Assessing the Hydrogeological Properties Influencing Nitrate
Distribution in a Shallow Unconfined Dolostone Aquifer and Supply
Well Vulnerability

by
James Dylan Hommersen

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Master of Science
in
Environmental Sciences

Guelph, Ontario, Canada
© James Dylan Hommersen, January 2021

ABSTRACT
ASSESSING THE HYDROGEOLOGICAL PROPERTIES INFLUENCING NITRATE
DISTRIBUTION IN A SHALLOW UNCONFINED DOLOSTONE AQUIFER AND
SUPPLY WELL VULNERABILITY

James Dylan Hommersen

Advisor:

University of Guelph, 2020

Dr. Beth L. Parker

This study investigated an aquifer system in Halton Hills, Ontario, Canada where elevated
concentrations of nitrate (NO3-) were detected in two municipal water supply wells since
2007. An investigation core hole was drilled 20 m from the supply wells following the
Discrete Fracture Network-Matrix (DFN-M) field approach to evaluate local hydrogeologic
conditions and vertical extent of NO3- in the bedrock. Quarterly groundwater sampling
allowed for assessing the spatio-temporal hydrochemistry variability and isotope analysis
provided insight on rates of denitrification and flow path distinction. Hydraulic testing on
the multilevel system (MLS) required a novel setup and mathematical development to
address friction and acceleration losses for unsteady oscillatory annular flow conditions
to obtain transmissivity (T) estimates. This study expands upon the understanding of the
local hydrogeologic flow system in comparison to the existing equivalent porous media
(EPM) based regional conceptual site model (CSM) and presents a methodology for
obtaining improved T estimates.
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1.0 Introduction
1.1

Problem Statement

Approximately 82% of Canadians residing in rural areas rely on groundwater for their
water supply (Rutherford, 2004; Canadian Council of Academics, 2009; Environment and
Climate Change Canada, 2013). Agricultural production is abundant across Canada, and
with the amplified use of artificial fertilizers since the 1970’s to increase crop productivity,
there is increasing recognition of groundwater quality impacts, resulting in NO3- becoming
one of the most ubiquitous groundwater contaminants that can potentially cause
numerous adverse health and environmental effects (Spalding and Exner, 1993; Rivett et
al., 2008; WHO, 2011). There are a number of sources of NO3- contamination (Bouchard
et al., 1992; Spalding and Exner, 1993; McKague et al., 2007; Rivett et al., 2008; Opazo
et al., 2016). Non-point sources (diffusive sources) are often linked to the application of
nitrogen-rich natural and artificial fertilizers on agricultural fields for crop production and
tilling of residual crop matter into the soil. Point sources are usually associated with leaky
septic systems, livestock operations, and bio-solids management from municipal
wastewater treatment plants. Therefore, identifying the source(s) of NO3- input into the
groundwater flow system are important in order to understand the nature and extent of
NO3- contamination. Additionally, determining the degree to which denitrification is
occurring in the bedrock sequence will aid in the understanding of the groundwater flow
system and allow for improved contaminant fate and transport numerical modelling.
Extensive high-resolution site characterization is often required to assess the vulnerability
of water supply wells in the groundwater flow system at the local, intermediate, and
regional scales. These characterization efforts will help improve the understanding of the
nature and extent of NO3- contamination within the 3-D groundwater flow system allowing
development of remediation strategies and implementation of better Best Management
Practices (BMPs) to ensure that the groundwater remains a safe and viable source of
water.
Wellhead protection areas (WHPA) are defined as the areas surrounding a wellhead in
which land use activities have the potential to affect the quality of water flowing into the
well (AECOM, 2013). Currently, the amount of land involved in delineating a WHPA is
determined by a number of factors that account for how easily the groundwater could
become contaminated from surface activities such as topography, rate of pumping, type
of aquifer, overburden characteristics, hydraulic connection to surface water bodies, type
of surface activities, and the direction and rate of groundwater movement. A benefit of
drinking water source protection in WHPAs is protecting public health. Additionally,
preventing drinking water contamination is less expensive compared to site remediation
efforts once groundwater has been contaminated (CCME, 1997; Boulding and Ginn,
2004; Panagiotakis and Dermatas, 2015).
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Fractured rock aquifers are challenging environments when characterizing contamination
because of their dual porosity/permeability nature and their inherent complexity with
numerous interrelated processes involved in the system. Fractures act as preferential
pathways for flow and mass transport, thereby allowing for rapid contamination migration
along these connected pathways, which can be difficult to assess. Processes such as
matrix diffusion can slow the advance of dissolved-phase or solute contaminant migration
(Foster, 1975; Freeze and Cherry, 1979); however, back diffusion can create a persistent
source of contamination even after the source (inputs) have stopped or the bulk of the
contaminant mass in a subsurface secondary source has been naturally attenuated or
remediated (Parker et al., 2010). Characterizing contaminated fractured rock is often
difficult and costly; however, recent experience shows that avoiding higher resolution
methods of characterization of the complexity and variability in these systems leads to
insufficiently informed CSMs and higher future costs with higher risk decision-making or
implementing inefficient solutions. Hence, the value in using various high-resolution
characterization techniques to appropriately understand the subsurface heterogeneity
and extent of contamination can allow targeted mitigation, remediation, and/or monitoring
that is cost-effective over the life-cycle or longer haul.
Two paired municipal supply wells within the town of Halton Hills, Ontario, Canada have
been detecting elevated concentrations of NO3- above half the Maximum Acceptable
Concentration (MAC) for NO3- in drinking water (10 mg/L NO3--N; Safe Drinking Water
Act, 2002a) since 2007 with concentrations ranging from 2.15-7.45 mg/L. The two supply
wells are completed to approximately 14 meters below ground surface (m bgs) and
approximately 0.30 m below the top of rock in a shallow unconfined fractured bedrock
aquifer surrounded by land being used for active agricultural production. The supply wells
are still detecting elevated concentrations of NO3- with a temporal trend despite a 100 m
radial exclusion for fertilizer application that was implemented around the supply wells in
2015. Ingesting drinking water with elevated concentrations of NO3- has been associated
with various health effects including methemoglobinemia (blue baby syndrome), stomach
issues, diabetes, thyroid problems, and increased risk of certain cancers (Ward and
Brender, 2011; Zebarth et al., 2014). Before pumping and mitigation strategies can be
implemented, characterization of the hydrogeologic conditions associated with the supply
wells is necessary to provide an improved scientific framework to assess the extent of
NO3- distribution and upgradient sources within the aquifer and how a change in pumping
could impact contaminant migration and water well quality.
This study involves a robust site characterization in collaboration of with Halton Region
to inform and refine an existing CSM that would aid to better understand the local bedrock
hydrogeology, vertical extent of NO3- contamination, provide evidence for the occurrence
of denitrification, and potential sources impacting the two supply wells. Extensive site
characterization was implemented following the DFN-M field approach (Parker et al.,
2

2012) to obtain the various styles of high-resolution data required to refine the existing
CSM currently based on EPM parameters alone within a lithostratigraphic (geologic)
framework. Within the context of this study, a suite of conventional and novel DFN-M
methods was used in a single cored hole in close proximity to the two supply wells. Single
or multiple locations where high-resolution DFN-M methods are employed are often
referred to as ‘Golden Spike’ locations. These Golden Spike locations employ a suite a
suite of high-resolution characterization and monitoring techniques used in combination
to identify key processes and allow refinement of the 3-D flow system conditions affecting
contaminant transport and system vulnerability. Emphasis was placed on acquiring a
suite of complementary datasets for the core hole in vertical profile to characterize the
complex hydrogeologic environment within the study area. This approach implemented
novel and improved traditional characterization methods for continuous rock coring and
logging, rock core sample analysis of porewater chemistry, downhole geophysical
characterization, heat tracer tests, hydraulic testing, and groundwater sampling to obtain
the information necessary for a refined CSM within a multi-layered hydrogeologic unit
framework. The refined CSM for the local study area will be used to better represent
groundwater flow and contaminant transport and fate, serve as the basis for future
numerical modelling, and implement improved pumping strategies and agricultural BMPs.

1.2

Thesis Hypothesis, Goals, and Objectives

The general hypotheses for this research project are as follows:
1) The upper portion of the aquifer is the most impacted with NO3- and is the most
susceptible to surface activity and climatic processes.
2) More than one source of NO3- exists within the study area and distinction of these
various sources is relevant to attenuation and vulnerability assessment.
3) A less permeable bedrock unit exists within the Gasport formation within the study
area, functioning as an aquitard.
4) Groundwater quality impacts are likely variable with depth and diminish with depth
due to longer groundwater flow paths deeper in the system and varying
geochemical and redox conditions.
5) There exists a deeper hydrogeologic unit of high T that is less impacted with NO3that could be utilized as a source of drinking water.
6) Denitrification is occurring within the bedrock sequence but the degree to which it
is occurring depends on appropriate redox and microbial conditions.
7) Hydraulic testing on the small diameter tubing of an MLS is a valid method for
obtaining good T estimates when friction and inertial losses are accounted for and
annular flow is considered.
This study aims to evaluate the variable occurrence of nitrate vertically and temporally in
the groundwater flow system and associated conditions informing variable rates of
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transport and attenuation in order to refine the existing EPM-based CSM for the research
site into a DFN-M framework. The process-based DFN-M refined CSM is meant to assess
agricultural BMPs effectiveness, improve well and aquifer vulnerability assessments,
evaluate pumping and mitigation strategies, and serve as the basis for future numerical
modelling of groundwater flow and contaminant transport and fate.
This thesis had two main goals. One of the goals was to refine the current EPM-based
CSM for the local study site by implementing new and well-known field methods for DFNM and HGU characterization. This method followed the DFN-M field approach, with
emphasis on the use of a single cored hole and multiple core hole logs to inform the
placement of 9 ports and seals for an engineered MLS. The combination of multiple, highresolution datasets in vertical profile provide essential insights on the bedrock aquifer
hydraulic properties associated with geologic and geochemical characteristics, the style
of heterogeneity and extent of NO3- contamination and attenuation in vertical profile at the
study site. The second goal of this thesis, tied to the first goal, was to develop a
methodology for obtaining good T estimates using pneumatic rising head and falling head
slug tests conducted on the small diameter tubing of an MLS. The second goal relates to
estimating hydrologic parameters for the hydrologic units delineated with depth at the site,
supporting future numerical modeling within the refined CSM. The specific objectives for
each research goal are dived into their respective chapters.
The specific objectives for Chapter 2 are noted below:
1) Determine the vertical distribution of NO3- within the bedrock aquifer through
sampling and analysis of rock core for matrix porewater concentrations and
temporal groundwater sampling for seasonal variability.
2) Identify the potential source(s) of NO3- in the bedrock aquifer and degradation
through isotopic analysis of groundwater samples.
3) Determine the degree to which denitrification is occurring in the bedrock sequence
through groundwater sampling for field parameters, major ions, and isotopes.
4) Determine if surface water from the neighbouring stream significantly impacts
groundwater quality and/or if the groundwater significantly impacts surface water
quality.
5) Delineate mechanical units (MU) and HGUs and improve the existing CSM to
better understand the subsurface heterogeneity and provide an explanation for the
variability in NO3- concentrations observed within the bedrock aquifer due to
variable groundwater flow paths and residence times within the context of the local
groundwater flow system of the study area.
The specific objectives for Chapter 3 are noted below:
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1) Develop equipment and a methodology for conducting pneumatic rising head and
falling head slug tests on the small diameter tubing of a novel multilevel monitoring
system (G360 MLS).
2) Explain the fluid dynamic theory to develop a mathematical model that accounts
for friction and inertial losses for flow through an annulus and changes in flow
geometry.
3) Demonstrate the relevance for improved T estimates from hydraulic testing
conducted on MLS port tubing when friction and inertial losses are accounted for
and annular flow is considered.

1.3

Thesis Organization

This thesis is organized into four chapters, with two main chapters (Chapters 2 and 3)
written as stand-alone manuscripts intended for publication in peer-reviewed scientific
journals. These chapters are bounded at the front by an introductory chapter (Chapter 1)
and at the back by conclusions (Chapter 4). Due to the nature of this manuscript style
thesis, some overlap in content exists from chapter to chapter pertaining to the
introductory material, background information, and approach and methods. Chapter 2
combines the insights and datasets from the initial core hole characterization, and the
hydraulic testing and hydrochemistry data obtained from the MLS to delineate HGUs and
MUs across the site. These datasets were used to refine the existing EPM-based CSM
to explain the heterogeneity of the local bedrock, vertical distribution of NO3-, and provide
evidence for denitrification within the local study area. Chapter 3 discusses the testing
methodology and new data analysis procedure for conducting pneumatic rising head and
falling head slug tests on the small diameter tubing of a G360 MLS to obtain meaningful T
estimates. The derivation of the mathematical model incorporating friction and inertial
losses for unsteady flow through an annulus is also discussed in this chapter and can be
found in Appendix D. The manuscript for Chapter 3 was submitted to Water Resources
Research on September 9, 2020. Chapter 4 presents the overall findings and key
conclusions from this thesis and provides recommendations for future research relating
to this study.
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2.0 High-Resolution Characterization of a Nitrate-Impacted
Dolostone Aquifer Designated with GUDI Status
2.1

Abstract

Many municipalities and rural homeowners across Canada rely on fractured rock aquifers
for their source of drinking water. Approximately 28% of Ontario relies on groundwater
whereas Prince Edward Island is 100% reliant on groundwater (Environment and Climate
Change Canada, 2013). Drinking water wells located in rural and peri-urban areas often
exhibit elevated concentrations of NO3-, mostly attributed to the application of fertilizers
at nearby farms, septic systems, and proximity to livestock operations. Elevated
concentrations of NO3- are problematic because they can pose a threat to human health
and the environment. This study is focussed on better understanding the NO3contamination in a fractured Silurian dolostone bedrock aquifer impacting two paired,
municipal water supply wells in Halton Hills, Ontario, Canada. A continuously cored hole
was drilled to investigate the entire fractured rock aquifer using the DFN-M field approach
(Parker et al., 2012) including core description, high-resolution sampling for porewater
concentrations, geophysical logging, heat tracers, head profiles, and multi-depth
groundwater sampling over time. These datasets were used to design a removable G 360
MLS with 9 monitoring intervals targeting hydraulically active flow paths; subsequent
hydraulic testing of 8 of these ports yielded representative transmissivity values. These
data were integrated together to refine the existing CSM with 10 distinct hydrogeologic
units with distinct EPM and DFN-M characteristics that further the understanding of
groundwater flow and contaminant transport and fate. This study shows that groundwater
sampling for major and minor ions and isotopes (e.g., δ15N, δ34S, δ2H, δ18O, tritium) allows
for evaluation of different flow conditions with depth, varying degrees of denitrification
within the multi-layered flow system, and identification of potential contamination sources.
This study uses multiple high-resolution hydrogeologic datasets to provide 3-D flow
system variability for NO3- transport and assimilation in a multi-layered dolostone aquifer
in a peri-urban environment. The findings from this research will aid in the understanding
of risks to groundwater quality, and possibly result in improved pumping and mitigation
strategies leading to long-term sustainable groundwater practices.

2.2

Introduction

Over 30% of Canadians rely on groundwater for domestic use with two-thirds of these
users residing in rural areas (Environment and Climate Change Canada, 2013). Many of
the regional aquifers in central and eastern Canada are in fractured rock formations
including fractured limestone in the Winnipeg region, dolostone in southwestern Ontario,
limestone and dolostone in southern Quebec, and fractured sandstones in New
Brunswick and Prince Edward Island. In rural and peri-urban areas, homeowners often
have their own private well for domestic use, and many municipalities rely on groundwater
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as well, even when surface water bodies are readily accessible. The Grand River
Watershed spans an area of 6800 km2 and includes some of the largest cities in southern
Ontario including Guelph, Kitchener, Waterloo, and Brantford. Approximately 82% of the
total population (over 1,000,000 residents) within the Grand River Watershed relies on
groundwater for their potable water supply (GRCA, 2008; 2011). Groundwater can be an
excellent long-term source of water as it is generally much less susceptible to
contamination compared to surface water.
Agriculture is prolific throughout rural and peri-urban Canada, and the application of
fertilizers and leaky septic systems have long been known to pose a threat to groundwater
by causing elevated concentrations of NO3- (Bouchard et al., 1992; McKague et al., 2007;
Opazo et al., 2016; Gardner et al., 2020). Rapid population growth and intensive
agricultural activities have resulted in worldwide NO3- impacts on groundwater quality and
NO3- has become one of the most common groundwater contaminants, resulting in
numerous health and environmental problems (Spalding and Exner, 1993; Rivett et al.,
2008; CCA, 2009; 2013; WHO, 2011). The main sources of nitrogen used in agricultural
activities are animal manure, synthetic fertilizers, and forage legumes, and these activities
have caused residual soil nitrogen concentrations in agricultural areas to increase in
Canada since the mid-1990s (Bouchard et al., 1992; Tilman et al., 2002). Ammonium
nitrate, an important fertilizer with a large NPK rating (34-0-0), is highly soluble in water
and can be applied in excess to farmland without adverse effects to crop yields. However,
nitrogen from fertilizer that is not taken up by plants is removed by denitrification or more
typically carried away by surface runoff and is transported down though the vadose zone
of the agricultural fields, thereby polluting the underlying groundwater (Bouchard et al.,
1992; McKague et al., 2007). The MAC for NO3- in drinking water in Ontario is 10 mg/L
NO3--N (Safe Drinking Water Act, 2002a), and ingesting drinking water with elevated
concentrations of NO3- has been associated with numerous adverse health effects
including methemoglobinemia (blue baby syndrome), stomach issues, diabetes, thyroid
problems, and increased risk of certain cancers (Ward and Brender, 2011; Zebarth et al.,
2014). In addition, elevated NO3- concentrations in groundwater also has detrimental
environmental effects, including eutrophication of surface water bodies (Schindler et al.,
1971).
Redox conditions in groundwater determine whether certain chemical constituents are
released from the bedrock or sediment into the groundwater based on redox sensitive
reaction (Postma et al., 1991; Stumm and Morgan, 1996; Aravena and Mayer, 2009).
Redox reactions are characterized by the formal transfer of electrons between chemical
species, usually with one species (reducing agent) undergoing oxidation (electron loss)
while another species (oxidizing agent) undergoes reduction (electron gain). ORP data
provides qualitative information on the oxidative or reduced state of groundwater in a
monitoring well. Similarly, DO provides quantitative information on the amount of oxygen
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present along a flow path and insight on whether aerobic or anaerobic conditions are
present. These two parameters are useful in understanding redox conditions in
groundwater and serve as lines of evidence for denitrification (Postma et al., 1991; Stumm
and Morgan, 1996; Aravena and Mayer, 2009).
Denitrification is the most effective way of removing NO3- from groundwater (Hiscock et
al., 1991; Korom, 1992; Pauwels et al., 2000), and denitrification in sand and gravel
aquifers (e.g., Hiscock et al., 1991; Korom, 1992; Rivett et al., 2008) and fractured
bedrock aquifers (e.g., Pauwels et al., 2000; Opazo et al., 2016; Gardner et al., 2020)
have been well-documented in literature. NO3- is converted into nitrogen gas though a
biochemical process involving microbes, an electron donor, and sufficiently reducing
conditions. The primary electron donor can be either organic or inorganic, such as organic
carbon or inorganic sulfide-bearing minerals (e.g., pyrite, sphalerite, galena) (Aravena
and Mayer, 2009; Opazo et al., 2016; Gardner et al., 2020). However, the processes and
factors governing groundwater NO3- and redox distributions in fractured bedrock aquifers
are not completely understood.
Hydrochemical data can provide evidence of denitrification. Sulphate (SO 42-) and
dissolved organic carbon (DOC) concentrations are inversely proportional to NO3concentrations in bedrock groundwater when denitrification is mediated by organic carbon
and pyrite oxidation. Elevated SO42- concentrations are commonly observed in bedrock
groundwater when sulfide-bearing minerals are present under reducing conditions. These
elevated SO42- concentrations often coincide with NO3- reduction and have been used as
evidence for autotrophic denitrification mediated by sulfide-bearing minerals such as
pyrite, galena, and sphalerite (Aravena and Robertson, 1998; Aravena and Mayer, 2009;
Opazo et al., 2016; Gardner et al., 2020). Wassenaar et al., (1991) illustrated how DOC
acts as an electron donor in denitrification reactions stating that it is characterized by δ 13C
values between -25.0‰ and -29.0‰, thereby providing evidence for heterotrophic
denitrification. Stable isotopes of the nitrogen and oxygen which form part of the NO3molecule can also provide evidence for the occurrence of denitrification because enriched
δ15N and δ18O values result from preferential rates of lighter isotopes in NO3- reduction
(Aravena and Robertson, 1998; Kendall and Aravena, 2000; Aravena and Mayer, 2009;
Opazo et al., 2016; Gardner et al., 2020).
Most aquifers are recharged through precipitation and infiltration into the ground;
therefore, water can travel years before being utilized by humans when the water source
is a deep aquifer. However, many aquifers are recharged locally, from surface water, and
the groundwater can have much shorter residence times before being utilized.
Groundwater with significant surface water characteristics is often considered to be
groundwater under the direct influence of surface water (GUDI) (Safe Drinking Water Act,
2002b). When groundwater and surface water intermingle, groundwater will have the
same chemical characteristics as the surface water (e.g., conductivity, temperature,
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turbidity) and viruses (e.g., Cryptosporidium, Giardi lamblia) and bacteria (e.g., E. coli)
will be common.
Halton Hills, Ontario, Canada has a population of approximately 66,000 residents and
relies primarily on groundwater from a fractured Silurian dolostone aquifer for its drinking
water supply. There are three municipal water supply wells in the region and a Tier Three
Water Budget and Local Risk Assessment showed there is an ongoing concern that
elevated concentrations of NO3- are often identified in wells situated in a peri-urban,
agricultural setting (AECOM, 2013). The Davidson Wells are two paired supply wells
(within 5 m distance) with identical construction (completion) that have groundwater NO3concentrations showing increasing trends in peak concentrations over the past two
decades that periodically exceed half the MAC for safe drinking water standards in
Ontario (10 mg/L NO3--N; Safe Drinking Water Act, 2002a) since 2000 (AECOM, 2013).
The Davidson Wells have been designated with GUDI status because of their close
proximity to a nearby stream and the water chemistry in these wells is directly influenced
by the application of fertilizers by the agriculture industry (Safe Drinking water Act, 2002b;
Gartner Lee Limited, 2006; AECOM, 2013).
In regions where fractured bedrock aquifers are used for water supply, there is a growing
urgency in understanding how NO3- is attenuated in the subsurface (Pauwels et al., 2000;
Tarits et al., 2006); however, fractured media poses a challenge when characterizing
contamination due to the heterogeneous nature of the fractured rock system. Fractures
act as preferential pathways for flow and mass transport allowing for rapid contaminant
migration along these pathways unless diffusion and reactions are readily occurring
(Freeze and Cherry, 1979). In contrast to the fractures, the rock matrix dominates the
total porosity and therefore, the solute/contaminant storage capacity of the rock, and
diffusion from the fractures into the matrix can slow the advance of a contaminant plume
(Foster, 1975; Freeze and Cherry, 1979; Postma et al., 1991; Chen and Liu, 2003;
Malenica, 2015; Opazo et al., 2016).
These sedimentary rock aquifers are comprised of multiple layers with varying thickness
and properties typically overlain by sediments of varying hydraulic properties.
Groundwater wells in bedrock commonly show evidence for vertical flow and confinement
suggesting NO3- sources over a vertically screened well would occur with varying
distances and travel times in such a flow system, also with impacts on NO3concentrations with depth. Understanding the nature of complex fracture patterns and the
interaction of advection-diffusion and reaction processes influencing NO3- distribution,
fate, and transport within the aquifer is necessary to improve policy and management
practices to protect the bedrock groundwater as a viable drinking water resource. The
purpose of this study is to assess the spatio-temporal variability of NO3- distribution in the
unconfined fractured Silurian dolostone bedrock aquifer within the capture zone of the
Davidson Wells and improve the existing regional EPM-based CSM in a DFN-M context.
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This will be achieved through the use of high-resolution vertical profile datasets collected
following the DFN-M field approach outlined by Parker et al. (2012) to assess the depthvariability and association of physical, chemical, and microbial processes at a single
location to inform depth variability within the regional nested flow system context for both
static and dynamic parameters.

2.3

Research Site

Acton is a community located in the town of Halton Hills in southern Ontario within the
Black Creek sub-watershed of the greater Credit River watershed. The community has a
population of approximately 15,000 that rely on potable water from three municipal water
supply well locations; Fourth Line Well A, Davidson Wells 1 and 2, and Prospect Park
Wells 1 and 2. Fourth Line Well A is located approximately 5.4 km northeast of the
Davidson wellfield and is completed to 19 m bgs into the Guelph Formation (AECOM,
2012). The Prospect Park Wells are overburden wells screened between 17 and 24 m
bgs in a buried bedrock valley aquifer located approximately 2.4 km south of the Davidson
wellfield (AECOM, 2012). These supply wells draw water from an underlying fractured
Silurian dolostone aquifer that spans across southern Ontario (Davies and Holysh, 2007;
AquaResource Inc., 2009; AECOM, 2013; Stantec, 2015). This Silurian dolostone
bedrock aquifer that subcrops below glacial derived sediments of varying thickness and
permeability along the escarpment from Niagara to Tobermory (Figure 2.1a) is
susceptible to groundwater quality impacts from various factors including agricultural
practices, road salt application, and intensified water use due to a growing population.
This is especially true for the Davidson wells in this study given the shallow position of
the bedrock, with only 2 m of overlying sediment.
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Figure 2.1. Site context depicting (a) bedrock formations as the subcrop beneath glacial
derived overburden across southern Ontario and position of study site overlying Silurianaged Gasport Formation as the top of rock, west of the Niagara escarpment (OGSEarth
Application by MENDM, 2018) and (b) the extent of the Davidson study area and wellhead
protection areas (AECOM, 2013).
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The Davidson wellfield consists of two 10-inch (25.4 cm) supply wells; Davidson Wells 1
and 2 are co-located 5 m apart in the same wellhouse approximately 1 km northwest of
Acton on the backslope of the Paris moraine. The Davidson Wells are bedrock wells with
casing keyed into the rock at approximately 3.5 m bgs and completed to approximately
14 m bgs (and 13.7 m below the top of rock) in the Silurian dolostone of the Gasport
Formation. These supply wells are designated with GUDI status because they are
hydraulically connected to a nearby stream and groundwater seepage area located
approximately 75 m downgradient (Safe Drinking Water Act, 2002b). Additionally, there
is a grouping of monitoring wells in close proximity to the supply wells that includes a
paired shallow and deep conventional monitoring wells (TW 1/85 and TW 2/85), with each
shallow well completed in the overburden sediments to 2 m bgs and each deep well to 14
m bgs. DAV01 is the core hole drilled as part of this study and was completed to 41 m
bgs to the bottom of the Silurian dolostone. These wells are shown in vertical crosssection in Figure 2.2. MW 32/08 and MW 32/15 cluster are two additional monitoring
locations located approximately 1 km upgradient of the Davidson wellfield (Figure 2.1b).
MW 32/08 consists of a single conventional well completed to 70 m bgs while the MW
32/15 cluster is a well nest with three monitoring depths (32S, 32I, 32D) completed to
depths of 16, 35, and 58 m bgs, respectively (Gartner Lee, 2006; Davies and Holysh,
2007; AquaResource Inc., 2009; AECOM, 2012; AECOM, 2013; Stantec, 2015). Figure
2.1b depicts the Wellhead Protection Areas (WHPAs) for the study area produced by
AECOM (2012) which are based on the time of travel of groundwater to the two Davidson
supply wells under active pumping conditions assuming an advective porosity equal to
10%, approximated between the primary (matrix 10%) and the secondary (fracture
0.001%) porosities (AECOM, 2012). Davidson Wells 1 and 2 and the surrounding
monitoring wells fall within the 100 m capture zone (WHPA-A) and within the capture zone
designated by GUDI status (WHPA-E). MW 32/08 and MW 32/15 cluster fall within the 2year capture zone (WHPA-B). Regional groundwater flow trends in a southeasterly
direction due to the influence of the Paris moraine. Local groundwater flow within the
Davidson wellfield is dominated by the intermittent pumping of the two Davidson supply
wells which are permitted to take a combined total of 2500 m 3/day (Davies and Holysh,
2007; AECOM, 2013; Stantec, 2015).
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Figure 2.2. Schematic cross-section of the G360 MLS installation in a dolostone aquifer
with variable port lengths distributed throughout an HQ-core hole (4-inch diameter)
showing the completion depth of the MLS in relation to the two open hole municipal water
supply wells (10-inch diameter) and the two sets of shallow and deep observation wells
(2-inch and 3-inch diameter, respectively). The open hole interval for the two supply wells
and two deep test wells are outlined in red. The depths of the MLS monitoring intervals
within the aquifer are also depicted. The average water level is located at the overburdenbedrock interface; however, the water table is dynamic and rises into the overburden
during wet seasons and lowering into the bedrock during dry seasons.
The local hydrogeologic setting at the Davidson wellfield is characterized by a thin (0 to
3 m) layer of overburden overlying the Silurian-aged dolostone bedrock. The topsoil within
the study area is a well-drained loam, overlying a glacial outwash deposit that is
characterized by a sandy silt matrix with moderate clast content; this deposit is classified
as the Wentworth Till (Gartner Lee, 2006; AquaResource Inc., 2009; AECOM, 2012;
AECOM, 2013; Stantec, 2015; Gardner et al., 2020). The bedrock subcrops close to the
surface and dips slightly to the southeast. The bedrock within the research site is a
Silurian-aged dolostone that contains an array of dissolution enhanced features (i.e.,
vugs) and fractures present at varying frequencies throughout the stratigraphic sequence
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(Gartner Lee, 2006; AquaResource Inc., 2009; Brunton, 2009; AECOM, 2012; Brunton
and Brintnell, 2011; AECOM, 2013; Stantec, 2015). The upper 1-2 meters of bedrock
exhibits a high degree of weathering and fracturing likely attributed to glacial recession
and isostatic rebound. Below the weathered zone, the dolostone is competent and less
fractured, and matrix porosity, vuggy porosity, horizontal bedding planes, and horizontal
and vertical joints control porosity and permeability (Gartner Lee, 2006; Davies and
Holysh, 2007; AquaResource Inc., 2009; Brunton, 2009; AECOM, 2012; Brunton and
Brintnell, 2011; AECOM, 2013; Stantec, 2015). Brunton (2009) explains that the geologic
succession is a result of sea level fluctuations causing marine transgressions and
regressions within the Michigan Basin approximately 444 to 416 million years ago. Figure
2.2 shows the full stratigraphic sequence of the bedrock cored hole at the field study site
encounters five formations of varying thicknesses over 40 m into the bedrock, logged
within the lithostratigraphic framework of Brunton (2009) and Brunton and Brintnell
(2011). From shallow to deep, the formations and their respective thicknesses include the
Niagara Falls Member of the Goat Island Formation (~2.4 m), the Gasport Formation
(~28.5 m), the Irondequoit Formation (~2.5 m), the Rockway Formation (~1.8 m), and
extend ~3.4 m into the underlying Cabot Head Formation, a regionally extensive aquitard
spanning across southern Ontario.
Figure 2.3a depicts the daily temperature highs and lows and total precipitation for the
duration of the study period (January 2017 through June 2020); snowfall (cm) was
converted to the equivalent rainfall (mm) using the snow-water equivalent. The climate
and daily weather conditions within the site are controlled by the Great Lakes. The study
site is located approximately 37 km West of Lake Ontario; therefore, greater variations in
daily average temperature highs and lows are experienced. Elevated levels of
precipitation are typically observed in the early spring and late fall (~approximately 25-40
mm) (Davies and Holysh, 2007; Halton Region personal communication, 2020). The
water table elevation within the research site fluctuates approximately 2-3 m annually and
does not respond strongly to extreme precipitation events (Halton Region personal
communication, 2020). The water table response from any significant recharge is
dampened due to the high T of the bedrock aquifer (Davies and Holysh, 2007; Gardner
et al., 2020). The Davidson supply wells operate independently of each other and
sometimes in tandem to meet water supply demands. The two Davidson supply wells are
permitted to take a combined total of 2500 m3/day (Davies and Holysh, 2007; Stantec,
2015). The daily takings (m3/day) and daily average pumping rates (GPM) for Davidson
Wells 1 and 2 and the combined total are depicted in Figure 2.3b and Figure 2.3c,
respectively. Current land use within the study site is approximately 30% forage crops
(e.g., hay, grasses) for livestock, 40% row crops (e.g., wheat, corn) and urban and
residential development, and 30% forested (seen in Figure 2.1b). Since 2011, actively
cropped lands have followed a 3-year crop rotation of corn, soybeans, and wheat (AAFC,
2019; Gardner et al., 2020; Halton Region personal communication, 2020). Corn requires
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significant nutrient application for optimal growth, soybeans are a nitrogen fixer; therefore,
fertilizers are not applied, wheat requires nutrient application but to a lesser degree than
corn, and a small amount of fertilizer is often applied to forage crops after each cutting to
facilitate growth (OMAFRA, 2002; OFA, 2008; Gardner et al., 2020). All residual crop
material is tilled back into the soil (Gardner et al., 2020; Halton Region personal
communication, 2020). The Davidson supply wells have intermittently detected
concentrations of NO3- above half the MAC for NO3- in drinking water (10 mg/L NO3--N)
since February 2007 to June 2020 (Figure 2.4), with NO3--N concentrations ranging from
2.15-7.45 mg/L (Safe Drinking Water Act, 2002a; AECOM, 2013). The lack of ground
cover, timing of fertilizer application, and tilling of crop residue back into the soil also
influences the timing and magnitude of the NO3- concentration peak observed in the
supply wells (Gardner et al., 2020; Halton Region personal communication, 2020).
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Figure 2.3. Data from the study area from January 1, 2017 to June 17, 2020 which depict
(a) temperature and total precipitation where snowfall (cm) was converted to rainfall (mm)
using the snow water equivalent; (b) the daily takings for Davidson Wells 1 and 2 in
m3/day; and (c) the daily average pumping rates for Davidson Wells 1 and 2 in GPM
(Environment and Climate Change, 2020; Halton Region personal communication, 2020).
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Figure 2.4. Davidson Wells 1 and 2 groundwater nitrate data from February 5, 2007 to
June 11, 2020. The sampling frequency increased from monthly to bi-weekly in 2013 due
to the observed seasonal peak concentration in nitrate exceeding half the Maximum
Acceptable Concentration (MAC) for drinking water in Ontario (10 mg/L NO3--N). The
multi-year cyclical spike in nitrate coincides with recharge from snowmelt and increased
precipitation in the spring. The nitrate concentrations in the Davidson supply wells show
an increasing trend and using a linear interpolation of the data, assuming current land
management practices, agricultural practices, and pumping remains the same, the longterm projection shows nitrate concentrations will not exceed the MAC for over a thousand
years (Safe Drinking Water Act, 2002a; CTC Source Protection Region, 2015; Halton
Region personal communication, 2020).

2.4

Approach and Methods

The DFN-M field approach was developed by Parker et al. (2012) with emphasis on
acquiring complementary datasets in vertical profile from cored holes in many fractured
rock environments. This approach utilizes both new and improved traditional methods for
rock core descriptive logging to capture sub-cm scale features and graphical logs for
consistency in logging methods between individuals and facilitate electronic data capture
and display. Chemical analysis of groundwater and rock porewater, geophysical logging,
heat tracers, hydraulic testing, temporary deployment of transducers for temporal head
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and temperature profiles, and ultimately, the installation of an MLS for hydraulic head
measurements, hydraulic testing, and groundwater sampling were used to acquire better
understanding of the contaminant distribution within the DFN-M hydrogeologic framework
to inform transport and fate. The MLS pneumatic slug testing (hydraulic testing)
component of this research project is discussed in detail in Chapter 3. A workflow of the
DFN-M methodology used in this research study is depicted in Figure 2.5 and a
comparison of the DFN-M datasets used to refine the existing lithology-EPM informed
CSM is summarized in Table 2.1. The DFN-M approach examines the distinct fracture
and matrix properties of the bedrock formations with inclusion of hydraulic and
hydrochemistry characteristics whereas the EPM approach incorporates average or bulk
fracture and matrix properties typically informed lithostratigraphically. The DFN-M
approach begins with coring a hole, which is preferable over drilling because of the
additional insight that can be obtained from visual inspection of the core Kennel, 2008;
Munn, 2012; Fomenko, 2015; Malenica, 2015; Skinner, 2019). Continuous core logging
for lithostratigraphic and fracture properties provide foundational geologic information of
the bedrock within the study area. Lithostratigraphic properties (e.g., grain size, colour,
fossil abundance, cementation, and crystallinity) aid in bedrock formation identification
(Kennel, 2008; Munn, 2012; Fomenko, 2015; Malenica, 2015; Skinner, 2019). Fracture
logging, including secondary or post-depositional features involves identifying the position
and dip angle along with characterizing each fracture for roughness, degree of fit, and
presence of secondary mineral precipitates (e.g., calcite, halite) and dissolution features
(i.e., stylolites, vugs, and conduits) (Kennel, 2008; Munn, 2012; Fomenko, 2015;
Malenica, 2015; Skinner, 2019). In addition, the core can be sampled for: i) physical
property measurements (e.g., porosity, permeability, thermal conductivity, and magnetic
susceptibility) to provide insight on storage and transport properties of the matrix and, ii)
chemical analysis to aid in understanding the existing contaminant and hydrochemistry
distributions (Kennel, 2008; Munn, 2012; Fomenko, 2015; Malenica, 2015; Skinner,
2019).
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Table 2.1. Comparison of the DFN-M and EPM approach datasets used for development
and refinement of the CSM within the study area.
DFN-M
Distinct fracture and matrix
Detailed lithology and
feature logging

Core

Open Core
Hole

Lined Core
Hole

Matrix porewater analysis

Matrix physical property
analysis
Geophysical logging
(gamma, ATV, FWS)
Heat tracers with
FLUTeTM liner (A-DTS,
ALS/TVP)
Depth-discrete temporary
deployments with
FLUTeTM liner

Depth-Discrete
Core Hole
MLS hydraulic testing
Sections

Temporal
Monitoring

Pressure and
temperature transducer
data
Manual MLS head
measurements
Groundwater chemistry
and isotope sampling

EPM
Average fracture and matrix
Bedrock and overburden
stratigraphic layers
Stratigraphic correlation,
Stratigraphy
top surface elevation,
lateral extent, and
thickness
Aquifer and aquitard
descriptions
Hydrostratigraphy
Top surface elevations,
extent, and thickness
Hydraulic conductivity,
Aquifer & Aquitard
transmissivity, storativity,
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Figure 2.5. DFN-M approach workflow diagram illustrating the various styles and
categories of vertical core hole data used to refine the existing CSM and hydrogeologic
parameters within the study area.
Seventeen rock core samples were selected to represent the observed variability in the
lithology and matrix porosity for matrix physical property measurements. Rock core
samples collected in the field were cut with a diamond studded saw blade and sub-cored
to create 3.8 cm diameter core cylinders (Kennel, 2008). The lengths of the sub-cored
cylinders ranged from 8.3 to 10.5 cm with an average length of 9.5 cm. All 17 sub-cored
samples along with groundwater from the field research site were sent to Rutgers
University in Newark, New Jersey to be analyzed for porosity, gas permeability, specific
surface area, thermal properties, and magnetic susceptibility. A summary of the physical
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property measurements with lithostratigraphic context with photographs and associated
analytical methods has been included in Appendix A (Matrix Physical Properties). Depthdiscrete rock core samples for porewater analysis were collected from the DAV01 core at
locations where fractures were observed and in the adjacent matrix. These rock core
“pucks” (approximately 1-3 inches thick) were preserved in the field by wrapping them in
ParafilmTM and then vacuum sealed to mitigate loss of porewater. The porewater samples
were processed back at the University of Guelph and analyzed for major ions (NH4+, NO3, NO2-, Cl-) following a traditional crush-and-leach approach outlined in Malenica (2015).
After the hole was cored, geophysical logging was conducted which, in this study,
included the ATV and natural gamma logs. A summary of the rock core logs, and open
core hole geophysical datasets representing the geology characteristics are presented in
Figure 2.6, with addition of the P10 linear fracture intensity and cumulative fracture
intensity (CFI) plots and eventual DAV01 MLS design, for later reference. The last two
core hole measurements conducted in this study include a temporary deployment of
transducers sealed with a FLUTeTM liner for obtaining a high-resolution head profile that
is used to calculate vertical components of gradient (i.e., head loss), and active distributed
temperature sensing (A-DTS), which uses active heat and fiber optic cables to determine
zones with different rates of cooling to identify hydraulically active fractures (high
transmissivity zones) under natural gradient (sealed core hole) conditions. The
continuous apparent thermal conductivity (λa) profile from A-DTS testing and hydraulic
head inflections observed in the temporary deployment dataset are useful guides with
respect to port and packer placement of the overall MLS design (Figure 2.7). When the
data collection is complete it is common to install an MLS to allow sampling for water
chemistry and measuring static head profiles over time. A summary figure depicting the
lithology, A-DTS recovery test and λa log, temporary transducer deployment datasets
(hydraulic head, vertical component of hydraulic gradient, and temperature) for 3
snapshots in time, and DAV01 MLS head profiles in relation to the MLS design and HGUs
is presented in Appendix B (Heat Tracer and Temporal Monitoring Montage).
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Figure 2.6. Rock core logs (recovery, RQD, fossil abundance, bedding, crystallinity),
acoustic televiewer with associated structure and caliper logs, natural gamma, and rock
core and ATV informed P10 linear fracture intensity logs and cumulative fracture intensity
(CFI) plots used to inform the geologic characterization of the DAV01 core hole. The
location of the 17 physical property samples are depicted by white squares overlying the
lithology log. These geologic datasets are aligned with the DAV01 MLS monitoring
intervals (highlighted in yellow). The dotted line at 356 m asl represents the completion
depth of the two supply wells in relation to the DAV01 MLS.
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Figure 2.7. The datasets used to inform the DAV01 MLS design is presented from left to
right: A-DTS apparent thermal conductivity profile, temporary transducer deployment
hydraulic head, rock core matrix nitrate porewater concentrations, and ATV with
associated core hole image, structure, and caliper logs. The yellow bars are used to
highlight the data used to select the DAV01 MLS monitoring intervals. The hydraulic head
profiles from the 9-port MLS capture the overall trend in hydraulic head identified by the
temporary deployment data. The dotted line at 356 m asl represents the completion depth
of the two supply wells in relation to the DAV01 MLS.
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Manual hydraulic head profiles were taken on all 9 ports of the DAV01 MLS using a Solinst
102 water level meter (https://www.solinst.com/) upon arriving to the field site and purge
water volumes were calculated for groundwater sampling. The manual head profiles
taken on the DAV01 MLS ports over the course of the research project (January 2017
through June 2020) can be found in Appendix C (Manual Head Profiles). Low-flow
groundwater purge and sampling methods using a Geotech peristaltic pump
(Geopump™) and 1/4" OD Linear Low-Density Polyethylene (LLDPE) tubing for
groundwater sampling to ensure a representative sample was obtained. The purge water
was pumped through a 200 mL flow-through cell attached to a handheld YSI 556 MultiParameter Interface Probe to assess field parameters during sampling. The following field
parameters were recorded once the purge volume was reached, ranging from 12.1-1.2 L,
and the parameters had stabilized: temperature, pH, oxidation reduction potential,
specific conductance, dissolved oxygen (DO), and total dissolved solids. The YSI 556
probe was calibrated once at the beginning of the day prior to groundwater sampling.
Manual field parameters (DO, Fe2+, alkalinity) were also taken during each sampling
event using colorimetric test kits (CHEMets DO K-7501, DO K-7512, Iron K-6010, and
HACH Digital Titrator (Cat. No. 16900-01)). All groundwater samples, with the exception
of E. coli and total coliforms, were filtered through Waterra 0.45 μm medium turbidity filters
prior to collection in sample bottles and manual field parameter tests. All cation samples
were acidified with 3 drops of 1 molar hydrochloric acid (HCl). Once a round of sampling
was completed on a port, all sample bottles were placed in a cooler on ice. When the
entire round of sampling on all 9 MLS ports was completed, typically within 6-7 hrs, the
samples were transported back to the University of Guelph where they were subsequently
placed in a walk-in refrigerator set to 4oC with the exception of the δ15N & δ18O in NO3isotope samples, which were placed in a freezer for preservation on the same day as
sampling (Silva et al., 2000). Surface water samples were collected as grab samples at
designated locations within WHPA-E; however, since many of the locations were dry at
the time of sampling, repeat measurements could not be obtained and NO 3- samples
collected on June, 18, 2019 yielded concentrations high enough for NO3- isotope analysis.
The groundwater major ion samples were analyzed at the University of Guelph by ion
chromatography. Groundwater E. coli and total coliforms concentrations were determined
at the Agriculture and Food Lab following a standard analysis method (MID-137). For
NO3--N concentrations greater than 0.17 mg/L, δ15N and δ18O values were determined by
converting NO3- to NO2- using a cadmium catalyst then chemically converted to N2O
which was then analyzed on a Trace Gas – GVI IsoPrime-IRMS (TG-IRMS) with reported
precisions of δ15N = ± 0.3‰ and δ18O = ± 0.8‰ (McIlvin and Altabet, 2005; Snider et al.,
2009; IsoPrime Trace Gas Users Guide, 2014; Spoelstra et al., 2014). δ34S and δ18O
values were determined by extracting SO42- from 45 μm filtered samples by precipitation
with the addition of BaCl2. Carbonate was removed by acidification then dried at 80oC.
Purified BaSO4 was weighed into a tin capsule along with WO 3 (tungsten IV oxide,
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tungsten trioxide) and combusted at 1000oC in a Costech EA to produce SO42- which was
transported in a helium stream to a Micromass IsoChrom-IRMS where it was analysed
for δ34S (± 0.3‰) or the purified BaSO4 was weighed into a tin capsule and combusted in
a Vario PYRO Cube Elemental Analyzer (Elementar, Hanau, Germany) 1450oC Pyrolysis
furnace to produce CO which was then carried in a helium stream to a GVI IsoPrimeIRMS where it was analysed for δ18O (± 0.3‰) (Rees, 1984; Morrison et al., 1996;
Morrison, 1997). δ2H (deuterium) and δ18O values were measured using a Los Gatos
Research (LGR), Liquid Water Isotope Analyser (LWIA), model T-LWIA-45-EP instrument
with reported precisions of δ2H = ± 0.8‰ and δ18O = ± 0.2‰ (Lis et al., 2008; LWIA Post
Analysis Software User’s Guide Version 2.1, 2010; Penna et al., 2012; Berman et al.,
2013). Enriched tritium (3H) samples were analyzed by liquid scintillation counting (LSC)
with a reported precision of ± 0.8‰ (Taylor, 1977; Packard, 1986). DOC samples were
determined by a standard organic carbon combustion method (SM5310C). All isotope
and DOC samples were analyzed at the University of Waterloo Environmental Isotope
Lab (EIL).
In this study, the rock core and core hole data were used for multiple purposes: i) design
an MLS for the DAV01 core hole, ii) use multiple profile datasets to delineate HGUs, and
iii) integrate all of the data to improve the existing EPM-based CSM in a DFN-M context
to better understand the contaminant distribution, transport and fate, and identifying the
potential source(s) of the contaminants to enable mitigation of adverse effects on human
health and the environment.

2.5

Results and Discussion

2.5.1 Multilevel System Design
Meyer et al. (2016) demonstrated that by obtaining high-resolution depth-discrete vertical
hydraulic head profiles, it was possible to identify distinct HGUs in a layered geologic
sequence based on inflections (i.e., head changes) occurring in the head profile. The
character of these head profiles is repeatable and systematic as demonstrated in three
sedimentary rock environments (Meyer et al. 2014) and shown how fracture connectivity
and terminations at mechanical unit boundaries are not predicted by lithostratigraphy but
align better with sequence stratigraphy (Meyer et al. 2008; 2016).
This study pursues similar objectives of identifying HGU boundaries informed by hydraulic
head loss (i.e., vertical components of gradient); however, instead of using data from
permanent Westbay MLS with an average of 3-4 ports per 10 meters (Meyer et al., 2014;
2016), an array of 24 RBRduet pressure (accuracy: ± 0.05% full scale; resolution:
<0.001% full scale) and temperature (range: -5oC to 25oC; accuracy: ± 0.002oC;
resolution: <0.00005oC) transducers, with a sensor frequency of 10 seconds and
monitoring intervals ranging between 0.30-0.65 m, were temporarily deployed in the
DAV01 core hole and sealed with a FLUTeTM liner. When a liner seals a core hole, the
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system returns to natural flow conditions thereby sealing each transducer at discrete
depths (e.g., Pehme et al., 2014). The transducer string was constructed to place the
sensors at specific depths informed by the core and core hole datasets shown in Figures
2.6 and 2.7. The temporary deployment was used to collect continuous hydraulic head
and temperature measurements, with a 1-minute sampling frequency, to capture dynamic
hydraulic conditions due to several natural and anthropogenic forcings over a 6-month
period. Although the two municipal water supply wells were pumping intermittently during
the 6-month deployment period influencing the head measurements, there was no
significant changes in the magnitude of the vertical components of gradients between
individual transducers, showing consistent magnitude response throughout the vertical
profile under pumping and non-pumping conditions. Although further temporal data
analysis is possible, two hydraulic head profile snapshots are presented as a basis for
this study. These data show one large head drop between 24-26 m bgs where there is a
very large downward vertical gradient, and more subtle and consistent head loss from top
of rock to this depth.
A-DTS testing was completed on the DAV01 core hole, following the procedure outlined
by Coleman et al. (2015) and Maldaner et al. (2019), to provide a continuous λa profile of
the core hole (Figure 2.7). A baseline λa profile of approximately 4.6 W/mK was identified
for the core hole, which was comparable to the rock thermal conductivity (λr) obtained
from the core thermal measurements of 3.9 W/mK. The A-DTS identified four distinct
hydraulically active flow paths based on zones of preferential cooling. The first active flow
path from 6.4-8.2 m bgs showed an increase in λa to 9.6 W/mK, consistent with the four
minor open fractures (pink circles) in this interval identified in the ATV log. The second
active flow path was observed from 14.2-16.4 m bgs with a λa value of 13.8 W/mK,
consistent with one minor open fracture and one continuous fracture (orange circle)
identified in the ATV log. Oxidation staining at these fractures was identified during the
visual inspection of the rock core, supporting an assumption that active groundwater flow
is occurring at this depth. A third flow path was identified from 24.4-26.7 m bgs; this flow
path showed the strongest λa response with a maximum value of 20.7 W/mK which was
consistent with minor open fractures in the ATV log and was supported by visible oxidation
staining of these fractures in the core. The fourth active flow zone was identified between
26.7-28.2 m bgs with a value of 11.7 W/mK, consistent with multiple major open fractures
(purple triangles), minor open fractures, and continuous fractures in the ATV log. The
fractures within this interval showed visible signs of oxidation staining in the core
inspection, supporting a flow path at this depth.
Figures 2.6 and 2.7 show all of the DFN-M datasets used to select the MLS port locations
with primary reliance on the following datasets for informing the position of packers: ADTS thermal conductivity profile, temporary deployment hydraulic head profiles from
selected snapshots in time, rock core-derived porewater concentrations for NO3-, and the
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ATV image log. Effort was made to avoid straddling or cross-connecting distinct
hydrogeologic zones with distinct hydraulic head, hydrochemistry or contaminant
concentrations to improve monitoring sensitivity and accuracy of hydraulic properties. The
9-port system captures four high flow zones with expected high T across aquifer-aquitard
boundaries where observed. The DAV01 MLS is a G360 modular system with 3-inch
Schedule 80 PVC with 9 internal piezometer tubes constructed of 3/16-1/2-inch ID LLDPE
tubing targeting 9 depth-discrete monitoring intervals of varying length, informed by
lithology, hydraulically active fractures, and observed elevated NO3- concentrations, the
latter being based on rock core porewater analyses (Skinner, 2019). Table 2.2 lists the
specific placement of the MLS ports and seals and the rationale for the port depths based
on the data from Figures 2.6 and 2.7. Monitoring intervals were concentrated in the
shallow bedrock, targeting the shallow nature of NO3- contamination, with larger spacing
between monitoring intervals in the lower half of the core hole. Packer intervals were
designed to seal as much of the open core hole between monitoring intervals as possible,
using individual packers with lengths ranging from 0.3-1.5 m, and sometimes in
succession. Packer placement was selected with mindfulness to minimize crossconnections in the open hole. After the MLS was installed, manual hydraulic head profiles
were taken using a Solinst 102 water level meter (https://www.solinst.com/); weekly/biweekly manual head profiles were taken between May and November 2018, and the head
profiling frequency decreased to monthly/bi-monthly from December 2018 to present
(Appendix C: Manual Head Profiles). The MLS hydraulic head profiles correlated well with
the overall trend observed from the temporary deployments with a slight downward
decrease in head in the upper 6 ports and the significant downward gradient from 24-26
m bgs. A slight upward gradient followed by downward gradient is observed in the
temporary deployment profiles from approximately 27-33 m bgs. This trend was not
observed in the MLS head profiles due to less resolution. From 33 m bgs to the bottom
of the cored hole, the temporary deployment head profiles remained relatively consistent
(vertical).

27

1

Table 2.2. DAV01 MLS port justification summary table.
Port
Top
#
(m bgs)
9

4.58

Bottom
(m bgs)
5.50

Length
Rock Core
(m)

A-DTS

Temporary
Deployments

Porewater
Chemistry

Slight upward Elevated NO3gradient
concentrations

0.92

Gasport,
fractures

Increase in
apparent
thermal
conductivity

Slight
downward
gradient

Elevated NO3concentrations

ATV
Continuous fracture,
minor open fracture,
incomplete fracture
Three minor open
fractures, grouping of
voids, incomplete
fractures

Additional
Information
Port placed just
below core hole
casing

8

6.41

8.24

1.83

Gasport,
fractures
with major
oxidation

7

9.31

11.59

2.28

Gasport, 5
cm void

-

Slight
downward
gradient

Elevated NO3concentrations

Large void

Drill rods dropped
and drilling fluid
circulation was lost

Increase in
apparent
thermal
conductivity

Moderate
downward
gradient

Elevated NO3concentrations

Continuous fracture,
minor open fracture

-

-

6

14.18

15.40

1.22

Gasport,
fractures
with major
oxidation

5

21.35

22.57

1.22

Gasport,
fractures

-

Slight
downward
gradient

Low NO3concentrations
(background)

Continuous fracture

-

0.92

Gasport,
fractures
with
oxidation

Increase in
apparent
thermal
conductivity

Prominent
downward
gradient

Low NO3concentrations
(background)

Continuous fracture,
minor open fractures

Just above a
hydraulically active
fracture observed
in A-DTS

Increase in
apparent
thermal
conductivity

Moderate
upward
gradient

Two major open
Elevated NO3- fractures, two minor open
concentrations
fractures, continuous
fracture

-

Moderate
downward
gradient

Elevated NO3concentrations

Continuous fracture

-

Low NO3Slight upward
concentrations
gradient
(background)

Four continuous
fractures, high angle
incomplete fracture

-

4

24.24

25.16

3

25.92

28.21

2.29

Gasport,
fractures
with
oxidation

2

32.47

33.08

0.61

Gasport,
fractures

-

1

33.69

34.91

1.22

Irondequoit,
fractures

-

2
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2.5.2 Delineation of Hydrogeologic Units

4
5
6
7
8
9
10
11

In most fractured media, fractures serve as preferential pathways for groundwater flow.
These fractures dominate fluid flow in the rock and aperture and connectivity influencing
the bulk hydraulic conductivity (K). It is hypothesized that the fracture network
characteristics likely dominate HGU boundaries as suggested within the literature
(Underwood et al., 2003; Cooke et al., 2006; Meyer et al., 2008; Munn, 2012; Runkel et
al., 2018). The fracture frequency data obtained from continuous core and ATV logs are
used to determine P10 linear fracture intensity and CFI plots to compare to hydraulic head
and vertical components of gradient to determine associations in hydraulic properties.
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22
23
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26
27
28
29
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The first step is to determine MUs from the fracture frequency plots shown in Figure 2.8.
All fractures/m assume 100% recovery, which is consistent with the competent dolostone
cored at the field site. Comparing the fractures identified in the rock core versus the ATV
image log of the core hole wall, the fractures measured using each method show a
relatively similar trend within each MU, and overall general trend. However, a greater
fracture frequency was observed in the core fractures compared to the ATV fractures
within MU 11 (12.2 and 1.7 fractures/m, respectively). This is likely associated with the
increased fracturing in the shallow bedrock due to glacial activity and biases within each
method. The rock core fractures can be biased high if mechanical breaks are included in
the fracture frequency analysis and the number of fractured identified by the ATV is likely
biased low for smaller fractures are not detected due to limits of the equipment resolution
(1.5 mm) and core hole wall quality. Additional bias or uncertainty is attributed to the
single cored hole at the field study site. A single vertical cored hole does not allow for
comparison against multiple datasets from additional vertical and/or inclined (angled)
holes located at strategic location across the site. Studies completed by Munn, 2012 and
Fomenko, 2015 at the Bedrock Aquifer Field Facility (BAFF) in the City of Guelph used
multiple vertical and inclined cored holes to provide a more robust 3-D fracture network
context within the same bedrock sequenced as observed at the Davidson wellfield. The
use of inclined cored holes allows for critical hydrogeological understanding of highangled fractures that are otherwise not (or rarely) detected in vertical holes. These highangled fractures are likely highly influential pertaining to vertical head loss, hydraulic
connectivity, and contaminant migration.
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Figure 2.8. Eleven mechanical units (MU) and 10 hydrogeologic units (HGU) were
delineated within the study area based on information obtained from the DAV01 core hole
and MLS. The P10 linear fracture intensity logs and cumulative fracture intensity (CFI)
logs based on fractures observed in the rock core and ATV are presented to the left of
the MUs. The P10 logs represent the number of fractures/m for each MU. Inflections
observed in the CFI plots served as the basis for MU delineation. The following datasets
are presented to the right of the HGUs: A-DTS apparent thermal conductivity profile,
transmissivity values based on pneumatic slug testing conducted in the MLS port tubing,
August 5, 2017 and February 1, 2018 temporary transducer deployment snapshots of
hydraulic head, vertical gradient, and temperature, ATV (core hole image log, structures,
caliper), natural gamma, and rock core property logs (vug intensity, fossil abundance,
bedding, crystallinity). These datasets in conjunction with the MUs were used to delineate
the position of the 10 HGUs within the study area.
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The 11 MUs identified from the continuous core fractures and ATV image log are
integrated with the other high-resolution datasets (Figures 2.6 and 2.7) to evaluate the
collective evidence for HGU identification. These MUs provide crucial insight with respect
to fracture frequency variations and identifying boundaries that serve as fracture
termination points. Figure 2.8 shows the cumulative datasets aligned in vertical profile
used to justify HGU delineation in the DAV01 core hole. HGUs within the study area were
selected based on examination of multiple high-resolution datasets with emphasis on the
MU boundaries. Head profile inflections and contrasts in resolvable, vertical gradients
from the DAV01 temporary deployment array served as another main consideration for
HGU delineation. The calculated gradients show both upward and downward vertical
gradients that do not vary uniformly throughout the core hole. At the top of the core hole,
between 4-6 m bgs, there is a downward gradient followed immediately by an upward
gradient. Below this depth the gradients are mostly downward to the largest downward
gradient in the hole between 24-26 m bgs. An upward gradient is then followed by a
downward gradient and the bottom of the hole shows essentially constant head with
small, likely unresolvable gradients based on the accuracy of the transducers. The
insights gained from the temporary deployment dataset were complemented by the
lithostratigraphic information obtained from the rock core properties, natural gamma log,
and T values from pneumatic slug testing on the small diameter riser tubing of the MLS.
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Lithology obtained from core inspection provides useful information when delineating
HGUs. The lithology identified from the core is described from bottom up, beginning with
the Cabot Head Formation. The Cabot Head Formation is distinguishable by its
characteristic dark green coloured carbonate shale with pyrite seams, and a strong
gamma response, thus serving a distinct lithostratigraphic contrast between the overlying
dolostone formations. It is the underlying regional aquitard across much of southern
Ontario. The Merriton Formation is a thin, red, shaley-dolostone that typically rests
disconformably on the Cabot Head Formation; however, it was not observed during
drilling in at the research site (Brunton, 2009; Brunton and Brintnell, 2011). The Rockway
Formation is a relatively thin formation (1.8 m) characterized by shaley-dolostone
partings, an increased fossil abundancy from the underlying shale, and an increased
gamma response compared to the overlying dolostone. The overlying Irondequoit
Formation (2.5 m thick) is distinguished by its fine, crystalline, blue-grey wackestone
lithofacies with observable pyrite mineralization and abundance of small, crinoid fossils.
There are unconformities between each of these three formations indicating a long
erosional period. The Gasport Formation is the thickest unit (28.5 m) within the study
area, characterized by its packstone to grainstone lithofacies, high fossil abundance, blue
colouration, and low gamma response. This formation is highly fractured and vuggy, with
portions dominated by crinoidal microbial reef mounds, and it is used as the main water
supply aquifer for Acton (Gartner Lee, 2006; AquaResource Inc., 2009; Brunton, 2009;
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Brunton and Brintnell, 2011; AECOM, 2012; AECOM, 2013; Stantec, 2015). The Niagara
Falls Member of the Goat Island Formation (2.4 m thick), the shallowest unit present
within the local study area, has a notable decrease in fossil abundance and vug intensity,
thinner bedding, and light-grey-blue colouration compared to the Gasport Formation. This
formation is characterized by a fine-crystalline dolostone with wavy bedding and chert
nodules. Evidence from rock core obtained from MW 32/08 indicates the Eramosa
Formation is present upgradient of the Davidson wellfield (AECOM, 2013; Stantec, 2015).
This formation has three members: Vinemount, Reformatory Quarry, and Stone Road.
The basal Vinemount Member is a dark, shaley, bituminous dolostone with low porosity
that is often considered to be an aquitard in comparison to the overlying Reformatory
Quarry and Stone Road Members with wackestone to mudstone lithofacies (Brunton,
2009; Brunton and Brintnell, 2011).
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MUs are sections of rock that behave homogeneously in response to an applied stress
(Gross, 1993), which is directly related to the fracture intensity. CFI plots are often used
to identify MU boundaries based on changes in fracture intensity. The slope of the CFI
plot remains relatively uniform within a MU and MU boundaries occur at strong inflections
in the slope (La Pointe, 2010). Shallow slopes on a CFI plot correspond to more highly
fractured zones, while steeper slopes indicate less fracturing. The datasets used to
examine fracture intensity trends in DAV01 are shown in Figure 2.8, including the lithology
inferred from rock core, the P10 plots of linear fracture intensity, and CFI plots, using both
the rock core and ATV image logs.
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Five lithologically distinct formations were observed at the field site during coring, with the
thickest unit being the Gasport Formation (28.5 m). Logging the continuous core allows
for characterization that the ATV is unable to provide, such as oxidation staining, mineral
precipitates, crystallinity, and other physical characteristics of the core. The same
formations were not as easily discernable in the ATV log for the contact or transition
between formations was too subtle to detect. However, the contact between the Rockway
and Cabot Head Formations was identifiable because of the lithologically distinct nature
of the Cabot Head shale and increased number of detectable fractures. The ATV is able
to provide depth-oriented fracture information including degree of fracture opening, dip
direction, presence of vugs, etc. These two sets of data allow for two variants of CFI plots
to be generation that allow for the delineation of MUs within the observed geologic
formations.
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The dolostone at the field site was fairly competent; therefore, adjusting the fracture
intensity logs due to poor core recovery was not necessary. A total of 191 fractures were
identified in 38.6 meters of core and 64 fractures were identified in the ATV log over 36.8
m of hole. Although three times as many fractures were identified in the continuous core
compared to the ATV, the resulting CFI plot for each method are comparable, showing a
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similar overall trend. This is consistent with the fact that continuous core-identified
fractures are biased high and ATV-identified fractures are often biased low. The kinks
observed in the CFI plots correspond to changes in fracture frequency and serve as
fracture termination points in the context of MU boundary delineation.
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MU delineation has several implications for informing an improved DFN-M process-based
CSM. The specific MU fracture sets can be used to serve as an additional line of evidence
for HGU delineation for HGUs boundaries often coincide with MU boundaries. This is an
important CSM aspect in order to understanding the aquifer-aquitard layering at a site
and identify zones of active groundwater flow. MU informed HGUs also allow for
improvement on existing groundwater flow and contaminant transport numerical
modelling by providing higher resolution, depth-discrete information pertaining to the
hydrogeologic conditions at a site.
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From the DAV01 core hole, 11 MUs were delineated within the local study area from 10
inflections seen in the rock core and ATV CFI plots in Figure 2.8. The depth and thickness
of each MU is also presented in Figure 2.8 and basis for selection of these boundaries is
summarized in Table 2.3. The lowermost MU (MU 1) has a reasonably high fracture
intensity of 10.1/5.0 fractures/m from the core and ATV logs respectively (Core/ATV). This
MU includes the Cabot Head Formation; therefore, many of the fractures identified are
likely mechanical breaks caused by shale partings or spalling in the core hole. MU 2
includes the Rockway Formation and has a fracture intensity of 5.1/2.8 fractures/m
(Core/ATV) while MU 3 includes the Irondequoit Formation and has a fracture intensity of
3.2/2.0 fractures/m (Core/ATV). The boundaries for MUs 1 to 3 are placed at the contacts
between the lower formations because the data is limited due to their thinness and
unconformities exist between them. MU 4 to 10 all reside within the Gasport Formation
and the contacts are placed at inflection points observed in the core and ATV CFI plots.
With the exception of the core P10 for MU 7 (5.2 fractures/m) and ATV P10 for MU 5 (2.9
fractures/m), the fracture intensities for MU 4 to 9 show little variation, with overall average
fracture intensities of 2.8/0.7 fractures/m (Core/ATV). The fracture intensity for MU 10
increases to 6.5/2.8 fractures/m (Core/ATV). MU 11 encompasses the upper Gasport
Formation and Niagara Falls Member of the Goat Island Formation. The upper boundary
for MU 11 is located at the overburden-bedrock interface and the fracture intensity is
12.2/1.7 fractures/m (Core/ATV). A higher degree of fracturing was observed in the upper
bedrock during core logging, likely the result of erosion and isostatic rebound during
glacial advance/retreat. The ATV was unable to detect many fractures in the upper
bedrock because the DAV01 core hole casing was set to 3.76 m bgs. This explains the
discrepancy observed between the core and ATV fracture intensities for MU 11.
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Table 2.3. Depths and thicknesses of the 11 mechanical units identified within the study
site.
Mechanical
Unit

Top
(m bgs)

Bottom
(m bgs)

Thickness
(m)

11

2.16

6.26

4.10

10

6.26

8.43

2.17

9

8.43

12.91

4.48

8

12.91

17.59

4.68

7

17.59

20.09

2.50

6

20.09

26.48

6.39

5

26.48

29.21

2.73

4

29.21

33.11

3.90

3

33.11

35.60

2.49

2

35.60

37.37

1.77

1
37.37
40.75
m bgs = meters below ground surface

3.38
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168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

Ten HGUs were delineated within the study area based primarily on temporary
deployment data and supported by the following: MU boundaries, A-DTS, T values from
MLS hydraulic testing, ATV and gamma geophysical logs, and rock core property logs
(Figure 2.8). The HGU depths and thicknesses are summarized in Table 2.4. HGU 1 is
situated from the bottom of the core hole upward including the Cabot Head Formation.
The Merritton Formation is noticeably missing from the stratigraphic sequence within the
local study area. Within the context of Brunton (2009) and Brunton and Brintnell (2011),
the Merritton Formation is a thin, red, shaley-dolostone that rests disconformably over the
Cabot Head. It is often observed in rock core from other local Guelph area studies
(Fomenko, 2015; Leite, 2015; Nunes, 2015; Opazo et al., 2016; Munn, 2018; Skinner,
2019) but it is not always present due to its thin nature. However, it may be present
elsewhere within the study area. The Cabot Head Formation is often referred to as the
underlying regional aquitard across southern Ontario and a study by Nadon and Gale
(1984) observed relatively low K values ranging from 10 -11 to 10-9 m/s within this
formation. The head profile for HGU 1 is essentially vertical, indicating no major head
changes and a moderately resolvable downward gradient was detected. HGU 1 contains
numerous fractures based on the core and ATV logs, and a prominent gamma response
was observed because of the increased clay content within this unit. HGU 1 also has a
distinct hydrochemical signature denoted by observable pyrite seams and crystals,
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188

elevated SO42- concentrations, and strongly reducing conditions. It is often targeted as
the bottom boundary of the freshwater Silurian aquifer system. Under the influence of
pumping, an upward flow (gradient reversal) is possible from HGU 1 and water chemistry
within the overlying HGUs may be impacted; however, since the two Davidson supply
wells are completed into the shallow aquifer, the affects of pumping are not experienced
at this depth.
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Table 2.4. Depths and thicknesses of the 10 hydrogeologic units identified within the
study site.
Top
Hydrogeologic
Unit
(m bgs)

Bottom
(m bgs)

Thickness
(m)

10

3.85

4.87

1.02

9

4.87

6.26

1.39

8

6.26

12.91

6.65

7

12.91

17.59

4.68

6

17.59

24.47

6.88

5

24.47

26.48

2.01

4

26.48

29.21

2.73

3

29.21

33.93

4.72

2

33.93

37.37

3.44

1

37.37

40.75

3.38

m bgs = meters below ground surface
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194
195
196
197
198
199

HGU 2 encompasses the Rockway Formation and most of the Irondequoit Formation. A
vertical head profile and unresolvable gradients were observed in the temporary
deployment data and a gamma response was detected. Matrix hydraulic conductivity (Km)
(converted from permeability measurements) ranged from 1.6x10-12 m/s in the Rockway
to 4.3x10-9 m/s at the bottom of the Irondequoit with respective porosity values of 0.015
and 0.075. Hydraulic testing of port 1 of the MLS, which is at the top of HGU 2, resulted
in the lowest T measured in the MLS (9.7x10-7 m2/s). The lower boundary of HGU 2
corresponds with the boundary between MU 1 and 2.

200
201
202
203
204

HGU 3 includes the upper Irondequoit Formation and bottom of the Gasport Formations
and was derived from the resolvable downward gradient observed in the temporary
deployment data. The bedrock within this unit is more competent with less fractures than
HGU 2 and shows an increase of fossil abundance and crystallinity in the rock core. Within
HGU 3, Km values ranged from 4.1x10-8 m/s to 1.6x10-7 m/s and porosity values ranged
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206
207
208

from 0.064 to 0.074. The boundary between HGUs 3 and 2 also coincides with a slight
observed head inflection identified by in the temporary deployment dataset. Hydraulic
testing of port 2 of the MLS resulted in a T value of 2.5x10-6 m2/s, slightly larger than HGU
2.

209
210
211
212
213
214
215
216
217

HGU 4 is within the Gasport Formation and was selected based on a resolvable change
in gradient creating a local upward gradient observed in the temporary deployment data.
A-DTS testing revealed a measurable increase in λa within this unit. Multiple fractures with
oxidation staining were observed in the rock core and the ATV log identified multiple open
fractures of major and minor sizes. Km and porosity values within HGU 4 were 1.12x10-8
m/s and 0.051, respectively. Hydraulic testing of port 3 in the MLS resulted in a T value
of 2.4x10-4 m2/s. These multiple lines of evidence suggest HGU 4 is a highly transmissive,
deeper aquifer unit. The upper and lower boundaries of HGU 4 correspond with the MU5
boundaries.
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236
237
238

HGU 5 is within the Gasport Formation bounded on the top where the largest head drop
in the core hole occurs with the largest resolvable downward gradient and the bottom
boundary informed by the distinct magnitude of vertical gradient that defines HGU 4. The
A-DTS testing showed the largest increase in λa aligning with fractures with oxidation
staining were identified in the rock core, providing further support for active groundwater
flow within this unit. The ATV log also identified numerous major and minor open fractures
in this unit. Km and porosity values from physical property analysis yielded values of
1.8x10-9 m/s and 0.069, respectively. MLS port 4 is screened over part of this unit and a
T value of 2.9x10-4 m2/s was obtained from the hydraulic testing. Based on all of the
available data this unit is also considered to be a highly transmissive, deep aquifer unit.
It is noteworthy to see the consistent T estimates in HGU 4 and HGU 5 (determined from
slug tested under a forced gradient condition) but distinct differences in the ambient
(natural gradient) groundwater flow (Q) determined from A-DTS, suggesting much higher
flow in HGU 5 than 4. Furthermore, HGU 4 and HGU 5 are two HGUs with aquifer
properties without an intervening aquitard unit in the traditional sense. It is apparent from
the site data that the hydraulic head inflection and local higher head value in HGU 4 is
likely due to the depth-discrete features controlling the local T. Therefore, to fully
understand the data it is important to understand the degree of natural connectivity
between HGUs 4 and 5 (ports 3 and 4, respectively) observed during dynamic head
monitoring during natural and anthropogenic forcings, the latter being the hydraulic testing
presented in Chapter 3, and to compare the water chemistry of these ports.
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HGU 6 is a larger unit in the Gasport Formation with unresolvable vertical gradients and
there is a relatively uniform vertical head profile across this unit. A-DTS testing did not
detect any depth-discrete zones of natural flow in this unit. The rock core in this unit was
competent with packstone-grainstone lithofacies and coarse crystallinity. Km and porosity
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values within HGU 6 were determined to range from 2.2x10-9 m/s to 3.0x10-8 m/s and
0.061 to 0.104, respectively, from physical property analysis. Few fractures with no
oxidation staining were identified in the core which was consistent with the ATV log.
Hydraulic testing of port 5 resulted in a T value of 5.0x10-6 m2/s and the falling head slug
tests were consistently smaller than the rising head slug tests, indicative of poor well
development.
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HGU 7 in the Gasport Formation was delineated based on a resolvable downward vertical
gradient and the boundaries correspond with the boundaries for MU 8. A-DTS testing
showed an increase in λa showing preferential and measurable flow along a discrete
depth interval within this unit and hydraulic testing on MLS port 6 resulted in a T value of
1.1x10-3 m2/s. Two fractures were identified by the ATV log and fractures with minor
oxidation staining were identified in the rock core coincident with the high flow observed
in the A-DTS. Km and porosity values were determined to range from 2.7x10-11 m/s to
4.6x10-8 m/s and 0.028 to 0.039, respectively. These lines of evidence suggest HGU 7 is
a highly transmissive shallow aquifer unit.
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HGU 8 within the Gasport Formation was delineated from an essentially vertical head
profile across the unit, indicating good vertical connectivity within the unit and across two
MUs. Subtle changes in fracture intensity (slope) of the rock core and ATV CFI plots was
the main driver for delineating MUs 9 and 10. The upper and lower boundaries for HGU
8 correspond with the top of MU 10 and bottom of MU 9, respectively. Multiple fractures
with minor geochemical oxidation and a 6 cm void were identified within the rock core.
The void was first identified during drilling when the drill rods dropped, and circulation of
the drilling fluid was lost, coincident in depth with multiple fractures exhibiting major
oxidation staining. MLS ports 7 and 8 both reside in HGU 8. Hydraulic testing of MLS port
7 resulted in the largest T value of the hole (1.4x10-3 m2/s) while port 8 yielded a similar
T estimate of 1.0x10-4 m2/s. Although port 8 showed the largest T value, it did not coincide
with the largest A-DTS response. Port 7 showed an oscillatory response but an increase
in λa was not observed in the A-DTS. This is likely attributed to the 6 cm void encountered
during drilling. These data suggest that HGU 8 is a highly transmissive shallow aquifer
unit.
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HGUs 9 and 10 are defined by two vertical gradient directions within MU 11. The portion
of HGU 9 near the top of the Gasport Formation showed a resolvable upward gradient by
the temporary deployments. Fractures were identified by the ATV log and through visual
examination of the rock core, but no oxidation staining was observed. Physical property
analysis yielded Km and porosity values of 2.6x10-9 m/s and 0.088, respectively. Hydraulic
testing could not be conducted on this unit because the transducer could not fit inside the
1/4" OD tubing used for port 9. HGU 10 is the shallowest aquifer unit consisting of the top
of the Gasport Formation and part of the Goat Island Formation, selected based on a
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resolvable downward vertical gradient observed in the temporary deployment data. The
rock core in this section of the bedrock was highly fractured; therefore, a physical property
sample could not be collected. This interval has mudstone lithofacies with laminated
bedding and thin crystallinity because of the degree of fracturing present. No increase in
λa was detected by the A-DTS.
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2.5.3 Hydrochemistry
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Hydrochemical and isotope data can be used to better the understanding of NO3distribution and fate within the aquifer. When there is a good understanding of the
hydrogeologic flow system, the interpretation of the hydrochemistry and isotope data is
significantly improved. The rock core porewater provides a single snapshot in time of high
spatial resolution hydrochemistry variability by sampling the lower permeability rock
matrix near and away from observed fracture features in the core. The 9 MLS ports
sample groundwater over longer vertical intervals and is a blend a several fractures of
varying flow rates. Comparison of these two scales of data can further support the HGU
framework due to groundwater age or hydrochemistry variability.
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The ORP and DO data based on the July 23, 2019 groundwater sampling event on the
DAV01 MLS are presented in Table 2.5 and these data are reinforced by validation tests
that involve specific parameters within the oxidation-reduction sequence of constituents
in groundwater outlined by Stumm and Morgan (1996). Insights from the validation tests
presented in Gao et al. (2002) and Mansfeldt (2004), along with the redox progression in
groundwater outlined in Stumm and Morgan (1996), are used to cross-reference DO,
NO3--N, SO42-, Mn, and Fe2+ against ORP data to support weaker or stronger oxidizing or
reducing conditions in groundwater in a monitoring well. The groundwater in ports 9-6
show positive ORP values, they have the greatest DO and NO3--N concentrations with
average values of 7.96 mg/L and 3.09 mg/L, respectively, and Fe2+ concentrations are
below detection limit. These lines of evidence suggest ports 9-6 exist under strongly
aerobic/oxidizing conditions. Port 5 groundwater shows a strongly negative ORP value of
-212.70 mV, a very low DO value of 0.64 mg/L, and the NO3--N concentrations are
typically low to non-detect. The shift in all of these parameters suggest a transition from
aerobic conditions as observed in ports 9-6 toward more anaerobic/reducing conditions.
The ORP values for ports 4 and 3 groundwater are less negative than port 5 and the
underlying ports, and DO concentrations are low but greater than 1 mg/L. Additionally,
NO3--N concentrations for ports 4 and 3 groundwater are typically low but persistent,
never dropping to non-detectable concentrations. These lines of evidence suggest the
low NO3--N concentrations in ports 4 and 3 groundwater are due to denitrification
occurring under mildly reducing conditions. Ports 2 and 1 groundwater show the most
negative ORP values at approximately -301.00 mV, DO values are less than 1 mg/L, and
NO3--N concentrations are non-detect. SO42- concentrations in ports 2 and 1 are
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controlled by geology and they are the greatest in comparison to the other MLS ports.
Albeit at low concentrations, these ports were the only ones where Fe2+ was detected in
the groundwater. These lines of evidence suggest ports 2 and 1 groundwater exist under
strongly anaerobic/reducing conditions.
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Table 2.5. Oxidative states of the DAV01 MLS ports based on the July 23, 2019 sampling
data. Oxidizing and reducing conditions are informed by validation methods involving
nitrate, sulphate, manganese, and iron presented in Gao et al. (2002) and Mansfeldt
(2004) and based on the redox progression in groundwater outlined by Stumm and
Morgan (1996).
ORP

DO

NO3--N

SO42-

Mn

Fe2+

Port ID
(mV)

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

NO3--N
Test

Mn Test

Fe Test

P09

54.50

7.33

3.28

15.23

<0.002

0

Oxidizing

Oxidizing Oxidizing

P08

58.80

8.84

3.16

12.21

<0.002

0

Oxidizing

Oxidizing Oxidizing

P07

22.50

7.39

2.86

14.45

<0.002

0

Oxidizing

Oxidizing Oxidizing

P06

23.60

8.26

3.05

12.50

<0.002

0

Oxidizing

Oxidizing Oxidizing

P05

-212.70

0.64

0.12

40.33

0.021

0

Reducing Reducing Oxidizing

P04

-96.00

2.87

1.08

32.49

0.0032

0

Oxidizing

Reducing Oxidizing

P03

-106.00

1.27

0.93

39.01

0.018

0

Oxidizing

Reducing Oxidizing

P02

-301.00

0.62

0.00

63.98

0.0067

0.1

Reducing Reducing Reducing

P01

-301.50

0.84

0.00

92.10

0.0085

0.2

Reducing Reducing Reducing
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The distribution of NO3- in groundwater will be discussed in the context of redox
conditions, rock core, and isotope data (Figure 2.9). These data are plotted in the context
of the lithostratigraphy and HGUs. The soil porewater NO3--N concentrations show an
increasing range in concentrations from 3.34 mg/L at ground surface to 10.13 mg/L at the
overburden bedrock interface. The rock core matrix porewater NO3--N concentrations
from the upper bedrock show an average background concentration of approximately
1.57 mg/L and a maximum concentration of 3.81 mg/L. Groundwater samples from the
shallow ports 9 to 6 show the highest NO3--N concentrations with a maximum
concentration of 5.26 mg/L. The highest NO3--N concentrations observed in the two
Davidson supply wells are associated with the spring freshet and peak concentrations are
observed between April to June (Figures 2.3 and 2.4). These elevated NO3--N
concentrations observed in the Davidson supply wells, the soil and rock porewater, and
groundwater samples from the upper four DAV01 MLS ports are attributed to the water
table rising into the vadose zone during the spring recharge from snowmelt and increased
precipitation, thereby mobilizing the NO3- downward into the aquifer (Davies and Holysh,
2007; Gardner et al., 2020; Halton Region personal communication, 2020). Oxidizing
conditions supported by the positive ORP values and high DO concentrations support the
persistence of NO3- in the upper aquifer. Additionally, the isotope data for NO3- from ports
9 to 6 groundwater show seasonal values ranging between 6.1‰ and 3.1‰ for δ15N and
1.8‰ and -6.1‰ for δ18O. These values are in the same range as the data reported by
Gardner et al. (2020) in the study area.

350
351
352
353
354
355
356
357
358
359

The rock core matrix porewater NO3--N concentrations observed in HGU 6 were all below
detection limit and the groundwater samples from port 5 consistently showed low to nondetect NO3--N concentrations. The redox data which show low DO concentrations and
negative ORP values across all of the groundwater sampling events indicate that
groundwater in port 5 located in HGU 6 is under reducing conditions. The only
groundwater sample that had a high enough NO3--N concentration for isotope analysis
was collected on the November 6, 2018 groundwater sampling event showed δ15N and
δ18O values of 8.2‰ and 6.2‰, respectively, which are more enriched than the isotope
data in the shallow groundwater suggesting that NO3--N has been affected by
denitrification.
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NO3--N is also present in low concentrations in ports 4 and 3 (HGUs 5 and 4, respectively),
with average concentrations of 1.01 mg/L and 1.18 mg/L, respectively. The isotope data
show similar values to those in the shallow groundwater indicating the NO 3- has been
somewhat affected by denitrification. Mildly reducing conditions and a faster groundwater
flow, as inferred by the high T value from pneumatic slug testing (Chapter 3) and A-DTS
response, in HGUs 5 and 4 explain this behaviour. The highly enriched values of 11.0‰
to 12.5‰ for δ15N and 4.4‰ to 10.1‰ for δ18O is a clear indication that NO3- has been
40
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affected by denitrification in HGU 4, which is supported by the mildly reducing conditions
of the groundwater at this depth (Table 2.5).
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Finally, ports 2 and 1 (HGUs 3 and 2, respectively) groundwater have a very distinct
hydrochemical signature due to their proximity to the underlying Rockway and Cabot
Head Formations. They consistently showed non-detect NO3--N concentrations;
therefore, NO3- isotopic data could not be obtained. The redox data in Table 2.5 suggest
these ports exist under strongly reducing conditions. This is supported by the highly
negative ORP values, low DO concentrations, and the odour created by FeS were
consistently detected across all sampling events which is associated with SO42- reduction.
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Figure 2.9. DAV01 groundwater nitrate chemistry and isotope data aligned in vertical
profile: a) ORP data; b) nitrate porewater data; c) groundwater nitrate concentrations; d)
δ15N in nitrate; and e) δ18O in nitrate. The length of each MLS monitoring interval is
denoted on the groundwater chemistry and isotope plots by the black bars. Where
missing δ15N and δ18O in nitrate data is observed in d) and e), respectively, this
corresponds with nitrate concentrations that were too low for isotopic analysis.
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Isotopic analysis of groundwater contaminants provides insight into potential contaminant
sources based on the isotopic enrichment or depletion of the constituent of interest.
Figure 2.10 shows the isotopic ranges for various sources of NO3-. Previous isotopic
analysis conducted by Gardner et al. (2020) suggested that the source of NO3- within the
study area is from soil organic nitrogen. However, it is difficult to definitively identify the
source of NO3- due to overlapping isotopic signatures (Aravena and Robertson, 1998;
Aravena and Mayer, 2009; Gardner et al., 2020). Groundwater sampled from the DAV01
MLS suggests there may be multiple sources of NO3- impacting the aquifer. The δ15N and
δ18O isotopic values for ports 9 to 4 fall relatively tightly in the range for soil organic
nitrogen; however, it is possible that the source of NO3- is from a blend of inputs since the
isotopic ranges for NH4+ fertilizer and manure/septic waste overlap with soil organic
nitrogen. The δ18O data in the shallow groundwater (ports 9 to 6) is indicating the NO 3- is
associated with nitrification of ammonium which can be associated with ammoniumbased fertilizers such as urea. Since urea can be affected by volatilization in the soil, the
isotopic composition of the NO3- tends toward more enriched values which looks like soil
NO3-. The δ15N and δ18O isotopic values for NO3- in port 3 groundwater appear to fall
distinctly in the range for manure/septic waste. It is possible that the source of NO3- is
manure/septic waste in origin considering that the groundwater flow system within this
lower unit could be associated with a regional flow system. However, the observed trend
toward more enriched isotope values for δ15N and δ18O is typical of denitrification and this
trend agrees with redox conditions and NO3--N concentration data associated with port 3.
Since the NO3--N concentrations for ports 2 and 1 were consistently below detection limit,
δ15N and δ18O isotopic analysis could not be obtained. Only two surface water samples
obtained at the DAV01 research site yielded NO3--N concentrations high enough for δ15N
and δ18O isotope analysis. The δ15N and δ18O isotope values show the source of NO3--N
within the stream may either be soil organic or manure/septic waste in origin; however,
more data is required for confirmation.
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Figure 2.10. Davidson study area groundwater nitrate isotope composition plot showing
evidence of denitrification. Ranges of δ15N + δ18O isotope compositions for the three
major sources of nitrate: i) fertilizer, ii) nitrification-derived nitrate (i.e., in soils), and iii)
nitrate in manure / septic waste (adapted from Aravena and Mayer, 2009).
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The δ34S and δ18O isotopes of SO42- have been widely used to identify the source of SO42and provide evidence for the occurrence of denitrification. Figure 2.11 shows (a) the
groundwater SO42- concentrations in vertical profile alongside the SO42- isotopes; (b) δ34S
and (c) δ18O, with respect to lithostratigraphy and HGUs. The SO42- concentration profile
for the DAV01 core hole showed an overall increasing trend with depth. Groundwater
SO42- concentrations in ports 9 to 6 groundwater ranged from 8.01 to 26.70 mg/L, with
concentrations increasing with depth. The average SO42- concentration for these ports is
18.95 mg/L. Since the δ34S and δ18O isotopes for these ports show similar values the
source of SO42- is likely of similar origin. From ports 5 to 3, there is an observed trend of
increasing SO42- concentrations with more depleted δ34S and δ18O values. This trend is
associated with the oxidation of pyrite involved in denitrification (Aravena and Mayer,
2009; Opazo et al., 2016) at these depths. The SO42- isotope data for ports 9 to 3
groundwater is plotted in the range of values associated with sulphide minerals (Figure
2.12). The deepest ports 2 and 1 groundwater show the highest SO42- concentrations up
to 100.85 mg/L and an average concentration of 76.06 mg/L. These elevated SO42concentrations are likely influenced by the proximity of these ports to the underlying
Irondequoit, Rockway, and Cabot Head Formations (Nadon and Gale, 1984; Nunes,
2015; Nunes et al., in prep). The Irondequoit, Rockway, and Cabot Head Formations have
distinct hydrochemical conditions and geochemical makeup for they were deposited in a
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more saline environment and they currently exist under strongly reducing conditions
(Kesling, 1975; Nadon and Gale, 1984; Nunes, 2015; Nunes et al., in prep). The highest
δ34S and δ18O isotope values were observed in ports 2 and 1 groundwater, with average
values of 12.1‰ and 5.2‰, respectively. These data are plotted near the range of
evaporites (Figure 2.12) showing the influence of the lower Irondequoit, Rockway, and
Cabot Head Formations (Kesling, 1975; Nadon and Gale, 1984; Nunes, 2015; Nunes et
al., in prep).
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Figure 2.11. DAV01 groundwater sulphate chemistry and isotope data aligned in vertical
profile: a) groundwater sulphate concentrations; b) δ 34S in sulphate; and c) δ18O in
sulphate. The length of each MLS monitoring interval is denoted on the groundwater
chemistry and isotope plots by the black bars.
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Figure 2.12. Davidson study area groundwater sulphate isotope composition plot.
Ranges of δ34S + δ18O isotope compositions for the five major sources of sulphate: i)
sulphide oxidation, ii) soil-derived sulphate, iii) atmospheric deposition, iv) anthropogenic,
and v) evaporites (adapted from Aravena and Mayer, 2009).
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The understanding of the distribution of NO3- with depth could also be attributed to
different flow systems associated with local or regional recharge areas. The stable isotope
data in water and tritium data provide information to address this question. Figure 2.13a
shows isotopic analysis of δ2H and δ18O in water revealed that the groundwater within the
study area is meteoric in origin without strong influence of evaporation based on the
similar trend and clustering directly adjacent to the Local Meteoric Water Line for
Waterloo, Ontario. High or low tritium values provide insight on the relative groundwater
residence time (Figure 2.13b). The shallow bedrock showed the higher tritium content
with an average value of 15.8 TU for ports 9 to 6 groundwater, which are in the range of
recent precipitation (Clark, 2015) indicating a relatively short residence time. Port 3
groundwater also showed significant tritium content with an average value of 13.5 TU.
The tritium values in port 4 groundwater appeared to change seasonally, showing lower
values than port 3 groundwater with an average value of 9.1 TU. The observed range in
tritium values for port 4 groundwater overlaps with the low values for the groundwater in
port 5 and higher values in port 3 which suggests the groundwater in port 4 may be
influenced by vertical connectivity to port 5 and the groundwater along this flow path has
a longer residence time than in the upper aquifer. The higher tritium values in port 3, and
occasionally in port 4, are similar to the values observed in Opazo et al. (2016) and are
consistent with relative higher flow rates, low but persistent NO3--N concentrations, and
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mildly reducing conditions at this depth in the aquifer. The lower tritium values were
observed in ports 2 and 1 groundwater, with an average value of 7.8 TU, which are similar
to port 5 with an average tritium value of 7.4 TU in the middle of the Gasport. These lower
tritium values suggest the recharge groundwater in ports 2 and 1 is flowing along a slower
regional flow path with a longer residence time. It is possible the groundwater in port 5 is
part of a slower regional flow path or that the recharge groundwater is intercepting a unit
with lower permeability prior reaching the port.
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Figure 2.13. DAV01 stable isotopes in water and tritium data aligned in vertical profile: a)
δ2H (deuterium) and δ18O in water isotopes plotted with the local meteoric water line
(LMWL) for Waterloo, Ontario and the global meteoric water line (GMWL) (Dr. Orfan
Shouakar-Stash and Robert Drimmie of IT2 Isotope Tracer Technologies Inc. personal
communication, 2020) and b) groundwater tritium concentrations. The length of each MLS
monitoring interval is denoted on the tritium plot by the length of the black bars.
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Variability in redox conditions, isotopic data, and contaminant concentrations would
suggest distinct flow paths with longer or shorter groundwater residence times, different
recharge conditions, connection to different contaminant source areas, and different
reaction mechanisms and rates of reaction (e.g., denitrification). Two pathways exist for
denitrification of NO3- in groundwater; heterotrophically through bacterial consumption of
oxygen from DOC and autotrophically though bacterial reduction of sulphide-bearing
minerals in low oxygen environments. DOC concentrations for all MLS ports remained
relatively low at approximately 1.0 mg/L whereas SO42- was consistently detected across
all sampling events and ports and there are multiple lines of evidence to support the role
of denitrification mediated by sulphide-bearing minerals. Harter et al. (2002) provide a
simplified diagram and discuss how the source area of a monitoring well is defined as the
area from where well water originates as recharge. Figure 2.14 is a summary and
interpretation of groundwater flow in the local research site demonstrating where similar
hydrogeological conditions were observed. Ports 9 to 6 groundwater consistently showed
similar elevated NO3--N concentrations, high tritium values, oxidizing conditions, and
higher T values (discussed in Chapter 3). These lines of evidence suggest the
groundwater within the shallow aquifer is similar in origin and that denitrification is not
occurring. T estimates for port 5 suggest groundwater is flowing along a slower flow path.
Port 5 groundwater consistently showed low to non-detect NO3--N concentrations,
negative ORP values indicating reducing conditions, and relative lower tritium values.
Since NO3- was detected once at concentrations allowing for δ15N and δ18O analysis, the
enriched isotope data and high SO42- concentrations suggest the NO3- is being attenuated
by denitrification mediated by pyrite present in this unit. Groundwater in ports 4 and 3 is
flowing faster along longer flow paths with shorter residence times. It is possible that a
stratigraphic window of higher permeability exists upgradient of the supply wells, allowing
for this faster transport. NO3--N concentrations were low but persistent along these flow
paths, tritium concentrations were variable, and mildly reducing conditions were
observed. The NO3- and SO42- isotopes suggest denitrification mediated by the reduction
of sulphide-bearing minerals is occurring but to a lesser degree than above (port 5).
Groundwater in ports 2 and 1 groundwater showed very distinct hydrochemical conditions
due to their proximity to the underlying Rockway and Cabot Head Formations. NO3--N
concentrations were consistently below detection limit, the highest SO 42- concentrations
were detected in these ports, there is strong evidence these ports exist under reducing
conditions (Table 2.5), and tritium values were lower. During each groundwater sampling
event, low Fe2+ concentrations and an FeS odour were detected in the groundwater within
the lower units. These multiple lines of evidence provide strong evidence for groundwater
flow along a regional flow path with a longer residence time and that SO42- reduction is
occurring at these depths.
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Figure 2.14. Groundwater flow lines to the DAV01 MLS within the local study area with
annotations regarding redox conditions (ORP), NO3- concentrations, origin of SO42-,
relative groundwater age, and relative T values along the flow lines.
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2.5.4 Revised Conceptual Site Model
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The CSM at the beginning of this study contained four hydrostratigraphic units defined by
lithostratigraphy boundaries and each unit was denoted as an aquifer or aquitard mostly
based on horizontal hydraulic conductivity (Kh) estimates from conventional well tests
throughout the region. The position and thickness of each hydrostratigraphic unit was
defined solely on lithostratigraphic units. One unit, the formerly referred to as the Amabel
Formation, is now considered to consist of the unsubdivided Goat Island, Gasport, and
Irondequoit Formations within numerical simulations of groundwater flow (AECOM,
2013). The former Amabel Formation was considered a single hydrostratigraphic unit as
there was little evidence for significant vertical variation in hydraulic properties across the
formation in the study area that would be associated with internal facies changes (e.g.,
reef mounds). However, the Acton Contributing Area investigation (AECOM, 2013)
suggests there may be enhanced permeability within the Gasport Formation where the
overlying Goat Island Formation and Vinemount Member of the Eramosa Formation have
been eroded and the surface has been subjected to additional weathering processes,
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including erosion associated with glacial processes and deposition of outwash deposits.
This is the case at the study site where the Eramosa Formation is not present. Kh
estimates for the unsubdivided Amabel Formation range from 1x10-7 to 7x10-4 m/s based
on literature values, but no values for vertical hydraulic conductivity (Kv) were used in
numerical simulations. No extensive high T units within the Amabel (Gasport) Formation
were previously mapped in the study area; therefore, the previous interpretations of this
unit did not show internal variability of flow in the lithostratigraphic sequence, hence the
CSM outlined in the Tier Three Water Budget and Local Risk Assessment (AECOM,
2013) did not show distinct hydrologic units that are evident from the higher resolution
DFN-M methods presented herein, including hydraulic data, hydrochemistry, contaminant
concentrations, and isotope variability in flow rates.
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This study provides a quantifiable basis for hydrologic unit delineation to refine the
existing CSM for 3-D flow at a resolution that provides context on the fracture and matrix
characteristics thereby informing contaminant transport and fate processes. Multiple highresolution datasets showed important depth-discrete variability of the hydrogeologic
system and a refined delineation of HGUs using a combination of data from a single
Golden Spike location. The Golden Spike data at the Davidson wellfield shows evidence
for 10 HGUs, most clearly identifiable from the MU and hydraulic head and vertical
gradient profiles, but supported by the A-DTS, NO3-, and isotope data. The 10 HGUs in
the refined CSM were delineated based on high-resolution hydraulic head and vertical
gradients from temporary transducer deployment data, and further refined within the
context of lithostratigraphic and MU boundaries. The position and thickness of the HGUs
within the refined CSM vary from approximately 1.0-6.9 m and span across multiple
lithostratigraphic units (Figure 2.15).

49

565
566
567
568
569
570
571
572
573

Figure 2.15. Refined CSM for the Davidson study area. This diagram depicts the potential nitrogen inputs across the study
area, the geologic and hydrologic conditions within the study area, the position and completions depths of the Davidson
supply wells and surrounding monitoring wells, and the position of the 10 distinct hydrogeologic units with arrows
representing the relative magnitude of horizontal groundwater flow and direction of vertical flow (AECOM, 2013). The crop
rotation in the study area has followed a 3-year rotation of corn, soy, and wheat since 2011. The February 1, 2018 temporary
deployment hydraulic head profile is shown on the far right of the figure to provide context on the position of observed head
inflections along with the average nitrate, sulphate, and tritium concentrations sampled from the DAV01 MLS over the
course of the project.
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It is important to distinguish how the data types used for delineating hydrogeologic
variability between the current and refined CSMs. The existing CSM was created for
regional groundwater flow; therefore, the datasets informing hydrostratigraphic units were
based on an EPM framework that captures bulk values and contrasts in Kv. The HGUs in
this study were informed within the DFN-M methodology, which requires a high spatial
resolution characterization datasets with emphasis on continuous core and various
hydrophysical and geophysical measurements in the core hole to obtain multiple and
complementary types of data in vertical profile to capture fracture-scale variations. Where
the current CSM lacks a hydrochemistry and potential source component, the refined
CSM incorporates these aspects, allowing for improved HGU description and
understanding of potential contaminant transport pathways in the aquifer. The 9-port MLS
was designed with core hole characterization data to minimize cross-connection of
distinct HGUs with depth-discrete zones improving resolution and differentiation of
specific intervals. Some ports monitor the same HGU or adjacent higher transmissivity
HGUs (i.e., adjacent units are both aquifers) but may have distinct hydrologic properties
in terms of fluxes and attenuation properties as shown. The DFN-M data has a higher
sensitivity for delineating HGU boundaries that are known to be strongly influenced by the
fracture network. Certain datasets within the DFN-M approach support improved EPM 3D flow model delineation and also the separate, complementary task for transport
modelling which must be informed by DFN-M conditions. Vulnerability assessments for
fractured sedimentary rock aquifers, such as the Silurian dolostone aquifer within this
study, will require DFN-M informed transport modelling in combination with EPM flow
models. The refined CSM within this study was constructed with future numerical
modelling in mind, allowing for investigation of groundwater flow and contaminant fate
and transport through fractured dolostone aquifers.
The refined CSM developed in this study addresses uncertainties outlined in the current
CSM including discussing the distribution of mechanical and hydrogeologic units, vertical
variation in hydraulic properties, and a hydrochemistry and contaminant source
component. This refined CSM can be used to modify existing wells or inform the design
of new supply wells, targeting groundwater flow paths with high T to meet groundwater
supply demands while minimizing cross-connection of aquitard layers. In addition, supply
wells could target and isolate units with longer groundwater flow paths, residence times,
and attenuation capabilities for contaminants of interest.

2.6

Conclusions

A 3-D CSM, including 10 HGUs and their associated parameters, was developed to
improve understanding of the hydrogeologic variability in the surface within the capture
zones for two, paired municipal water supply wells in Halton Hills, Ontario. Improved
lithostratigraphic and mechanical static models were created using high-resolution depth51

aligned datasets following the framework of the DFN-M field approach. These static
models were used alongside hydraulic head profiles and vertical components of gradient
from temporary transducer deployment and insight from a 9-port G360 MLS to refine the
existing EPM-based CSM for the study site within a DFN-M context. This refined CSM,
and associated parameters, will be used for future groundwater flow and contaminant
transport numerical modelling within DFN-M and EPM frameworks.
Aquifer-aquitard units do not consistently align with lithostratigraphy or mechanical units,
as observed in the high-resolution temporary transducer deployment head profile data.
However, this was based on a single core hole and it is preferred to evaluate lateral
continuity and thickness of HGUs and MUs to understand the associations between
multiple locations using high-resolution characterization techniques. HGUs can include
multiple lithostratigraphic/mechanical units or only partial. This is observed in HGU 2
which includes the Rockway Formation and part of the Irondequoit Formation. Vertical
components of gradient are observed across varying thicknesses within the Gasport
Formation and sometimes across lithostratigraphic contacts, as observed in HGUs 3 and
10 which straddle the Irondequoit-Gasport and Gasport-Goat Island boundaries,
respectively. HGUs 4-9 all reside within the Gasport Formation which is used for
municipal water supply across southern Ontario. Lithostratigraphic and MU variability
(e.g., reef mound topography, lateral variability of dissolution-enhanced features, vertical
connectivity in the fracture network) influence the distribution (position and thickness) of
HGUs at the scale of the study site. Therefore, geologic characterization alone does not
provide the insights needed to identify specific aquifer and aquitard HGUs; multiple lines
of high-resolution datasets are necessary for identifying these distinct HGUs.
Temporary transducer deployment provided the necessary high-resolution hydraulic data
required to delineate HGUs at the study site. The variability in aquifer-aquitard layering
was resolved by the high-resolution temporary deployment head profiles from the DAV01
Golden Spike core hole. The temporary transducer deployments provided 24 head
measurement points with 0.30-0.65 m intervals over 40 m of rock in vertical profile,
thereby allowing for the necessary information to improve HGU delineation. The
temporary transducer deployment dataset, alongside the other DFN-M datasets, were
used to optimize the design of a removable 9-port G360 MLS.
NO3--N concentrations of up to 5.26 mg/L were observed during the study period with
apparent δ15N and δ18O isotopic signatures corresponding to a blend of NO3- inputs.
However, the δ15N and δ18O isotopic signatures appear to cluster within the range for soil
organic nitrogen. Although NO3- concentrations in HGU 4 appeared to be from an
isotopically distinct manure/septic source, the trend observed in Figure 2.10 is typical of
denitrification which agrees with redox conditions and NO3- concentration data. The
elevated NO3--N concentrations in the shallow aquifer correspond with spring snowmelt
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and increased precipitation causing the water table to rise into the overburden and access
the NO3- stored in the vadose zone. This is corroborated by the elevated NO3--N rock core
porewater concentrations. The water table rise in the spring, oxygenated conditions, and
persistent source of NO3- stored in the overburden due to surface activity contributed to
the observed elevated NO3- concentrations in the shallow bedrock aquifer. Evidence for
denitrification occurring within the bedrock sequence was also observed. A reduction in
NO3- concentrations associated with more oxygen-limited (reducing) conditions along
deeper flow paths within the aquifer was seen and they corresponded with elevated SO42concentrations and enriched δ34S and δ18O isotopic signatures. More specifically, HGU 6
consistently yielded NO3- concentrations BLD with the exception of the September 6,
2018 groundwater sampling event which showed elevated δ15N and δ18O isotopic
signatures, suggesting the NO3- is from an isotopically different source. Hydraulic testing
on HGU 6 revealed it is a tighter unit with lower permeability and the lower tritium values
suggest groundwater in this unit is older. In addition, DO concentrations remained low
and SO42- concentrations consistently showed a slight increase. These multiple lines of
evidence suggest denitrification is occurring. Higher tritium concentrations observed in
HGUs 5 and 4 suggest younger groundwater is present in these units. NO3- is present
along these flow paths but to a significantly lesser degree than in the shallow aquifer.
Additionally, slightly elevated SO42- concentrations were present, the DO concentrations
were moderately elevated, and the ORP data suggests this is a transition zone between
oxygenated and reducing conditions. HGUs 3 & 2 consistently yielded NO3concentrations below detection limit, lower tritium values suggest the presence of older
groundwater, strongly reducing conditions were identified by the low DO concentrations
and negative ORP values, pyrite was visually observed in the rock core, and the highest
SO42- concentrations were observed and correspond with the strongest isotopic
enrichment of δ34S and δ18O signatures. These multiple lines of evidence suggest
dentification mediated by sulphide-bearing mineral oxidation is occurring at varying
degrees from HGU 6 to the bottom of the core hole. A thin overburden, slow infiltration
rates, oxidizing conditions, and consistent reintroduction of NO3- due to surface activity
(e.g., tilling crop residue back into the soil, fertilizer application, septic leakage) creates a
slow but persistent source of NO3- from the unsaturated zone. Periodic recharge events
mobilize the stored NO3- causing it to percolate through the soil and into the underlying
bedrock. The periodic peak in NO3- concentrations detected in the supply wells coincides
with spring recharge attributed to snowmelt and increased precipitation.
The refined hydrogeologic, mechanical, and lithostratigraphic units presented in this study
provide an improved understanding of groundwater variability and insight on the extent
and sources of NO3- contamination within the capture zones of the Davidson supply wells.
Contaminant transport is dependent on the relationship between the rock matrix and the
fracture network; therefore, the datasets used to refine the existing CSM are considered
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high hydraulically active resolution in the spatial and temporal scales to capture the
variability of flow and transport properties in a DFN-M context. The findings from this
research will be used to improve decision making with respect to policy and pumping and
mitigation strategies along with improving agricultural BMPs, such as fertilizer application
rates and timing.
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3.0 Evaluating Friction and Inertial Losses from Slug Tests
Conducted in a Multilevel System
3.1

Abstract

Engineered multilevel systems (MLS) are one of the few only viable option for collecting
spatial and temporal datasets in 3-D complex groundwater flow systems. However, these
monitoring systems present challenges for hydraulic testing due to small port tubing
diameters. In this study, equipment was developed to enable pneumatic slug testing of a
G360 MLS, fitted with 1/2-inch ID open tubes that extend from the monitoring ports to the
surface. Of the eight ports tested, four exhibited overdamped slug test responses, while
underdamped responses were observed in the remaining four ports. It is expected that
friction in the small diameter tubing is not negligible, and additional flow constrictions are
introduced when installing a transducer in the tubing, effectively changing the open tube
geometry to an annulus around the transducer body and around the transducer cable.
Steady flow models for annular flow, widely available in the literature, were used to assess
tube friction for the overdamped tests. However, for underdamped tests that oscillate
quickly, a mathematical solution for unsteady oscillatory flow through an annulus was
derived. The results of this study show that it is important to account for frictional and
inertial losses to obtain good T estimates from slug tests conducted in small diameter
tubing. Assuming steady flow through small annuli will not introduce appreciable error
when calculating the water level; however, if steady flow through the open tube below the
transducer is assumed when calculating the formation head, T values can be
underestimated as much as an order of magnitude.

3.2

Introduction

Slug tests are commonly used at field sites for measuring T values in conventional wells
or piezometers with sensors deployed below the water level. Overdamped slug test
responses require relatively simple models for data analysis, such as Bouwer & Rice
(1976), Cooper et al. (1967), and Hvorslev (1951); these models are suitable for tests that
have minimal head losses through the test equipment. Over the past 25 years the Kansas
Geologic Survey (KGS) has been a major contributor in furthering the understanding of
using slug tests for confined and unconfined aquifer characterization, stressing the
importance of well development, rapid test initiation, and avoiding non-Darcian flow as
well as developing analytical methods for test analysis. They conducted numerous field
studies where slug tests in conventional wells were used to characterize sand and gravel
aquifers (e.g., Butler and Garnett, 2000; Butler, 2002; Butler et al., 2002; Zurbuchen et
al., 2002; Butler et al., 2003). Butler and Garnett (2000) present a spreadsheet
methodology for analyzing slug tests conducted in formations with high K for unconfined
and confined cases using field examples of data collected from the Geohydrological
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Experimental and Monitoring Site (GEMS) in Lawrence, Kansas. Butler et al. (2003)
implemented this spreadsheet-methodology to slug test data previously collected at the
GEMS field site and provided a set of recommended field guidelines for conducting slug
tests in formations of high K to reduce error in K estimates.
Butler et al. (2002) conducted slug tests in direct-push installations with small diameter
casing (i.e., 0.63-inch and 1.5-inch (1.60 cm and 3.81 cm) ID) to investigate the
practicality of hydraulic characterization of field sites using direct push technology. They
found very good comparison to the results of tests conducted in nearby conventional
monitoring wells for many of the tests; however, in zones of very high T with small
diameter casing (1.60 cm ID), the pressure response was highly attenuated resulting in
an underestimation of T. Butler (2002) evaluated friction in small diameter wells (1.60 cm
ID) and presented a simple methodology to account for friction in the riser pipe, assuming
steady flow, when the pressure responses are highly attenuated in the well. He concluded
that as the well diameter decreases, head losses due to friction within the riser pipe can
no longer be neglected.
More recent studies have further evaluated the importance of friction in the test equipment
with the aim of improving T estimates. Quinn et al. (2012) conducted straddle packer
hydraulic tests using a 2-inch ID riser pipe and showed that the friction in the test
equipment was negligible for overdamped slug tests. Zurbuchen et al. (2002) discussed
the importance of accounting for both friction and acceleration losses within the test
equipment during underdamped slug tests. They emphasize the importance of measuring
the pressure response shallow in the water column because the large acceleration and
friction of the water column interferes with the hydrostatic head distribution. They
presented a model where the formation pressure is estimated from the measured shallow
response by accounting for the head losses caused by friction and acceleration through
the test equipment assuming steady flow, and used the Reynolds number to identify the
flow regime; laminar flow (Re < 2100) and fully developed turbulent flow (Re > 2100).
Quinn et al. (2018) observed numerous underdamped slug test responses in short,
straddle packer intervals (1.5 m long) in fractured rock core holes and measured the
pressure response both in the shallow water column and in the isolated test interval. They
developed an unsteady flow model to evaluate the assumption of steady flow when
accounting for inertial and frictional losses through test equipment consisting of a 2-inch
(5.08 cm) ID riser pipe and a 1.25-inch (3.06 cm) ID packer through pipe. They found that
an unsteady flow model predicts three times more frictional losses and about 10% greater
losses due to fluid acceleration. They recommend measuring pressure shallow in the
water column to represent flow, and deep in the water column to represent the formation
pressure to minimize errors in T.
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Mini-piezometers are often used in groundwater-surface water interaction studies to
characterize the streambed in the hyporheic zone. Baxter et al. (2003) developed a 1.5
m long mini-piezometer made from chlorinated polyvinyl (CPVC) pipe with a 7/16-inch
(1.11 cm) ID and a 5.9-inch (15 cm) slotted screen. They installed over five hundred of
these mini-piezometers into a sand and gravel streambed to obtain Kh estimates. Falling
head slug tests were initiated by filling the mini-piezometers with water and when the
water level equilibrated slowly enough manual water level (WL) measurements could be
used to record the recovery. However, in many cases the recovery was too fast to record
manually, so they developed a methodology to estimate K based on the time for recovery.
K estimates were obtained for the slower recovery tests using the Hvorslev (1951) and
Bouwer and Rice (1976) methods and compared to the results of using the recovery time
to estimate K. They found good agreement in K estimates between these methods for the
tests where WL measurements were made; therefore, they assumed that the recovery
time K estimates for the faster tests would be valid. Unfortunately, friction and
acceleration losses through the mini-piezometers were not evaluated for any of these
tests to help support this assumption. Conant Jr. (2004) installed thirty-four 3/4-inch (1.91
cm) ID mini-piezometers, 29.5-inches (0.75 m) long, with a 4-inch (10 cm) perforated
section wrapped with 120 μm stainless steel mesh. These devices were installed to
depths between 1.6-2.3 ft (0.49-0.70 m) below the surface of a streambed to obtain K and
hydraulic gradient information. A slug testing apparatus was constructed consisting of a
1.5-inch (3.81 cm) ID clear Plexiglass tube mounted to a tripod. Falling head slug tests
were performed by attaching the water-filled reservoir to a piezometer then
instantaneously releasing the water from the reservoir and measuring the water level
decline using a Solinst Model 3001, M5 Levelogger. Horizontal and vertical hydraulic
conductivities were calculated using the Hvorslev (1951) case G, a well point extended in
infinite soil using an anisotropic ratio (Kh/Kv) of 1.25 determined from a previous study.
Friction and acceleration losses were not assessed.
Fritz et al. (2016) conducted slug tests in mini-piezometers constructed from 1/4-inch
(0.43 cm) ID tubing with a 5.9-inch (15 cm) long slotted section wrapped with 40 mesh
stainless steel screen installed at varying depths next to a riverbed. They also conducted
a laboratory study to determine the potential upper limit of K that can be measured with
this equipment. A mini-piezometer was set up in a sink creating a well in an infinitely
permeable medium so that all losses could be attributed to the piezometer. In all of the
laboratory tests, the underdamped responses (critically damped) recovered within 3-4
seconds and the authors found that the upper limit of K that can be estimated in the small
diameter mini-piezometers is about 1x10-3 cm/s, but they recommend that slug tests
conducted in 0.43 cm ID tubing that recover in less than 10 seconds not be analyzed with
conventional solutions. All overdamped responses observed in the field occurred in the
deeper mini-piezometer and recovered in 2-8 minutes. The overdamped responses were
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analyzed using the Bouwer and Rice (1976) method and the underdamped responses
were analyzed with different models (e.g., Springer and Gelhar, 1991; Hyder et al, 1994;
Butler and Healey, 1998) using Butler (2002) to incorporate frictional losses into the
solutions assuming steady flow.
Multilevel systems (MLS) are engineered systems for depth-discrete monitoring in
granular and fractured media, providing information regarding hydraulic head and
hydrochemistry from many different depths isolated with seals in a single core hole
thereby maximizing the information gained. There are four distinct types of MLSs
available commercially from three separate companies: the Westbay MLS from Westbay
Instruments, a Division of Nova Metrix LLC; the Waterloo and CMT multilevel systems
from Solinst Canada (Georgetown, Ontario, Canada); and the Water FLUTeTM MLS from
Flexible Liner Underground Technologies (Alcalde, New Mexico, USA). An in-depth
description and discussion of these systems is available in the literature (e.g., ITRC, 2015;
Cherry et al., 2017). The G360 Institute for Groundwater Research at the University of
Guelph is independently developing a removable MLS with modular design components.
It is essentially a re-invented version of the Waterloo system, manufactured from standard
Schedule 80 PVC casing and is suitable for different hole diameters from 3-8 inches (7.620.3 cm) using different casing diameters, from 2-4 inches (5.08-10.16 cm) using packers
to isolate sections of an open core hole or back-filling with sand in the monitoring zones
and bentonite sealing between monitoring zones. The larger casing diameters are used
to maximize the number of internal riser pipes (i.e., port tubing) that extend to the surface
from the individual ports. The packers that isolate individual measuring ports are rubber
sleeves fit over the casing which can be inflated using air and/or water for removable
installations or microfine cement for permanent installations. In this study, pneumatic slug
tests were conducted in a removable G360 MLS (using packers) installed in a 4-inch
diameter core hole in fractured rock with 1/2-inch (1.27 cm) ID riser tubes extending to
the surface to assess the effect of friction and acceleration in the MLS tubing for T
estimation. A novel mathematical model was developed to account for the major losses
under both steady and unsteady flow conditions in the complex geometry flow geometry
of the pneumatic slug testing setup.

3.3

Research Site and Monitoring Equipment

The field study site is situated approximately 1 km southeast of the Paris moraine, within
the Black Creek sub-watershed in Acton, Ontario, Canada. Gardner et al. (2020) describe
the land use and geology of the area in detail; land use is approximately 30% forage crops
for livestock, 40% row crops and urban development, and 30% forested. The topsoil is a
well-drained sandy loam, overlying a glacial outwash deposit characterized by a sandy
silt matrix with moderate clast content, classified as the Wentworth Till. The overburden
is approximately 2 m thick at the study site and gradually increases toward the southeast.
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The shallow bedrock at the site, a Silurian-aged dolostone, is weathered and highly
fractured in the upper 1-2 m, likely resulting from glacial recession and isostatic rebound
(Gartner Lee Limited, 2006; AECOM, 2013). Figure 3.1 shows the bedrock cored hole
drilled as part of this study encounters five formations over 40 m into the bedrock, logged
and identified using the lithostratigraphic framework described by Brunton (2009) and
Brunton and Brintnell, (2011). These formations, from shallow to deep, and the thickness
encountered in the cored hole, include the Goat Island Formation (~2.4 m), the Gasport
Formation (~28.5 m), the Irondequoit Formation (~2.5 m), the Rockway Formation (~1.75
m), and extended 3.4 m into the Cabot Head shale, a regionally extensive aquitard.

Figure 3.1. Schematic cross-section of the G360 MLS installation in a dolostone aquifer
with variable port lengths distributed throughout an HQ-core hole (4-inch diameter)
showing the completion depth of the MLS in relation to the two open hole municipal water
supply wells (10-inch diameter) and the two sets of shallow and deep observation wells
(2-inch and 3-inch diameter, respectively). The open hole interval for the two supply wells
and two deep test wells are outlined in red. The depths of the MLS monitoring intervals
within the aquifer are also depicted. The average water level is located at the overburdenbedrock interface; however, the water table is dynamic and rises into the overburden
during wet seasons and lowering into the bedrock during dry seasons.
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The research site includes two, side-by-side municipal water supply wells partially
penetrating into the Gasport Formation surrounded by five monitoring wells (four
conventional wells and one MLS installed as part of this study). The supply wells are
designated with GUDI status because the wells are hydraulically connected to a nearby
stream and groundwater seepage area approximately 75 m downgradient of the
production wells. The two, 10-inch (25.40 cm) diameter, production wells are co-located
5 m apart in the same wellhouse with casing keyed into the rock at ~3.5 m bgs with a total
hole depth of 14 m bgs. Two sets of shallow/deep (2 m bgs/14 m bgs) conventional wells
monitor the water level in the overburden and bedrock at 7 m and 69 m from the
wellhouse, respectively. In 2006, a large-scale pumping test was conducted to assess the
influence of the production wells on the neighbouring stream. Five stream gauging
stations and seven mini-piezometers were installed along the length of the stream to
monitor the response of the pumping test. During the pumping test, when both production
wells were pumping at a combined flow rate of 29 L/s, a horizontal hydraulic gradient
reversal was observed in the monitoring wells and spring discharge areas after 3-4 days,
and a 62.5% reduction of streamflow after 2.5 weeks of pumping. When the pumping rate
was reduced to 15.4 L/s the streamflow returned to natural (unpumped) flowing conditions
of 16.0 L/s. Even though a 100 m fertilizer exclusion zone was implemented around the
perimeter of the two supply wells in 2015 based on guidelines set within the Nutrient
Management Act (OMAFRA, 2002), concentrations of nitrate greater than half the MAC
of 10 mg/L NO3--N, a level used to consider corrective measures, are still detected
periodically (Safe Drinking Water Act, 2002a; AECOM, 2013). The two production wells
operate independently but show similar water quality and shown fluctuating
concentrations of nitrate between 2.15 to 7.45 mg/L NO3--N over the past 15 years.
3.3.1 Data Used for the Design of the Multilevel System
Approximately 20 m away from the wellhouse a 4-inch (10.16 cm) diameter core hole was
completed to 41 m bgs to study the entire Gasport Formation following the DFN-M field
approach outlined by Parker et al. (2012). Core inspection focussed on lithology (colour,
grain size and cementation) and secondary porosity features (e.g., fractures, vugs).
Depth-discrete rock core samples were collected for rock core porewater chemical
analysis (e.g., NH4+, NO3-, NO2-, Cl-) and physical property testing (e.g., porosity,
permeability, specific surface area, thermal conductivity, thermal diffusivity, magnetic
susceptibility). Twenty-four RBRduet pressure (accuracy: ± 0.05% full scale; resolution:
<0.001% full scale) and temperature (range: -5oC to 25oC; accuracy: ± 0.002oC;
resolution: <0.00005oC) transducers were installed at targeted locations in the core hole
and sealed with a flexible, polyurethane-coated nylon fabric liner (FLUTeTM Velarde NM);
when a liner seals a core hole, vertical flow in the core hole caused by cross connection
is eliminated, and the system returns to natural flow conditions thereby sealing each
transducer at discrete depths (Pehme et al., 2014). Data were collected for 6 months to
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track temporal changes in hydraulic head and temperature. Heat tracer tests, including
active line source (ALS) and A-DTS, both of which also use liners to seal the hole, were
conducted to aid in the identification of hydraulically active fractures under natural
gradient conditions (e.g., Pehme et al., 2013; Coleman et al., 2015; Maldaner et al., 2019).
Open-hole geophysical logs including ATV, natural gamma, and full waveform sonic
(FWS) were collected for identifying fractures, formation rock properties and geology.
These data were used to inform the placement of ports and seals for a novel G 360 MLS
using light-weight rubber packers to isolate specific monitoring ports. Nine monitoring
intervals, with lengths ranging from 0.61-2.29 m, were selected and placed at depths
informed by lithology, potentially hydraulically active fractures, and where elevated
concentrations of NO3- were observed based on core sample extractions for estimating
porewater concentrations.
3.3.2 Multilevel System Completion and Individual Components
A schematic of the G360 MLS with the modular components is shown in Figure 3.2. The
installed MLS is shown in Figure 3.2a showing where the port depths in relation to the
observed geology and a close-up of the top three ports showing an increasing depth to
water, indicative of a downward component of gradient, in ports 9, 8, and 7 is depicted in
Figure 3.2b. There are three main components that make up this modular system built
using Schedule 80 PVC casing, including the measurement ports, blank casing, and
packers attached to casing that isolate each port. Each of these components fit together
with a male/female connection using two O-rings placed in grooves on the female
connection to make the connection water-tight, and a flat plastic zip tie inserted in a slot
holds the modular pieces together. Figure 3.2c is a close-up of the measurement port
showing the O-rings and the slots for the zip ties. The port component is 6 inches long
with a single hole through the side where a 3/8-inch NPT to 5/8-inch compression elbow
is fit on the inside of the port to connect to the tube that goes to the surface. Stainless
steel mesh is wrapped around the casing at the port hole as a filter to minimize sediment
entering the riser tubing. In the MLS used in this study, the eight ports tested have 1/2inch ID (1.27 cm) LLPE tubing extending to the surface. Port 9 uses 3/16-inch (0.48 cm)
ID LLDPE tubing and was not tested because the transducer was too large to fit in the
tubing. The packers used to isolate the ports consist of rubber sleeves fit over the
Schedule 80 PVC casing and attached at both ends with low profile clamps. There are
holes drilled through the casing beneath the rubber sleeves to allow the packers to be
inflated by adding water to the casing and pressurizing the water to 15 psi in order to
ensure the rubber packers maintain an adequate seal against the core hole wall
(Fernandes, 2017). Packer lengths in the MLS range from 1-5 feet (0.3-1.5 m) in length
to accommodate the position of port intervals. Plain casing is used to connect the port
and packer components when necessary. Higher spatial resolution datasets in vertical
profile can be obtained with this configuration, also allowing for temporal monitoring
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through deployment of transducers in eight of the nine ports, enhancing the data
resolution.
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Figure 3.2. Schematic cross-section focusing on (a) the placement of the ports and
inflatable rubber packers of the DAV01 MLS, (b) the cross-section of the MLS showing
port tubing, associated water levels, and Swagelok fittings used to secure the port tubing
to the MLS cover plate, and (c) the port components showing the double O-ring seal, and
the grooves for the zip ties to hold the components together.
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3.3.3 Multilevel System Flow Geometry and Uncertainties
When a transducer is inserted into the small diameter tubing connected to each port, the
flow geometry through the tubing will change to an annulus because the transducer and
cable fill the center of the tubing. Figure 3.3 is an illustration of a deployed transducer
depicting the flow geometry through the tubing when stressed during hydraulic testing.
The installation of the transducer in the tubing creates two different size annuli, an annulus
around the transducer cable (0.224-inch [0.00569 m] diameter) where the inner radius,
r1, is 0.003 m, and an annulus around the transducer body (0.39-inch [0.0099 m]
diameter) where the inner radius, r2, is 0.005 m. Therefore, in theory, there are three
different flow geometries between the water level in the tube and the MLS port: i) 0.003
m annulus around the cable, ii) 0.001 m annulus around the transducer body, and iii)
0.00635 m radius open tube between the transducer body and the MLS port. However,
the exact placement of the transducer is unknown. For example, there is a slight bend in
the tubing at the top to allow securing the port tubing to the MLS cover plate using
Swagelok fittings. This likely causes the transducer cable to lie against the wall of the
tubing at the top and may cause the transducer to be offset from the center. On the other
hand, the transducer cable is relatively stiff and would likely resist this offset. There is
also a possibility that the direction of water movement may affect the transducer
placement. For example, water moving downward in the tubing is forced to move around
the transducer cable, making it more likely to pass around the transducer body, while
water flowing upward is moving from the port through an open tube, and when it
encounters the transducer, some water moving through the center of the tube may push
the transducer aside. The model presented assumes that the transducer and transducer
cable are in the centre of the tubing, but because of the uncertainty of the transducer
placement, the effective radius of an open pipe with the same flow area is also used to
evaluate the losses as a comparison to the annular flow model.
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Figure 3.3. Hydraulic testing geometry depicting a Druck PDCR-35D pressure transducer
placed shallow in the water column of a 1/2-inch ID tube where: P(t) is the pressure
measurement at the bottom of the transducer, P2 is the pressure at the top of the
transducer, and P1 is the pressure at the water level in the tube (assumed to be zero).
The values of the length variables shown in the diagram are given in the adjoining Table
where: R is the radius of the tube, r1 is the inner radius of the annulus around the
transducer cable, r2 is the inner radius of the annulus around the transducer body, L1D is
the water level fluctuation during an underdamped test, L1 is the length of the cable
annulus under static conditions, L2 is the length of the annulus around the transducer,
and L3 is the length from the measurement point of the transducer to the MLS port.
3.3.4 Test Equipment and Field Procedures
Figure 3.4 shows the test apparatus that was used to conduct slug tests on all 1/2-inch
(1.27 cm) ID port tubes. The transducer cable is fed through a 5/8-inch (1.59 cm) OD
push-to-connect fitting located at the bottom of the test apparatus used to attach to the
port tubing. The transducer cable passes through the test apparatus and exits using an
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Ultra-Torr fitting that uses an O-ring to prevent pressure leakage around the transducer
cable as it exits the test apparatus. A WIKA digital pressure gauge, capable of measuring
positive and negative pressures, monitors the applied air pressure inside the test
apparatus (representing the air pressure in the tubing) before the slug test is initiated. A
dual head air pump capable of applying positive and negative pressure (Thermo Scientific
Cub Cadet) is used to initiate each rising head (RH) and falling head (FH) slug test. The
water level response is measured in the tested port, and in the adjacent ports directly
above and below the test interval to monitor for short-circuiting, using three Druck PDCR35D vented pressure transducers. A Campbell Scientific CR1000 data logger is used to
collect all pressure data. Manual head measurements were taken in each port of the MLS
using a Solinst 102 water level meter (https://www.solinst.com/) prior to testing. These
data were used together with the transducer output under static conditions to assess the
transducer depth below the water level in each port. All transducers were placed between
1-2 m below the water level in each port (i.e., the tested port and the ports immediately
above and below).
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Figure 3.4. Hydraulic testing apparatus used to conduct pneumatic rising and falling head
slug tests in this study. A 5/8-inch push-to-connect fitting is used to secure the testing
apparatus to the tubing of the tested port. The transducer cable is fed through the pushto-connect fitting located at the bottom of the test apparatus and the cable passes through
the test apparatus and exits using an Ultra-Torr fitting which uses an O-ring to prevent
pressure leakage around the cable as it exits the test apparatus. A WIKA digital pressure
gauge, capable of measuring positive and negative pressures measures the applied air
pressure inside the test apparatus before the slug test is initiated. The air pump can apply
pressure or a vacuum to the air column in the tubing for a rising head and falling head
slug test, respectively. The bypass valve controls the pressure entering the port tubing,
and once the desired pressure or vacuum has been applied, the shut-off valve is closed
to allow for complete equilibrium between the riser pipe and the formation. Opening the
test valve initiates the start of a slug test.
After the testing apparatus is secured to the port tubing, slug tests were conducted, using
the bypass valve to regulate the amount of pressure applied to the system. Both RH and
FH slug tests were conducted to evaluate the degree of development of each port as
recommended by Butler (1997). A series of slug tests were performed at different applied
stresses on each port (e.g., 1, 0.5, 0.25 psi). Data was initially measured using a sampling
rate of 1 second, which was not ideal for the rapid underdamped responses, so additional
testing was conducted at a sampling rate of 0.5 seconds for all ports exhibiting
underdamped responses.
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3.4

Mathematical Models for Slug Test Analysis

3.4.1 Underdamped Slug Test Analysis
An unsteady flow model for flow through an annulus was developed for the analysis of
underdamped slug tests; however, the results of this study show that for flow through very
small annuli (e.g., 1-4 mm) the steady flow assumption causes minimal errors. Therefore,
for simplicity, a steady flow model through an annulus will be presented and discussed.
The unsteady annular flow model has been included in Appendix D for the interested
reader (Unsteady Annular Flow Model).
In Transport Phenomena, Bird et al. (2007) give a complete derivation of a model for
steady flow through an annulus, and they present the solution for the average velocity
(equation 2.4-16):
𝑢̅ =

(𝑑𝑃)𝑅2 1 − 𝑘 4 1 − 𝑘 2
(
−
)
8𝜇𝐿
1 − 𝑘 2 𝑙𝑛 (1)
𝑘
(3.1)

Where 𝑢̅ is the average velocity [L/T], P = p + gh [M/LT2], L is the length of the annulus
[L], 𝜇 is the absolute viscosity [M/LT], and k is the ratio of the inner to outer radii of the
annulus (r/R) [-]. In all of the tests conducted in this study the WL in the tube is located in
the annulus created by the transducer cable; therefore, the movement of the WL up or
down over time (dH/dt) is the average velocity inside the annulus created by the cable.
However, the pressure is measured at the bottom of the annulus created by the
transducer body. Therefore, to obtain the WL from the measured pressure, the friction
and acceleration losses between the measurement point and the WL must be determined.
This requires calculating the pressure across two annuli: i) calculating the pressure at the
top of the transducer through the annulus created by the transducer body, and ii)
calculating the WL from the top of the transducer through the annulus created by the
transducer cable. These points are labelled P(t) for the transducer measurement, P2 at
the top of the transducer, and P1 at the WL in Figure 3.3. The steady flow equation for
calculating the head loss through the transducer annulus is given by:

𝑃(𝑡) − 𝑃2 =

8𝜇
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𝐴 2 𝑑𝑡
2−
1
1 − 𝑘2 𝑙𝑛 ( )
(
𝑘2 )
(3.2)
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Where P(t) – P2 is the difference of the pressure heads between the bottom and top of the
transducer [L],  is the fluid density [M/L3], g is the acceleration of gravity [L/T2], L2 is the
transducer length [L], k2 is the ratio of the inner and outer radii (r2/R) of the transducer
𝜌𝑉

annulus [-], 𝑢̅2 is the average velocity in the transducer annulus [L/T], ( 𝐴 ) is the mass
2

per unit area in the transducer annulus

[M/L2],

and

̅2
𝑑𝑢
𝑑𝑡

is the acceleration in the transducer

annulus. The two terms on the right-hand side of equation (3.2) represent Friction +
Acceleration.
In an analogous fashion the head loss through the cable annulus (P2 – P1) can also be
calculated:

𝑃2 − 𝑃1 =

8𝜇
𝐿1𝑠
𝜌𝑉 𝑑𝑢̅1
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4
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𝐴 1 𝑑𝑡
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(3.3)

Where P2 – P1 is the difference of the pressure heads between the top of the transducer
and the WL [L], L1S is the submerged cable length under static conditions [L], k1 is the ratio
of inner and outer radii of the cable annulus (r1/R) [-], 𝑢̅1 is the average velocity in the
𝜌𝑉

cable annulus [L/T], ( 𝐴 ) is the mass per unit area in the cable annulus [M/L2], and
1

̅1
𝑑𝑢
𝑑𝑡

is

the acceleration in the cable annulus. After simplifying the acceleration terms, equations
(3.2) and (3.3) are added together to obtain the equation describing the losses through
the MLS tubing from the pressure measurement at the bottom of the transducer annulus
to the WL.

𝑃(𝑧, 𝑡) =
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−
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1 − 𝑘22 ln ( 1 )
𝑘1 )
𝑘2 )
(
(

(3.4)
Where P(z,t) = L1 + L2 and L1 = L1S + dh, where dh is the WL deviation from static; since
dh << L1S it is assumed that L1S can be used for the friction calculation with minimal error.
Equation (3.4) can be further simplified by combining the friction and acceleration terms
for both annuli, using only the velocity in the cable annulus, where the WL is moving (i.e.,
𝐴1
𝐴2

𝑢̅1 = 𝑢̅2 ), and representing the velocity and acceleration in terms of WL head

derivatives.
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(3.5)
Following the model presented by Quinn et al. (2018), the deviation of head from static of
an underdamped slug test can be described by an exponential function with four
constants which can be determined in Maple (version 2017), through a fitting procedure:
𝑃 (𝑧, 𝑡) − 𝐿1𝑠 − 𝐿2 = 𝑒 𝑎1 +𝛾𝑡+𝑖(𝑎3+𝜔𝑡) ≅ 𝑑ℎ
And knowing that for the exponential function
𝑑ℎ
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and
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Equation (3.5) becomes
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Solving for dh results in the final equation used to calculate dh in the cable annulus from
the pressure measurement at the bottom of the transducer:
𝑒 𝑎1 +𝛾𝑡+𝑖(𝑎3 +𝜔𝑡)𝑃0

𝑑ℎ =

8𝜇
1 + (𝑖𝜔 − 𝛾)
𝜌𝑔𝑅 2
[

𝐿1𝑠
1 − 𝑘14 1 − 𝑘12
[
−
]
1 − 𝑘12 ln ( 1 )
𝑘1
(

(
+

𝐴1 𝐿2
)
𝐴2

1 − 𝑘24 1 − 𝑘22
[
−
]
1 − 𝑘22 ln ( 1 )
𝑘2 )

𝐿
𝐴 𝐿
+ ( 1𝑠 + 1 2 ) (𝑖𝜔 − 𝛾)2
𝑔
𝐴2 𝑔
]

(3.6)
Where P0 is a placeholder to give the exponential function units of head. The only
difference between equation (3.6) and the unsteady solution are correction factors
derived from the unsteady model that are multiplied by the friction and acceleration terms
to account for the extra friction and acceleration due to unsteady flow. These correction
factors are directly related to the flow geometry; therefore, different sets of factors (i.e.,
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friction and acceleration) are required for the different flow geometries for: i) the annulus
created by the cable, ii) the annulus created by the transducer body, and iii) the open tube
below the transducer. The derivation of these factors is discussed in Appendix D
(Unsteady Annular Flow Model).
Quinn et al. (2018) showed that the friction for unsteady flow through open pipes is
commonly three times larger than steady flow, due to the increased velocity gradient at
the pipe wall, and acceleration is approximately 10% greater, both of which can be
remedied using unsteady correction factors. Therefore, the formation head (hf) is
determined from the pressure measurement using the unsteady model seen in equation
(3.7) as presented by Quinn et al. (2018):
𝑑 (𝑑ℎ ∗ (1 − 𝑘1 2 ))
(𝑑ℎ ∗ (1 − 𝑘1 2 ))
𝐶
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Where the formation head is calculated from the exponential function fit to the measured
data and accounting for friction and acceleration over the length of open tube below (L3).
However, the velocity (dh/dt) in the cable annulus is used to determine the velocity in the
open tube using the area ratio from the cable annulus to the open tube (1 – k12) when
calculating the friction and acceleration losses.
3.4.2 Overdamped Slug Test Analysis
Since the flow in overdamped slug tests is unidirectional, it is reasonable to assume
steady flow throughout the test equipment. However, the recovery of the overdamped
slug tests observed in this study ranged from over 5 minutes for the deepest port (port 1)
to 3 minutes for port 2, 1 minute for port 5, and approximately 10 seconds for port 8. For
all overdamped tests the traditional Hvorslev model (Hvorslev, 1951) as presented by
Quinn et al. (2013) was used to calculate T using the effective radius of the cable annulus,
where the WL is located, for the riser tubing. This method assumes that friction is
negligible. In addition, the steady annular flow model was used to evaluate the head loss
in the riser tubing during the tests. This model is very similar to the model presented in
the previous section; however, for the curve fitting,  (the angular frequency) is set to 0
for the tests that did not oscillate, and the exponential constants are thereby limited to a1,
, and a3. However, the tests conducted in port 8 were near the critical damping point and
a better fit was found using a value for  > 0. Once the constants are obtained, the WL is
calculated from the measured response by accounting for friction and acceleration losses
between the measurement point and i) the WL, and ii) the port (in both cases steady flow
is assumed). The modified Hvorslev method (3.8) explained in the next section was then
used to calculate T using the WL and formation pressure. Comparison of the traditional
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and modified Hvorslev T values was used to evaluate the significance of the frictional
losses.
3.4.3 Determination of Transmissivity
When accounting for friction in both the overdamped and underdamped slug tests, the
WL and the formation head are calculated from the pressure measurement, thereby
necessitating the use the modified Hvorslev method (3.8) outlined by Quinn et al. (2018)
to obtain T using both these values.
−

𝑄
𝑄
𝑟
=−
𝑙𝑛( 0⁄𝑟𝑤 ) = 𝑇ℎ𝐹
𝐹
2𝜋
(3.8)

Where Q is the flow rate [L3/T], F is the Hvorslev shape factor for radial flow [-], ro is the
radius of influence of the test [L], and rw is the well radius [L]. Because of the small slug
volumes involved (e.g., 1 m slug test results in 126 mL of water injection), a 3 m radius of
influence is assumed for all tests analyzed (Haimson and Doe, 1983). Equation (3.8) is
used to determine T as the slope of a straight line fit through the data on a plot of hF vs Q/F. For oscillating tests, this plot is similar to a tight spiraling oval; the tighter the spiral,
the more the flow and formation head are in sync (e.g., Quinn et al., 2018). For
overdamped tests, the plot is always a straight line.

3.5

Results and Discussion

3.5.1 Overdamped Responses
The results from the smallest RH overdamped response in port 5 will be presented to
illustrate the insights gained using both the traditional Hvorslev model, which assumes
that friction in the riser tubing is negligible, and the modified Hvorslev model, which uses
the steady annular flow model outlined previously to account for friction and acceleration
losses upward, between the measurement point and the WL, and downward, between
the measurement point and the formation pressure. Figure 3.5 shows the fit of the
exponential function to the overdamped data when  is set to zero. The exponential fits
the data well, and with this equation the first and second derivatives can be calculated
with high precision. Figure 3.6 shows the analysis plots for (a) the traditional Hvorslev
analysis, ignoring pipe friction, and (b) the modified Hvorslev plot using the steady annular
flow model to calculate the WL and formation head. The T value (i.e., slope) from the
modified Hvorslev plot in (b) is slightly larger than the traditional Hvorslev plot in (a)
indicating that friction will bias the T value low if it is not included in the analysis.
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Figure 3.5. Fitting the exponential function to the data collected in port 5 where the blue
dots are the measured data and the red line is the exponential fit. The fit to the data is
very good, making the calculation of the derivative of the exponential function (i.e.,
velocity) accurate.
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Figure 3.6. A comparison of the analysis plots of (a) the traditional Hvorslev method
ignoring friction (i.e., dH measured = dWL = hf), and (b) the modified Hvorslev plot where
the WL and formation pressure are calculated using the steady annular flow model. The
T value for the modified Hvorslev plot is slightly larger than the traditional plot implying
that T will be biased low if friction is ignored.
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Table 3.1 shows the results of all overdamped slug tests observed in four of the MLS
ports. In general, the T values obtained from the RH and FH slug tests agree well. In the
deepest ports (1 and 2) the T value is essentially constant for all displacements which is
reasonable given the small T value of these ports. Friction was assessed for the tests in
port 2 and was found to be negligible; therefore, since the T value of port 1 was smaller,
it is reasonable to assume that friction is also negligible. In port 5 the T value slightly
increases when the friction is accounted for in the modified Hvorslev method for both the
RH and FH tests. However, the T values from the FH tests were consistently smaller than
the T values from the RH tests. This is often attributed to inadequate core hole
development (e.g., Butler, 1997). The tests conducted in port 8, the shallowest port
tested, resulted in the largest T values of all the overdamped slug tests. In general, the
tests conducted in port 8 show that T is dependent on the initial displacement, dHo (i.e.,
T decreases as dHo increases). However, the spread between the values increases when
the modified Hvorslev model is used to include friction and acceleration losses, and the
largest T value changes from 6x10-5 to 1x10-4 m2/s indicating that friction through the riser
tubing must be considered when calculating T from the slug tests conducted in this port.
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Table 3.1. Summary of the results of the overdamped slug tests. Traditional Hvorslev
(Trad Hv) refers to the standard Hvorslev solution where friction through the test
equipment is ignored. The Modified Hvorslev (Mod Hv) uses the steady annular flow
model to calculate the WL and formation head values. Both WL and formation head are
used in a plot of hf vs -Q/F to obtain T.
Port

Port Depth
(m bgs)

Test Type

RH
8

6.4-8.2

FH

RH
5

21.4-22.6
FH

RH
2

32.5-33.1
FH

RH
1

0.41

Trad Hv T
(m2/s)
6.1x10-5

Mod Hv T
(m2/s)
6.4x10-5

0.36

6.1x10-5

7.2x10-5

0.28

6.8x10-5

8.8x10-5

0.23

6.7x10-5

1.0x10-4

0.30
0.28
0.21
0.12
0.27

6.0x10-5
6.5x10-5
6.6x10-5
6.7x10-5
5.3x10-6

7.2x10-5
9.2x10-5
1.0x10-4
1.0x10-4
5.6x10-6

0.18

5.3x10-6

5.6x10-6

0.12

5.3x10-6

5.6x10-6

0.10
0.35
0.23
0.15
0.10
0.36
0.26
0.22
0.17
0.14
0.10
0.09
0.07
0.57
0.38
0.24
0.16
0.42
0.28
0.17
0.11

5.3x10-6
3.9x10-6
4.1x10-6
4.1x10-6
4.1x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7

5.6x10-6
4.0x10-6
4.2x10-6
4.2x10-6
4.2x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
2.5x10-6
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7
9.7x10-7

dHo (m)

33.7-34.9
FH
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3.5.2 Underdamped Responses
The results from the underdamped response in port 6 will be presented to illustrate the
insights gained using both the steady annular flow model presented and the unsteady
annular flow model outlined in Appendix E (Example Maple Coding for Steady and
Unsteady Annular Flow Models). The first step in the data analysis is fitting the
exponential function to the pressure measurement time series obtained from port 6 as
shown in Figure 3.7. Since both models assume laminar flow, the fit was focussed on
fitting the later data. The exponential function is then used to calculate the water level by
accounting for friction through both annuli using the steady and unsteady models as
shown in Figure 3.8. There is very little difference in the WL calculated from either model,
implying that steady flow can be assumed for flow through small annuli (e.g., 1-4 mm)
with minimal error. In all tests analyzed in this study, there was essentially no observable
difference in calculating the water level from the pressure measurement using the steady
or unsteady annular flow models.

Figure 3.7. Fitting the exponential function to the data collected in port 6 where the points
are the measured data and the red line is the fit to the data. Since both the steady and
unsteady models assume laminar flow, the later time data is assumed to be laminar in
the fitting procedure by ignoring the data points at the earliest time.
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Figure 3.8. A comparison of the WL calculated from the pressure measurement
accounting for friction and acceleration through the transducer annulus and the cable
annulus using the steady annular flow model (dashed red line) and the unsteady annular
flow model (solid blue line) for the smallest displacement test in port 6. There is essentially
no difference in the WL calculation implying that assuming steady flow through small
annuli results in minimal error.
Due to the uncertainty of the transducer position inside the tube (i.e., in the tube center
or on one side of the tube), an effective pipe radius was also used for the WL calculation
for comparison. There are two options for the effective radius; i) only use the effective
radius for the transducer cable, and ii) use two effective radii in series; one for the annulus
created by the cable and one for the annulus created by the transducer body. Friction
was calculated using the effective radius representing the cable annulus (i.e., (L1S +
L2)8/g(R2 – r12)0.5), and both annuli in series (i.e., (L1S)8/g(R2 – r12)0.5 + (L2)8/g(R2 –
r22)0.5) to calculate the WL analogous to equation (6), and the results are compared to the
WL calculated using steady annular flow in Figure 3.9. There is essentially no difference
between the WL calculated using the effective radii that represents both annuli and using
only the effective radius of the cable annulus, likely due to the short length of the
transducer. However, the WL calculated with the effective radii are out of phase with the
WL calculated for steady annular flow indicating that friction is underestimated when using
the effective open tube radius.
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Figure 3.9. Comparison of calculating the WL using the steady flow model for annular
flow and using the effective open tube radius for only the cable annulus (r 1) and both the
cable and transducer annuli in series (r1 + r2). There is essentially no difference between
the WL calculated using the effective radii. However, the calculated WL using the effective
radius is out of phase with the WL calculated assuming annular flow indicating an
underestimation of friction.
To understand where most of the frictional losses are occurring, the steady annular flow
model was used to evaluate the frictional losses between the measurement point and the
WL as shown in Figure 3.10. The friction factor (i.e., friction per unit length) for flow around
the transducer was significantly greater than the cable in Figure 3.10a, because of the
smaller annular flow area around the transducer (0.001 m vs 0.003 m). However, head
loss calculated using the respective lengths (Figure 3.10b) shows more head loss through
the cable annulus and slightly less through the transducer annulus. Overall, 90% of the
total head loss occurs through the cable annulus (1.87 m long) while 10% occurs through
the transducer annulus (9.1 cm long).
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Figure 3.10. A comparison between (a) the friction factors for the submerged cable and
transducer body (friction/unit length) and (b) the friction calculated using the respective
annuli lengths. The friction factor for the transducer annulus is extremely large compared
to the cable annulus; however, because the length of the transducer is only 9.1 cm while
the cable annulus is 1.87 m, friction through the transducer annulus is 10% of the total
friction verses 90% in the cable annulus.
Figure 3.11 shows the results of calculating the formation head (hf) using a steady flow
model compared to an unsteady flow model for the open pipe below the transducer. The
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formation head is overestimated when using the steady model because friction is
underestimated. The error in T is not only related to the larger formation head obtained
with the steady flow model, but also because the formation head calculated with the
steady flow model is out of phase with the calculated flow rate shown as a grey dotted
line. This is a direct result of not accounting for enough friction and acceleration through
the open tube in the steady flow model.

Figure 3.11. The comparison of calculating the formation head (dH f) through the open
tube below the transducer using the steady and unsteady annular flow models. The
unsteady model predicts considerably more friction than the steady flow model; therefore,
these models result in significantly different formation heads. The flow rate (Q) calculated
from the water level changes is more in phase with the formation head calculated using
the unsteady flow model indicating that flow should be considered unsteady.
The unsteady flow model was used to support the main observations of this study: (i) flow
through small annuli can be considered steady with minimal error, (ii) flow through the
open tube must be considered unsteady to determine accurate formation head. Figure
3.12 shows the radial velocity profiles calculated with the unsteady flow model for all three
geometries: i) the cable annulus, ii) the transducer annulus, and iii) the open pipe below.
The velocity approaches a parabolic shape very quickly in both annuli, which is consistent
with the calculated friction correction factors (Cf) of 1 for both the cable and transducer
annuli, implying that flow can be considered steady through both annuli. This is further
supported by the normalized physics curves derived from the unsteady model for flow
through the cable annulus, including the calculated water level (dH), velocity (dH’),
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acceleration (dH”), and friction, included in Appendix F (Physics Curves). The friction
curve is very close to overlying the velocity curve for the cable annulus indicating that the
assumption of steady flow through small annuli will result in minimal error.
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Figure 3.12. Geometry of test setup with associated velocity profiles calculated with the
unsteady flow model for downward flow in the annulus around the transducer cable, flow
in the annulus around the transducer body, and flow in the open pipe below. Flow through
the small annuli can be considered steady flow (i.e., parabolic velocity profile) while flow
through the open tube must be considered unsteady.
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Figure 3.12 also shows that the velocity in the open tube never approaches parabolic
flow, which is consistent with friction correction factors, Cf > 1.5 for the open tube below
the transducer. The normalized physics curves for flow through the open tube included in
Appendix F (Physics Curves) further supports the necessity of assuming unsteady flow
through the open tube below the transducer to calculate the formation head. The friction
curve for the open tube below is midway between the velocity and acceleration curves
indicating that both velocity and acceleration will contribute to the friction in the open tube.
Table 3.2 provides a summary of the T values obtained from the underdamped tests using
both the steady and unsteady flow models. Only the results of the tests with the smallest
applied pressures are included in Table 3.2 because they are the most representative
tests for both models, which assume laminar flow through the test equipment. In all cases
the friction correction factors for flow through the annuli are essentially 1.0 while Cf for
flow through the open tube are > 1.5. T values using the unsteady model are consistently
larger than using a steady flow model due to the difference in the calculated formation
head as explained previously.
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Table 3.2. Summary of the underdamped slug tests. The smallest applied pressures for
each port are depicted in this table along with their respective transmissivity values and
the unsteady correction factors for acceleration (Ca) and friction (Cf) along the lengths of
the submerged cable, the transducer body, and the open pipe. The T derived using the
steady flow assumption is included for comparison purposes. The greatest difference
between the two models is the calculation of the formation head from the measured
pressure through the open tube. For all tests, the friction correction factor for the open
pipe below the transducer is greater than 1.5, indicating that flow is unsteady and not
enough friction will be accounted for if a steady flow model is used.
Underdamped Rising Head Summary
Port

7

Applied
PSI

0.252

Steady
T (m2/s)

3.4x10-4

-4

Unsteady
T (m2/s)

Relative %
Difference

1.4x10-3

1.1x10

75.4%

-3

88.0%

6

0.252

1.3x10

4

0.253

1.8x10-4

2.9x10-4

38.1%

3

0.251

1.9x10-4

2.4x10-4

21.5%

Location

Ca

Cf

Cable

1.22

1.02

Transducer

1.20

1.00

Open Pipe

1.26

1.86

Cable

1.21

1.01

Transducer
Open Pipe
Cable
Transducer
Open Pipe
Cable
Transducer
Open Pipe

1.20
1.32
1.22
1.20
1.37
1.21
1.22
1.31

1.00
1.53
1.01
1.00
1.63
1.00
1.00
1.56

Short-circuiting was observed (head changes on the millimeter-scale in the ports above
and/or below the tested port) between ports 1–2, 3–4, 4–5, and 7–8; however, because
of the small responses it was not possible to quantify the short-circuiting that was
observed. Therefore, the T values presented may be biased slightly high because short
circuiting typically results in an overestimation of T as demonstrated by Quinn et al.
(2015).

3.6

Conclusions

Whenever slug tests are conducted in systems with small diameter riser tubing using a
transducer inside the tubing to measure pressure responses, the geometry of the pipe
from the transducer upwards changes to two annuli in series, one around the transducer
and the other around the transducer cable. This geometry must be considered when
calculating frictional losses for both overdamped and underdamped slug tests. However,
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when the slug test response is underdamped, such that the flow changes directions
periodically, there is additional concern regarding the whether the flow through the test
equipment should be considered steady or unsteady. This study shows that the friction
correction factors determined with the unsteady annular flow model are negligible (Cf 
1) for small annuli (i.e., 1-4 mm); therefore, assuming steady flow results in negligible
error; the calculated WL for both steady and unsteady annular flow models is essentially
the same. However, errors will be introduced if the effective radii of the cable annulus and
transducer annulus are used, as the radius of an open tube, to calculate the WL; the
effective radius WL calculation is out of phase with the WL calculated with the annular
flow model. This is likely due to the smaller surface area for friction in the open tube
verses the larger friction surface area for annular flow (i.e., inner and outer boundaries).
In contrast to the results for flow through small annuli, this study also shows that there is
considerable errors introduced when determining friction through the open tube below the
transducer when using the steady flow model; the calculated formation head is
significantly larger when calculated with the steady flow model resulting in an
underestimation in T (i.e., 21-88%). Even though the method applied in this study
performs well, it was not possible to measure the deep pressure response due to the
restricted tubing diameter; therefore, errors in the methodology could not be quantified.
Multilevel systems greatly increase the amount of information that can be obtained from
a single core hole including both hydraulic head and water chemistry. This study
illustrates that it is also possible to conduct pneumatic slug tests in the small diameter
tubing used in these systems to obtain reasonable T values if friction and acceleration
losses are included in the analysis.

86

4.0 Conclusions
4.1

Summary and Conclusions

This thesis was based on the primary goal of characterizing the extent of NO 3contamination impacting the fractured bedrock aquifer at the Davidson well pair in Acton
as part of the Halton Region municipal water supply. The specific objectives of this thesis
included: 1) delineate HGUs and refine the existing groundwater flow system CSM
through an improved understanding of the fracture network conditions (fracture frequency
and connectivity) incorporating MUs that influence T and hydraulic head loss as
measured at improved spatial resolution; and 2) estimate T using depth-specific zones
isolated using the G360 MLS which required evaluation of frictional and acceleration losses
through an annulus in small diameter riser tubing to evaluate if an MLS can yield
representative and meaningful estimates of T.
Chapter 2 “High-Resolution Characterization of a Nitrate-Impacted Dolostone Aquifer
Designated with GUDI Status” implemented the DFN-M field approach outlined by Parker
et al. (2012) in which a single Golden Spike characterization and observation core hole
was used to obtain various styles of high-resolution data in vertical profile. A 9-port MLS
was designed to better understand the distribution and sources of NO3- within the aquifer
through multiple groundwater sampling events. The current CSM for the research site
was refined by incorporating the geologic, geophysical/hydrophysical, and
hydrochemistry data obtained from the singular core hole and incorporating data from
previous studies. The specific conclusions from this chapter include:
•
•

•
•

•

Eleven MUs were identified based on inflections observed in rock core and ATV
CFI plots.
Ten HGUs were identified within the study area based on K v contrasts identified
through temporary transducer deployment and refined by other complementary
high-resolution data in vertical profile such as MU boundaries, rock core property
information, hydraulic testing, and geophysical/hydrophysical logging.
High T flow zones were observed in HGUs 5, 6, 7, and 8 with T values ranging
from 10-4 to 10-3 m2/s.
The bedrock within the study area can be thought of as an upper unit (HGUs 7 to
10) and lower unit (HGUs 2 and 5) separated by a unit of lower permeability
bedrock (HGU 6). HGU 1 encompasses the Cabot Head formation which functions
as the underlying regional aquitard.
Major ion analysis from groundwater sampling conducted on the MLS revealed
HGUs 7 to 10 are the most NO3- impacted and susceptible to surface activity due
to the abundance of fractures from glacial activity and isostatic rebound, the lack
of a confining aquitard, and extent of agricultural activity in the area.
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•

•

•
•

•

•

•

The elevated NO3- concentrations observed in the shallow aquifer and the two
Davidson supply wells correspond with spring snowmelt and increased
precipitation, thereby mobilizing NO3- stored in the unsaturated zone and causing
the water table to rise into the overburden and access the NO3- stored in the
vadose zone.
NO3- concentrations below the MAC for NO3- in drinking water were consistently
observed in HGUs 4 and 5 and these units appeared to be less sensitive to climatic
and surface activity.
The vertical trend in groundwater NO3- concentrations was corroborated by rock
core matrix porewater NO3- concentrations.
Isotopic analysis revealed the source of NO3- within the aquifer is likely blended.
supply wells. The source of NO3- within HGUs 5 to 10 is likely to originate from soil
organic nitrogen while the HGU 4 showed a distinct manure or septic source
located upgradient of the supply wells. However, although NO3- in HGU 4 appears
to be from an isotopically distinct source, the trend observed in Figure 2.10 is
typical of denitrification which agrees with redox conditions and NO3- concentration
data. HGUs 2 and 3 consistently yielded non-detect NO3- concentrations.
Multiple lines of evidence through major ion analysis, field parameters, isotopic
analysis, and evidence from visual rock core inspection suggest denitrification
mediated by reduction of sulphide-bearing minerals is occurring at varying degrees
within the bedrock aquifer.
HGUs 2 and 3 showed the strongest evidence for denitrification mediated by
reduction of sulphide-bearing minerals through elevated SO42- concentrations,
enriched δ34S and δ18O isotopic signatures, lower tritium values, NO3concentrations consistently below detection limit, reducing conditions identified by
low DO values and negative ORP values, pyrite was visually observed in the rock
core, and low Fe2+ concentrations and an FeS odour were detected from these
units during each groundwater sampling event.
Since many of the surface water locations were dry during scheduled sampling
events, the effect of surface water quality on groundwater could not be assessed
and requires further rounds of testing.

Chapter 3 “Evaluating Friction and Inertial Losses from Slug Tests Conducted in a
Multilevel System” presents a new approach for obtaining T values in a bedrock aquifer.
The approach uses pneumatic falling head and rising slug tests conducted on the small
diameter port tubing of an MLS while considering annular flow geometry and accounting
for major losses attributed to friction and acceleration. Hydraulic testing typically assumes
open pipe flow but instrumenting an open tube with a transducer effectively changes the
flow area to an annulus. The changes in annular radii around the transducer body and
transducer cable are accounted for to obtain more representative estimates of T. The
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findings in this chapter show frictional and acceleration losses are significant in small
diameter tubing and meaningful T estimates can be obtained from an MLS. Specific
conclusions from this chapter include:
•

•

•

•

•
•

The mathematical model for steady and unsteady flow through an annulus was
capable of accounting for friction and acceleration losses in both overdamped and
underdamped hydraulic responses.
Pneumatic rising head and falling head slug tests conducted on the small diameter
tubing of an MLS yield good estimates of T when an unsteady model for annular
flow is used, and major losses attributed to friction and acceleration are accounted
for. If a steady flow model is used and friction and acceleration losses are not
accounted for, the resulting T value will be underestimated by approximately 2188%.
As tubing for groundwater monitoring decreases, it becomes increasingly
important to account for major friction and acceleration losses so that the best T
estimates can be obtained.
Ports 6 and 7 exhibited underdamped responses and port 8 demonstrated a
critically damped response. These responses observed in the shallow bedrock
coincide with the idea that HGUs 7 and 8 function as high T zones.
Underdamped responses observed in ports 3 and 4 reinforced the existence of a
deeper high T groundwater flow path captured within HGUs 4 and 5.
An overdamped response was observed in port 5, strengthening the concept that
HGU 6 is a more competent unit of bedrock when separating the upper and low
high T zones of the aquifer.

The results of this thesis demonstrate the feasibility and value of high-resolution site
characterization in a challenging environment (i.e., fractured rock). With the use of a
single core hole and multiple lines of evidence from new and improved characterization
techniques, a the current CSM was refined for the study area. The findings from this
research ultimately will allow for improved pumping and mitigation strategies with respect
to NO3- contamination in the bedrock and capture zones of the two supply wells. The
storage and release of NO3- in the low permeability of rock between fractures was
essential for understanding the lag time in mitigating NO3- in the bedrock aquifer 20 years
after implementing agricultural BMPs within the region, and likely future conditions. This
will ensure groundwater as a long-term viable source of drinking water for homeowners
within Halton Region. Finally, the methodology and procedures presented in this thesis
will serve as a guide for developing more robust hydrogeologic models that better
represent groundwater flow and inform contaminant transport and fate and wellhead
protection areas.
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4.2

Future Research

Future research within the study area could be improved by employing finer spatial and
temporal resolution with respect to groundwater quality monitoring. The frequency of
groundwater sample collection from the DAV01 MLS could be increased from quarterly
to monthly, with bi-weekly sampling events in correspondence with the spring NO3- peak,
to capture the vertical variability of NO3- within the local study area on a finer temporal
scale.
Retrofitting MW 32/08 with an MLS and adding two subsequent MLSs in transect,
perpendicular to the regional groundwater flow direction, along with installing an MLS
farther upgradient within the 25-year capture zone (WHPA-D), would provide increased
spatial resolution on the hydrogeological and hydrochemical conditions along different
flow paths within the multi-layered capture zones within the aquifer due to pumping of
Davidson Wells 1 and 2. The ports of these MLS would be depth-informed based on
evidence from their respective core logs, geophysical and hydrophysical logging, and
insight obtained from the DAV01 MLS. There exist multiple NO3- sources, groundwater
flow paths and residence times within the study area; therefore, additional multi-depth
monitoring systems will be needed to understand the flow system complexity. These
additional MLSs would also provide greater insight into the extent of NO 3- distribution in
vertical profile within the bedrock. Sampling these additional MLSs on a monthly to biweekly basis would provide increased temporal variability of NO 3- upgradient of the two
supply wells. The increased spatial and temporal resolution would allow for development
of a refined numerical model for groundwater flow and contaminant transport modelling.
Since the DAV01 MLS was designed for removability, there exists an opportunity to
conduct continuous open core hole straddle packer testing and FLUTeTM transmissivity
profiling. These hydraulic tests would allow for a full T profile of the core hole to be
obtained, allowing for better estimates of fracture apertures using the cubic law. These
aperture values are important with respect to groundwater flow and transport modelling,
particularly in a DFN-M context. Where the EPM methodology averages out
characteristics, the DFN-M approach to modelling allows the flow through finite length
and variable aperture fractures within a network of fractures influencing the surface area
for diffusion into the matrix and solute transport rates within the system. Reactive solutes
such as NO3- are dependent on redox conditions that can also be simulated allowing
assessment of attenuation due to diffusion with potential for future arrival versus
denitrification in the system. Conducting these additional open core hole hydraulic tests
would also allow for a methods comparison with the MLS slug testing by validating the T
values and quantifying any errors in the methodology.
Land use management within the study area is another aspect that needs to be
addressed. Improving BMPs related to agricultural production and general land use will
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reduce the impact attributed to legacy effects from farming and livestock operations and
it will aid in the long-term sustainability of groundwater as a drinking water source.
Laboratory studies on the behavior of the transducer during rising head and falling head
slug tests in small diameter tubes will also further increase understanding of the best
geometry to use (i.e., effective pipe radius or annular flow) when analyzing field slug tests
in an MLS when the pressure is measured with a transducer.

4.3

Recommendations

It is recommended that the DAV01 MLS be removed and continuous open core hole
straddle packer testing be completed in order to determine if the deeper flow zone
associated with HGUs 4 and 5 will meet water supply and demand. Additionally, rigorous
groundwater sampling of the deeper flow zone for major ions, bacteria, viruses, etc. is
necessary to fully understand the quality of water in this zone. If it is determined that the
deeper flow zone will be a viable source of water then the two Davidson supply wells
could be extended to access the deeper, less NO3- impacted flow zone and the shallower,
more NO3- impacted bedrock can be cased off.
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Appendix A: Matrix Physical Properties
Seventeen rock core samples were selected for physical property analysis. Rock core
samples collected in the field were cut with a diamond studded saw blade and sub-cored
to create 3.8 cm diameter core cylinders. The lengths of the sub-cored cylinders ranged
from 8.3 to 10.5 cm with an average length of 9.5 cm. All 17 sub-cored samples along
with groundwater from the field research site were sent to Rutgers University in Newark,
New Jersey to be analyzed for porosity, gas permeability, specific surface area, thermal
properties, and magnetic susceptibility. A summary of the physical property results with
lithostratigraphic context is depicted in Figure B1.

Figure A1. DAV01 rock core matrix physical property parameters for all 17 samples in
vertical profile with transparent overlays of the corresponding lithology. The physical
property parameters depicted include a) porosity (moisture content derived, mercury
injection porosimetry, and gravimetric); b) matrix hydraulic conductivity; c) specific surface
area; d) rock core thermal conductivity and thermal diffusivity; and e) magnetic
susceptibility.
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Porosity Measurements
Porosity measurements were carried out via two approaches; gravimetric and mercury
injection capillary pressure (MICP). The gravimetric porosity was measured on each subcore using a vacuum chamber with pressure ranging up to 2000 psi and vacuum ranging
from 0.03 to 0.003 mbar. The sub-cores were placed in an oven at 80oC for 48 hours. The
dry weight, lengths, and diameters of the sub-cores were recorded. The sub-cores were
then placed in the saturation chamber and are vacuumed until a minimum range is
achieved. The vacuum was then shut off, and the sub-cores were saturated with an
approximate volume of solution (solution was boiled and deoxygenated with N2) relative
to the chamber space after being occupied by the columns. The chamber was then
pressurized with N2 for approximately 3 days. After the pressurization was completed, the
sub-core samples were removed from the chamber and weighed. MICP was measured
using a Micrometrics AutoPore V via mercury intrusion porosimetry with a reported
pressure range from 0.5 to 30000 psia and an average sample mass of 3 gr. Since MICP
is a destructive test additional pieces of rock core were sent alongside each sub-core for
this analysis. Destructible pieces of each individual sample were broken down to an
average diameter of 5 to 10 mm and placed in an oven at 80oC for 48 hours. The brokendown pieces were added to the sample holder, sealed, and weighed. The samples ran
under low pressure mercury until the desired pressure was reached, then the mercury
infiltrated sample was removed and weighed, and placed back into the instrument for a
high-pressure analysis.

Permeability
Permeability analysis was carried out using a PMI Pulse Decay Gas Permeameter PDP2KA with a confining pressure of 2000 psi, a N2 gas source, pressure stability of 0.1 psi
for 30 seconds, and compressed air ranging from 80 to 100 psi. The sub-cores were
placed in the oven at 80oC for 48 hours. The lengths and diameters of the sub-core is
recorded on the program and conventional testing is selected. The chamber was
confined, and the analysis ran until a final decay is produced. The gas permeability results
are recorded in units of millidarcies (mD) which are then converted to permeability (m2)
by multiplying by 9.869233x10-16. The permeability values are then converted to matrix
hydraulic conductivity values (m/s) following equation 2.28 outlined in Freeze and Cherry
(1979):
𝐾=

𝑘 ∗ 𝜌𝑤𝑎𝑡𝑒𝑟 ∗ 𝑔
𝜇𝑤𝑎𝑡𝑒𝑟
(A1)
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Where K is the matrix hydraulic conductivity [L/T], k is the permeability [L2], ρwater is the
density of water at 10oC [M/L3], μwater is the dynamic viscosity of water at 10oC [M/LT], and
g is the acceleration of gravity [L/T2].

Specific Surface Area
Specific surface area measurements were made using a Micrometrics ASAP 2020
Surface Area and Porosity Analyzer with a relative pressure range of 0.05 to 0.30,
absolute pressure range of 43.934 to 230.768 mmHg, and an equilibrium interval of 10
seconds. Destructible pieces of each individual sample were broken down to an average
diameter of 4 to 6 mm and placed in the oven at 80oC for 48 hours. A dry weight was
recorded. The broken-down pieces were then added to a sample holder and weighed
totally. The sample was then set to degas by evacuating the sample holder at 50.0
mmHg/s to 15 µmHg and holding it for 60 minutes, with a starting temperature ramp at
10.0oC/min until 85oC and then held at that temperature 720 minutes. Once the degassing
process was completed, the degassed sample was weighed, contained in an isothermal
jacket, then brought back to the instrument to analyze using an N 2 absorptive at a bath
temperature of 77.450 K.

Thermal Properties
Rock core thermal conductivity and thermal diffusivity measurements were completed
using a Hot Disk TPS 500 with a measurement time of 10 seconds, heating power
between 200 to 700 mW, and sensor specific heat capacity of 6.400 mJ/K. The sub-cored
rock samples previously saturated from the pressurized saturation chamber were
removed from their anaerobic container and placed on the thermal plastic holder. The
samples were then placed on the sensor with a foam holder placed on top to support the
sample and sensor in an environmental chamber at a constant 23 to 25oC. A probing
depth was approximated relative to the sample diameter. A 15-minute minimum waiting
period was used per test to avoid overheating and damage to the sensor.

Magnetic Susceptibility
Magnetic susceptibility measurements were conducted using a Barrington MS3 Magnetic
Susceptibility Meter with a MS2K Gun sensor. The rock sub-cores were placed in the
oven at 80oC for 48 hours. The sub-cores were removed from the oven and placed on a
non-metallic region. The MS2K Gun sensor was calibrated prior to use, then used on the
sub-cores. A total of five measurements were taken per sub-core to produce an accurate
average. Volume of the susceptibility measurement was recorded in SI units and drift
correction was applied.
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Sample #
1
Sample ID
DAV01-PP-01
Sample Mid Depth (m bgs)
6.92
Formation
Gasport
MICP
Porosity
2.38E-02
Dry Mass (g)
101.33
Gravimetric Analysis
Sat Mass (g)
105.22
Porosity
8.78E-02
Gas Permeability (mD)
0.35
2
BET Analysis
0.13
Ss (m /g)
Conductivity (W/mK)
4.96
Thermal Properties
2
3.64
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.54E-05
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Sample #
2
Sample ID
DAV01-PP-02
Sample Mid Depth (m bgs)
7.94
Formation
Gasport
MICP
Porosity
6.89E-02
Dry Mass (g)
114.52
Gravimetric Analysis
Sat Mass (g)
117.65
Porosity
7.00E-02
Gas Permeability (mD)
22.82
2
BET Analysis
0.16
Ss (m /g)
Conductivity (W/mK)
2.88
Thermal Properties
2
17.18
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.05E-05
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Sample #
3
Sample ID
DAV01-PP-08
Sample Mid Depth (m bgs)
8.88
Formation
Gasport
MICP
Porosity
1.34E-01
Dry Mass (g)
89.75
Gravimetric Analysis
Sat Mass (g)
93.90
Porosity
9.81E-02
Gas Permeability (mD)
14.47
2
BET Analysis
0.22
Ss (m /g)
Conductivity (W/mK)
4.93
Thermal Properties
2
2.48
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.33E-05
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Sample #
4
Sample ID
DAV01-PP-09
Sample Mid Depth (m bgs)
11.43
Formation
Gasport
MICP
Porosity
4.52E-02
Dry Mass (g)
108.76
Gravimetric Analysis
Sat Mass (g)
112.60
Porosity
8.68E-02
Gas Permeability (mD)
21.46
2
BET Analysis
1.58
Ss (m /g)
Conductivity (W/mK)
4.91
Thermal Properties
2
2.26
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.33E-05
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Sample #
5
Sample ID
DAV01-PP-03
Sample Mid Depth (m bgs)
14.82
Formation
Gasport
MICP
Porosity
3.33E-02
Dry Mass (g)
111.35
Gravimetric Analysis
Sat Mass (g)
112.60
Porosity
2.94E-02
Gas Permeability (mD)
3.60E-03
2
BET Analysis
0.13
Ss (m /g)
Conductivity (W/mK)
4.49
Thermal Properties
2
5.68
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.51E-05
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Sample #
6
Sample ID
DAV01-PP-04
Sample Mid Depth (m bgs)
16.83
Formation
Gasport
MICP
Porosity
8.09E-02
Dry Mass (g)
114.34
Gravimetric Analysis
Sat Mass (g)
116.09
Porosity
3.92E-02
Gas Permeability (mD)
6.17
2
BET Analysis
0.32
Ss (m /g)
Conductivity (W/mK)
2.15
Thermal Properties
2
6.83
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.60E-05
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Sample #
7
Sample ID
DAV01-PP-10
Sample Mid Depth (m bgs)
18.42
Formation
Gasport
MICP
Porosity
5.75E-02
Dry Mass (g)
114.04
Gravimetric Analysis
Sat Mass (g)
115.24
Porosity
2.79E-02
Gas Permeability (mD)
0.16
2
BET Analysis
0.19
Ss (m /g)
Conductivity (W/mK)
3.13
Thermal Properties
2
8.13
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
4.95E-05
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Sample #
8
Sample ID
DAV01-PP-11
Sample Mid Depth (m bgs)
21.44
Formation
Gasport
MICP
Porosity
2.40E-02
Dry Mass (g)
109.31
Gravimetric Analysis
Sat Mass (g)
111.95
Porosity
6.10E-02
Gas Permeability (mD)
4.09
2
BET Analysis
0.11
Ss (m /g)
Conductivity (W/mK)
3.25
Thermal Properties
2
3.83
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.30E-05
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Sample #
9
Sample ID
DAV01-PP-12
Sample Mid Depth (m bgs)
23.59
Formation
Gasport
MICP
Porosity
8.09E-02
Dry Mass (g)
110.82
Gravimetric Analysis
Sat Mass (g)
114.09
Porosity
7.66E-02
Gas Permeability (mD)
0.30
2
BET Analysis
0.19
Ss (m /g)
Conductivity (W/mK)
3.96
Thermal Properties
2
7.03
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.76E-05
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Sample #
10
Sample ID
DAV01-PP-05
Sample Mid Depth (m bgs)
25.45
Formation
Gasport
MICP
Porosity
1.02E-01
Dry Mass (g)
101.28
Gravimetric Analysis
Sat Mass (g)
105.61
Porosity
1.04E-01
Gas Permeability (mD)
1.47
2
BET Analysis
0.13
Ss (m /g)
Conductivity (W/mK)
4.02
Thermal Properties
2
3.86
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.53E-05
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Sample #
11
Sample ID
DAV01-PP-13
Sample Mid Depth (m bgs)
28.04
Formation
Gasport
MICP
Porosity
8.49E-02
Dry Mass (g)
113.77
Gravimetric Analysis
Sat Mass (g)
116.83
Porosity
6.88E-02
Gas Permeability (mD)
0.24
2
BET Analysis
0.14
Ss (m /g)
Conductivity (W/mK)
4.25
Thermal Properties
2
4.13
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.45E-05
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Sample #
12
Sample ID
DAV01-PP-14
Sample Mid Depth (m bgs)
30.72
Formation
Gasport
MICP
Porosity
8.74E-02
Dry Mass (g)
110.52
Gravimetric Analysis
Sat Mass (g)
112.79
Porosity
5.07E-02
Gas Permeability (mD)
1.51
2
BET Analysis
0.17
Ss (m /g)
Conductivity (W/mK)
3.83
Thermal Properties
2
6.11
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.75E-05
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Sample #
13
Sample ID
DAV01-PP-06
Sample Mid Depth (m bgs)
31.78
Formation
Gasport
MICP
Porosity
6.49E-02
Dry Mass (g)
112.57
Gravimetric Analysis
Sat Mass (g)
115.81
Porosity
7.39E-02
Gas Permeability (mD)
5.48
2
BET Analysis
0.26
Ss (m /g)
Conductivity (W/mK)
4.14
Thermal Properties
2
1.81
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
5.62E-05
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Sample #
14
Sample ID
DAV01-PP-15
Sample Mid Depth (m bgs)
33.15
Formation
Gasport
MICP
Porosity
3.99E-02
Dry Mass (g)
110.05
Gravimetric Analysis
Sat Mass (g)
112.76
Porosity
6.23E-02
Gas Permeability (mD)
3.73
2
BET Analysis
0.11
Ss (m /g)
Conductivity (W/mK)
5.00
Thermal Properties
2
5.13
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
6.08E-05
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Sample #
15
Sample ID
DAV01-PP-16
Sample Mid Depth (m bgs)
34.74
Formation
Irondequoit
MICP
Porosity
8.23E-02
Dry Mass (g)
108.85
Gravimetric Analysis
Sat Mass (g)
111.47
Porosity
6.15E-02
Gas Permeability (mD)
21.85
2
BET Analysis
9.80E-02
Ss (m /g)
Conductivity (W/mK)
2.70
Thermal Properties
2
1.33
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
6.27E-05
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Sample #
16
Sample ID
DAV01-PP-07
Sample Mid Depth (m bgs)
35.57
Formation
Irondequoit
MICP
Porosity
1.13E-01
Dry Mass (g)
112.54
Gravimetric Analysis
Sat Mass (g)
115.86
Porosity
7.46E-02
Gas Permeability (mD)
0.58
2
BET Analysis
0.15
Ss (m /g)
Conductivity (W/mK)
3.17
Thermal Properties
2
5.51
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
6.22E-05
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Sample #
17
Sample ID
DAV01-PP-17
Sample Mid Depth (m bgs)
38.35
Formation
Rockway
MICP
Porosity
2.40E-02
Dry Mass (g)
118.52
Gravimetric Analysis
Sat Mass (g)
119.17
Porosity
1.50E-02
Gas Permeability (mD)
2.17E-04
2
BET Analysis
1.53
Ss (m /g)
Conductivity (W/mK)
3.69
Thermal Properties
2
2.26
Diffusivity (mm /s)
Magnetic Susceptibility (SI)
1.23E-04
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Appendix B: Heat Tracer and Temporal Monitoring Montage

Figure B1. Active distributed temperature sensing with apparent thermal conductivity
overlay, temporary deployment datasets (hydraulic head, vertical gradient, temperature),
and MLS hydraulic head profiles used to inform the hydrogeologic characterization of the
DAV01 core hole. These hydrogeologic datasets are aligned with the DAV01 MLS
monitoring intervals (highlighted in yellow) and 10 hydrogeologic units identified by the
vertical gradient contrasts observed in the temporary transducer deployment dataset. The
dotted line at 356 m asl represents the completion depth of the two supply wells in relation
to the DAV01 MLS.
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Appendix C: Manual Head Profiles
Table C1. Manual head profiles taken on the DAV01 MLS ports over the duration of the
study period (January 2017 through June 2020).

Date of Manual Head Profiles

Port #
Port Mid Depth (m asl)
2018-05-23
2018-05-24
2018-05-28
2018-06-05
2018-06-12
2018-06-19
2018-06-26
2018-07-03
2018-07-10
2018-07-17
2018-07-24
2018-07-31
2018-08-07
2018-08-14
2018-08-21
2018-08-28
2018-09-04
2018-09-11
2018-09-18
2018-09-25
2018-10-02
2018-10-09
2018-10-16
2018-10-23
2018-10-30
2018-11-06
2018-11-13
2018-11-20
2018-12-04
2018-12-19
2019-01-08
2019-02-05
2019-04-12
2019-04-16
2019-05-07
2019-05-23
2019-07-18
2019-07-23
2019-10-01
2019-10-29
2019-11-01
2020-02-03
2020-03-10

P09
364.11
367.18
367.10
367.19
367.27
367.16
366.93
367.12
366.95
366.97
366.97
366.99
366.87
366.79
366.82
366.89
366.86
366.80
366.92
366.83
366.73
366.78
366.65
366.73
366.71
366.64
366.69
366.75
366.82
366.84
366.97
366.99
367.04
367.52
367.55
367.90
367.89
367.36
367.31
366.89
366.80
366.75
367.44
367.50

P08
361.23
367.13
367.06
367.15
367.22
367.12
366.90
367.08
366.95
366.93
366.93
366.95
366.83
366.76
366.78
366.84
366.80
366.76
366.89
366.79
366.69
366.74
366.61
366.69
366.67
366.60
366.66
366.72
366.79
366.80
366.93
366.95
367.00
367.47
367.50
367.84
367.84
367.31
367.27
366.85
366.76
366.71
367.40
367.46

P07
358.33
367.08
367.00
367.10
367.17
367.07
366.86
367.03
366.86
366.88
366.89
366.91
366.79
366.71
366.74
366.80
366.77
366.71
366.75
366.75
366.65
366.70
366.57
366.66
366.64
366.57
366.63
366.68
366.75
366.78
366.89
366.91
366.98
367.41
367.44
367.75
367.75
367.26
367.22
366.82
366.73
366.67
367.38
367.40

P06
354.05
367.03
366.95
367.03
367.10
366.99
366.77
366.95
366.84
366.80
366.81
366.83
366.74
366.69
366.72
366.73
366.70
366.67
366.69
366.68
366.61
366.65
366.56
366.59
366.57
366.53
366.57
366.62
366.69
366.71
366.81
366.84
366.93
367.32
367.32
367.59
367.58
367.16
367.13
366.74
366.66
366.65
367.31
367.32
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P05
346.87
366.92
366.83
366.91
366.98
366.86
366.64
366.82
366.72
366.67
366.68
366.70
366.63
366.59
366.55
366.61
366.58
366.55
366.57
366.56
366.46
366.54
366.46
366.50
366.46
366.42
366.47
366.52
366.57
366.61
366.70
366.72
366.84
367.18
367.19
367.45
367.44
367.04
367.04
366.62
366.56
366.54
367.19
367.20

P04
344.27
366.86
366.75
366.83
366.89
366.77
366.56
366.72
366.63
366.58
366.59
366.61
366.55
366.50
366.46
366.52
366.50
366.47
366.49
366.48
366.41
366.46
366.38
366.43
366.38
366.25
366.38
366.44
366.49
366.51
366.62
366.64
366.74
367.03
367.11
367.37
367.37
367.04
366.92
366.52
366.47
366.47
367.05
367.06

P03
341.70
366.08
365.87
365.91
365.94
365.81
365.66
365.79
365.71
365.63
365.68
365.69
365.69
365.62
365.58
365.62
365.65
365.60
365.64
365.60
365.55
365.63
365.57
365.71
365.55
365.54
365.60
365.64
365.67
365.69
365.75
365.78
365.85
366.10
366.12
366.31
366.30
365.96
365.92
365.58
365.62
365.64
366.42
366.24

P02
336.42
366.13
365.90
365.94
365.98
365.87
365.69
365.83
365.74
365.65
365.70
365.71
365.71
365.65
365.60
365.65
365.67
365.63
365.66
365.62
365.57
365.63
365.59
365.77
365.56
365.56
365.63
365.66
365.70
365.73
365.76
365.79
365.86
366.10
366.12
366.36
366.30
365.97
365.92
365.56
365.56
365.64
366.40
366.28

P01
334.46
366.09
365.87
365.90
365.93
365.83
365.65
365.78
365.69
365.61
365.66
365.67
365.67
365.61
365.56
365.60
365.62
365.58
365.61
365.58
365.50
365.57
365.56
365.71
365.51
365.52
365.59
365.63
365.63
365.66
365.71
365.74
365.82
366.06
366.08
366.27
366.26
365.93
365.89
365.60
365.59
365.62
366.41
366.23

Figure C1. Plot of the elevation profiles for the 9 DAV01 MLS ports taken over the study
period (January 2017 through June 2020). The head profile information for the DAV01
MLS begins on May 23, 2018 since this was the day the system was installed.
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Appendix D: Unsteady Annular Flow Model
For understanding annular losses in oscillatory pressure head measurements consider
the case of flow in an infinite length annulus of radius a with an axial velocity field that is
the real part of u(r)exp(it–t). The amplitude u(r) is complex (modulus and phase) with
u(a) = u(b) = 0. The damped harmonic oscillator parameters  and  are given a priori –
in the context of oscillatory pressure head measurements they are identified with those
from a fit to the water level (w). The fluid equation of motion is:
𝑢
2 1 
1 𝑃
(
)
= 𝑖 −  𝑢 =  ( 2 +
)𝑢 −
𝑡
𝑟
𝑟 𝑟
 𝑧
(D1)
Where  is the kinematic viscosity [L2/T] and P is the dynamic pressure [M/LT2] (i.e.,
deviation from static pressure). The pressure P cannot have any radial dependence and
so all radial dependence coming from the u terms in (D1) must cancel. This together with
u(a) = u(b) = 0 can be achieved with the ansatz:
𝑢(𝑟) = 𝑘[(𝐾0 (𝜆𝑏⁄𝑎) − 𝐾0 (𝜆))𝐼0 (𝜆𝑟⁄𝑎) − (𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆))𝐾0 (𝜆𝑟⁄𝑎) + 𝐾0 (𝜆)𝐼0 (𝜆𝑏 ⁄𝑎)
− 𝐼0 (𝜆)𝐾0 (𝜆𝑏⁄𝑎)],

 = √(𝑖 − )𝑎2 ⁄
(D2)
Where I0 is a modified Bessel function, and Ko is a second solution, both of which satisfy:
2 1 
1  
2
( 2+
) 𝑋 (𝑟⁄𝑎) =
𝑟 𝑋 (𝑟⁄𝑎) = 2 𝑋0 (𝑟⁄𝑎)
𝑟
𝑟 𝑟 0
𝑟 𝑟 𝑟 0
𝑎
(D3)
(Abramowitz and Stegun, 1970; hereafter AS).  in (D2) is obtained by substituting u(r)
from (D2) into (D1) with the use of (D3) and solving for . After all radial dependence of
P is removed, we obtain the pressure gradient expression:
−

1 𝑃
= 𝑘 (𝑖𝜔 − 𝛾 )[𝐾0 (𝜆)𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆)𝐾0 (𝜆𝑏⁄𝑎)]
 𝑧
(D4)

The constant k in (D2) and (D4) can be expressed in terms of the annular average velocity
(𝑢̅) by integrating (D2) from r = b to r = a:
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𝑢̅ =

𝑎
2
∫
𝑟 𝑑𝑟 𝑢(𝑟)
𝑎2 − 𝑏2 𝑟=𝑏

2
𝑎2
𝜆𝑏⁄ ) − 𝐾 (𝜆)) (𝐼 (𝜆) − 𝑏 𝐼 (𝜆𝑏⁄ ))
[(𝐾
=𝑘 2
(
0
0
1
𝑎
𝑎
𝑎 − 𝑏2 𝜆
𝑎 1
𝑏
+ (𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆)) (𝐾1 (𝜆) − 𝐾1 (𝜆𝑏⁄𝑎))]
𝑎
+ 𝑘 [𝐾0 (𝜆)𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆)𝐾0 (𝜆𝑏⁄𝑎)]

This equation can be simplified by using the Wronskian relation (AS 9.6.15) that gives:
𝐾0 (𝜆)𝐼1 (𝜆) + 𝐾1 (𝜆)𝐼0 (𝜆) =

1
,
𝜆

𝑎
𝐾0 (𝜆𝑏⁄𝑎)𝐼1 (𝜆𝑏⁄𝑎) + 𝐾1 (𝜆𝑏⁄𝑎)𝐼0 (𝜆𝑏⁄𝑎) =
𝜆𝑏

Then
2 𝑎2
𝑏
𝑢̅ = 𝑘 2
[𝐾0 (𝜆𝑏⁄𝑎)𝐼1 (𝜆) + 𝐼0 (𝜆𝑏⁄𝑎)𝐾1 (𝜆) + (𝐾0 (𝜆)𝐼1 (𝜆𝑏⁄𝑎) + 𝐼0 (𝜆)𝐾1 (𝜆𝑏⁄𝑎))
2
𝑎 −𝑏 𝜆
𝑎
2
− ] + 𝑘 [𝐾0 (𝜆)𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆)𝐾0 (𝜆𝑏⁄𝑎)]
𝜆
𝑢̅ =

𝑎2

𝑘
[𝑎2 (𝐼0 (𝜆𝑏⁄𝑎)𝐾2 (𝜆) − 𝐾0 (𝜆𝑏⁄𝑎)𝐼2 (𝜆)) + 𝑏2 (𝐼0 (𝜆)𝐾2 (𝜆𝑏⁄𝑎) − 𝐾0 (𝜆)𝐼2 (𝜆𝑏 ⁄𝑎))
− 𝑏2
4𝑎2
− 2]
𝜆
(D5)

Where the last line follows with the use of the recursion relations (AS 9.6.26). In the
context of oscillatory pressure head tests where 𝑢̅ = (𝑖 − )𝑤 in terms of measured
water level (𝑤)  𝑒𝑥𝑝(𝑖𝑡– 𝑡), we now have the explicit results for 𝑢(𝑟) and 𝜆 in (D2), and
𝑢̅ in (D5). It should be noted that 𝑢̅ = (𝑖 − )𝑤 only applies to the special case of a single
annulus where w and flow everywhere are constrained to b ≤ r ≤ a. With w constrained
this way but flow is constrained to bx ≤ r ≤ a, then:
𝑢̅𝑥 =

𝑎2 − 𝑏 2
𝑎2 − 𝑏𝑥 2
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(𝑖𝜔 − 𝛾 )𝑤

Software such as Maple gives directly the required Bessel functions. The compact form
of the expression for the pressure gradient in (D4) obscures the fact that it is the sum of
an inertial 𝑑𝑢̅⁄𝑑𝑡 and a friction term proportional to the fluid shear at the inner and outer
walls:
−

1 𝜕𝑃
𝑑𝑢̅
2aν 𝑑𝑢̅
2bν 𝑑𝑢̅
= (𝑖𝜔 − 𝛾 )𝑢̅ =
− 2
| + 2
|
2
𝜌 𝜕𝑧
𝑑𝑡 𝑎 − 𝑏 𝑑𝑟 𝑎 𝑎 − 𝑏2 𝑑𝑟 𝑏

(D6)
The u(r) required in (D6) is given in (D2) and the pressure gradient in (D6) simplifies to:
−

1 𝑃
= 𝑘 (𝑖𝜔 − 𝛾 )[𝐾0 (𝜆)𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆)𝐾0 (𝜆𝑏⁄𝑎)]
 𝑧

We can consider limiting cases just as in the pipe flow case below. For v  0,   ꝏ and
both I2/Io and K2/Ko  1 while Io()Ko(b/a)  ꝏ and Ko()Io(b/a)  0. The pressure
gradient expression reduces to:
1 𝜕𝑃
= (𝑖𝜔 − 𝛾 )𝑢̅
𝜌 𝜕𝑧
Which is the expected pure acceleration expression. In the steady state limit λ  0 and
after the replacement i -  = 2/ a2 and a series expansion in  (conveniently done by
Maple) we find the Poiseuille flow result for an annulus:
−

−

1 𝜕𝑃
8𝜈
𝑎2 𝑙𝑛(𝑏 ⁄𝑎)
= ( 2) 2
𝑢̅
𝜌 𝜕𝑧
𝑎 𝑎 − 𝑏2 + (𝑎 + 𝑏)𝑙𝑛(𝑏⁄𝑎)

With k as determined from equation (5):
𝑢̅(𝑎2 − 𝑏2 )

𝑘=

𝑎2 (𝐼0 (𝜆𝑏⁄𝑎)𝐾2 (𝜆) − 𝐾0 (𝜆𝑏⁄𝑎)𝐼2 (𝜆)) + 𝑏2 (𝐼0 (𝜆)𝐾2 (𝜆𝑏⁄𝑎) − 𝐾0 (𝜆)𝐼2 (𝜆𝑏⁄𝑎)) −

4𝑎2
𝜆2

The pressure gradient expression can be written in the form:
1 𝜕𝑃
= 𝐶𝑢̅
𝜌 𝜕𝑧
Where
C=

(𝑖𝜔 − 𝛾 )(𝑎2 − 𝑏2 )[𝐾0 (𝜆)𝐼0 (𝜆𝑏⁄𝑎) − 𝐼0 (𝜆)𝐾0 (𝜆𝑏⁄𝑎)]
𝑎2 (𝐼0 (𝜆𝑏⁄𝑎)𝐾2 (𝜆) − 𝐾0 (𝜆𝑏⁄𝑎)𝐼2 (𝜆) + 𝑏2 𝐼0 (𝜆)𝐾2 (𝜆𝑏⁄𝑎) − 𝐾0 (𝜆)𝐼2 (𝜆𝑏⁄𝑎)) − 4𝑎2 ⁄𝜆2
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More generally we can define (real) dynamical correction factors A and B by writing:
𝐶 = (𝑖𝜔 − 𝛾 )𝐴 + (

8𝜈
𝑎2 𝑙𝑛(𝑏⁄𝑎)
)
𝐵
𝑎2 𝑎2 − 𝑏2 + (𝑎2 + 𝑏2 )𝑙𝑛(𝑏⁄𝑎)

and equating separately the real and imaginary parts in this equation. Explicitly:
𝐴=

ℑ[𝐶 ]
𝜔

𝑎2

𝐵 = 8𝜈 (ℝ[𝐶 ] + 𝐴𝛾 )

129

𝑎2 −𝑏2 +(𝑎2+𝑏2)𝑙𝑛(𝑏⁄𝑎)
𝑎2 𝑙𝑛(𝑏⁄𝑎)

Appendix E: Example Maple Coding for Steady and Unsteady
Annular Flow Models
The Maple coding used to analyze the rising head data from port 6 of the DAV01 MLS
conducted on November 1, 2019 using the smallest applied pressure of 0.252 PSI is
presented here as an example.

with(linalg): Digits:=16:
#This program finds the constants a1, gamma, a3, and omega by fitting the exponential
equation to the measured shallow pressure data. Once the final fit is achieved the first
and second derivatives (velocity and acceleration) are calculated. All of these files are
written to a tab delimited text file for use outside of Maple; these files do not have headers.
After the final fit of the transducer data, the data is then shifted upward to represent the
water table. Then the exponential function is fit to the pressure measured inside the test
interval. Each command string (in red) must be executed in sequential order; place the
curser anywhere within the top line and hit enter until all commands have been executed.
#Use as much data as possible where the data clearly oscillates. The input file should be
a 2 column (time, dP) tab delimited file without headers. The syntax is readdata(‘file path’,
number of columns, number format). This will create an ordered list of pairs, not a matrix.
P is the raw pressure deviation from static. Ps is the data shifted to make the RMS of the
final fit to be evenly distributed above and below zero. Adding negative shifts data up.
P:=readdata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3.txt`,2,float): N:=nops(P)-1;
P[1..4]; P[N-3..N]; # Note that P here is an ordered list of pairs -- not a matrix
Ps:=[seq(P[n]+[0,0.000],n=1..N)]:
Ps[1..4]; Ps[N-3..N];
N := 40
[[0., -0.128263074], [0.5, -0.102425989], [1.0, -0.066438118], [1.5, -0.030912126]]
[[18.0, 0.], [18.5, 0.], [19.0, 0.], [19.5, 0.]]
[[0., -0.128263074], [0.5, -0.102425989], [1.0, -0.066438118], [1.5, -0.030912126]]
[[18.0, 0.], [18.5, 0.], [19.0, 0.], [19.5, 0.]]
#Comparison of the raw data and the calculated data. The initial gamma and omega are
obtained from a fit of the approximate spring function to the pressure data in excel, and
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a1 and a3 can be modified to get a better fit (a1 changes the amplitude and a3 changes
the phase).
plot([Ps,Re(exp(-2.18-0.323*t+I*(3.05+0.805*t)))],t=0..30, colour=[red,green$2]);

ft:=exp(a[1]+a[2]*t+I*(a[3]+a[4]*t)); dp:=[1,t,I,I*t];
cnst:=[-2.18,-0.323,3.05,0.805]; parm:={seq(a[n]=cnst[n],n=1..4)};
ft := e(a[1] + a[2] t + I (t a[4] + a[3]))
dp := [1, t, I, I t]
cnst := [-2.18, -0.323, 3.05, 0.805]
parm := {a1 = -2.18, a2 = -0.323, a3 = 3.05, a4 = 0.805}
#Tmin is the starting time for the least squares fit. Start using all of the data and increase
the starting point until the values of the constants do not appreciably change and the RMS
is acceptable.
Tmin:=14;
for loop to 7 do
parm:={seq(a[n]=cnst[n],n=1..4)}: fit:=subs(parm,ft):
dLS:=array(1..4,[0$4]): ddLS:=array(1..4,1..4,[[0$4]$4]):
LS:=0: for n from Tmin+1 to N do
ftn:=subs(t=Ps[n][1],fit): dev:=Re(ftn)-Ps[n][2]:
dpn:=subs(t=Ps[n][1],dp):
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for m to 4 do dLS[m]:=dLS[m]+dev*Re(ftn*dpn[m]):
for k to 4 do ddLS[k,m]:=ddLS[k,m]+dev*Re(ftn*dpn[m]*dpn[k])
+Re(ftn*dpn[m])*Re(ftn*dpn[k]) od od: LS:=LS+dev^2 od:
shft:=multiply(inverse(ddLS),dLS): for m to 4 do cnst[m]:=cnst[m]-shft[m] od:
print(LS,dLS) od: RMS:=evalf(sqrt(LS/(N-Tmin)),4);
Tmin := 14
1.300854904204942e-6, [-3.612146579322185e-7, -3.082906367902011e-6,
-7.416797922355309e-7, -0.00001026136953729947]
1.257559639783695e-6, [-2.32306595960874e-9, 8.56014054588316e-8,
-4.043829602169335e-8, -3.448146869468853e-7]
1.257537344439778e-6, [2.867237386452e-11, 3.225020533043e-10, 2.3418411532686e-12,
-4.429209833587e-11]
1.257537344417167e-6, [1.710739e-17, 3.020202e-16, -1.64164930e-17, -1.4070069e-16]
1.257537344417142e-6, [-1.9130e-19, -1.5758e-18, 5.03759e-20, 6.2042e-19]
1.257537344417145e-6, [-1.0729e-19, -9.023e-19, 9.34559e-20, 8.1002e-19]
1.257537344417138e-6, [-1.5453e-19, -1.2626e-18, -4.60129e-20, -1.1545e-19]
RMS := 0.0002200

#The equation and constants for each Tmin is can be printed along with the RMS between
the data and the fit for the data used. In this plot the need to shift the data will be evident
if needed.
Tmin; parm:={seq(a[n]=cnst[n],n=1..4)}: fit:=subs(parm,ft); `With 0.000 shift in
data`;parm;
plot([[seq([0.5*n,subs(t=0.5*n,Re(fit))-Ps[n+1][2]],n=Tmin..N-1)],0.004,-0.004],t=0..N,
colour=[red,green$2],title=cat(`t < `,convert(Tmin,string),` not used.
RMS = `,convert(RMS,string)));
14
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fit := e(-2.145638334419711 - 0.3265151225794248*t + I*(0.8159484696381513*t + 2.954962059179545))
With 0.000 shift in data
{a1 = -2.145638334419711, a2 = -0.3265151225794248, a3 = 2.954962059179545, a4 =
0.8159484696381513}

#Plotting the data and the final fit. Even though a variety of Tmin is used to find the best
fit, before this step is completed a regression must be conducted at the final chosen value
for Tmin so that the fit in memory is the fit for the final Tmin selected.
plot([Ps,Re(fit)],t=0..30,colour=[red,green$2]);

#Plotting writing the final fit to a tab delimited file without headers. First observe the fit
and compare to previous plot. Then write the data using the writedata command.
writedata('file path', array name, number format for each column).Calculate and write the
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first derivative of the fit to a tab delimited file without headers. Calculate and write the
second derivative of the fit to a tab delimited file without headers.
finP:=[seq([0.5*n,Re(subs(t=0.5*n,fit))],n=0..N)]:plot(finP):
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3Scalc.txt`,finP,[float,float]);

dfit:=diff(fit,t): dfinP:=[seq([0.5*n,Re(subs(t=0.5*n,dfit))],n=0..N)]: plot(dfinP):
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3Sdfit.txt`,dfinP,[float,float]);

ddfit:=diff(fit,t$2):ddfinP:=[seq([0.5*n,Re(subs(t=0.5*n,ddfit))],n=0..N)]: plot(ddfinP):
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3Sddfit.txt`,ddfinP,[float,float]);parm;
{a1 = -2.145638334419711, a2 = -0.3265151225794248, a3 = 2.954962059179545,
a4 = 0.8159484696381513}

#This part of the program translates the measured shallow pressure to represent the
water table for an estimation of flow during the test. L1 is the depth of the transducer cable
below the static water level. L2 is the length of the transducer. Read same Use the fitted
data (fit) that was used generated in least squares previously multiplied by a factor (fac)
to account for steady flow acceleration and friction.
with(linalg): Digits:=16:
omega:=0.8159; gam:=0.3265; T:=evalf(2*Pi/omega);
R:=.00635;
r1:=0.00298;
r2:=0.00503;
k1:=r1/R;
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k2:=r2/R;
L1:=1.8654;
L2:=0.0906;
rho:=999.75;
g:=9.81;
visc:=0.001308;
K1:=(((1-k1^4)/(1-k1^2))-(1-k1^2)/ln(1/k1));
K2:=(((1-k2^4)/(1-k2^2))-(1-k2^2)/ln(1/k2));
omega := 0.8159
gam := 0.3265
T := 7.700925734991528
R := 0.00635
r1 := 0.00298
r2 := 0.00503
k1 := 0.4692913385826772
k2 := 0.7921259842519685
L1 := 1.8654
L2 := 0.0906
rho := 999.75
g := 9.81
visc := 0.001308
K1 := 0.189522979959699
K2 := 0.028833760652293

#L3 is the length from the measurement point to the midpoint of the monitoring interval.
L3:=(14.18+15.4)/2+1.275-6.03;
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L3 := 10.03500000000000
fac:=1/(1+(8*visc/(rho*g*R^2)*(I*omega-gam)*(L1/K1+(R^2-r1^2)/(R^2r2^2)*L2/K2)+((L1/g+(R^2-r1^2)/(R^2-r2^2)*L2/g)*(I*omega-gam)^2)));
fac := 1.218581685536927 - 0.3993819015095584*I
WLcalc:=[seq([0.5*n,Re(subs(t=0.5*n,fit*fac))],n=0..60)]:
plot([Ps,WLcalc], t = 0 .. N, colour = [red,green$2]);

#This series will be used in Butler's spreadsheet as the WL calculated assuming steady
flow for comparison to the analysis using measured P.
finWL:=[seq([0.5*n,Re(subs(t=0.5*n,fit*fac))],n=0..N)]:plot(finWL);
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3WLcalc.txt`,finWL,[float,float]);

136

dfitWL:=diff(fit*fac,t): dfinWL:=[seq([0.5*n,Re(subs(t=0.5*n,dfitWL))],n=0..N)]:
plot(dfinWL);
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3WLdfit.txt`,dfinWL,[float,float]);

ddfitWL:=diff(fit*fac,t$2):ddfinWL:=[seq([0.5*n,Re(subs(t=0.5*n,ddfitWL))],n=0..N)]:
plot(ddfinWL):
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3WLddfit.txt`,ddfinWL,[float,float]);parm;
{a1 = -2.145638334419711, a2 = -0.3265151225794248, a3 = 2.954962059179545,
a4 = 0.8159484696381513}

#Find the correction factors for the acceleration (Ca) and friction (Cf) losses with gamma
and omega. For open pipe flow (Cop, Caop, Cfop). For flow past transducer (CT, CaT,
CfT). For flow past cable (CC, CaC, CfC). This section also serves as a check before
proceeding: CaT, CfT, CaC, and CfC should all = 1.
with(linalg): Digits:=16:

lambda := sqrt((I*omega-gam)*rho*R^2/visc);

Cop := (I*omega-gam)*BesselI(0, lambda)/BesselI(2, lambda);
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Caop := Im(Cop)/omega;
Cfop := rho*R^2/(8*visc)*(Re(Cop)+Caop*gam);

CT := 8*visc/(rho*R^2)*(1/K2)+(I*omega-gam);
CaT := Im(CT)/omega;
CfT := (R^2*rho/(8*visc))*K2*(Re(CT)+CaT*gam);

CC:=(8*visc/(rho*R^2)*(1/K1))+(I*omega-gam);
CaC := Im(CC)/omega;
CfC := (R^2*rho/(8*visc))*K1*(Re(CC)+CaC*gam);
λ := 2.917355409368290 + 4.309716635937466*I

Cop := -0.03147410950052642 + 1.072981485862859*I
Caop := 1.315089454421938
Cfop := 1.532914408974591
CT := 8.675884922961400 + 0.8159*I
CaT := 1.000000000000000
CfT := 1.000000000000000
CC := 1.043110229976739 + 0.8159*I
CaC := 1.000000000000000
CfC := 1.000000000000000

#For open pipe flow (Cop, Caop, Cfop). For flow past transducer (CT, CaT, CfT). For flow
past cable (CC, CaC, CfC).
with(linalg): Digits:=16:

lambda := sqrt((I*omega-gam)*rho*R^2/visc);
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Cop := (I*omega-gam)*BesselI(0, lambda)/BesselI(2, lambda);
Caop := Im(Cop)/omega;
Cfop := rho*R^2/(8*visc)*(Re(Cop)+Caop*gam);

CT := ((I*omega-gam)*(R^2-r2^2)*(BesselK(0,lambda)*BesselI(0,lambda*k2)BesselI(0,lambda)*BesselK(0,lambda*k2)))/(R^2*(BesselI(0,lambda*k2)*BesselK(2,lamb
da)BesselK(0,lambda*k2)*BesselI(2,lambda))+r2^2*(BesselI(0,lambda)*BesselK(2,lambda*
k2)-BesselK(0,lambda)*BesselI(2,lambda*k2))-4*R^2/lambda^2);
CaT := Im(CT)/omega;
CfT := (R^2*rho/(8*visc))*K2*(Re(CT)+CaT*gam);

CC := ((I*omega-gam)*(R^2-r1^2)*(BesselK(0,lambda)*BesselI(0,lambda*k1)BesselI(0,lambda)*BesselK(0,lambda*k1)))/(R^2*(BesselI(0,lambda*k1)*BesselK(2,lamb
da)BesselK(0,lambda*k1)*BesselI(2,lambda))+r1^2*(BesselI(0,lambda)*BesselK(2,lambda*
k1)-BesselK(0,lambda)*BesselI(2,lambda*r1/R))-4*R^2/lambda^2);
CaC := Im(CC)/omega;
CfC := (R^2*rho/(8*visc))*K1*(Re(CC)+CaC*gam);
λ := 2.917355409368290 + 4.309716635937466*I
Cop := -0.03147410950052642 + 1.072981485862859*I
Caop := 1.315089454421938
Cfop := 1.532914408974591
CT := 8.611541705452386 + 0.9804310309947309*I
CaT := 1.201655878164887
CfT := 1.000166336667965
CC := 0.9849321927568338 + 0.9892024880395118*I
CaC := 1.212406530260463
CfC := 1.008157572618544
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#This part of the program translates the measured shallow pressure to represent the
water table for a better estimation of flow during the test. L1 is the depth of the transducer
cable below the static water level. L2 is the length of the transducer. Use the fitted data
(fit) that was used generated in least squares previously multiplied by a factor (fac) and
Ca and Cf to account for unsteady acceleration and friction.
facU:=1/(1+(8*visc/(rho*g*R^2)*(I*omega-gam)*(CfC*L1/K1+(R^2-r1^2)/(R^2r2^2)*CfT*L2/K2)+((CaC*L1/g+CaT*(R^2-r1^2)/(R^2-r2^2)*L2/g)*(I*omega-gam)^2)));
facU := 1.275775937491658 - 0.3940700505267597*I
WLcalcU:=[seq([0.5*n,Re(subs(t=0.5*n,fit*facU))],n=0..60)]:
plot([Ps,WLcalcU], t = 0 .. N, colour = [red,green$2]);

#This series will be used in Butler's spreadsheet as the WL calculated assuming unsteady
flow for comparison to the analysis using measured P.
finWLU:=[seq([0.5*n,Re(subs(t=0.5*n,fit*facU))],n=0..N)]:plot(finWLU);
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3WLUcalc.txt`,finWLU,[float,float]);
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dfitWLU:=diff(fit*facU,t): dfinWLU:=[seq([0.5*n,Re(subs(t=0.5*n,dfitWLU))],n=0..N)]:
plot(dfinWLU);
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3WLUdfit.txt`,dfinWLU,[float,float]);

ddfitWLU:=diff(fit*facU,t$2):ddfinWLU:=[seq([0.5*n,Re(subs(t=0.5*n,ddfitWLU))],n=0..N)]
: plot(ddfinWLU):
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3WLUddfit.txt`,ddfinWLU,[float,float]);parm;
{a1 = -2.145638334419711, a2 = -0.3265151225794248, a3 = 2.954962059179545,
a4 = 0.8159484696381513}
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#This part of the program will predict the formation head using the measured pressure
data where L3 is the length from the bottom of the transducer to the middle of the
monitoring interval assuming unsteady flow.
hD:=(fit)+(L3*Caop)*diff(((fit*facU)*(1(k1^2))),t$2)/g+(L3*Cfop*(8*visc/(rho*g*R^2)))*diff(((fit*facU)*(1-(k1^2))),t);
hD := e(-2.145638334419711 - 0.3265151225794248*t + I*(0.8159484696381513*t + 2.954962059179545)) (0.9987227352453854 + 0.1107110835151114*I)*e (-2.145638334419711 - 0.3265151225794248*t +
I*(0.8159484696381513*t + 2.954962059179545))

finhD:=[seq([0.5*n,Re(subs(t=0.5*n,hD))],n=0..N)]: plot(finhD);
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3DeepUnsteady.txt`,finhD,[float,float]);

#This part of the program serves as a check by comparing the calculated unsteady water
level with the acceleration of the unsteady water level. If done correctly, the two data
series should be 180 degrees out of phase.
plot([Re(diff(dfitWLU,t$2)),Re(dfitWLU)], t = 0 .. N, colour = [red,green$2]);
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#This part of the program will predict the formation head using the measured pressure
data where L3 is the length from the bottom of the transducer to the middle of the
monitoring interval assuming steady flow.
hDPar:=(fit)+(L3)*diff(((fit*fac)*(1(k1^2))),t$2)/g+(L3*(8*visc/(rho*g*R^2)))*diff(((fit*fac)*(1-(k1^2))),t);
hDPar := e(-2.145638334419711 - 0.3265151225794248*t + I*(0.8159484696381513*t + 2.954962059179545)) (0.7281589155002640 + 0.1069227778675458*I)*e( -2.145638334419711 0.3265151225794248*t + I*(0.8159484696381513*t + 2.954962059179545))
finhDPar:=[seq([0.5*n,Re(subs(t=0.5*n,hDPar))],n=0..N)]: plot(finhDPar);
writedata(`G:/My Drive/Halton Hills Share/Data/Pneumatic Slug Testing/Hydraulic
Testing/2019.11.01 RH_OSC/Maple/P06/6 mbtoc/P06-RH3/DAV01P06RH3DeepSteady.txt`,finhDPar,[float,float]);
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#This part of the program serves as a check by comparing the calculated steady water
level with the acceleration of the unsteady water level. If done correctly, the two data
series should be 180 degrees out of phase.
plot([Re(diff(dfitWL,t$2)),Re(dfitWL)], t = 0 .. N, colour = [red,green$2]);
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Appendix F: Physics Curves

Figure F1. Steady flow physics curves for the smallest displacement rising head slug test
conducted in port 6 for flow in the annulus created by the transducer cable. The
normalized curves include the total friction (blue), predicted water level (orange), first
derivative of the water level (grey), and second derivative of the water level (yellow). The
friction curve almost directly overlays the velocity curve (dH’) implying that assuming
steady flow will result in minimal error.
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Figure F2. Unsteady flow physics curves for the smallest displacement rising head slug
tests conducted in port 6 for flow in the open tube below the transducer. The normalized
curves include the total friction (blue), predicted water level (orange), first derivative of the
water level (grey), and second derivative of the water level (yellow). The friction curve is
situated between the velocity and acceleration curves implying that both velocity and
acceleration will contribute to the friction. This illustrates why flow must be considered
unsteady in the open tube below the transducer.
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