flow into/out of the borehole, respectively). The cross-sectional area for flow 
during flowmetering is the annular space between the 1 5/8-inch probe and the 6-inch 
hole assigned to the line element to represent the open borehole at the HBP5 location. 
An hydraulic aperture of 148 μm  was assigned to the line element representing the open 
borehole in the numerical model, obtained from the mean hydraulic aperture from packer 
testing reported by Belan (2010) for the Guelph and Gasport Formations and consistent 
with the range in hydraulic apertures (15-407 um) reported on by Munn (2012).   The 
model performance was evaluated against the measured blended head and flow 
responses from the flowmeter logs. The goal was to provide a model that reproduces the 
high-resolution data under a hydrogeological defensible conceptual site model. Then, the 
model was further examined under various hypothetical scenarios. 

 

 

 

 



 

 

 

15 

3 Results and Discussion 

The initial cutout  model had three hydrostratigraphic layers in the overburden 
corresponding to the regional model. The overburden MLSs (shown by yellow points in 
Figure 2-2:D) were used as preliminary available data to refine the position and thickness 
of those three units to be locally relevant to this study (Stockford, in progress). MPS4 is 
one of these MLSs located adjacent to HBP5 (~ 3 m away) and the data from this borehole 
were used to specifically improve the model representation of the overburden at HBP5 
location. The refinement to the overburden layers was made through the correlation of 
data from MPS4 including natural gamma, lithology, and vertical head and gradient. 
Figure 3-1:  shows the high-resolution data from MPS4 and the boundaries of the refined 
overburden unit (in red), labeled M1-M3. 

 

Figure 3-1: High-resolution data from multi-level system well (MPS4) monitoring the overburden. 

At HBP5, the continuous core (~85 m deep) from the top of the bedrock (Guelph 

Formation) to the underlying shale (Cabot Head) provided the foundation for the 
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identification of lithostratigraphic units. Excellent recovery of 100% on every run was 

indicative of the competent dolostone. A combination of core data, geophysical logs 

including natural gamma and ATV, and core photos provided multiple lines of evidence 

for lithostratigraphic interpretation. Gamma was used to infer changes in lithology and 

core photos showed matrix color. At the HBP5 location, 11 distinct stratigraphic 

formations and members were identified within the full stratigraphic sequence in the 

Silurian dolostone (Brunton and Britnel, 2011). Table 3-1:  summarizes the 

lithostratigraphic units and the properties associated with them. 

Table 3-1: Depths of stratigraphic contacts and thicknesses of stratigraphic units at HBP5 

Stratigraphy  GS elevation ~323 m asl 

Formation Member Top Depth 

(m bgs) 

Thickness 

(m) 

Overburden  0 14.3 

Guelph Wellington 14.27 6.21 

Eramosa Stone Road  

Reformatory Quarry 

Vinemount 

20.48 
22.1 

27.91 

1.62 
5.82 
5.5 

Goat Island Ancaster 
 

Niagara Falls 

33.42 
33.90 

0.48 
3.68 

Gasport  37.58 39.35 
Irondequoit  76.93 5.18 
Rockway  82.11 0.99 
Merritton  83.11 1.4 

Cabot Head  84.5 0.69 

 

The structural log from the acoustic televiewer contains information about fracture depth, 

dip direction, and dip angle, essentially providing accurate measurements of fracture 

orientations. The total number of fractures identified across HBP5 was 274. The fracture 

network consists of bedding plane fractures (low‐angle) and near-vertical joints (high-

angle, which looks like a big sine wave). Approximately 95% of fractures across HBP5 

were horizontal (dip < 45°) and 5% are near-vertical (dip > 45°). 

The hydrophysical logs from straddle packer measurements and flowmeter testing at 

HBP5 were examined to understand the behavior of the major fractures/zones 

contributing to the flow into/out of the borehole, and the aquifer transmissivity. The 

borehole had extreme downward flow between depths of ~ 22 to 39 m bgs (from near the 

bottom of the Eramosa-Stone Road to the upper Gasport), greater than the logging speed 

used. The correlation/comparison of hydrophysical logs with ATV, TVP, and the video log 

as secondary datasets provided supplementary insights into the identification of 20 

hydraulically significant fractures intersected by HBP5. There are very subtle differences 
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in each of these logs; however, within the big picture (i.e. the scope of this study), these 

subtle differences are not critical since this study only looks into the hydraulically major 

features. The comprehensive analysis of all the datasets (geological, geophysical and 

hydrophysical data) resulted in the refinement of the HGU’s boundaries across the 

bedrock. Figure 3-2 shows the positions of major fractures across HBP5 along with the 

boundaries of the model layers (in red). These features might not all be hydraulically 

active but they could be the termination of orthogonal fractures that influences the vertical 

components of gradient.  

 

Figure 3-2: Depth-aligned high-resolution datasets from HBP5. Black lines show the positions of 
hydraulically significant fractures (Fn) and red lines demonstrate the boundaries of the model 
layers (Mn) while n shows the number (e.g. F1 shows the first major fracture). 

On the flowmeter profiles (impeller and heat pulse logs), any changes to the right indicate 

inflow to the borehole from formations/fractures while any changes to the left show flow 
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leaving the borehole. Sharp changes are evidence of major transmissive features 

contributing to a significant amount of water moving into/out of the system while gradual 

changes are more indicative of several smaller fractures contributing to a small amount 

of flow in/ out of the borehole.  

Moving down the hole, the flow gradually increases when the impeller flow meter passes 

the first major feature (F1). At 22.9 m bgs, a big spike is seen on the impeller log that is 

evidence of a highly transmissive fracture (F2) contributing to the majority of flow into the 

hole. The video log also indicates a large aperture fracture with a very smooth surface 

that can be interpreted as a strong dissolution enhanced fracture. Gradual increase of 

flow between 23.6 to 33.7 m bgs is evidence of several smaller fractures across this zone 

(M6). The whole flow response in the upper portion of the flowmeter profile is dominated 

by the first four peaks in a row (F1-4) that are the noticeable measure of the increase in 

“flow into” the borehole. The flow continues to increase gradually and reaches a new 

maximum at depth of 33.7 m bgs and immediately decreases (goes towards the left side 

of the impeller log). Analysis of ATV and video log indicates two parallel fractures at this 

depth (F6 and F7). Excellent correlations between the impeller flow log and the hydraulic 

head profile from packer measurements provide evidence of a “head loss” occurring 

across the zone between these two fractures (M7) which is a relatively thin zone (~ 30 

cm). The top fracture (F6) has a high head where the water is shunted into that lateral 

feature, essentially dissipating that energy below it and once the probe passes the bottom 

fracture (F7) that is in a “low head zone” the flow starts to decrease. These two bedding-

parallel transmissive features occur within the Ancaster member of the Goat Island 

Formation. The zone in between (M7) is a transition zone where the flow profile starts 

transitioning from inflow to outflow (right to left). Based on the borehole impeller log and 

the head loss from the packer data, the transition from flow into the borehole to out of the 

borehole across these two fractures occurs due to a change in hydraulic head and 

suggests the presence of a thin aquitard within this member. This is consistent with similar 

bedding parallel features and aquitard properties within the Ancaster member found in 

other parts of the City (Munn, 2019).  

A sudden drop on the flowmeter log from 38.0 to 38.4 m bgs shows that a significant 

amount of water is leaving the borehole through two parallel fractures with big apertures 

(F9 and F10). Flow continues to decrease by losing water to the next fractures in the line 

indicated by small steps on the profile (F11-16) and the trend of the impeller data is fairly 

flat (steady flow rate) from a depth of 60.6 m bgs (middle Gasport) to the bottom of the 

hole where the impeller flow data is of poor resolution. Thus, the temperature vector probe 

(TVP) and heat pulse flow logs were used to provide complementary insights into the 

identification of other hydraulically important fractures at the lower portion of the borehole. 

At depth of 67.3 m bgs (F17), for instance, the TVP log captures a nice temperature 

change that is almost imperceptible in the impeller flow log due to the poor resolution. All 
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the heat pulse tests indicated downward flow except for the deepest test near the bottom 

of the hole in the Rockway Formation, which showed a change in direction of flow. This 

upward water movement indicates that the head below the depth of this test (82.4 m bgs) 

is higher than the blended head above. This can be explained by the higher head 

commonly observed in the Cabot Head Formation at the base of the sequence relative to 

the Gasport Formation (Kennel, 2008; Johnson, 2020; Meyer et al. 2014). The insight 

from the heat pulse log corroborated by the TVP and ATV logs resulted in the identification 

of four more hydraulically active fractures (F17-F20) across the bottom of the hole (Figure 

3-2). The model layers and the properties associated with them including depth, relative 

contribution to flow in/out of the borehole, major fractures across the zone, relative head, 

and lithology are summarized in Table 3-2 (See Appendix A for more details on these 

fractures). 
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Table 3-2: The EPM model layers and the properties associated with them 

EPM Layer Depth (m bgs) 
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Lithostratigraphy  
Top Botto

m 

 

M1 

 

0 

 

4.0 

 

4.0 

 Coarse-grained outwash 
gravel, sand, Till deposits 
(sandy/stony silty, sand, 

etc.) 

M2 4.0 11.3 7.3 
Clay, sand, silt and Till 

deposits 

M3 11.3 14.3 3.0 
Coarse textured gravel, 

sand deposits 

 

M4 
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M5 

 
21.9 

 
23.6 

 
2.3 

V
e
ry

 

H
ig

h
  

F1-4 
 

Eramosa-SR/RQ 
 

 

M6 

 

23.6 
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F4-6 

 

Eramosa- RQ/V 

 

M7 

 

33.7 

 

33.9 
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F7-9 

Goat Island- NF/ Gasport  

M9 38.0 38.4 0.4 F9-10 
 

 

 

Gasport 

 

M10 38.4 41.4 3.0 F10-11 

M11 41.4 48.7 7.3 

L
o
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F11-12 

M12 48.7 60.6 11.9 F12-16 

M13 60.6 80.7 20.1 F16-19 Gasport/ Irondequoit 

M14 80.7 82.4 1.7 
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 F19-20 Irondequoit/ Rockway 

 

M15 

 

 

82.4 

 

85.5 

 

3.1 
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Rockway, Merriton, Cabot 

Head  

 

The flow in/out of the borehole (either substantial or less substantial) distributed over a 

vertical height or compressed into a very narrow interface (e.g., fracture) is driven by the 

local head differential and the amount of the flow is controlled by conductivity of the 

discrete features. Head differential is the difference between the depth-discrete ambient 
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heads in the formations in the surrounding aquifer and the blended head in the open 

borehole. The blended head is a result of equilibrium in the hole while the local head at 

each zone can be either higher or lower in the formation and can vary along the borehole. 

The transmissivity may be depth discrete at interfaces with larger transmissivity or may 

be distributed over zones with smaller transmissivity. The flowmeter log only notices the 

features/zones with the right combination of conditions (transmissivity and head 

differential).  

This study began with the development of a smaller “cutout ” model based on the 
calibrated regional groundwater flow model. To take advantage of the available high-
resolution datasets for the Guelph aquifer, model layers were originally informed by 12 
bedrock HGUs established from the pre-existing advanced field-based studies (Belan, 
2010; Munn, 2012; Munn, 2019; Skinner, 2019; Johnson, 2020).  The SCM layers in the 
overburden were informed by the regional model (3 layers). To tailor this to a site-specific 
framework representative of the local conditions, the SCM layers (boundaries and 
thicknesses) were refined through a comprehensive analysis of the high-resolution 
datasets from HBP5. Figure 3-3:  shows the new cutout  model layers and compares them 
with the lithostratigraphic column. It can be inferred that the model EPM boundaries are 
not necessarily aligned with lithostratigraphy. 

 

Figure 3-3: (A) the refined model layers. (B) HGU boundaries (in red) on the lithostratigraphy.  
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3.1 Model Calibration and Sensitivity Analysis  

The input hydraulic parameters of the model were calibrated to 40 depth-discrete 
hydraulic head data points (measured in winter/summer 2020) from the monitoring wells 
(Figure 2-2:D). The modifications to these parameters were reasonable and within the 
range supported by the estimated/calibrated values in the Guelph area (Kennel, 2008; 
Meyer et al. 2014; Matrix Solutions Inc., 2017; Munn, 2019; Skinner, 2019; Johnson, 
2020). The calibrated Kh/Kv ratio ranges from 1-100 representing predominantly 
horizontal groundwater flow within the aquifer. The calibrated recharge rates for the entire 
domain vary between 5 and 250 mm/y which is within the range of the estimated values 
for the calibrated regional model (see Appendix D for more details). The modified 
specified heads were also within the predicted values from the regional potentiometric 
maps (Appendix D) except for M5 where higher values were assigned to mimic the 
pressurization/ artesian condition. The calibration performance was evaluated using 
graphical analysis including a scatter plot, histogram, and statistical parameters. Figure 
3-4 illustrates that the EPM model can simulate the high-resolution vertical head data 
without considerable systematic errors, provideing satisfactory results. The correlation 
coefficient (R2) of 0.9, root mean square error (RMSE) of 1.36 m, normalized root mean 
square error (NRMSE) of 0.004,  mean error (ME) of -0.22 m, and mean absolute error 
(MAE) of 1.10 m were all within the acceptable hydraulic head errors ( Levison et al. 2014; 
Persaud et al. 2020) and the small errors can be explained by the assumptions associated 
with the EPM approach that does not fully represent a heterogeneous fractured aquifer 
system. Table 3-3 compares the layers and the calibrated hydraulic parameters of the 
revised SCM to the regional model (Matrix Solutions Inc., 2017). 
 

 

Figure 3-4: A) the revised 3D static SCM, (B) a comparison of measured and simulated heads (40 
depth-discrete head points) and associated errors (coefficient of determination (R2), root mean 
squared error (RMSE), normalized root mean squared error (NRMSE), mean error (ME), and mean 
absolute error (MAE); histogram showing the frequency of the mean error. 
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Table 3-3: Comparison between the calibrated cutout  model and the regional model 

 

 Cutout  Model Regional Model 

EPM 
Layer 

Stratigraphy 
 

Kx=Ky (m/s) Kx/Kz 
Ratio 

Rechar
ge 

(mm/y) 

SH 
(m asl) 

EPM 
Layer 

Stratigraphy 
 

Kx=Ky (m/s) Kx/Kz 
Ratio 

Recharge 
(mm/y) 

SH 
(m asl) 

M1  
Sand, Gravel, Clay, 
Silt, and Till deposits 

8E-03-1E-08 1-10 5-250  
300-
332 

1 Gravel, sand, and Till 
deposits  

2.5E-03-1E-06 10-100 5-400  
 
 
 

300-332 

M2 2E-04-3E-09 10  2 2.5E-04-1E-07 1-10  

M3 9E-03-1E-07 10 3 unconsolidated 
deposits 

2.3E-03-5E-07 1-10 

M4 Guelph, Eramosa-SR 2E-05-1E-09 10 4 Guelph, Eramosa-SR 8E-04-1.5E-07 1-100 

M5 Eramosa-SR,RQ 9E-03-1E-05 1-10 330-
340 

5 Eramosa-RQ 8E-04-5E-07 1-100 

M6 Eramosa-RQ,VM 9E-04-1E-10 10 300-
332 

 
6-8 

 
Eramosa-V 

 
1E-07 

 
100 

M7 Goat Island- An 1E-07 100  
9 

 
Goat Island 

 
5E-06-1E-06 

 
1-100 M8 Goat Island-NF 1E-05-1E-06 1-10  

 
 

296-
324 

 
 
 
 
 

296-326 

M9  
 

Gasport 
 

9E-05-1E-09 1 

M10 2E-05-1E-07 10-
100 

10 Upper Gasport 5E-05-1E-06 1 

M11 2E-05-4E-06 1 11 Middle Gasport 5E-04-1E-06 1 

M12 6E-05-1E-07 1-100 12 Lower Gasport, 
Irondequoit, Rockway, 

Merritton 

2E-06-1E-06 1-100 

M13 Gasport, Irondequoit 6E-05-1E-07 1-100 13 Cabot Head 1E-10 100 

M14 Irondequoit, Rockway 1E-06 10     

M15 Rockway, Merritton, 
Cabot Head 

1E-09 100     
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The calibrated parameters were modified to perform the relative sensitivity analysis. The 

sensitive variables were ranked in descending order: Kb, specified head, and recharge, 

where the most sensitive parameter was bulk hydraulic conductivity. Figure 3-5 

demonstrates the relative sensitivity of the heads to changes in the Kb parameter. The 

other two parameters have different scales of the relative sensitivity and they were not 

shown on the same plot (see Appendix C). Variations in specified head values affected 

the calibration results indicating that although these boundaries are located far enough 

away from HBP5 (~ 4-6 kms away) and other monitoring wells (at least 2.5 kms away), 

they are still able to influence the head distributions within the domain and therefore, 

caution must be taken on further predictions/interpretations of the aquifer system. 

Changes in recharge rates had more impacts on the hydraulic heads in the shallow 

system than those in the bedrock (see Appendix C).  

 

Figure 3-5: Relative sensitivity of hydraulic head points to variations of horizontal/ vertical Kb. For 
example, Kx +1 on the plot indicates a (positive) one-order of magnitude change in horizontal Kb.  

 

3.2 Model Verification  

After calibration, a single borehole (6-in hole) was introduced into the domain at the HBP5 
location (see Figure 2-2:D) and the model performance was evaluated against: 1) the 
blended hydraulic head; and 2) the flow response across the open hole. The open hole 
interval from the top of the bedrock (Guelph Formation) to the bottom (Cabot Head 
Formation) was ~85 m, allowing vertical flow along the hole. 
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The static water level observed at the open borehole (HBP5) is the blended head which 
is different from the depth-discrete heads measured using straddle packers with 1.5 m 
monitoring interval. The blended head was measured with a water level tape after the 
hole was open for a day. A comparison between the simulated blended head and that 
measured in the field indicated that the simulated blended head was approximately 1 m 
higher than that measured likely due to assumptions of the EPM approach as well as the 
Hagen-Poiseulle equation. There are also two pumping wells (shown in Figure 2-2:D) in 
the area that were not simulated in this model that might temporally impact the field-
measured static head value, although this was not investigated explicitly. Figure 3-6 
shows the flow distributions under (A) ambient system versus (B) the cross-connected 
system, illustrating that the blended head is not indicative of the gradient across the 
borehole. Therefore, using the open hole flow dynamics to represent ambient heads 
essentially results in misleading information and interpretations about the behavior of the 
groundwater flow system. This is an important premise for what is occurring in cross-
connected systems.  

 

Figure 3-6: (A) Conceptual diagram indicating how the vertical flow in the open well changes the 
flow distributions as opposed to natural conditions (modified from J Munn). (B) a comparison of 
the measured and simulated hydraulic heads at HBP5 under open and sealed conditions.  
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The line element acts as a conduit allowing for vertical flow within the hole and hydraulic 
cross-connection between the hydrogeologic units. As a result, areally-extensive 
hydraulic response cones were developed as far away as 6 km from HBP5. The cross-
connection relieved the pressure from the pressurized layer (M5) by drawing groundwater 
from kilometers away, causing drawdown cones on this unit, and releasing it to the deeper 
units. The pressure propagated down to the deeper units and the main aquifer gets 
pressurized (higher hydraulic heads creating drawup or injection cones). Figure 3-7 
illustrates the hydraulic responses on the pressurized layer (M5) and the main aquifer 
(M8). The negative and positive water-level changes are indicative of drawdown and draw 
up cones, respectively. A maximum drawdown of approximately 3 m occurred in HBP5 
across M5 extending over the domain. Substantial draw up cones emerged in the 
potentiometric surface over the main aquifer with a maximum of approximately 11 m in 
the borehole. Drawdown contours of 0.40 and 0.20 m extended more than 2 and 4 km 
away from HBP5 on the pressurized layer and draw up contours of 1.2 and 0.7 on the 
main aquifer extended to more than 2 and 4 km away (Figure 3-7-A.2 and B.2). The 
results indicated that open borehole cross-connection can significantly alter the natural 
flow not only in the vicinity of the borehole but also more regionally. 
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Figure 3-7: (A.1) Simulated drawdown on M5 and (B.1) draw up on the middle Gasport aquifer 
(M12) extending throughout the domain. (A.2 and B.2) illustrate the asymmetrical hydraulic head 
responses for the area in the vicinity of HBP5. 

Additionally, the measured flow response (from the impeller and heat pulse logs) was 

qualitatively compared with the simulated response from the EPM model (Figure 3-8). 

The qualitative analysis of the flow log estimates the relative contribution of each fracture/ 

zone to the system (whether producing or withdrawing). The simulated response 

compared well to the actual flow log on a relative magnitude basis and style (i.e. same 

response pattern and variability along the log is mimicked), showing a reasonable 

representation of flow variability with depth in and out of the borehole. However, 
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quantification of this data was more challenging for the portion of the borehole having so 

much noise due to extreme turbulent conditions. The probe itself does not have polarity 

which makes it difficult to quantify the vertical velocity in the open borehole (see Appendix 

B). The patterns of relative changes in flow response have excellent repeatability for the 

four logs, with the exception of the first log which was conducted immediately after the 

hole was opened, and likely represents the flow prior to steady-state conditions. The other 

three logs appear to all be under steady-state conditions indicating that using high-

resolution flowmeter data is an effective method to identify the position of important 

inflow/outflow zones along the borehole. However, for the purposes of this study, these 

measurements are considered on a normalized relative basis.  

 

Figure 3-8: (A) The simulated flow response across HBP5. Red and blue arrows represent flow 
into and flow out of the borehole, respectively. (B) the measured response from the impeller and 
heat pulse logs indicate that the cross-connected flow is both upward and downward in the hole. 

The agreement between the simulated and observed blended head as well as the flow 
pattern across the hole verified that the refined SCM is a good representation of the 
system (i.e., HGUs boundaries are likely located in the right positions and the calibrated 
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parameters are reasonable), decreasing the uncertainty in the non-uniqueness of the 
calibration process. 

 

3.3 Implications 

The model was further examined under a set of hypothetical cross-connection scenarios 
to: 1) assess the hydraulic head responses; and 2) explore the potential consequences 
of the cross-connecting wells on the multi-layered aquifer system using forward particle 
tracking. The base case scenario was defined for “no open borehole” within the entire 
domain (ambient conditions). Then, the line element was introduced to the bedrock 
system at the HBP5 location. Scenario A examined the hydraulic responses of the system 
where the borehole is open across variable well screen length and positions. Scenario B 
explored the impacts of multi-open overburden boreholes on the system and finally, 
scenario C is a combined scenario where drilled boreholes are open across the 
overburden and bedrock. The quantified simulated heads are not shown for scenario C 
because they were similar to the results from scenarios A and B, and only the result of 
particle tracking is illustrated herein. The description of scenarios is listed in Table 3-4. 

Table 3-4: Description of hypothetical cross-connection scenarios 

Scenario Sub-scenarios Definition 

Base case ---- No open borehole exists  

  
 

A 

A1 HBP5 is open across the bedrock (M4-M15) 

A2 HBP5 is open from the shallow aquifer to the aquitard unit 
underneath (M4-M7) 

A3 HBP5  is open across the main aquifer (M9-M13) 

B ---- Four boreholes are open in the overburden (M1-M3) 

C 
---- One bedrock borehole (M4-M15) and 3 overburden wells 

are open (M1-M3) 

Scenario A examined a set of sub-scenarios about reducing the screened depth in the 
bedrock. Table 3-5 summarizes the simulated hydraulic head responses for a few 
selected layers: the pressurized layer (M5), the Niagara Fall member of Goat Island (M7) 
behaving as aquitard at this location, and the middle Gasport aquifer (M12). 
Positive/negative changes in hydraulic heads show the draw ups and drawdowns. The 
results indicate that reducing the screened (or open hole) depth decreases not only the 
changes in the water levels (values) but the extent of the response cones within the 
domain (the response cones become broader when the screened depth is longer). The 
largest response occurred in scenario A1 where HBP5 was screened across the bedrock. 
Scenario A2 produced responses consistent with scenario A1; however, the magnitudes 
are smaller and almost no response was detected across the main aquifer. Scenario A3 
shows that if the borehole is only screened across the Gasport aquifer, the hydraulic 
responses would be so small as to be negligible due to the high transmissivity of the 
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Gasport Formation and not much head differential across it. The simulated hydraulic head 
responses in HBP5, in near extent of the borehole, and throughout the domain indicates 
that open borehole hydraulic cross-connection disturbs the distribution of the flow system 
locally and even regionally, and this alternation might also impact natural heritage 
features such as wetlands (discharge areas). 

Table 3-5: Simulated hydraulic responses for scenario A. R is the amount of draw up/down at a 
certain radius from the borehole in meters. X is the distance away from HBP5 (in km).  

Scenario Max R at 
HBP5 

EPM 
layers 

R @ X=0.5 km 

(m) 

R @ X=1 km 

(m) 

R @ X=2 km 

(m) 

R @ X=4 km 

(m) 

 11.01@M8 

-3.17@M5 

M5 

M7 

  M12 

-0.80 -0.60 -0.40 -0.20 

A1 3.5 2 1.5 1 

 3.3 1.8 1.2 0.7 

A2 11.53 @M8 

-3.06@ M5 

M5 -0.75 -0.50 -0.35 -0.15 

M7 0.15 0.08 0.02 0.01 

A3 0.004@M12  --- --- --- --- 

Scenario (B) examined how the presence of a series of open boreholes in the overburden 
influences the system responses. It was assumed that the MLSs (MPS1-4) are open in 
the overburden. Table 3-6 summarizes the simulated hydraulic responses. The results 
showed the drawdown cones on the top model layer (M1) extending to an area in the 
vicinity of each well. The negative responses around the boreholes on the top layer (M1) 
can be attributed to the strong recharge area, downward gradient, and the geology 
comprised of low permeability materials. The pressure propagated down to the lower unit 
(M3) resulting in draw up cones. Hydraulic head responses were not considerable at 
MPS3 and MPS4 (MPS4 is located 3 meters away from HBP5). This can be explained by 
the artesian condition at HBP5 where the gradient already exists and it is as strong as 
what it was relative to the scenario where the pressurized unit was cross-connected.  

Table 3-6: Simulated hydraulic responses (R) for scenario B (all values are in meters). 

Scenario Max R at 
MLSs (m) 

EPM 
layers 

R @ X=50  

(m) 

R @ X=100 m 

(m) 

R @ X=200 

(m)  

MPS1 -0.96 @M1 

  0.48 @M3 

M1 

M3 

-0.20 -0.10 -0.03 

 0.06 0.02 0.01 

MPS2 -0.05 @M1 

  1.08 @M3 

M1 

M3 

-0.02 -0.01 --- 

0.16 0.08 0.03 

MPS3 -2.60 @M1 M1 -0.10 -0.02 --- 

  M3 --- --- --- 



 

 

 

31 

The importance of cross-connection was also illustrated through forward particle tracking. 
Particle tracking was performed for a few sub-scenarios (A1, A2, B, and C) to illustrate 
the consequences of cross-connections on flow pathways and the aquifer vulnerability by 
only evaluating pathways from a streamline/flowline perspective and not the solute 
transport. The results are illustrated on a selected fence cross-section (south-north 
direction) crossing HBP5 which is shown in Figure 2-2:C (blue dashed lines). First, the 
particles (50-100 particles) were released on top of the pressurized layer (M5) for the 
base case scenario and then from the same starting point but for scenario A1 with a cross-
connected flow system. Figure 3-9A illustrates that in the ambient system, particles would 
follow the natural flow pathways and stay shallow while Figure 3-9B shows how hydraulic 
cross-connection can bring water from the shallow system to the deeper aquifer that has 
significant implications for contaminant transport. The vast majority of the particles are 
flowing through the open borehole. However, some of the particles in the system are 
migrating upward due to the pressurization that creates an upward flow while at the 
bottom of the artesian zone, the head is higher than below it which is also driving some 
particles downward (note that one particle is not equal to one unit of water and it is not 
volume conservative).  
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Figure 3-9: The particle pathways under (A) the base case scenario and (B) scenario A1 (the 
cross-connected scenario). Cross-connection can bring contaminated water that is shallow in the 
system and re-distributing it deeper to the aquifer. 

Particles were released from the same starting point for scenario A2. If the borehole is 
shortened to only reach the top of the aquitard unit (Ancaster member of Goat Island 
Formation), disconnecting the upper aquifer from the lower aquifer, that greatly reduces 
the alteration of the flow field (Figure 3-10). Thus, to prevent cross-connecting pathways 
and to protect the lower aquifer (i.e. from potential shallow contaminants), it is important 
that rather than having a long open bedrock borehole, the borehole is cased down deeper, 
i.e. below the aquitard unit. 
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Figure 3-10: The particles pathways for scenario A2 demonstrate that if the aquitard is not cross-
connected (due to the shortening of the well screen), the particles stay shallow. 

Particle tracking for scenario B with the starting point around the Paris moraine, an area 
of high recharge (Figure 2-2:D), demonstrated that the particles will remain in the 
overburden even after introducing cross-connection to the model domain (Figure 3-11). 
It is shown that if a series of open boreholes exists in the overburden, preferential 
pathways are introduced for the particles to migrate downward until the artesian effect of 
the pressurized unit pushes them back up. The head in the pressurized zone is higher 
than the ground surface, creating upward flow. Thus, the artesian zone underneath the 
overburden creates a groundwater divide and serves as a hydraulic barrier to the lower 
units.   
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Figure 3-11: The particles pathways for scenario B. Particles can move from one open borehole to 
the other; however, the upward gradient of the pressurized layer keeps them in the overburden. 

Figure 3-12 illustrates the particle tracking for scenario (C). Particles were released from 
the recharge source (same starting point as scenario B) with a combination of open wells 
in the system. It is seen that the particles that were held in the overburden due to the 
efficiency of the artesian barrier, now find their way to the bedrock. 

 

Figure 3-12: The particle pathways for scenario C where a combination of boreholes exists in the 
overburden and bedrock. 

 

3.4 Limitations  

Simulation of cross-connected systems is challenging due to the limitations imposed by 
the model as well as the site hydrogeologic setting (that is different from site to site). The 
groundwater FEFLOW model can solve the flow problem mathematically by taking into 
account information from every single node and flux rates going throughout the model 
(i.e. it can calculate the flux at the interface intersecting the borehole). However, it is not 
able to simulate turbulent conditions in open boreholes. The laminar assumptions of the 
Hagen-Poiseulle equation used in this study have limitations for simulating turbulent 
conditions in the borehole. This study benefited from using high-resolution data obtained 
from DFN-M methods. It would be interesting to collect more data from HBP5 using other 
field methods. However, the extreme turbulence and strong downward gradient in HBP5 
made it difficult to obtain other datasets. For instance, it would be very difficult to install a 
FLUTe liner in such a hole, eliminating the use of DFN-M methods needing such a liner. 
Furthermore, because of the strong dewatering effect of the shallow zone and influence 
on a nearby private well, the borehole was not allowed to remain open overnight  (e.g. 
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more flow logs in HBP5). Model predictions could be constrained better if the simulated 
flow response across the open borehole was quantitatively validated to the field data. The 
stylized  representing HBP5 condition was developed in a steady-state mode using a 
variety of high-resolution depth discrete datasets because the steady-state assumptions 
still allow for modeling the hydraulic cross-connection. Transient calibration was not 
possible as there were not enough transient data available (from the seven boreholes 
across the domain) during the modeling work.  
 

3.5 Future Work 

Transient modeling can be examined in future work to precisely investigate the effects of 
other cross-connected boreholes and pumping wells across the domain on the flow 
distribution. The SCM can then be used to produce more realistic hydrogeological models 
that represent the actual contaminant transport and fate to further address prediction 
uncertainty about transport pathways, travel time, and residence time. This study showed 
that the occurrence of open/poorly sealed boreholes influences the groundwater flow 
system locally and also regionally, and thereby, future studies may also seek to simulate 
cross-connected systems on a regional scale. The foundation of such models (regional 
scale) can be built on the concepts learned from this study. The City of Guelph can use 
the high-resolution datasets available from the advanced monitoring wells across the City 
to modify/refine the regional model. The strong downward gradient in part of HBP5 made 
it challenging to do more flow logging and complementary measurement methods (A-
DTS, packer testing for transmissivity and aperture estimation, etc), which would be 
helpful for the quantitative analysis of the flow log, and it would be informative to do this 
type of investigation in a different hydrogeologic setting. Finally, hydrogeologists, 
especially modelers would benefit from a powerful tool giving them the option to simulate 
turbulent conditions in open boreholes that would be useful for accurate 
simulations/predictions on cross-connected systems. It is recommended that software 
products consider adding this option into the models. 
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4 Conclusions 

Comprehensive analysis of multiple high-resolution datasets from a borehole is 

imperative to the identification of hydraulically significant fractures intersected by the 

borehole and the understanding of the complexity of the flow system. This insight provides 

a foundation to tailor the SCM details (e.g. the HGU boundaries and the input parameters) 

to be locally relevant to HBP5 conditions (site-specific). The standard modeling practice 

is to infer HGUs from lithostratigraphy as opposed to collecting high-resolution data 

(geological, geophysical, and hydrophysical logs) to inform conceptual model layers. This 

study showed that the HGU-based model layers do not perfectly correspond with the 

lithostratigraphy surrounding the HBP5 location and the complexity of flow redistributions 

(varying amounts of flow and zones of influence occur with discrete depth intervals, some 

hydrologic units are thick and some are very thin or discrete freatures). The model 

allowing for an improved understanding of groundwater flow throughout the research 

domain showed excellent comparison to the actual field data. Although the simulated flow 

response compares well to the actual flow log on a relative magnitude basis, 

quantification of these data was more challenging due to the strong vertical gradient 

across a portion of HBP5. 

The head in open boreholes is blended which must be kept in mind when it is used to 
represent ambient conditions. It is blended due to a non-unique combination of conditions 
due to depth-discrete transmissivity and hydraulic heads in fractured hydrologic units with 
varying thickness in the borehole unless high resolution field measurements are made to 
constrain the distribution of hydraulic head and transmissivities.  This study shows 
reasonably well, although imperfectly due to artesian flow conditions limiting availability 
of a complete dataset, the ability to represent the characteristics of cross-connected flow. 
Cross-connection alters natural flow and head conditions locally and even regionally 
leading to the appearance of hydraulic responses (either drawdowns or draw ups) on 
different HGUs depending on the hydrogeology of the unit. The flow distributions within a 
cross-connected fracture network lead to erroneous estimation of hydraulic conditions, 
misleading interpretations, or limitations of data obtained from the cross-connected wells 
for management decisions. Different fractures contribute different amounts to the flow 
system and the amount of flow distributed over a zone or in a fracture is the function of 
the change in magnitude of the conductivity and/or local head differential. 

Cross-connected flow is both upward and downward in the hole. Hydraulic cross-
connection can also cause vertical flow of potentially contaminated groundwater in the 
borehole. It can bring water from the shallow system into the deeper aquifer that otherwise 
discharges elsewhere which has significant implications for contaminant transport 
pathways and deeper, semi-confined, or confined aquifer vulnerability. To protect the 
lower aquifers within a multi-layered variable permeability system where flow lines and 
fluxes are influenced by low permeable layers, it is important that rather than having a 
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long open bedrock borehole, consideration must be made for well designs to isolate 
specific zones within HGUs and avoid crossing them. This results in varying flow 
trajectories and fluxes to existing receptors (discharge locations, etc.), and creates 
pathways for potential contaminant transport affecting water quality in the deeper system 
(e.g. reducing transport times, reaction mechanisms, etc.). Therefore, casing a well 
through shallower units prevents cross-connection across the deeper units. Another 
finding specific to this study is that if the artesian zone underneath the shallow aquifer is 
not cross-connected, it serves as a groundwater flow divide and serves as a natural 
hydraulic barrier providing complete (or perfect) protection to the lower units. Using long, 
open boreholes is a common practice especially in fractured bedrock systems. Although 
the profession has been aware of this condition and its potentially lasting consequences 
it has not resulted in a change in practice; like many things in this world the time has 
arrived to adjust and make this important change for water source protection.  
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A Appendix A: Timeline for DFN-M techniques for HBP5 

Table A-1 summarized the timeline for high-resolution DFN-M techniques applied in HBP5 field.   

 Table A-1: Timeline for the high resolution DFN-M field techniques applied in HBP5  

Tool  Date  Task description  Equipment information  Reference  Personnel  

Drilling 2019-11-22 to  
2019-11-27 

A large-diameter (6.625" 
borehole) Geobor-SG 

wireline drilling method for 
lithology,… 

Hired from Aardvark Drilling Inc. 
Model: Eric Deba 

Top depth: 45.20 ft bgs 
Bot depth: 279.80 ft bgs 

Skinner, 2019 Chrystyn Skinner 

Four packer 
head profile 

2020-01-29 to 
2020-02-03 

Collect the head profile 
with UoG packer testing 

equipment 

Company name: RST 
instruments 

Packer model: 1-85 
Deflated length: 40 in 
Inflated length: 37.5 in 

Max confined pressure: 375 psi 

Quinn et al. 2012 Patryk Quinn 

Impeller 
flowmeter 

2020-06-25 Continuously  
measures large 
vertical flow in a 

borehole 

Model: FLP-2492/KLP-4492 Piallet 1998 
Mount Sopris 

manual 
 

Pete Pehme 

Heat pulse 
flowmeter 

2020-06-25 Measures small vertical 
flow at specific depths 

Model: HPF-2293 
Serial No: 3359 

Székely, F. & 
Galsa, A. (2006) 

Pete Pehme 

Temperature 
profile 

2019-12-04 To measure both the 
temperature and the 
characteristics of the 

thermal gradient. 

Model: BTM-04 
Serial No: 50923 

Pehme et al. 2014 Ryan Kroeker 

Gamma 2019-12-04 Measures clay content 
that implies low 

permeability or lithology 

Model: 2PGA 
Serial No: 4885 

ALT/Mount Sopris 
manual 

Ryan Kroeker 

ATV 2019-12-04 Acoustic image of 
borehole wall identifying 

fractures with dip and 
azimuth 

Model: abi-40 
Serial no: 102602 

Alt/mount Sopris 
manual 

Ryan kroeker 

Video logging 2020-07-15 Video logged hole Model: Rcam-100 
Serial No: 527 

 Pat Quinn & Ryan 
Kroeker 
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B  Appendix B: Hydraulically important fractures across HBP5 

The properties associated with the 20 hydraulically significant features across HBP5 are summarized in Table B-1.The 
indicators are those data mostly used to identify each major fracture.  

Table B-1: Hydraulically significant fractures inferred from the HBP5 interpretation 

Major 
fractures 

Depth 
(m bgs) 

Flow 
Regime 

Flow 
Direction 

Relative Head (to 
blended head) 

Lithostratigrap
hy 

Indicators 

Impeller Heat 
Pulse 

ATV TVP 

F1 21.90 

F
lo

w
 i
n
to

 t
h
e

 

b
o
re

h
o
le

 

 
Downward 

High Eramosa-SR x  x  

F2 22.87 

 

S
tr

o
n

g
 d

o
w

n
w

a
rd

 

fl
o
w

 

Very High Eramosa-RQ x  x  

F3 23.31  
 

High 
 

Eramosa-RQ x  x  

F4 23.61 Eramosa-RQ x  x  

F5 29.65 Eramosa-V x  x x 

F6 33.67 Goat Island- A x  x x 

F7 33.93 

 

F
lo

w
 o

u
t 
o

f 
th

e
 b

o
re

h
o

le
 

Very Low Goat Island- A x  x x 

F8 36.53 Intermediate Goat Island- NF x  x x 

F9 38.01  
 
 
 
 
 

Gasport 
 

x  x x 

F10 38.44 x  x x 

F11 41.42  
 
 
 

Downward 

 
 
 
 
 

Low 

x  x  

F12 48.69 x  x  

F13 52.99 x  x x 

F14 55.56 x  x  

F15 58.46 x  x  

F16 60.63 x  x  

F17 67.36  x x x 

F18 73.14  x x x 

F19 80.76 Irondequoit  x x x 

F20 82.45 

 

F
lo

w
 i
n

  
Upward 

Higher than 
above 

Rockway  x x x 
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C Appendix C: Quantification of the flow log and challenges  

The information presented in this section is provided by Dr. P. Quinn and F. Vahedian. 

Flowmeter testing in HBD-MPD5-19 was conducted on the morning of June 25th, 2020. 
The work was completed in a narrow time window immediately after a packer was 
removed. The entire hole was examined with the FLP-2492/KLP-4492 Impeller Flowmeter 
and the lower and upper portions with the HFP-2293 – Heat Pulse Flowmeter; both probes 
are manufactured by Mount Sopris instruments of Denver, Colorado. The impeller 
flowmeter measures the velocity of water movement in the open hole relative to the probe 
(either stationary or moving) based on the spin of an impeller which generates a series of 
electrical pulses that are transmitted to the surface allowing the measurement of the 
number of revolutions per second (RPS) of the impeller.  

The relationship between the velocity of the moving fluid and the RPS of a stationary 
flowmeter measurement, the response curve, is shown in Figure C-1. The threshold 
velocity (VT) is the velocity of the moving fluid needed to start the impeller spinning. Once 
the fluid velocity exceeds VT, the measured RPS will increase linearly with the fluid 
velocity. The slope of this response curve is dependent on the borehole diameter and is 
significantly affected by the viscosity of the moving fluid. In addition, VT can vary 
somewhat with the adjustment of the impellor shaft bearings and the fluid properties. This 
impeller flowmeter measures fluid velocity in a single-phase flow under turbulent 
conditions, and when centralizers are used to keep the flowmeter in the center of the hole 
it will measure the maximum velocity of the moving fluid, and a correction factor must be 
used to obtain the average velocity.  

  

Figure C-1: The difference in RPS output for a flowmeter that has polarity on the left and a 
flowmeter without polarity on the right.  

Collecting multiple logs in both the upward and downward directions allows the detection 
of smaller flow rates (Crowder & Mitchell, 2002). This helps to understand that the RPS 
value will be affected differently if the flowmeter is moving with or against the fluid flow. It 
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is recommended that 3 or more logs be collected (email from Mount Sopris). When the 
cable velocity (i.e., the velocity of the tool) increases in the direction against fluid flow, the 
RPS value increases, but when the cable velocity increases in the direction of fluid flow 
the RPS decreases. This behavior is used in the calibration process to determine the fluid 
velocity, but the accuracy of the calibration is also dependent on whether or not the 
flowmeter has polarity (i.e., different signs of the RPS measurement when the impeller 
spins clockwise or counterclockwise). This is important because when the flowmeter is 
moving with fluid flow, the RPS will decrease as the tool velocity increases, and when the 
tool velocity is large enough the RPS reading will be zero, and will remain at zero at higher 
tool velocities, until the tool velocity becomes large enough to overcome the fluid velocity 
and cause the impeller to spin in the opposite direction. If the flowmeter does not have 
polarity, it is difficult to identify when the impeller spin changes. The tool used in HBP5 
does not have polarity so no matter which direction the impellor spins it will give a positive 
output, making it more difficult to quantitatively analyze the flow log.  

The patterns of relative changes in flow response show excellent repeatability for the four 
logs, indicating that using high-resolution flowmeter data is an effective method to identify 
the position of hydraulically important zones across the borehole (Figure 3-2). However, 
it is more challenging to perform a quantitative analysis for flow log. The key limitations 
of quantifying the flow measurements in HBP5 can be summarized below: 

1. There is much noise and variability in the flow profile for the upper portion of the 
open borehole that can be attributed to the extreme downward gradient with large 
amount of flow entering into the hole from all directions knocking the tool from side 
to side (the larger tool velocity has even more noise). The noise at the depth where 
flow is entering the borehole (21.90- 33.67 m bgs) causes the logs to not behave 
well in that portion of the borehole, making the quantification of the flow log more 
challenging.   

2. It takes time to accurately collect a quantitative flow log and enough time was not 
given to do this for HBP5 because the hole could not remain open for a long time 
(due to the impacts of the strong vertical gradient in HBP5 on a nearby private 
well). Logs were collected at only 2 different speeds from HBP5 but it 
recommended to conduct at least 3 up/down logs.  

 
3. The first log was downward and very different from the other three logs and 

therefore, it is likely that the flow in the borehole was not at steady state during the 
first log. This behavior may also have influenced the second log (2m/min upward). 

 
4. In normal flow conditions, when the probe is moving in the direction of fluid flow 

the velocity is lower than when it is moving against fluid flow. In HBP5, the same 
speed is usually seen for different logs indicating that the logs were not collected 
at a high enough speed.  

 
5. A tool with polarity is the best tool to use to obtain a quantitative flow log because 

there is no doubt when the impellor spin direction changes. The tool used in HBP5 
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does not have polarity, and therefore it is difficult to identify when the impellor 
direction is reversed. 

6. Determining VT in the down hole environment requires delineation of both the 
positive and negative rotation lines (Figure C-1). Only two stations at the bottom 
can identify part of the negative rotation line.  

7. Stationary measurements are not required, but can be useful to support the 
estimated value obtained by the y-intercept of the station response curve. No 
stationary measurements were collected in HBP5 

 
 
 

D Appendix D: FEFLOW Input Parameters  

Model inputs informing the FEFLOW model include bulk hydraulic conductivity, recharge 
(elemental parameters), and specified head (nodal parameter). This appendix shows the 
distribution of these properties across the model layers after calibration. Figure D-1 to 
Figure D-7 show the distribution of hydraulic conductivity for each model layer. 
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Figure D-1: The distribution of horizontal Kb across layers 1-4. 
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Figure D-2: The distribution of horizontal Kb across layers 5 and 6. 
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Figure D-3: The distribution of horizontal Kb across layers 7 and 8. 
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Figure D-4: The distribution of horizontal Kb across layers 9 and 10. 
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Figure D-5: The distribution of horizontal Kb across layers 11 and 12. 
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Figure D-6: The distribution of horizontal Kb across layers 13 and 14. 
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Figure D-7: The distribution of horizontal Kb across layer 15. 

Figure D-8 shows the calibrated recharge rates are relatively consistent with the 
optimized values from the average annual groundwater recharge from the regional model 
developed by the GAWSER model (Matrix Solutions Inc., 2017). 

 

Figure D-8: The calibrated recharge map (mm/y) 
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The plan view in Figure D-9 shows the model layer for the shallow system on the right 
and the deep aquifer (Gasport) on the left along with the specified head nodes. Regional 
potentiometric maps on the same layers are shown in the top right-hand corner (Matrix 
Solutions Inc., 2017). It is seen that the boundary condition parameters of the cutout  
model have been set up to be a combination of no flow and specified head to be 
consistent with the regional model. 

Figure D-9: Specified head nodes on model layers have been set up to be consistent with the 
regional model. 

The simulated potentiometric maps under ambient conditions (no open borehole) are 
shown for 3 model layers (M5, M7, M12) in Figure D-10 and Figure D-11.
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Figure D-10: Predicted potentiometric surfaces (m asl) on layer 5 (left side) and layer 7 (right side). 
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Figure D-11: Predicted potentiometric surfaces (m asl) on layer 12 (middle Gasport aquifer) 
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Relative sensitivity analysis for recharge and specified heads: 

Relative sensitivity of recharge showed that changes in recharge rates had more impacts 
on the hydraulic heads in the shallow system than those in the bedrock (Figure D-12).  
R_OB means how changes in recharge impact the hydraulic heads across the 
overburden and R shows that influence for the heads across the bedrock. Figure D-13 
shows the relative sensitivity of heads to changes in specified heads. 

 

Figure D-12: Relative sensitivity of the heads to changes in recharge. 

 

Figure D-13: Relative sensitivity of the heads to changes specified head nodes. 
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E Appendix E: Regional Tier Three Model- Relevant Details 

This appendix contains information from the regional model (Matrix Solutions Inc., 2017) 
that was used to inform the cutout  model. The drilling locations and the details (bedrock) 
for the regional study are shown in Figure E-1 and Table E-1. 

  

 

Figure E-1: Tier Three drilling locations 
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Table E-1: Berdock boreholes geological summary 

 

 

Figure E-2 demonstrates the recharge rates on the regional model developed by the 
GAWSER model in a steady-state mode (Matrix Solutions Inc., 2017). The GAWSER 
model is a physical model that was used to simulate watershed hydrology and predict the 
total streamflow resulting from inputs of rainfall and/or snowmelt. 
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Figure E-2: The regional recharge map (mm/y). The black square shows a domain bigger than the 
cutout  model (double size)  to provide a big picture of recharge  distribution 

 

Figure E-3 and Figure E-4 show the regional potentiometric surfaces for the overburden 
and Gasport aquifer, respectively. These data were used to inform the boundaries of the 
cutout  model. 
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Figure E-3: Simulated potentiometric surfaces (overburden)- Regional map 
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Figure E-4: Simulated potentiometric surfaces (Gasport aquifer)- Regional map 


