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Crystalline bedrock aquifers serve as a significant source of water in many communities
throughout Ontario and internationally. In such environments, discrete fracture pathways
and their interconnections have a critical influence on flow. Rapid groundwater velocities
can render crystalline bedrock aquifers particularly vulnerable to contamination. In order
to continually improve the current understanding of flow and transport in these
environments, developing and improving fracture system characterization techniques is
an important area of research. This study examines the installation of flexible,
impermeable FLUTeTM liners as a means for assessing cross-hole fracture connectivity.
FLUTeTM liners are used to generate a new style of hydraulic pulse into the aquifer, with
pressure response monitored in a nearby network of open boreholes. Preliminary testing
reveals the potential for this method to be used in conjunction with other currently
employed borehole liner applications to identify significant groundwater flow paths and
estimate inter-well transmissivity.
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Introduction

1.1 Importance of Fractured Bedrock Aquifers
Groundwater is an important water resource within Canada and around the world. While often
overlooked and undervalued, groundwater is a key component to all aspects of society that must
be protected from anthropogenic contamination. This is especially important given that water
resources contained in deep aquifers are non-renewable over human time scales (Statistics
Canada, 2010). Groundwater provides an invaluable supply of drinking water and while usage
varies from region to region, approximately 30% of Canadians rely on groundwater for their
drinking water (Government of Canada, 2006). In Ontario alone, groundwater serves as the
primary water supply for nearly all rural populations and about half of the Province’s municipalities,
servicing a total of more than three million residents (Novakowski et al., 2006a). In addition to the
necessity of groundwater for human consumption, it also plays a critical role in the hydrologic
cycle and accordingly, the effects of groundwater contamination may be far reaching. Overall,
problems related to groundwater quantity and quality have the potential to generate large costs
for society especially in light of population growth and increased urbanization.
Within Ontario there are two principle geologic materials that can be targeted for groundwater
supply: fractured bedrock and overburden deposits associated with the most recent period of
glaciation. Of the numerous bedrock formations found in the province, major regions can be
broadly subdivided into areas underlain by either sedimentary or crystalline bedrock, the latter of
which is the focus of this study. Crystalline bedrock and their associated aquifers occur in many
areas of the world exposed in vast areas called shields, similar to the Precambrian rocks of the
Canadian Shield. These shields are largely composed of metamorphic and igneous rocks and
form the most geologically stable parts of continents (Gustafson and Krásný, 1994). In Eastern
and Northern Ontario, where the Canadian Shield occurs near the surface, many wells are drilled
into crystalline bedrocks, such as granite and gneiss (Hewitt, 1966). In some locations, wells
drilled in crystalline bedrock are often associated with limited yield, but nonetheless, they are
important for rural water supplies especially in many developing countries where surface water is
often inadequate (Chilton and Foster, 1995; Howard and Karundu, 1992). Aside from the
importance to water supply, increasing attention is being given to the study of crystalline bedrock
as it is considered in many areas of the world as potential sites for nuclear waste disposal (Rempe,
2007).
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1.2 Groundwater and Contaminant Flow through Crystalline Bedrock Aquifers
Aquifers in crystalline bedrock are unique in that the rock matrix generally contains negligible
porosity and minimal permeability in comparison to sedimentary bedrock aquifers where the role
of porous and permeable rock matrix must be considered. Consequently, in crystalline bedrock
aquifers, flow is transmitted almost exclusively in fractures (secondary porosity) which form
conductive openings through a largely impervious rock matrix (Henkel et al., 2010; Gernand and
Heidtman, 1997; Banks et al., 1996; Gustafson and Krásný, 1994; Moreno and Neretnieks, 1993).
As a result, fracture network characterization is of utmost importance in understanding flow and
transport in such environments.
Given the three dimensional nature of fractures, characterization is a difficult task and involves
numerous parameters including length, orientation, location, density, aperture, and connectivity
(Berkowitz, 2002). Consider, for example, the connectivity of fractures: areas that have a
seemingly dense network of fractures may not necessarily be hydraulically connected (Long and
Billaux, 1987; Wilke et al., 1985). Understanding the nature of fracture networks in crystalline
bedrock is further complicated given that the fractures are often less predictable and more chaotic
than those in sedimentary bedrock where preferential planes of weakness exist as a result of
sedimentary deposition. In comparison, fracture sets in crystalline bedrock generally develop or
reactivate after formation of the rock in association with processes such as tectonic activity and
glacial unloading, and accordingly, they are not confined to specific formations (Banks et al., 2010;
Gustafson and Krásný, 1994). Characterizing fracture network parameters is an important step in
accounting for the physical and hydraulic heterogeneity of crystalline bedrock aquifers.
Crystalline bedrock aquifers can be particularly vulnerable to contamination for a variety of
reasons. In the case of highly connected fracture networks, preferential flow paths can facilitate
rapid groundwater flow velocities and as a result, rapid contaminant transport and widespread
contaminant migration may occur (Levison and Novakowski, 2009; Conboy and Goss, 2000; Allen
and Morrison, 1973). Contaminant transport and fate is also controlled by matrix diffusion. The
matrix porosity between fractures can serve as a significant space for solute storage which can
slow the advance of a contaminant plume as well as provide additional time for contaminant
degradation, thereby reducing peak concentrations (Bodin et al., 2003; Parker et al., 1994 and
1997; Grisak and Pickens, 1981). However, in crystalline bedrock, which typically has low matrix
porosity and matrix diffusivity, these effects are considered minimal (Mutch et al., 1993; Foster,
1975).
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Quaternary age overburden materials play a large role in governing the nature of groundwater
recharge throughout most of Canada. The presence of macropores and fractures, in the soils and
sediments overlying bedrock aquifers, may result in higher permeability of the overburden than
would be expected otherwise and have been identified as a critical feature controlling water and
contaminant movement from the surface to subsurface (Cherry et al., 2006; Cey et al., 2006;
Jorgensen et al., 2002; Gerber et al., 2001; Kelly and Pomes, 1998). Furthermore, overburden
materials provide a natural filtering action, thereby helping to attenuate the impact of contaminants
(Ferguson et al., 2003; Rodvang and Simpkins, 2001; Robertson and Edberg, 1997). Accordingly,
the depth to bedrock or overburden thickness and the associated permeability governs the
opportunity for overburden materials to interact with percolating water and any associated
contaminants. Unfortunately, numerous near surface, crystalline bedrock aquifers found within
the Canadian Shield have little overlying soil or sediments to provide protection, therefore
increasing their susceptibility to contamination (Levison and Novakowski, 2012; Levison et al.,
2012; Gleeson et al., 2009; Gerhart, 1986).

1.3 Bedrock Aquifer Characterization Techniques
The characterization of fractured bedrock is a challenging as well as cost and labour intensive
process. Nonetheless, a number of commonly used field-based characterization techniques exist
for measuring hydraulic properties and determining the location of open and potentially conductive
fracture features. Commonly used small scale hydraulic tests, used to assess near well or interwell properties, include slug tests, constant head injection tests, pulse interference tests, and
tracer experiments, while pumping tests are used to determine large scale formation/bulk
properties of an aquifer. Borehole geophysics is often used in combination with the
aforementioned hydraulic characterization techniques to aid in the interpretation of collected data.
Specifically, Acoustic Televiewer (ATV) logging, which uses the signal of reflected acoustic pulses
to generate an image of the borehole wall, can be used to identify bedrock fractures that may be
controlling an aquifer’s hydraulic behaviour (e.g. Novakowski et al., 2006b; Audouin and Bodin,
2007).
The Discrete Fracture Network (DFN) approach, introduced as early as the 1970’s, emphasizes
the importance of fracture characterization in the study of bedrock aquifers. This approach
recognizes that at every scale, groundwater flow and contaminant transport in fractured rock
tends to be dominated by a limited number of discrete pathways. This is in contrast to Equivalent
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Porous Media (EPM) and dual porosity conceptualizations that lack the detailed understanding of
fracture features involved in the DFN approach. DFN related research and Site Conceptual Model
(SCM) development focuses on explicitly identifying the geometry and hydraulic properties of
individual fractures, or groups of nearby fractures, which provide discrete connection carrying the
most significant portion of flow (Dershowitz et al., 2004; Therrien and Sudicky, 1996).
Considerable literature has been published regarding the development of SCMs based on DFN
techniques that for the purpose of this study refer to all investigative techniques with a particular
emphasis on characterizing fractures and their influence on groundwater flow.
In crystalline bedrock research settings in particular, DFN techniques have been widely applied
in the past to investigations concerning deep nuclear repositories. Such studies seek an improved
understanding of potential radionuclide transport and have been conducted at sites including the
Aspo Hard Rock Laboratory, Sweden (Hodgkinson et al., 2009; Backblom, 1998), Chalk River
Laboratories, Ontario (Raven, 1986), Underground Research Laboratory, Manitoba (Vilks et al.,
1997, 2003), Raymond Quarry, California (Karasaki et al., 2000), Stripa Mine, Sweden (Olsson
et al., 1992; Abelin et al., 1994), Dellen Impact Crater Deep Rock Lab, Sweden (Henkel et al.,
2010), and the Grimsel Test Site, Switzerland (Smith et al., 2001). DFN techniques have also
been applied to the development of conceptual models for solute transport, for example, at the
Mirror Lake United States Geological Survey Site, New Hampshire (Day-Lewis et al., 2006).
Well defined geometry based numerical models are difficult to apply to actual field situations since
they require a large amount of information specific to the hydrogeologic units being examined,
which has been seldom available (Gerke and Genuchten, 1993). As a result, most numerical
modelling endeavours are based on hypothetical fracture networks (e.g. Therrien and Sudicky,
1996; Kupper et al., 1995) that simulate the domain stylistically rather than representing actual
field data collected for a particular site and rock type and are, therefore, only speculations (Parker,
2007). There is a general consensus in the literature that hydraulic characterization and borehole
logging techniques used in the past were limited in their potential to provide quantitative
information about fracture networks (Berkowitz, 2002) and as a result, DFN approaches have
been previously hindered by the ability to describe fracture networks accurately. However,
geologic and hydrogeologic characterization of fractures has progressed significantly, creating a
new challenge of how to analyze and integrate all available data to provide an accurate realization
of fracture networks (Sarda et al., 2002).
A comprehensive, systematic methodology known as the G360 DFN Approach for Contaminated
Bedrock Site Characterization (Parker, 2007) has been developed and used since the mid-1990s.
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Ultimately, the goal of this approach is to improve site-specific data acquisition needed for
informed DFN numerical models to simulate groundwater flow as well as contaminant transport
and fate under controlling processes appropriate to a specific field setting (Parker et al., 2012).
The G360 DFN Approach grew out of conceptual and analytical modelling of chlorinated solvent
DNAPL in fractured porous media using literature derived parameters (Parker et al., 1994, 1997).
Field efforts for the development of this program began in 1996 as a core-focused study at a TCE
contaminated site in California (Parker et al., 2012; Parker, 2007). The G360 DFN Approach
evolved to specifically address the inadequacies of conventional bedrock characterization
methods in accounting for a sufficient number of hydraulically active fractures allowing diffusion
driven contaminant transfer from fractures into the rock matrix blocks and the corresponding effect
on the nature of contaminant plumes (Parker et al., 2012; Parker, 2007).
Beyond the fundamental scope of rock core chemistry and the effects of matrix diffusion at
contaminated sites, the G360 DFN Approach involves a suite of bedrock characterization
techniques that are used in combination and features improvements to many of the conventional
bedrock characterization techniques. In particular, the G360 DFN Approach can be partly
distinguished from other approaches by the use of flexible impervious liners (FLUTeTM). These
liners serve a variety of purposes including (1) seal boreholes to prevent cross contamination
(Cherry et al., 2007); (2) obtain measurements of borehole transmissivity during liner installation
(Keller et al., 2013); (3) obtain high resolution temperature measurements in the lined borehole
water column (Pehme et al., 2013), and (4) create temporary multilevel systems to measure
pressure and temperature (Pehme et al., 2014).
The G360 DFN Approach has been comprehensively applied at a number of sedimentary bedrock
sites in the United States and Canada where chlorinated volatile organic compounds are the
primary contaminants of concern (Parker et al., 2011). Successful application of the G360 DFN
Approach leading to improved SCM development and numerical modelling efforts has been
observed (e.g. Ribeiro, 2016; Meyer et al., 2014; Chapman et al., 2015, 2013 and 2012; Munn,
2012; Parker et al, 2009). The G360 DFN Approach is relevant to all rock types, but it has yet to
be rigorously applied in crystalline bedrock aquifers where differences in porosity, permeability,
mineralogy, and fracture patterns are likely to be encountered. Therefore, while the components
of the G360 DFN Approach provide important steps for characterizing flow in discrete fractures,
its full potential has not yet been explored.
In light of the importance of crystalline bedrock aquifers, in terms of water supply and their
vulnerability to contamination, application of the G360 DFN Approach in such environments is a
5

valuable step for obtaining high-resolution aquifer characterization data and developing refined
SCMs. Such models form a practical method of understanding groundwater flow systems and
provide an important starting point for numerical modelling and the development of remediation
strategies. SCMs are highly dependent on the quality and quantity of information that has been
gathered and managing the inherent uncertainty in this data. Therefore, developing and improving
crystalline bedrock aquifer characterization techniques is also of utmost importance.

1.4 Objectives and Approach
As part of a broad hydrogeological site characterization, this research aims to expand aspects of
the G360 DFN Approach (Parker, 2007) to crystalline bedrock environments. Field investigations
were completed at the Kennedy Field Station (KFS), a Queen’s University field site, in Eastern
Ontario. Six existing 102-152 mm diameter boreholes, located 10-35 m apart and drilled 25-45 m
deep into shallow gneissic bedrock of the Canadian Shield, were used. The data collected builds
on a pre-existing set of hydraulic testing results from slug tests, constant head injection tests,
pulse interference, and pumping tests (N. Augustine, personal communication, November 2016;
K. Novakowski, personal communication, March 2016; Elmhirst and Novakowski, 2012; Elmhirst,
2011). A full suite of borehole geophysical logs were completed in addition to hydro-geophysical
testing using borehole temperature profiles and Active Line Source (ALS) logging (Pehme et al.
2007, 2010, and 2013). This study emphasizes the importance of fracture network
characterization, as an integral part of the G360 DFN Approach. Specifically, this study examines
an innovative method of cross-hole hydraulic testing where FLUTeTM liners are used to generate
a new style of forced gradient hydraulic pulse into the bedrock aquifer with pressure monitoring
in a nearby network of open boreholes.
This research aims to examine the potential use of borehole liner installations to assess crosshole fracture connectivity in a crystalline bedrock environment and in doing so, determine an
approach for qualitative and quantitative assessment of the unique data sets that result.
Furthermore, methods from the G360 DFN Approach will be applied at the Kennedy Field Station
to obtain high resolution aquifer characterization data for development of a refined fracture
network SCM and to support future groundwater flow modelling initiatives.
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1.5 Hypotheses and Research Questions
The main Hypotheses (H) and research Questions (Q) addressed in this study include the
following:
H1) Pressure responses generated during FLUTeTM liner installation can be used to identify
hydraulic connections between boreholes.
Q1.A) What specific information can be inferred from the magnitude, timing, and shape of
the generated hydraulic response curves?
Q1.B) Is there a preferred direction of permeability across the KFS and if so, does the axis
of maximum hydraulic response correlate with the orientation of major structural features?
H2) Pressure responses generated during FLUTeTM liner installation can be analyzed using curve
fitting methods to approximate values of transmissivity for the examined inter-borehole
connections.
Q2.A) What is the most appropriate method for quantitatively analyzing data generated by
the liner installation process and what are the limitations of this analysis?
Q2.B) How do the hydraulic parameters estimated compare to those from previously
completed pulse interference and pumping tests?

1.6 Thesis Outline
This thesis is written in a manuscript format with Chapter 3 intended for journal submission. As a
complement to the overarching literature review that has been provided in Chapter 1, Chapter 2
summarizes the field investigations that have been completed at the KFS to date. Chapter 3
discusses the installation of borehole liners as a method of cross-hole hydraulic data collection
and presents results from preliminary testing of this approach. The final chapter provides a
discussion of study limitations and recommendations for future work as well as highlights
conclusions from this research in the context of the project hypotheses and research questions.
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2

History of Investigations Completed at the Kennedy Field Station

2.1 Site Description
Field investigations for the present research were completed at the Kennedy Field Station (KFS),
a Queen’s University field site located near Tamworth, Ontario. This site is located in a partially
treed, rural area of Stone Mills Township in close proximity to where the Salmon River enters
Beaver Lake. The KFS includes a cluster of eight crystalline bedrock boreholes (Figure 2.1) drilled
into the near surface, gneissic rock of the Canadian Shield, which is observed to outcrop in several
localized areas on site. These boreholes were sequentially established on the site over a period
extending from 2009 to 2015 as part of an academic research initiative by Queen’s University
Water Research Center (K. Novakowski, personal communication, July 2015; Elmhirst and
Novakowski, 2012; Elmhirst, 2011).
The cluster includes seven vertical boreholes (KF-2, 3, 4, 5, 6, 7, and 9) and one inclined borehole
(KF8 - Dip: ~55°, Azimuth: ~200°) that range in diameter and depth from 102-152 mm and 25-45
m, respectively. Distances between boreholes range from 10-35 m. These boreholes were drilled
using either percussion (KF-2, 3, 4, 5, and 9) or HQ Triple Tube (KF-6, 7, and 8) methods. With
the exception of KF5, in which a set of piezometers were installed in 2015, all boreholes on site
are open through the competent bedrock. KF5 monitors three isolated intervals (KF5-Upper
[<10.7 mbgs], Middle [15.5-20.2 mbgs], and Lower [25.3-38.2 mbgs]) with slotted 51 mm PVC
and interlayered backfilling of sand and bentonite (seal). All boreholes on site are cased to a
shallow depth through the thin overburden and weathered bedrock. The water table in all holes is
close to the bottom of the casing, in the fractured bedrock, fluctuating seasonally between
approximately 0.5-3.5 mbgs. The details of the boreholes at the Kennedy Field Station were
surveyed in December 2015 using a Topcon GTS-100N total station, from which relative casing
elevations were obtained as well as inter-well distances. A summary of borehole data is displayed
in Table 2.1 (see Appendix A-1 for supplementary borehole information along with Appendix A-2
for survey related data).
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Table 2.1 Summary of borehole data.
Borehole
Coordinates
Diameter
Borehole
(m)
Easting Northing
(m)
(m)
KF2
0.1524
340140
4931243

Casing
Length
(mbgs)*

Depth
(mbgs)**

Average Water Level
During 2015-2016
Study Period (mbgs)

1.1

24.55

2.61

KF3

340136

4931251

0.1524

2.3

24.6

2.63

KF4

340146

4931251

0.1524

1.0

24.53

2.45

< 10.70
(open
interval)

2.13

15.49 20.22

2.15

25.29 38.24

2.59

KF5 Upper

KF5 Middle

0.1524
340141

4931260

KF5 Lower
KF6

1.0

0.0508
0.0508
0.1016

1.5

45.66

2.36

0.1016

2.0

45.72

1.66

0.1016

3.7

45.37

2.23

KF9
0.1524
2.8
38.14
340150
4931242
*Estimated using borehole magnetic data
**Tag line measurements (with the exception of KF7 [design depth])

2.86

KF7
KF8
(lengths
reported
on incline
[~200°/55°])

340146

4931268

340152

4931259

340157

4931269
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Figure 2.1 Cluster of bedrock boreholes at the Kennedy Field Station. A dashed line is used to the
show the projection of KF8 while KF8’ denotes the bottom of this inclined borehole. A set of UTM
coordinates (NAD 83, Zone 18T) are included for reference. Map created using ESRI ArcMap 10.2.1,
with base map data from ESRI (2016).

2.2 Rock Core
HQ core (63.5 mm diameter) was collected and logged from KF6, KF7, and KF8 in the summer
of 2014, with nearly 100% recovery in all core runs. The depth of core discontinuities were noted
and features were described as either a machine break, horizontal fracture, sub-horizontal
feature, 45° fracture, sub-vertical feature, vertical feature, fracture zone, or rubble zone (K.
Novakowski, personal communication, July 2015). Distinguishing between natural features and
those created by drilling and/or handling of the core (mechanical breaks) is often a difficult task
and as a result, the number of fractures identified from the rock core may be an overestimate of
the true number of fracture features in the formation. Features were also described according to
15

indicators of permeability and water movement. Features were classified as either very likely
open, likely or possibly open, weakly open or healed/closed based on observations such as
weathering, staining, and calcite precipitation. Data collected during core logging, basic analysis
of these data as well as several core images are provided in Appendix A-3.

2.3 Hydraulic Testing
Borehole transmissivity with depth has been estimated in KF2-KF9 by way of multiple constant
head injection tests (N. Augustine, personal communication, November 2016; K. Novakowski,
personal communication, March 2016; Elmhirst and Novakowski, 2012; Elmhirst, 2011). The
entire length of each hole was tested in a contiguous manner using a straddle packer system with
an interval length of approximately 2-2.4 m. Transmissivity values for each isolated section of hole
were calculated using the Thiem equation as described by Lapcevic et al. (1999) from which
effective apertures were also calculated using the Cubic Law (Snow, 1968). In addition to this
series of constant-head injection testing, KF2, KF3, and KF4 and the connections between these
boreholes have been further examined using a number of pulse interference tests, slug tests, and
pumping tests (Elmhirst, 2011). Appendix A-4 contains data from all aforementioned hydraulic
tests.
As part of the current study, ALS logging was completed in KF2, KF3, KF4, KF6, KF8, and KF9
in the fall of 2015. However, at present, these data sets have yet to be analyzed. FLUTe™ liners
temporarily seal boreholes from hydraulic cross-connection, thereby re-establishing ambient flow
conditions. Under these conditions, high-resolution temperature measurements may be obtained
for identifying hydraulically active fractures. As described in Pehme et al. (2013), the ALS process
involves heating the static water column inside the liner and subsequent temperature profiling to
observe heat dissipation at fracture zones.

2.4 Borehole Geophysics
A full suite of borehole geophysical logs were completed in all boreholes during the summer of
2015, including profiles of formation conductivity, natural gamma, ATV, and Full Waveform Sonic
(FWS). The most useful of these tools with regards to fracture network characterization is the ATV
(compilations presented in Appendix A-5). This tool enables the collection of high-resolution,
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spatially oriented images of acoustic reflectivity data from which the dip and strike of fracture
features is identified. Furthermore, the time required for the signal to reflect from the borehole wall
is used to calculate a virtual caliper log from which variations in borehole diameter can be detected
for the identification of large fracture features or collapse of the borehole wall. It should be noted
that while the ATV probe provides considerable data for the identification of fracture features and
their orientation, the true number of fractures may be underestimated due to several factors
including: difficult distinction between structural and mineralogical features and the subsequent
necessity for conservative interpretations; insufficient acoustic scatter in very small aperture or
filled fractures; and poor image quality associated with drilling related borehole wall roughness
(U.S. EPA, 2016; Intera Engineering Ltd., 2011; Ehrenborg and Stejskal, 2004; Williams and
Johnson, 2004; Zilahi-Sebess and Szongoth, 2002).

2.5 Innovative Cross-Hole Hydraulic Testing
FLUTeTM blank liners were installed at the KFS in KF2, KF3, KF4, KF6, KF8, and KF9 in the fall
of 2015 (Figure 2.2). These flexible, impermeable liners, developed by Flexible Liner Underground
Technologies, LLC (Keller et al., 2013; Cherry et al., 2007) are tubular in shape and made of
urethane coated nylon that is everted downhole, as shown in Figure 2.3, forcing water from within
the borehole into the surrounding formation. In the present study, this new style of hydraulic pulse
is explored as a means to assess cross-hole connections between boreholes. The generated
pulse was monitored using a combination of Solinst LeveloggersTM and Van Essen Micro-DiversTM
(11 total), with specified accuracies ranging from +/- 0.003-0.05 m. These pressure transducers
were calibrated to ensure their relative accuracy and determine any necessary data corrections
for offsets. Borehole liner eversion point markings were used to manually monitor the progress of
liner descent during installation creating a coarse record of liner position versus time that serves
as the foundation for test interpretations. See Appendix C for all supplementary information
concerning the liner installation tests.
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A

B

C
Figure 2.2 FLUTeTM liner installations at the Kennedy Field Station. A) Method though which water
was added to the inside annulus of each descending liner; B) Liner being fed into the installation
borehole; and C) Tote used as the water source.

Figure 2.3 FLUTeTM liner installation sequence (FLUTe, 2015).
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3
Cross-Hole Fracture Connectivity Assessed Using Hydraulic
Responses during FLUTeTM Liner Installations in Crystalline Bedrock
Boreholes

3.1 Abstract
Crystalline bedrock aquifers serve as a significant source of water in many communities
throughout Ontario and internationally. In such environments of low matrix porosity and
permeability, discrete fracture pathways and their interconnections have a critical influence on
flow. Rapid groundwater velocities within these fracture pathways can render crystalline bedrock
aquifers particularly vulnerable to contamination. In order to continually improve the current
understanding of flow and transport in these environments, developing and improving fracture
system characterization techniques is an important area of research. This study examines the
installation of flexible, impermeable FLUTeTM liners as a means for assessing cross-hole fracture
connectivity. FLUTeTM liners are used to generate a new style of hydraulic pulse, with pressure
response monitored in a nearby network of open boreholes drilled into the near surface gneissic
rock of the Canadian Shield in Eastern Ontario, Canada. The collected data have been analyzed
to identify significant groundwater flow paths between source and observation boreholes as well
as estimate inter-well transmissivity, for which a comparison has been made to previously
completed pulse interference and pumping tests. Results of this study indicate areas where
method refinement is necessary, but, nonetheless, highlight the potential for use in crystalline
bedrock environments. This method may provide value to future site characterization efforts given
that it is complementary and can be used in conjunction with other currently employed borehole
liner applications, such as the removal of cross-connection at contaminated sites and the
assessment of discrete fractures under natural hydraulic gradient conditions.

3.2 Introduction
Crystalline bedrock aquifers occur in many regions of the world exposed in vast areas, such as
the Precambrian rocks of the Canadian Shield. While wells drilled in crystalline rock may be
associated with limited yield in some locations, they are nonetheless important for water supply,
especially in many developing countries where surface water is often inadequate (Chilton and
Foster, 1995; Howard and Karundu, 1992). Unfortunately, these aquifers can be particularly
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vulnerable to contamination. Crystalline bedrock aquifers generally contain negligible matrix
porosity and as a result, groundwater flow is transmitted nearly exclusively through fractures
within a largely impervious rock matrix. Although the effective porosity of these pathways is quite
small (in the order of 10-2 to 10-5), average linear groundwater velocities can be significant creating
the potential for rapid contaminant transport and widespread contaminant migration (Levison and
Novakowski, 2009; Conboy and Goss, 2000; Singhal and Gupta, 1999; Allen and Morrison, 1973).
Given minimal matrix porosity and permeability, there is also little opportunity for solute storage
and diffusion that would slow contaminant plume advance as well as increase the time available
for contaminant degradation (Bodin et al., 2003; Grisak and Pickens, 1981). Furthermore, in
environments like the Canadian Shield, it is common for crystalline bedrock aquifers to be overlain
by a thin overburden layer, facilitating rapid recharge, reducing the natural protection that is
provided by Quaternary sediments, and increasing the potential for contamination (Levison and
Novakowski, 2012; Levison et al., 2012; Gleeson et al., 2009; Gerhart, 1986).
Given this inherent vulnerability, characterization of crystalline bedrock aquifers, to gain an
enhanced understanding of groundwater flow and contaminant transport in these environments,
is a necessary, although, challenging and resource demanding task. A number of characterization
methods and approaches are available for fractured bedrock site characterization (e.g. Parker et
al., 2012; Day-Lewis et al., 2006; Vilks et al., 2003; Karasaki et al., 2000; Raven, 1986).
Specifically, to estimate hydraulic properties and assess fracture connections between boreholes,
pumping tests and pulse interference tests are commonly used (Worley, 2012; Stephenson et al.,
2006; Nakao et al., 2005; Andersson et al., 2004; Gernand and Heidtman, 1997).
In fractured bedrock environments, extraction or injection stimulus in a pumping test can be
associated with significant fluid displacement given minimal effective porosity. Furthermore, long
duration pumping tests are often influenced by external boundary conditions (Raven, 1986) which
may confound results where inter-well formation properties are of greatest interest. Pulse
interference tests serve as a potential alternative to pumping tests (e.g. Elmhirst and Novakowski,
2012). These tests involve monitoring the response in an observation well(s) to a change in head
in a source well. The high diffusivity of fractured bedrock enables the generation of a detectable
pressure perturbation over greater distances than that which could be observed in porous media
(Novakowski, 1989). The source of this perturbation may take the form of a slug (Novakowski,
1989; Sageev, 1986) or a sequence of flow rate changes (McKinley et al., 1968), as is commonly
applied in the oil and gas industry. The purpose of this research is to examine a unique hydraulic
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pulse generated by the downhole installation of FLUTeTM blank liners, developed by Flexible Liner
Underground Technologies, LLC, as a new method of cross-hole hydraulic testing.
FLUTeTM liners, made of an impermeable, urethane coated nylon fabric, were designed with the
original purpose of providing a complete seal along the borehole wall. Accordingly, these liners
can be used at contaminated sites to seal boreholes immediately after they are drilled to prevent
hydraulic cross-connection between fractures intersected by the borehole (e.g. Meyer et al.,
2014). FLUTeTM liners are also currently used to facilitate the identification of hydraulically active
fractures using temperature (Pehme et al., 2007, 2010, and 2013) and may also be used to create
temporary sensor deployments for informing multi-level system design (Pehme et al., 2014).
During the installation of a FLUTeTM liner, water is forced outward from the borehole into the
surrounding aquifer. The hydraulic pulse generated can be considered a form of progressive,
large scale slug test where the rate of liner descent (and discharge of water exiting the source
well) is dependent on the transmissivity of the remaining open borehole interval (Keller et al.,
2013; Cherry et al., 2007). Through measurements of liner descent velocity and driving head,
FLUTeTM Transmissivity Profiling (Keller et al., 2013) can be used to identify the location of
permeable fracture features located along the borehole wall as well as estimate the transmissivity
of these features. The resolution of this profiling method varies with depth as a function of descent
velocity, but it remains an efficient approach for examining a borehole’s transmissivity distribution
especially when used in combination with short interval straddle packer testing (Quinn et al.,
2015).
However, FLUTeTM Transmissivity Profiling is limited to the scale of a single borehole. Thus, the
specific objective of this study is to investigate the use of FLUTeTM liner installations to assess
cross-hole fracture connectivity and inter-well hydraulic properties, and to do so in a manner that
is complementary and can be used in conjunction with other currently employed borehole liner
applications. The proposed method takes advantage of a pre-existing hydrogeological tool to
generate a new style of hydraulic pulse and create an innovative form of cross-hole testing that
has yet to be analyzed. It is hypothesized that pressure responses generated during FLUTeTM
liner installation can be used to identify hydraulic connections between boreholes. Furthermore,
the pressure responses generated during installation can be analyzed with type curve fitting
methods used in pumping test analysis to approximate values of transmissivity for the examined
inter-well connections. This method may be valuable to future crystalline bedrock aquifer
characterization by providing a means of cross-hole data collection that is rapid, convenient, and
relatively inexpensive. Knowledge gained from this approach, regarding fracture connectivity and
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transmissivity across a given site, has potential to inform wellhead protection studies and
groundwater remediation strategies.

3.3 Methods
3.3.1 Site Description and Characterization
Field investigations for this study were completed during 2015-2016 at the Kennedy Field Station
(KFS) (Water Research Center, Queen’s University), located near Tamworth, Ontario, Canada.
This site is underlain by Precambrian bedrock of the Canadian Shield below less than 1.5 m of
overburden (Dillon Consulting Ltd., 2004). Bedrock in this area consists predominantly of
heterogeneous, thinly layered, metasedimentary, gneissic rocks of the Grenville Supergroup
(Ontario Geological Survey, 2011; Easton, 1992).
The KFS has a cluster of eight bedrock boreholes (KF2, KF3, KF4, KF5, KF6, KF7, KF8, and
KF9) (Figure 3.1) which were drilled over the period from 2009 to 2015 (K. Novakowski, personal
communication, July 2015; Elmhirst and Novakowski, 2012; Elmhirst, 2011). The cluster includes
seven vertical boreholes and one inclined borehole which range in diameter and depth from 102152 mm and 25-45 m, respectively. Radial distances between boreholes span 10-35 m. These
boreholes were drilled using percussion (KF2, KF3, KF4, KF5, and KF9) and HQ Triple Tube
(KF6, KF7, and KF8) methods. With the exception of KF5, which was converted into a set of
nested piezometers in August 2015, all boreholes on site are cased to a shallow depth through
the regolith, approximately 1-3 mbgs, and open through the bedrock. KF5 has three isolated
monitoring intervals: KF5-Upper ([<10.7 mbgs), Middle (15.5-20.2 mbgs) and Lower (25.3-38.2
mbgs). These monitoring intervals consist of slotted 51 mm PVC pipe and are backfilled with sand
separated by bentonite confining layers. The water table at the cluster varies seasonally between
approximately 0.5-3.5 mbgs.
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A.

B.

Figure 3.1 A) Map of Ontario showing the location of Tamworth, Ontario relative to Toronto and Kingston, Ontario with the geographic
extent of the Canadian Shield displayed in dark grey. B) Cluster of bedrock boreholes at the Kennedy Field Station. A dashed line is used
to the show the projection of KF8 while KF8’ denotes the bottom of this inclined borehole. A set of UTM coordinates (NAD 83, Zone 18T)
are included for reference. Maps created using ESRI ArcMap 10.2.1, with base map data from ESRI (2016), the Ontario Ministry of Natural
Resources (1983 and 2008), and Ontario Geological Survey (2011).
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Extensive site characterization has been completed throughout the history of the KFS.
Transmissive zones in all boreholes have been identified using constant head injection tests,
completed in a contiguous manner along the entire length of each hole, with straddle packer
systems spanning interval lengths of approximately 2-2.4 m (N. Augustine, personal
communication, November 2016; K. Novakowski, personal communication, March 2016; Elmhirst
and Novakowski, 2012; Elmhirst, 2011). KF2, KF3, and KF4 and the connections between these
boreholes were also tested using a number of pulse interference tests, slug tests, and pumping
tests (Elmhirst and Novakowski, 2012; Elmhirst, 2011). See Appendix A-4 for a summary of all
hydraulic testing data. A suite of borehole geophysics and hydro-geophysical testing was
completed within all boreholes in this current study, including profiles of formation conductivity,
natural gamma, Acoustic Televiewer (ATV), and full waveform sonic (compilations presented in
Appendix A-5) as well as open hole temperature and Active Line Source (ALS) testing in lined
boreholes.

3.3.2 Structural Analysis
Detailed structural interpretation of the ATV logs collected from each borehole was completed
using WellCAD software (Advanced Logic Technology, Version 5.1) (P. Pehme, personal
communication, 2015-2016). A structure log was overlain on each ATV image and populated with
information through the interactive selection of individual fracture picks for which fracture depth,
dip, dip direction, aperture, and structure class are recorded. The aperture assigned to each
fracture is automatically corrected to true aperture taking the structure dip into account. Each
identified fracture was qualitatively classified as either a major, minor, continuous, or incomplete
feature according to its degree of openness and continuity across the downhole image log.
Fracture picks were selected as consistently as possible between logs, despite differences in
image resolution resulting from drilling (percussion drilled versus cored boreholes). The ATV
images were collected parallel to the z-axis of each hole, so in order to obtain true strike and dip
data, the images were corrected using the azimuth and tilt readings from the ATV tool and were
also adjusted for magnetic declination.
There is an inherent bias in the orientation of fracture features that will be intersected by a onedimensional survey in that the frequency of discontinuities intersected by a sampling line of given
orientation will be less than or equal to the number of discontinuities that would be encountered
by a normal to the fracture set. For example, vertical boreholes are certain to sample horizontal
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and sub-horizontal features and have a progressively lower probability of intersecting high angle
or vertical features. In order to account for this bias, identified and analyzed in Terzaghi (1965),
and generate a more representative fracture distribution, the following weighting factor, w, was
applied to each discontinuity (Priest, 1985; Priest, 1993):
1

𝑤 = 𝑐𝑜𝑠𝛿

Eq. 3.1

Where δ is the acute angle between the fracture normal and the sampling line (i.e. borehole axis).
δ can be calculated analytically using the trend and plunge from both the borehole axis and the
normal to the fracture plane (Priest, 1985; Priest 1993):

𝑐𝑜𝑠𝛿 = |cos(𝛼𝑛 − 𝛼𝑠 ) 𝑐𝑜𝑠𝛽𝑛 𝑐𝑜𝑠𝛽𝑠 + 𝑠𝑖𝑛𝛽𝑛 𝑠𝑖𝑛𝛽𝑠 |

Eq. 3.2

Where αn/βn is trend/plunge of the fracture normal and αs/βs is the trend/plunge of the sampling
line (borehole axis).
The probability of a fracture intersecting the sampling line decreases with increasing values of δ.
However, as δ approaches 90° (representing a fracture that is parallel to the borehole axis), the
weighting factor will approach infinity creating unrealistic representations of the fracture network.
Accordingly, Priest (1993) recommends limiting the maximum weighting factor. A maximum
weighting factor of 7 was applied in the present analysis which represents a δ of approximately
81.8° (e.g. Zetterlund et al., 2012; Buoro et al., 2009; Jones et al., 1999). Therefore, any fracture
whose normal makes an angle of greater than or equal 81.8° to the borehole axis has their
weighting arbitrarily limited to a value of 7. It should be noted that this creates a blind zone in the
fracture distribution where the data set is limited by the orientation of the borehole and where
correction of this sampling bias is restricted.
Lower hemisphere, equal area stereographic projections, with fracture data contoured using the
1% Area Method, were used to visually identify fracture pole clusters, representative of sets of
parallel-subparallel fractures. In accordance with the 1% Area Method, the density of data points
was measured as a percentage of the total number of points per 1% area of the stereonet
(Marshak and Mitra, 1988). So for example, if the contour interval is 5, then the lowest contour
line is drawn separating the zone in which there are fewer than 5% of the total points per 1% of
area from the zone in which there are more than 5% of the total points per 1% of area. Fractures
not assigned to a distinct fracture set are regarded as outliers/random fracture components of the
overall fracture network.
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A mean orientation for each Terzaghi corrected fracture set was determined using unit vector
analysis (Borradaile, 2003). Before proceeding with this analysis it is necessary to normalize the
determined Terzaghi weighting factors so that the total normalized weighted sample size, Nw, is
equal to the original sample size within the fracture set of interest, N. The normalized weighting
factor, wnj, for the jth discontinuity in a fracture set can be expressed as follow (Priest, 1985; Priest,
1993):

𝑤𝑛𝑗 =

𝑤𝑗 𝑁
𝑁𝑤

Eq. 3.3

The angular radius of the 95% confidence cone about the mean orientation of each fracture set
(α95) was determined using the following expression, which accepts Fisher’s Distribution of
spherical data (Priest, 1985; Priest, 1993):
1

𝑐𝑜𝑠𝜃 =

(
)
𝑁−((1−𝑃(<𝜃)) 1−𝑁 (𝑁−|𝑅|))

|𝑅|

Eq. 3.4

Where P(<θ) equals the probability that the true mean orientation for the fracture set lies within
an angular radius, θ, of the resultant (mean) vector, R. Higher reliability in the fracture set will be
expressed as a smaller value of α95.
In addition to the mean fracture set orientation, each set has been represented by Fisher’s
dispersion constant, k (Fisher et al., 1987; Priest, 1985; Priest, 1993). Fisher’s constant can be
expressed as follows:

𝑘=

𝑁−1
𝑁−𝑅

Eq. 3.5

Where R is the magnitude of the fracture set’s resultant vector. Fisher’s constant provides an
indication of the degree of clustering in a fracture set (see schematic in Appendix B-1). k will
approach infinity if the fracture set contains nearly parallel fractures. On the other hand, if the
fractures are more randomly oriented, k will be smaller.
In addition to the completed fracture set analysis, cross-sections between select boreholes were
produced in WellCAD 5.1 using preferentially oriented, slab core projections of the structural logs
for each borehole (see Appendix D). Particular focus was placed on detecting fracture
connections between source and observation boreholes along dominant features identified during
the borehole lining process (described below).
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3.3.3 FLUTeTM Liner Installations
FLUTeTM blank liners were installed at the KFS in KF2, KF3, KF4, KF6, KF8, and KF9 in the Fall
of 2015 using the eversion process shown in Figure 3.2, which is discussed in detail in Cherry et
al. (2007) and Keller et al. (2013). Installation begins with the liner “inside-out” on a spool, the
open end of which is attached to the top of the well casing. A small portion of the liner is then
everted and forced down the borehole by hand. Through the addition of water to the inside
annulus of the liner, a driving head is created above the original blended head of the hole, where
the blended head reflects the combined influence of all transmissive regions along the borehole
length. This allows the liner to descend into the hole and forces water from within the borehole
into the surrounding formation. In doing so, a continuous seal is created along the length of the
borehole. The velocity at which the liner moves downhole is proportional to the transmissivity of
the remaining length of open borehole below the descending liner.

Figure 3.2 FLUTeTM liner installation sequence (FLUTe, 2015).

Boreholes were lined in the following order: KF2, KF3, KF4, KF9, KF8, and lastly KF6, where
each liner installation is treated as a separate test. In the adjacent network of open boreholes, a
combination of Solinst LeveloggersTM and Van Essen Micro-DiversTM were used to monitor
fluctuations in pressure resulting from hydraulic pulses generated during each liner installation. In
the initial setup for Test 1 (Figure 3.3), a single pressure transducer was installed approximately
1 m below the surface of the water table in KF3, KF4, KF5-Upper, Middle and Lower, and KF9 to
measure changes in blended head. In KF8, a string of three transducers was installed and in KF6,
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the last borehole to be lined, a pair of transducers was installed. As the liner installations
progressed, pressure transducers that were no longer being used were added to the string in
KF6.

Figure 3.3 Initial liner installation test setup (liner in KF2) with the sequence of successive
installations noted. The final array of transducers installed in KF6 is also shown, denoted by the
red triangles in this borehole.

In KF6 and KF8, where strings with multiple transducers were used, the transducers were
installed so as to target hydraulically active areas of the hole based on the location of prominent
fracture features identified from the ATV image logs, with consideration also given to those
intervals identified as possessing significant transmissivity in previous constant head injection
tests (N. Augustine, personal communication, November 2016; K. Novakowski, personal
communication, March 2016; Elmhirst and Novakowski, 2012; Elmhirst, 2011). However, for the
purposes of analyzing data from the KF6 and KF8 strings, only the uppermost loggers were used.
All others intervals exhibited minimal variability in measurements (+/- ~0.03 m) regardless of
depth, with no apparent differences in timing of response, and were therefore ignored. All Solinst
and Van Essen pressure transducers were calibrated to determine their relative accuracy,
determine any necessary data corrections, and standardize response (Appendix C-1).
For ease of presentation, the pressure response observed in the system of nested piezometers
at KF5 is considered as a single value for the entire well, ignoring vertical flow components evident
through consideration of all monitoring intervals. This is consistent with all other blended head
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pressure data collected from the remaining open boreholes on site and therefore, it is most
appropriate to examine flow in the overall aquifer system as 2-dimensional (horizontal). The KF5
interval selected for presentation represents the maximum pressure response observed in the
nested system for a given liner installation test. Previously completed constant head injection
testing in KF5 reveals that the lower half of KF5 has negligible transmissivity (below testing limit).
Accordingly, the pressure response observed in the lowest interval of KF5 is consistently less
than logger accuracy. Therefore, placing emphasis on the pressure response observed in either
the upper or middle interval of KF5 is deemed reasonable. In KF5 Upper and Middle, no apparent
differences in timing of response were observed; however, magnitude of peak response varies
between tests, with an average difference of 0.13 m between these two monitoring intervals.
FLUTeTM liners are custom manufactured according to the specifications of the borehole for which
they are to be installed (e.g. length, diameter, stickup height). The inside of the liner and tether
(Figure 3.2) is marked with Eversion Points (EP’s) every 10 ft (~3.0 m) of liner descent to indicate
the downhole position of the bottom of the liner during installation. The progress of liner descent
during installation in each hole was monitored manually based on these EP marks to create a
coarse record of liner position versus time. Despite having a relatively low resolution, 10 ft EP
markings often represent an ideal interval for data recording, especially at the beginning of a liner
installation when fractures with significant transmissivity remain open and rapid liner descent may
be experienced (observed to be as fast as 0.1 m/s).

3.3.4 AquiferTest Analysis
The magnitude and timing of variations in observation well pressure response to liner decent were
used to qualitatively examine flow within the KFS borehole cluster and identify potential fracture
connections between boreholes. However, there is currently no available quantitative analytical
solution to accurately model the exact, unique conditions created by using the installation of a
borehole liner as an input pulse. Through monitoring the pressure pulse that is generated as a
FLUTeTM liner is installed, a pulse interference test is created. However, rather than monitoring
the response to a slug or systematic sequence of flow rate changes, this pulse takes the form of
a progressive, variable rate fluid injection, that is dependent on the transmissivity of fracture
intersections in the remaining length of open borehole.
A fundamental complication of this testing style is that the injection interval is continuously
changing throughout the course of a liner installation test. In reality, the source hole transitions
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from a fully penetrating to a partially penetrating well as a greater proportion of the borehole
becomes sealed, which is likely to induce both vertical and horizontal flow components in the
vicinity of the well. If permeability differs in the horizontal and vertical directions, then the
anisotropic properties in the aquifer may become evident. In recognizing that there is no existing
analytical solution available to simulate a transient change in the aquifer thickness, this condition
was ignored and accordingly, the maximum source hole length (from the casing to the bottom of
the borehole) is assumed to represent the value of aquifer thickness in each test.
As an initial approach to analyze the collected hydraulic head data, AquiferTest Pro software
(Schlumberger Water Services, Version 2011.1) was used to estimate hydraulic parameters for
the connections between borehole pairs by way of manual curve fitting. While both Equivalent
Porous Media (EPM) and double porosity solutions are available, an EPM solution was selected
to avoid adding unnecessary complexity to this already challenging modelling scenario. In making
this selection, it was recognized that both modelling approaches may be equally inappropriate for
the complex flow conditions in a crystalline bedrock setting where the rock matrix is not expected
to provide a significant source of water for groundwater flow.
Several confined and unconfined aquifer analysis methods were examined, including the Theis,
Hantush-Jacob (Walton), Papadopulos-Cooper, Neuman, and Boulton solutions. Unfortunately,
through use of manual curve fitting, statistics of fit are not available, making assessment of these
tested solutions a subjective process. Ultimately, the Hantush-Jacob (Walton) method (Walton,
1962; Hantush and Jacob, 1955) was found to be the most conducive solution for obtaining a
reasonable fit and was selected for analysis of the collected pressure data. This leaky, confined
aquifer solution considers the possibility of vertical discharge from the examined system into the
surrounding rock mass during liner installation. Specifically, this recognizes the likely existence of
vertical/high angle fracture connections to the surface of the bedrock. In applying this analysis
method, it was assumed that the aquifer has infinite lateral extent, is homogeneous and isotropic,
and wells are fully penetrating. Violation of the latter assumption is certain at the source well in
each test and in the case of some monitoring wells.
Each liner installation was modelled as an injection test where water from within the borehole is
forced outward into the aquifer as the liner descends downhole. The start of each liner installation
test/injection was assumed to be the time at which the borehole liner reaches the water table. In
making this assumption, it is assumed that the dissipation of air pressure through fractures in the
unsaturated zone (while the liner is above the water table) does not influence the other boreholes
on site. Without the use of sensors (e.g. temperature) deployed behind the borehole liner, it is
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difficult to know with certainty where and when this t=0 occurs. Consequently, the start of each
test was estimated using the intersection between available water level data, extrapolated
forward, and the liner descent curve determined from tracking EP marks (see Appendix C-2). This
takes into account the possibility of a moving free water surface resulting from previous
installations in the testing sequence.
Variable discharge rates occurring throughout each test (i.e. the volumetric flow rate, Q (m3/s),
exiting the source hole between subsequent time steps) were determined by multiplying the liner’s
descent velocity by the open hole’s horizontal cross-sectional area (Keller et al., 2013).
AquiferTest uses the theory of superposition to accommodate variable discharge rates where
multiple solutions, each for a given set of conditions, can be summed to obtain a solution for the
combined conditions. Flow rates observed during each liner installation test and applied in each
respective modelling scenario are shown in Appendix C-3.
The time required for a liner to be fully installed at this site ranged from 0.5-4 days per hole
depending on whether the bottom of the borehole was transmissive. As a result, liner installations
were conducted concurrently (i.e. another installation was typically started while the previous
installation was still being finished with the rationale of maximizing time efficiency). Possible
interference between installations was ignored given the low discharge rates (~10-6–10-5 m3/s)
typically occurring at these times of test overlap.

3.4 Results and Discussion
3.4.1 Structural Trends
Contoured stereographic projections of Terzaghi corrected fracture data suggest the presence of
four main fracture sets (Table 3.1) at the KFS, which are observed to be relatively consistent
regardless of borehole orientation (Figure 3.4). The most dominant of these fracture sets, with
regards to prevalence, is SH1 (sub-horizontal, NE-SW striking) which accounts for approximately
50% of the grouped fractures from both the inclined and vertical boreholes. Use of Terzaghi
corrected fracture data in the completed fracture set delineation assumes there is bias in the
original fracture data as a result of borehole orientation. Appendices B-2 and B-3 contain
supplementary information regarding the ATV identified fractures from all boreholes as well as a
comparison of fracture set delineation with and without fracture data correction.
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Despite the general agreement observed in Figure 3.4 between the vertical and inclined borehole
fractures, the fracture set statistics shown in Table 3.1 highlight some discrepancy between
borehole orientations. The calculated k factors show that dispersion within all the vertical borehole
fracture sets is relatively uniform (average of 19.4) as are the 95% confidence intervals: there is
95% probability that the true mean vector lies within an average angular radius of 2.7° from the
calculated mean for all sets. On the other hand, within the same fracture sets inferred from the
inclined borehole, the k factor averages 4.3 for SV1, SV2, and SH1, but is much higher for SH2.
This reveals that fractures in SH2 are relatively more clustered than fractures in SV1, SV2, and
SH1. For fracture sets inferred from the inclined borehole, there is also more variability in the
calculated 95% confidence intervals. The true mean vector is expected to lie within an angular
radius of 5.0° to 31.4° from the calculated mean. Greater dispersion and uncertainty in the inclined
borehole fracture sets is likely to be the result of a smaller sampling size relative to the data
collected from all vertical boreholes combined.
Table 3.1 Fracture sets identified from all boreholes at the Kennedy Field Station
(SH = sub-horizontal, SV = sub-vertical).

Vertical
Boreholes

Inclined
Borehole
(KF8)

Fracture
Set

Strike
Direction

Mean Pole
Trend/Plunge* (°)

Fisher k
Factor

α95 (°)

SV1

WNW-ESE

200.0/2.4

19.5

3.0

SV2

N-S

90.1/3.8

19.6

3.5

SH1

NE-SW

308.9/56.8

18.4

1.9

SH2

NNE-SSW

99.6/48.8

20.3

2.5

SV1

WNW-ESE

204.4/7.2

4.5

11.0

SV2

N-S

107.1/19.3

2.5

31.4

SH1

NE-SW

323.1/69.0

5.9

5.9

SH2

NNE-SSW

90.2/45.1

27.7

5.0

*Calculated using unit vector analysis (Borradaile, 2003) for each normalized, Terzaghi weighted fracture
set (Priest, 1985; Priest, 1993)
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Figure 3.4 Lower hemisphere, equal area stereonet projection of poles to fracture planes from all
vertical boreholes, n=923, (contoured without lines) overlain by poles from the inclined borehole,
n=260, (contoured without fill); individual data points have been removed for visual clarity. Data
was contoured using the 1% Area Method, exponentially smoothed, and adjusted using the Terzaghi
(1965) weighting factor to account for the sampling bias associated with borehole orientation
(maximum weighting factor restricted to 7).

The KFS is located proximal to a significant shear zone, known as the Robertson Lake mylonite
zone (RLmz), associated with the Grenville Orogeny (Busch and van der Pluijm, 1996). The
orientation of the sub-vertical fracture sets (SV1 and SV2) observed in this study area are similar
to those reported by Mitchell (2007) along the RLmz. Lineaments striking comparably to SV1 have
also been observed north of the KFS (Hewitt, 1961). Fractures belonging to SH1 correspond with
regional patterns of foliation strike and dip presented in Hewitt (1961) indicating that fracturing
has occurred prominently along foliation planes. This is consistent with rock core observations
from KF6, KF7, and KF8. SH1 and SH2 are suspected to largely represent sheeting fractures
associated with glacial unloading. Such sheeting fractures are common in crystalline bedrock
environments (Gleeson and Novakowski, 2009; Sukhija et al., 2006; Karasaki et al., 2000;
Holzhausen, 1989; Stauffer and Gendzwill, 1987).
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3.4.2 Hydraulic Response and Relationship to Structural Trends
To qualitatively examine the observation well pressure data collected from all liner installation
tests, the magnitude and timing of response to the lining of a nearby borehole were targeted as a
framework for revealing overall site characteristics. Specifically, the magnitude and timing of
observation well pressure response were examined in relation to radial distance (2D Euclidean
surface distance) from the source well to identify any potential differences in hydraulic behaviour
relative to that which would be expected in a homogeneous environment and to recognize what
these differences reveal about connectivity across the field site.
The magnitude of observation well pressure response in each liner installation test was assessed
by identifying the maximum (or peak) head change detected throughout the course of given liner
installation (Figure 3.5). This peak head change is interpreted to provide a qualitative measure
connectivity between boreholes, based on the apparent capacity for response. When comparing
all tests (Figure 3.6), smaller radial distance is not necessarily indicative of the greatest hydraulic
response which reveals heterogeneity in the fracture pathways intersected by each source well.
Greatest pressure responses are generated from the liner installation in KF9 (up to 0.9 m), while
the liner installation in KF3 produces the most minimal response (as low as 0.01 m). This
highlights the highly permeable and transmissive connection between the fractures intersecting
KF9 and those intersecting the respective observation boreholes used in this test. Whereas, the
minimal pressure responses observed in relation to the lining of KF3 suggests the opposite.
Similarly, when available as an observation well (as identified in Figure 3.6 during the KF2 liner
installation), the magnitude of response detected in KF3 is lower relative to other observation
wells at a similar radial distances from the source.

Figure 3.5 Determination of time lag to initial pressure response (A) and peak head change (B) for
a given observation well hydraulic response curve. Note that the identified peak head change is not
necessarily the first major inflection point.
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Figure 3.6 also shows that within each individual liner installation test there is an expected trend
of decreasing pressure response with increasing radial distance from the source well, with the
exception of the observed responses from installation in KF3, which along with being relatively
low in magnitude, remain reasonably constant despite increasing radial distance from the source.
This shows that the KF3 liner installation test does not exhibit typical Theis type behaviour (i.e.
head change inversely proportional to radial distance from the source). It should be recognized
that the limited number of monitoring points available for the liner installations completed in KF6
and KF8 precludes conclusions of this nature for these tests.
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Figure 3.6 Peak pressure response in all observation wells relative to radial distance from the
source well for each liner installation test. The downward trending arrow highlights decreasing peak
pressure response with increasing radial distance from the source well.

Differences in peak pressure response between the examined liner installations can be explained
in part by dependency on bulk borehole properties. Bulk borehole transmissivity is calculated as
the sum of transmissivity in all constant head injection test packer intervals (N. Augustine,
personal communication, November 2016; K. Novakowski, personal communication, March 2016;
Elmhirst and Novakowski, 2012; Elmhirst, 2011), where intervals below the testing limit have been
assigned a value of 1.0x10-11 m2/s. Given the prevalence of fracture dominated flow in this
environment of low matrix porosity, bulk borehole transmissivity is considered representative of
the overall fracture permeability (not the total rock mass permeability). However, when regarding
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the presented values of bulk borehole transmissivity, it should be emphasized that a single
fracture or small number of fractures may be dominating flow (e.g. Zhao, 1998; Paillet, 1993).
There is positive relationship between the bulk source well transmissivity and the detected
maximum head change averaged across all observation boreholes in each test (Figure 3.7). So,
for example, liner installation in a source hole with high bulk transmissivity was found to generate
greater observation well peak pressure responses than liner installation in a source hole with
lower bulk transmissivity. A possible relationship between bulk observation well transmissivity and
the averaged maximum head change values detected in each observation borehole throughout
the entire liner installation testing sequence was also examined with no clear relationship
observed.
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Figure 3.7 Bulk transmissivity, T (m2/s), shown relative to the average peak pressure change
generated in all observation boreholes for a given liner installation test. Direct relationship between
source well transmissivity and the average generated peak pressure change is highlighted.
Transmissivity of KF5 is included as a comparative data point. This borehole served only as an
observation well, so no average generated peak head change is associated with this point.

The delay in time from the start of each liner installation test to the time at which an increase in
pressure is first observed at each observation well is summarized in Figure 3.8. This time lag to
initial response (illustrated in Figure 3.5) was examined rather than the time lag to peak pressure
response given that the liner installations involve a continuous source of fluid injection and often
multiple major inflections in observed head change rather than an instantaneous pulse and single
response peak as would be observed in a conventional pulse interference test. It is not uncommon
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in fractured crystalline bedrock for open-well observations within the same fracture zone to show
the same response rates regardless of distance from the source well, due to low storativity of the
system and preferential flow paths (Cho et al., 2004; Tiedeman and Hsieh, 2001). The observation
well response times for all tests are reasonably similar and quite rapid (average of ~30 s) with the
exception of KF3 during the KF2 installation which exhibits a relatively longer response time (~130
s as noted in Figure 3.8). This suggests some difference in fracture zonation surrounding KF3
relative to the remaining boreholes on site.
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Figure 3.8 Time to response in all observation wells relative to radial distance from the source well
for each liner installation test.

Several conclusions can be made from the presented pressure response trends. Based on
detectable pressure responses in each liner installation test, it can be assumed that all boreholes
on site are hydraulically connected to some extent. However, it is expected that KF3 intersects a
less permeable fracture zone relative to the remaining holes given its irregular behaviour as both
an observation and source well. KF3 has the lowest bulk borehole transmissivity relative to all
other boreholes on site suggesting that perhaps it is open across a relatively less fractured portion
of the formation. However, ATV imaging and a comparison of linear fracture intensities between
boreholes (see Appendix B-4) implies that this is not the case. It is more likely that the fractures
intersecting KF3 are simply not as conductive as those intersecting other boreholes on site. This
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may be due to fracture constrictions or intersections redirecting flow in the vicinity of the borehole.
This interpretation is subject to the assumption that all boreholes on site were adequately
developed following drilling (especially relevant for the percussion drilled boreholes), therefore
eliminating any influence of near well effects.
Detailed pumping test data considered alongside comprehensive structural analysis has been
used to examine the relationship between induced head changes and fracture patterns at a given
site (e.g. Gernand and Heidtman, 1997). Working under the assumption that borehole liner
installations can be idealized as a form of injection test, this principle was used to examine the
possibility of structurally controlled flow inferred from spatial distortions in the observed hydraulic
pulse(s). Specifically, maximum head change values generated from liner installation in KF2 were
explored, since KF2 was the first borehole to be lined in the series of completed liner installation
tests and therefore provides the most complete set of observation well data. Spatial patterns of
maximum hydraulic response for all other tests where data interpolation was possible are shown
in Appendix C-5.
Figure 3.9 depicts a 2-dimensional contour map of maximum hydraulic response which highlights
a possible preferred direction of permeability along a NNW-SSE orientation. It was originally
suspected that structurally controlled groundwater flow at the test scale would be evident (i.e.
alignment of the orientation of maximum response with a distinct fracture set). However, from
Figure 3.9 (A), which displays a rose diagram of all ATV identified fractures (fracture strike
presented in accordance with the Right Hand Rule), it is evident that this axis of response more
likely reflects the combined influence of fracture set heterogeneities. To examine this further,
Figure 3.9 (B) shows individual rose diagrams for each borehole to assess whether the apparent
orientation of permeability is dominant in key boreholes (i.e. KF5, KF4, and KF9); however, in a
similar manner to that concluded from Figure 3.9 (A), this does not appear to be the case.
Some uncertainty must be accepted in this orientation of maximum hydraulic response given a
limited number of observation points and the resulting importance of each point in the presented
analysis. For example, if KF3 were to be removed from the contour plot displayed in Figure 3.9,
a simpler radial flow pattern would be observed where peak head change decreases with
increasing distance from the source well (as is also shown in Figure 3.6). This would suggest
overall behaviour of the fracture network as a homogeneous, EPM.
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Figure 3.9 (A) Rose diagram of ATV fracture strike data from all boreholes (presented in accordance with the Right Hand Rule), n=1183
(10° bin size) and (B) Rose diagrams for each individual borehole, underlain by a 2-dimensional contour plot of peak pressure responses
observed from the liner installation in KF2. The percentage of total fractures in each rose diagram bin is denoted by the concentric rings.

40

It should be noted that the very existence of the KFS boreholes (in both their lined and open-hole
condition) may have affected the data collected. For example, open boreholes have potential to
short circuit fractures that were otherwise unconnected while lined holes may preclude or limit the
connection of fractures that once formed a major flow pathway. As a consequence, it is possible
that differing hydraulic responses may have been observed had the series of liner installations
been completed in an opposing order.

3.4.3 Fracture Network Conceptualization
The overall magnitude and timing of observation well pressure response to FLUTeTM liner
installations at the KFS has been used to identify permeability characteristics across the site and
identify the potential influence of fracture sets. As an additional approach for analysis of the
collected liner installation test data, the shape of individual hydraulic response curves were
examined to determine whether dominant fracture connections between the source and
observation wells in each test could be identified.
FLUTeTM Transmissivity Profiling (Keller et al., 2013) uses profiles of liner velocity during descent
to detect permeable fracture features encountered in the hole being lined. Under the assumption
of a constant driving head, changes in velocity are attributed to the sealing of conductive features
within a low porosity matrix, where the precise location of transmissive zones is dependent on the
intervals of recorded time. Ideally, principles of this testing procedure can be applied in the
presented cross-hole testing approach. However, in this case, the resolution of the obtained liner
descent profiles is too coarse to provide much value. Nevertheless, observation well pressure
response data, collected at a frequency of 1s-1, provides a means for identifying the location of
connected fractures assuming a near instantaneous response to the sealing of a permeable
source well fracture feature. The use of observation well data for the detection of permeable
fracture features eliminates problems of test sensitivity experienced in FLUTeTM Transmissivity
Profiling where the resolution of collected data is depth dependent.
There is a distinct coincidence between the timing of source well transmissivity at the FLUTeTM
liner’s downhole position during installation and fluctuations in observed hydraulic pressure
response. As highlighted in Figure 3.10, peaks in observation well pressure response generally
occur nearly simultaneous with peaks in source well transmissivity while troughs in pressure
response are associated with lows in transmissivity. In a similar manner, there appears to be a
coincidence between inflections in both the velocity curves for each liner installation and the
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observation well pressure response profiles. These correlations (visible in Appendix C-4) suggest
that during liner installation, flow out of the source hole occurs predominantly in the region
immediately below the descending liner, indicating that it should be possible to target fractures
that represent a probable direct connection between boreholes. This phenomena is in contrast
with the previous assumption that steady flow is occurring in all permeable features along the
length of remaining open borehole (Keller et al., 2013).
It should be noted that the resolution and apparent consistency of these relationships between
tests are limited by the length of packer testing interval, particularly where liner descent slows,
and further, by the availability of only a coarse record of liner position with time. Furthermore, it is
recognized that the presented correlations simplify a complex fracture system. It is possible that
the coincidence between source hole transmissivity and observation well pressure response as
well as variations in the liner descent velocity throughout the course of an installation merely
represents a redistribution of pressure in the remaining length of open hole as fractures are
successively sealed and flow is redirected.
Borehole liner installations completed at the KFS reveal several pressure response shapes
common to the observation well data. From these commonalities, there is potential to infer the
character of connections occurring between boreholes. Inflections, where a previously increasing
pressure response reverses, are attributed to the sealing of conductive features at the source well
and an overall decrease in available transmissivity. As an example of the targeted response types,
observation well data from KF9, during FLUTeTM liner installation in KF4, is shown in Figure 3.11.
(A) in Figure 3.11 shows numerous small pressure fluctuations superimposed on a larger/more
extensive pressure high. This response type is believed to represent diffuse flow through a
permeable zone of multiple, closely spaced, direct fracture connections and/or multiple complex
flow paths (i.e. interconnected fractures between the source and observation well, especially
involving high angle fractures). (B) in Figure 3.11 shows a section of smooth, nearly constant
pressure response, typically observed between large peaks (i.e. abrupt declines) in observation
well pressure response. This response is thought to represent continuous flow through a vertical
section of relatively lower, uniform permeability. Finally (C) in Figure 3.11 shows a sharp and
relatively large peak in pressure response interpreted to represent the sealing of a discrete, highly
permeable, direct fracture connection (expected to be sub-horizontal to horizontal) between the
source and observation well.
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Figure 3.10 FLUTeTM liner installation in KF2: Column A shows constant head injection testing transmissivity estimates for KF2 (width of
packer intervals scaled to time) overlain by the liner descent and velocity curves for this installation. Column B shows liner depth and
columns C-H highlight observation well pressure response as a function of time, where observation wells are arranged in order of
increasing radial distance from the pulse source. The direct relationship between pressure response and borehole transmissivity in KF2,
highlighted in yellow, is observed to be consistent in all observation wells, with the exception of KF3 (see section 3.4.2). Grey shading
shows the approximate region over which lining is complete and the observation well pressure response is stabilizing.
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Figure 3.11 Observation well pressure response in KF9 during FLUTe TM liner installation in KF4.
Characteristic response types observed in all completed liner installation tests are highlighted: (A)
Numerous small pressure fluctuations superimposed on a larger pressure high suggesting diffuse
flow through a number of closely spaced, permeable fracture connections and/or multiple complex
flow paths; (B) Relatively smooth, nearly constant pressure response suggesting continuous flow
through a section of uniform, albeit lower, permeability; and (C) Abrupt peak in pressure response
suggesting flow through a highly permeable, direct, low angle fracture connection.

In all of the completed liner installations, observation well responses are more homogeneous than
would be expected given the spatial and vertical variability in packer testing data from all holes.
This provides evidence of substantial hydraulic connectivity across the site. To investigate the
location of potential borehole connections in more detail, fracture correlations, informed by the
observation well responses from each liner installation, were completed. Identification of
significant fractures and/or direct connections controlling flow between source and observation
wells was accomplished by first matching the downhole position of the liner during installation with
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associated inflection points in the observed pressure response(s). ATV images from the source
hole were used to identify key fractures at these particular depths that are most likely to be
controlling the observed flow between source and observation wells. These suspected beginnings
of preferential flow paths identified in the source well were correlated to the respective observation
boreholes used for each test.
For fracture correlations between two vertical boreholes, a visual correlation approach was
completed using the cross section functionality available in WellCAD, where fracture surfaces
were identified manually between two appropriately scaled borehole structure logs. However, for
fracture correlation between an inclined and vertical borehole, a mathematical approach was
necessary to account for the greater spatial complexity associated with an inclined borehole’s
path. This mathematical approach involved determining the intersection point between the
targeted fracture plane and borehole line. Provided that the depth of intersection exists along the
observation borehole length, a potential match to the source hole fracture was sought from the
ATV structure data. Intersection points of a given fracture at the source well and observation
well(s) were used to calculate a linear plane of best fit for each fracture surface.
Figure 3.12 shows the results of the completed fracture correlations, which are constrained to the
tested well combinations. Where only two points are available, a line is used to show the suspect
connection rather than a plane. The fracture surfaces, created for visualization purposes, are
centered on the source well of each respective test and have been solved arbitrarily over 5 m in
the y-direction (N-S), given that the exact extent of each fracture plane across the KFS is
unknown. However, nine of the 28 source hole fractures correlated in the analysis presented are
suspected to represent two dominant fracture planes identified in nearly all tests. The location of
source hole fracture picks are overlain on observation well pressure responses for each test in
Appendix C-4. As an example of these overlays, the location of fractures inferred from the KF2
liner installation test are shown in Figure 3.13. As evident in this figure, fractures targeted based
on visible prominence do not always coincide perfectly with the timing of an associated pressure
response inflection. This may be reflective of the aquifer’s behaviour; however, in this particular
study it is more likely attributed to inaccuracies in liner descent data (downhole position with time).
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Figure 3.12 Fracture connections determined from each liner installation test where the source well
is shown in red. The conceptualizations are displayed using a reduced UTM coordinate grid where
(0, 0) represents 340141 m E and 4931260 m N.
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Figure 3.13 Location of the fracture connections inferred from the KF2 liner installation test. The
depth of targeted source hole fractures is denoted by grey bars overlying the observation well
pressure response profiles.

The identified preferential flow connections were plotted in stereonet form (Figure 3.14) to identify
a possible relationship between these targeted fracture features and the four major fracture sets
identified at the KFS (see section 3.4.1, Table 3.1). It is evident that the correlated fractures are
predominantly parallel to SH1 (NE-SW striking, foliation parallel, sheeting fractures) which is the
dominant fracture cluster in all structural classes categorized from the ATV image logs (Figure
3.15). While fractures belonging to SH1 are likely to represent the most conductive flow paths,
potential underrepresentation of sub-vertical fracture connections should be noted. This may be
due in part to the fact that discrete, sub-horizontal fractures are more readily recognized and
intersected than high angle fractures in the presented analysis using predominantly vertical
boreholes. For example, high angle fractures commonly extend beyond the depth of a target
observation borehole or terminate at the ground surface between boreholes, making direct
fracture correlation between the source and observation well inherently impossible.
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Figure 3.14 Lower hemisphere, equal area stereonet projection of poles to the dominant (correlated)
fractures identified during borehole liner installations in KF2, KF3, KF4, KF6, KF8, and KF9.
Contoured using 1% Area Method and exponentially smoothed (n=28).
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Figure 3.15 Lower hemisphere, equal area stereonet projections of major, minor, continuous, and
incomplete fracture poles observed in all boreholes at the KFS (Terzaghi correction not applied).
Contoured using 1% Area Method and exponentially smoothed.

While the completed fracture correlation process has allowed for the creation of a fracture network
conceptual model for each completed liner installation test, there are a number of uncertainties
associated with targeting fractures based on observation well pressure response. The observed
pressure response during a given liner installation is generally dissipated with increasing distance
from the source well and as a result, the greater the separation distance, the less certain the type
49

(and number) of fracture connections. It is also difficult to know with absolute confidence if a
distinct inflection point in an observed pressure response indicates the sealing of a single fracture
feature, especially in the case of numerous closely spaced fractures. High angle fractures further
complicate the ability to target dominant features given the greater time span that may be involved
in sealing such fractures. Furthermore, while not an issue in the crystalline rock of the Canadian
Shield, the ability to infer fracture features may be confounded by zones of significant rock matrix
permeability along a length of continuous bedding.
Furthermore, the fracture correlation process in itself is associated with challenges related to
spatial and vertical scaling issues, errors in interpreting fracture orientation and depth from ATV
data, differences in ATV image quality, and inherent natural fracture aperture and surface
variability. Differences in fracture orientation, between the targeted source hole feature and the
correlated, observation hole feature, average approximately 18.8° +/- 3.7° for fracture strike and
9.1° +/- 1.4° for dip. In order to confirm the inferred fracture connections comparative data is
needed. Specifically, pulse interference tests could be used to isolate specific fracture features
(e.g. Stephenson et al., 2006) and would also allow for the assessment of response differences
between low angle versus high angle fracture features and fractures of varying aperture.
Uncertainties associated with the use of ATV image logs for fracture identification should also be
acknowledged. It remains uncertain whether a fracture that appears dominant in an ATV log
actually conducts flow under ambient conditions. In the presented testing approach, flow is
examined under forced gradient conditions and is therefore observed where it may not naturally
exist. The number of fractures actually conducting and controlling flow on site, under natural
gradient conditions is likely to be less than those identified in the ATV analysis. In the future, ALS
logging (Pehme et al., 2007, 2010, and 2013) could be used to verify the location of fractures
most important to ambient flow.

3.4.4 Hydraulic Parameter Estimation
Estimation of hydraulic parameters from transient aquifer tests with multiple observation wells in
a heterogeneous fractured bedrock environment can be associated with a large degree of
uncertainty. Under a constant discharge (or injection) rate, in the case of a homogeneous,
isotropic aquifer, a log-log plot of change in head versus t/r2 (time normalized by radial distance
from the source well) should display a single curve while a heterogeneous aquifer will display a
family of curves, representing the spatial distribution of hydraulic response, which will tend to
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converge at large values of t/r2 (function of radial distance from the pumping well and time)
(Osiensky et al., 2000; Toth, 1966). At small values or t/r2, separation between this family of curves
indicates the degree of heterogeneity within the area of hydraulic response (Osiensky et al.,
2000).
Hydraulic response data from all liner installations completed at the KFS do not reveal a single
curve when normalized by radial distance from the source well which indicates aquifer
heterogeneity and necessitates the analysis of each observation well individually. Given the short
duration of each liner installation (relative to a typical pumping test), the variable injection rates
experienced during liner installation, and the continuously changing injection interval, data
convergence at late time is also nonexistent.
The pressure response detected in adjacent observation wells for a given FLUTeTM liner
installation was modelled analytically with the Hantush-Jacob (Walton) method (Walton, 1962;
Hantush and Jacob, 1955) using AquiferTest software. Application of this method involved
interactive curve fitting where goodness of fit was assessed qualitatively. Contrary to typical
pumping test analysis, emphasis was placed on fitting type curves to intermediate time data. This
time interval was found to be most favourable for achieving a “good” fit and suggests that within
this frame of data there exists an optimal balance between the assumption of fully penetrating
wells and the heterogeneity of fractures in the remaining length of open borehole that are available
for flow transmittance between the source and observation well in question.
Furthermore, while injection from the source well is often more constant in the later duration of
each test (which in theory makes this a more appropriate interval for curve fitting), it is not
necessarily representative of that experienced at each observation well. This is a result of the
unlikelihood for flow to be evenly distributed in a heterogeneous media (Ludvigson and Hjerne,
2014) as well as the added complexity that source hole fractures are progressively sealed
throughout the course of a given liner installation. Equal fluid conveyance at the source and
observation well may occur under the conditions of either (1) a highly fractured and wellconnected media which behaves as an EPM or (2) a single direct fracture connection, which is
more likely to occur near the beginning of each liner installation in the presence of prominent,
shallow fracture features.
Under normal pumping test conditions early time data is strongly affected by changing fluid path
lines as the cone of hydraulic response evolves and as a result, the need for curve fitting that is
constrained by late time, stabilized data is typically emphasized as a critical factor for parameter
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estimation, particularly where observation wells are located at a great distance from the source
well (Osiensky et al., 2000; Sanchez-Vila et al., 1999; Meier et al., 1998). However, in the
completed liner installation tests, fluid path lines are expected to change continuously as fractures
in the source well are sealed and the flow field readjusts, making this an unavoidable process.
Fortunately, observation wells are in close proximity to the source hole of each test at the KFS
(relatively large values of t/r2 are observed), creating the potential for obtaining representative
transmissivity values at an inter-well scale.
From the completed parameter estimation process, it was generally observed that fitting a type
curve to the highly variable pressure response generated during liner installation was not easily
accomplished and ultimately, the modelled solutions were found to be non-unique. The best fit
Hantush-Jacob solution generally captures gross features in the observed pressure responses
for each test, but considerable deviations are commonly observed between individual response
elements in the observed versus modelled pressure data.
Although the presented solutions do not fully capture all nuances in pressure behaviour
associated with both variable injection and ever changing flow pathways, the testing results have
been presented for completeness in Table 3.2, which includes the geometric mean of all liner
installations (6.3 x 10-5 m2/s) (see Appendix E for more detailed modelling results). This value of
transmissivity, which incorporates the bias associated with a particular source well and considers
variably fractured portions of the examined formation, provides a bulk estimate of transmissivity
for the entire site.
Table 3.2 Transmissivity, T (m2/s), estimates from all completed liner installation tests including the
overall geometric mean for the site.
T (m2/s)

Observation Well

Source Well

KF3

KF4

KF5 (Interval of
Maximum Response)

KF6

KF8

KF9

KF2

4.7E-06

7.1E-05

6.4E-05

8.7E-05

2.4E-04

1.1E-04

1.1E-04

5.7E-05

6.9E-05

3.7E-04

1.3E-04

KF4

1.4E-05

5.9E-05

1.6E-04

4.1E-05

KF6

4.4E-05

KF8

5.9E-05

5.6E-05

KF9

4.8E-05

9.2E-05

KF3

Overall
Geometric
Mean

6.3E-05
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2.1E-05

Early time pressure data is generally over-predicted by the Hantush-Jacob solution (Figure 3.16
(i)). This over-prediction may be the result of near well anisotropy and the increased influence of
individual fracture features at this scale. However, it may also be simply a function of wellbore
storage effects. Boreholes at the KFS have substantial diameter (0.10-0.15 m) and play a
significant role as a reservoir in the examined bedrock aquifer. As a result, wellbore storage
effects were expected in the completed liner installations. Wellbore storage is likely to affect the
timing and amplitude of response and it is recognized that by not accounting for it, transmissivity
may be underestimated (Moench, 1997; Novakowski, 1989; Prats and Scott, 1975). Wellbore
storage did not manifest in the pressure response as would be expected (i.e. a unit slope at early
time [Streltsova, 1988]) likely due to the changing test section length, but nonetheless, it is
assumed to be occurring. However, for the overall purposes of examining the application of
borehole liners as a means to assess cross-hole hydraulic properties, the effects of wellbore
storage have been ignored.

Figure 3.16 KF6 observation well response (during KF2 liner installation) fit to Hantush-Jacob
solution: (i) Over-prediction at early time; (ii) Possible water table effects; (iii) Improved fit at
intermediate time; and, (iv) Separation between observed data and predicted solution at late time.

The transition between early and intermediate time observation well data is often characterized
by a flattened segment and subsequent surge in pressure response that is not captured by the
Hantush-Jacob solution (Figure 3.16 (ii)). This behaviour is considered to be largely insignificant
(given minimal fluid movement) but, nonetheless, is speculated to be occurring for one of two
53

reasons. The first possible explanation is a water table phenomena (Boulton, 1954; Streltsova,
1972) whereby the actual aquifer response is delayed due to a variable free water surface in
intersecting fractures (borehole specific) and the additional source of water storage that these
fractures represent (e.g. Muldoon and Bradbury, 2005). When this additional water storage has
largely been depleted, the pressures response will become relatively steep again.
On the other hand, this response may be due to the liner installation process itself, specifically,
the initial acceleration of the liner at the start of installation when it is released down hole. This
transition interval, noted in Keller et al. (2013), is usually 2-6 m long depending on the liners’
descent velocity (controlled by a combination of driving head and fracture transmissivity), which
may explain why this trend in pressure response is variable between observation wells and
installation tests. So, in Figure 3.16, initial liner acceleration may be occurring up to about 80 s
(where the liner is ~5 mbtoc) followed by a stabilization in response as the hydraulic gradient from
the borehole wall into the formation becomes less steep. A more detailed record of liner velocity
during installation would be needed to confirm this pattern.
At intermediate time, the modelled solution often exhibits the best fit to the collected pressure
data, while late time pressure data is generally over-predicted, especially where large distinct
peaks exist in the observed pressure response. Over-prediction at late time is suspected to occur
as a result of the changing length of open borehole interval taking place during each installation
that has been assumed constant in the presented analytical solution. Accordingly, the model
predicts greater pressure build up through the entire, original vertical thickness when in fact a
number of flow pathways have been sealed, lessening the observed response.
It is within the intervals of intermediate and late time that inflection points in the pressure response
data have been used to infer fracture connections for correlation between source and observation
wells. For example, building on the principles discussed in Section 3.4.4, it is suspected that at
around 350 s in Figure 3.16 (iii) a direct, low angle fracture connection has been sealed while
within Figure 3.16 (iv) it is more likely that a number of closely spaced connections and/or complex
flow paths have been sealed.
Figure 3.16 (iii-iv) shows an example of a relatively good fit to the collected pressure data at both
intermediate and late time. In contrast, an instance of poorer model fit at late time is shown in
Figure 3.17. This highlights the variability in model fit that exists between liner installation tests
and the likely bias associated with subjective curve fitting. Within a given liner installation test, a
quantitative comparison of curve fitting results was not possible in the absence of fit statistics.
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However, a possible relationship between observation well distance from the source well and the
goodness of fit obtained was examined qualitatively to reveal that a more favourable model fit is
often found for observation wells farther from the source. This suggests some presence of scale
effects in the completed testing methodologies where at a greater distance from the source (i.e.
greater volume of aquifer sampled) there is perhaps an averaging of aquifer anisotropy.

Figure 3.17 KF6 observation well response (during KF3 liner installation) fit to Hantush-Jacob
solution highlighting poor model approximation at late time.

In the aforementioned presence of wellbore storage and relatively short time duration of each liner
installation, the determined storativity values, ranging from 5.6E-05 to 6.7E-04, are considered
unreliable. Estimated values of transmissivity will remain the focus of discussion. It is assumed
that the transmissivity values obtained from curve fitting to the intermediate time data are most
likely to reflect the effective local, near well conditions within specific inter-well regions of the site
(Rhode et al., 2007; Wu et al., 2005; Bibby, 1979).

3.4.5 Comparison to Previous Hydraulic Testing
Pulse interference and pumping tests completed by Elmhirst and Novakowski (2012) and Elmhirst
(2011) have been used for comparison to the liner installation test completed in KF2, with a focus
on observations in KF3 and KF4. Geometric mean transmissivity estimates for all testing methods
are presented in Figure 3.18. At the time of the referenced studies, only the three original
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boreholes (KF2, KF3, and KF4) existed at the site. The compared pulse interference and pumping
tests were completed under open borehole conditions at both the source and observation wells.
For the pulse interference tests, a solid, weighted cylinder was used to apply a slug condition at
the source well (generating an initial displacement of typically 0.7 m) with peak interference
responses observed to range between 20–100 mm, depending on the source and observation
well pairs (Elmhirst, 2011). Eight tests were completed between both KF2-KF3 and KF2-KF4. For
the pumping tests, two 48-hour, constant discharge tests were conducted with pumping in KF2
and measurements in KF2, KF3, and KF4.
1.0E-03

KF2 -- KF3

1.0E-04

KF2 -- KF4

T (m2/s)

(Source Well -- Observation Well)

PIT
PT
LIT

1.0E-05

Legend
Pulse Interference Test
48-Hour Pumping Test
Liner Installation Test

1.0E-06
PIT

LIT

PT

Testing Method
Figure 3.18 Comparison of liner installation transmissivity estimates to those obtained from
previously completed pulse interference and pumping tests (Elmhirst, 2011). Borehole connections
between KF2 (source well) and KF3 and KF4 (observation wells) are examined.

The relative scale of the applied hydraulic tests is defined based on the time duration over which
the hydraulic response to each test was monitored; where all other test parameters are
considered equal, the longer the test duration and volume of displaced fluid, the larger the volume
of rock that is sampled (National Research Council, 1996). In order of increasing test scale, the
compared hydraulic tests can be arranged as follows: pulse interference test, liner installation
test, and pumping test. Scale effects, which are particularly prevalent in fractured bedrock, are
typically observed as an increase in estimated transmissivity with increasing test scale due to the
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dominance of preferential flow paths in large volumes of tested formation (e.g. Illman, 2006; Le
Borgne et al., 2006; Martinez-Landa and Carrera, 2005; Schulze-Makuch et al., 1999; SanchezVila et al., 1996; Rovey, 1994). Independent of the length of test interval, scale effects in the
estimated transmissivity values were not expressed as expected.
Transmissivity estimates determined from the liner installation tests underestimate those
determined from the pulse interference and pumping tests for each examined well pair. This is
likely due to differences in source well conditions: open-hole in the pulse interference and
pumping tests and isolated in the liner installation test. Differences may also be a product of
inappropriate analysis methods available for assessing the liner installation response data (e.g.
the inability to account for changing aquifer thickness throughout the borehole lining process) as
well as the lack of consideration of wellbore storage, which was incorporated in Elmhirst and
Novakowski (2012) and Elmhirst (2011). However, it should be noted that this comparison
features a small sample size of transmissivity estimates each of which is associated with some
unquantified margin of error.
For the KF2-KF4 connection, transmissivity estimates from all testing methods differ by less than
an order of magnitude, indicating the absence of scale effects. On the other hand, for the KF2KF3 connection, the liner installation test transmissivity estimate differs from both the pulse
interference test and pumping test estimates by more than an order of magnitude. Elmhirst (2011)
attributes a lack of scale effects to the minimal presence of scale artefacts, which may be caused
by inappropriate measurement or analysis procedures, as well as the use of similar well
configurations (e.g. open borehole conditions) between tests. However, this testing consistency
is void upon comparison to the liner installation test, therefore, other influencing factors must be
present.
Substantial difference between testing methods in the KF2-KF3 connection but not the KF2-KF4
connection suggests that the degree of fracture permeability in the sampled formation may govern
whether or not scale effects are observed. The small formation volume sampled between KF2
and KF4 is assumed to be highly fractured and conductive relative to the portion of the formation
between KF2 and KF3. Therefore KF2-KF4 will be biased by the presence of preferential flow
paths regardless of the test scale. In contrast, a lesser degree of permeability between KF2 and
KF3 increases the susceptibility of the testing results to localized heterogeneities. It can be
concluded, that despite transmissivity underestimation and limited hydraulic testing data available
for comparison, liner installation tests may provide an alternative, or complementary, cross-hole
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testing method for the approximation of inter-well transmissivity in highly permeable
environments.

3.5 Conclusions
FLUTeTM liner installations have been presented as a method to assess cross-hole fracture
connectivity in crystalline bedrock boreholes. This innovative form of hydraulic testing provides a
means of convenient data collection, especially when used in conjunction with other currently
employed borehole liner applications. From experience gained in this study, borehole liner
installations have been realized as a method for examining possible fracture zonation and
structurally controlled flow in fractured bedrock environments. Hydraulic pressure response
observed during the installation of six borehole liners at the KFS has also improved the present
understanding of flow processes occurring during downhole liner descent and has enabled the
detection of characteristic behaviour in observation well pressure response. The presented
research demonstrates that fractures suspected as significant connections between source and
observation wells can be identified and correlated between boreholes for creation of a fracture
network conceptual model that is informed by the observed pressure responses to individual liner
installation tests.
To confirm these interpretations, improvements to the executed field techniques are needed,
including better control on the progress of liner descent as well as pressure monitoring below the
descending liner, to properly assess the suspected flow processes and pressure distribution in
the remaining length of open borehole. Testing in other bedrock environments, particularly those
with greater matrix porosity, as well as comparative data collection (e.g. from isolated pulse
interference tests and ALS logging) will reveal the full potential for this method and validate the
suggested analysis and interpretation methods.
From a quantitative perspective, analysis of the collected pressure response data using
AquiferTest software reveals the potential for estimating inter-well transmissivity in highly
fractured, well-connected media. However, there are a number of shortcomings in the analytical
solutions currently available for modelling this distinct data set, especially concerning the inability
to account for the changing length of tested aquifer thickness that occurs during a given liner
installation. Based on the inability to determine a unique set of hydraulic parameters, development
of an improved analytical solution and/or exploration of a numerical modelling approach is
warranted.
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Conclusions

4.1 Study Limitations and Recommendations
Characterization of fractured bedrock aquifers is a challenging and often resource demanding
task. Yet, developing an improved understanding of these flow systems is essential given their
significance to water supply in many communities, both nationally and internationally, and their
inherent vulnerability to contamination. FLUTeTM liners are an existing hydrogeological tool with
applications that include the prevention of fracture cross-connection at contaminated sites and
the identification of hydraulically active fractures by means of FLUTeTM Transmissivity Profiling
(Keller et al., 2013) and ALS logging (Pehme et al., 2013). In this study, FLUTeTM liner
installations, while monitoring in a nearby observation well, are presented as a means for
assessing cross-hole fracture connectivity in crystalline bedrock boreholes that can be applied in
combination with currently employed liner applications to collect hydraulic data in a manner that
is both time and resource efficient.
While the presented liner installation tests demonstrate potential, there are a number of
shortcomings which should be recognized, one being the availability of collected data. The order
in which boreholes are lined at a given site will govern which observation wells remain open for
data collection and ultimately, which inter-well fracture connections can be inferred. KF2 was the
first borehole to be lined and accordingly, KF2 served only as a source well and never as an
observation well in the series of completed tests. On the other hand, KF6, the last borehole to be
lined, provides the most complete set of observation well data; but, pressure responses observed
during the lining of this borehole are only available in the nested piezometers of KF5. The fewer
the number of observation wells available for a liner installation test, the more difficult it may be
to infer trends in hydraulic response.
The order of completed liner installation tests was unfavourable for examining the irregular
behaviour of KF3 observed during liner installation in KF2. KF3 was the second borehole to be
lined and as a result, this irregular behaviour as an observation well could not be verified. It is
recommended that the liners be reinstalled in a different sequence to assess any differences in
observed pressure response and validate the generated fracture network conceptualization. In
future applications of this method, it is recommended that practitioners are prepared to repeat the
liner installations where peculiarities are observed.
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Data validation was attempted through the collection of pressure response data during removal
of the borehole liners. However, data collected from manual liner removal proved too unsteady
for interpretation and analysis. It is possible that through use of an automated process, featuring
liner removal at a constant rate, the resulting data set would be of some value for comparison.
However, in contrast to the liner installations, it is speculated that regardless of a steady removal
rate, it would be much more difficult to know where water is re-entering the borehole given that
removal is not necessarily a function of borehole transmissivity (i.e. where the liner is removed
forcibly or faster than water is returning to the borehole).
The open-hole nature of the collected pressure response data should be emphasized as an
additional study limitation. An open observation well reflects a blended head resulting from the
connection of highly transmissive regions at different borehole depths. It is therefore impossible
to know the exact location of fluid influx generated by a nearby liner installation. Future work
should focus on the use of transducers deployed behind liners to allow for the detection of discrete
fracture flow.
This innovative form of cross-hole testing will be afflicted by the same challenges related to
complex installation conditions as outlined in Keller et al., (2013), such as karstic rock
environments, artesian conditions, or fluid inflow above the blended head of the hole. However,
additional issues related to the ability to decipher and interpret a generated hydraulic pulse must
also be addressed. In circumstances of excessively slow liner descent, in poorly transmissive
bedrock environments, minimal hydraulic response may be observed. On the other hand, in highly
transmissive environments, where liner installation is rapid, attributing fluid flow to specific fracture
features may be equally challenging. This also highlights the need for an improved means of
tracking downhole liner descent, such as temperature transducers or Distributed Temperature
Sensing cables deployed within the source hole (to be sealed behind the installed liner), with
higher data resolution and accuracy than what has been used in the present study.
It would also be beneficial to explore the application of this cross-hole testing method in other
bedrock environments, particularly those with higher matrix permeability, where fracture flow
plays a less dominant role and the environment is more likely to behave as an EPM. It is possible
that a less distinct pressure response would be observed making it more challenging to identify
major fracture connections between source and observation wells.
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4.2 Summary of Results
Based on the hypotheses and research questions presented in Section 1.4, the following
conclusions can be made:
H1) Pressure responses generated during FLUTeTM liner installation were successfully used to
infer significant hydraulic connections between boreholes.
Q1.A) The overall magnitude and timing of observation well pressure responses generated
during the completed FLUTeTM liner installations enabled the detection of a lower
permeability fracture zone surrounding KF3, while the shape of the generated hydraulic
response curves provided an enhanced understanding of fluid outflow during downhole liner
descent. This realization supported the detection of characteristic observation well
behaviour, from which fractures suspected as open connections between source and
observation wells can be identified and correlated between boreholes for creation of a
fracture network SCM informed by individual liner installation tests.
Q1.B) Structural analysis of ATV image logs collected from the KFS reveals four major
fracture sets: two sub-vertical, WNW-ESE and N-S trending sets and two sub-horizontal,
NE-SW and NNE-SSW trending sets. Spatial analysis of the observed changes in hydraulic
pressure response indicates a possible preferred direction of permeability across the KFS
along a roughly NNW-SSE orientation. Comparison of this axis of maximum hydraulic
response to the completed fracture set analysis reveals lack of a firm correlation with a
distinct fracture set. The observed orientation of maximum hydraulic response is more likely
due to heterogeneity in fracture set orientations across the field site rather than a distinct
fracture set.
H2) Pressure responses generated during FLUTeTM liner installation were analyzed using curve
fitting methods to approximate values of transmissivity for the examined inter-borehole
connections.
Q2.A) The Hantush-Jacob (Walton), leaky aquifer analytical solution was found to be a
suitable method for quantitatively analyzing liner installation test data. However, based on
the inability to determine a unique set of hydraulic parameters, development of an improved
analytical solution and/or exploration of a numerical modelling approach is needed. Future
analysis methods should account for formation heterogeneity, well effects (e.g. wellbore
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storage and skin), as well as the changing length of tested aquifer thickness that occurs
throughout the course of a given liner installation.
Q2.B) Based on comparison to previously completed pulse interference and pumping tests,
where KF2 is the source well and KF3 and KF4 are observation wells, liner installation tests
are believed to provide an estimate of inter-well transmissivity that is within an order of
magnitude, although possibly slightly lower than traditional cross-hole hydraulic tests, in
highly fractured, well-connected media.
Through an emphasis on fracture network characterization and the extended application of
FLUTeTM liners as a hydrogeological tool, this study enhances a broader overall effort to expand
application of the G360 DFN Approach (Parker et al., 2007) to crystalline bedrock environments.
It is anticipated that the convenience of the presented cross-hole testing method will add value to
future aquifer characterization studies. Furthermore, once refined, information gained from this
hydraulic testing technique can be used in conjunction with other tools from the G360 DFN
Approach to better inform fracture network SCM’s and aid in the development of efficient and
effective wellhead protection plans and remediation strategies in crystalline bedrock.
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Appendix A - Summary of Data Collected from Kennedy Field Station Investigations
A-1 Borehole Data
Table A-1.1 Summary of borehole data.

Diameter (m)

Casing
Length
(mbgs)**

Design Depth
(mbgs)

Tag Line Depth
(mbgs)

Borehole

Orientation

KF2

Vertical

DTHH*

2009

0.1524

0.46

1.1

24.384

24.55

KF3

Vertical

DTHH

2009

0.1524

0.44

2.3

24.384

24.6

KF4

Vertical

DTHH

2009

0.1524

0.62

1.0

24.384

24.53

KF5 Upper

Vertical
(nested
piezometers)

< 12.8 (open
interval)

< 10.70 (open
interval)

0.0508

15.39 - 20.12

15.49 - 20.22

0.0508

25.15 - 38.10

25.29 - 38.24

KF5 Middle

Drilling
Date

Measured
Stickup
Heights (mags)

Drilling
Method

0.1524
DTHH

2014

KF5 Lower

0.3

1.0

KF6

Vertical

HQ Triple
Tube

KF7
KF8 (lengths
reported on
incline)

Vertical

HQ Triple
Tube

2014

0.1016

0.36

2.0

45.72

N/A

Inclined
(~200°/55°)

HQ Triple
Tube

2014

0.1016

0.98

3.7

45.72

45.37

KF9
Vertical
DTHH
2015
*DTHH: Down-the-Hole Hammer (percussion drilled)
**Estimated using borehole magnetic data

0.1524

0.43

2.8

38.10

38.14

2014

0.1016

0.18

1.5

45.72

45.66
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A-2 Site Survey
A Topcon GTS-100N total station was used to survey the Kennedy Field Station. Instrument setup
conditions are shown in Table A-2.1. Given the lack of an absolute elevation benchmark, relative
borehole elevations were determined with data collected on a local survey grid. KF5 was used as
the origin/occupied point of the completed radial survey. The total station was set up above this
borehole with arbitrary x,y,z coordinates of 0,0,10 assigned to the center of the Top of Casing
(TOC). All boreholes could be sighted from this location, eliminating the need to move and re-level
the total station. Measurements were taken with the prism pole placed on the ground behind the
stickup of each borehole (with the exception of KF8 - prism pole was placed on the ground surface
at the lower lip of the TOC). Therefore, all collected elevation (z) measurements originally reflected
the ground surface elevation at each borehole. Previously measured stickup heights were added
to each z value to determine the TOC elevation. The span between KF5 and KF6 was used as the
survey baseline and set at 000° in the total station for horizontal angle measurement between
boreholes. The actual orientation of this baseline was measured to be approximately 031° relative
to true north. A schematic of the survey design and collected total station measurements are shown
in Figures A-2.1 and A-2.2, respectively. Measurements were repeated three times and averages
for the collected data are reported below in Table A-2.2. Radial distances between boreholes were
calculated trigonometrically using the Cosine Law (Table A-2.3).

Table A-2.1 Instrument setup conditions.
Instrument Height (m) *

1.067

Prism Height (m)**

1.505

Prism Constant (mm)
Input Parameters for Atmospheric Correction***

-30
T = 39.2 °F, P = 30.357 in Hg

*Measured from center of TOC at occupied point to sight line. 1/8 in subtracted in accordance with
manufacturer recommendation to account for the body of the total station (unable to obtain perfectly vertical
measurement)
**Measured from bottom point of pole to the center of the prism
***Estimated middle of predicted daily range
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Figure A-2.1 Radial survey design (not to scale). Data was collected in a clockwise direction beginning
with KF6 as the first target and KF3 as the last.
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Figure A-2.2 Schematic of total station measurements.
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Table A-2.2 Summary of total station measurements collected from the survey origin (KF5).
V-angle
H-angle right
Horizontal
Relative
Slope
(VA)
(HR)
Target
Distance (HD)
Elevation
Distance
x
y
(Decimal
(Decimal
(m)
(VD) (m)
(SD) (m)
Degrees)
Degrees)
KF6
90.77
0.00
9.63
-0.13
9.63
0.00
9.63
KF8
91.80
31.05
18.60
-0.58
18.61
9.59* 15.93*
KF7
91.30
62.04
10.94
-0.25
10.94
9.66
5.13
KF4
89.01
117.24
10.04
0.17
10.04
8.93
-4.59
KF9
89.67
121.68
19.86
0.12
19.86
16.90 -10.43
KF2
88.84
151.11
17.28
0.43
17.28
8.35
-15.13
KF3
88.22
177.37
9.86
0.31
9.87
0.45
-9.85

*At lower lip of TOC

Table A-2.3 Radial distance calculations.
TO
KF3
KF4
KF9
KF5
KF2
9.50
10.55
9.76
17.28
KF3
9.97
16.45
9.86
KF4
9.88
10.04
KF9
19.86
KF8
18.60
KF6
9.63
KF7
10.94

KF6
26.13
19.48
16.79
26.23
11.48

KF8
34.74
28.45
24.85
33.58
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z1 (GS relative
to KF5 TOC)

z2 (TOC relative
to KF5 TOC)

9.43
8.98*
9.31
9.74
9.68
10.00
9.87

9.61
9.73*
9.67
10.36
10.11
10.46
10.31

A-3 Core Logging
Table A-3.1 Fracture classification scheme used for KF6, KF7, and KF8 core logging (K. Novakowski, personal communication, July
2015).
Abbreviation
MB
HF
SHF
VF
SVF
45F
W
S
H
C
FZ
RZ
F

Description
Machine break
Horizontal fracture
Sub-horizontal fracture
Vertical fracture
Sub-vertical fracture
45° fracture
Weathering
Staining
Healed
Calcite
Fracture zone
Rubble zone
Fracture – no inclination noted

Permeability Classification
Very likely open
Likely or possibly open
Weakly open
Healed or closed

Table A-3.2 KF6 core logging data (machine breaks removed) (K. Novakowski, personal communication, July 2015).
Depth Below Ground
Surface
Permeability
Start (m)

Finish (m)

Feature

Description

Class

1.57

SHF

Weakly open

2.03

SHF

Wide open, soil infill

2.06

SVF

Weakly open

VF

Open, short fracture

2.34

F

Partly open, tight

2.57

SHF, W

Pair of fractures, open, highly
weathered

2.16

2.18

80

Notes

2.67

HF, VF,
W, S

2.77

SHF, S

3.15

SHF, S

Open, staining but not highly
weathered
Open, 1mm thick clay, iron
staining

3.28

F

Weakly open, weak staining,
possible MB

4.57

45F

Open

Open, weathered, iron staining
Core run 2 - all open features
follow bedding

4.57

4.80

FZ, VFs
and SVFs

Braided fracture zone, network
of small fractures

4.95

5.00

FZ, SHF

SHF is open, some braided
additional fractures

5.13

5.33

FZ, SHFs
and SVFs

Braided fracture zone, lots of
hairline SHFs and SVFs

5.33

SHFs

5.38

F, W, S

Strong braided SHF set
Major open feature, highly
weathered, abundant iron
staining

5.61

F, S

Major open feature, iron
staining

5.84

SHF, S

Weakly open

FZ, W, S

Highly weathered fracture
zone, staining at the top

5.89

6.15

6.12

SHF, W

6.50

SVF

6.60

6.91

7.72
8.33

8.53

VF, HFs,
S

Weakly open
Open feature, iron staining,
some minor horizontal
fractures

SVF

Partially open

FZ
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8.53

SHF, W,
S

Weathered, open, some
staining

8.64

F

Open feature (at end of core)

8.69

8.76

Matching to bottom of last run

8.81

8.86

2 SHFs, S

Partially open, staining

9.68

9.73

F

Likely open feature

9.75

F

Less likely to be open

9.80

2Fs, S

Two open features, heavy
staining, very likely open

9.88

9.98

FZ

Braided fracture zone

10.87

11.25

F, C

Healed, ~1mm calcite infill

HF

Likely closed

11.61
11.73

11.84

RZ

12.24

F

Healed, some calcite

12.32

F

Healed, some calcite
Healed

12.62

12.78

SVF

14.20

14.53

RZ

14.40

SHF

Possibly open

14.45

SHF

Possibly open

14.66

14.78

F

Previously healed

15.39

15.47

SVF

Potentially open

15.95

16.00

RZ

16.15

SHF

Possibly open

16.26

SHF

Possibly open, chert present

19.71

SHF

Potentially open

19.81

SHF

Potentially open

24.92

HF

Potentially open, some calcite

SVF

Closed

SVF, C

Potentially open, calcite

SVF

Healed

25.76

25.98

26.72
26.77

26.87
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26.87

27.84

VF

Healed, broken mechanically

28.04

28.24

SVF

Horizontal MB also present
Closed/healed, calcite, minor
weathering

29.34

SHF, C,
W
SHF, C,
W

29.36

SHF, S, C

Extends only across part of
core, staining and calcite

RZ, C

Calcite present

29.51

SHF, W,
C

Possibly open, some
weathering and calcite

29.85

F, C

Healed, with calcite

SVF

Healed

30.02

SHF

Partial

30.25

SHF

Potentially open, minor
weathering

SVF

Healed

30.51

SHF

Possible

30.63

SVF, W

Weathering

SVF

Healed

32.33

SHF, C

Open, calcite

32.44

SHF, C

Healed, calcite infill

32.51

SHF, W

Significant weathering
Healed

29.13

29.39

29.87

30.35

30.94

29.46

29.97

31.39

31.17

32.92

33.05

SVF

33.96

34.11

RZ

Some weathering and calcite

34.06

SHF, C

Possibly open, calcite

34.11

SHF, W

Possibly open, weathering

34.37

34.44

RZ

34.44

34.65

SVF, C

Bedding inclined at 40° from
horizontal

Previously healed
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34.93

SHF, W

Potential, minor weathering
Healed

36.35

SVF
SHF, W,
C

36.50

SHF

Healed, calcite infill

38.33

RZ

39.27

SVF, C

Possibly open, calcite

SVF, C

Previously healed, calcite

40.94

HZ

Potential, some weathering

42.98

SHF, W

Possibly open, substantial
weathering

43.41

SHF, W

Possibly open, weathering

43.69

SHF, W

Possible fracture, some
weathering

44.42

F, W

Possibly open, weathering

44.73

F, W

Possibly open, weathering

F

Previously healed

35.10

40.64

45.54

35.59

40.82

45.64

Some weathering and calcite

Table A-3.3 KF7 core logging data (machine breaks removed) (K. Novakowski, personal communication, July 2015).

Depth Below Ground
Surface
Start (m)
Finish (m)
1.37
1.52
1.65
1.68
1.88
1.70
1.80
1.91
2.18
2.69

Feature
SHF
RZ
RZ
SVF, S
SHF
RZ, S
VF, S

Permeability
Class

Description

Lots of staining
Staining
Open, heavy staining
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Notes

Missing fracture chip, heavy
staining
Staining
Healed, calcite, small amount
of staining
Staining
Mild staining
Staining
Likely open, staining
Staining
Staining
Staining
Staining

2.46
2.57

2.51
2.72

F, S
SVF, S

3.07
3.30
3.33
3.56
3.63
3.76
3.89
3.91
4.01
4.14
4.22
4.27

3.23

4.22
4.27
4.39

SVF, S, C
45F, S
SVF, S
SHF
F, S
RZ, S
SHF, S
SHF, S
SHF, S
SVF
FZ, S
VF, S

4.39
4.62

4.65
4.83

HFs, VFs
SVF, S

5.74
6.38

SVF, SHF,
S
SVF, S
SVF, S
SHF, S
RZ, S

Staining
Staining
Extensive fracturing,
horizontal and vertical,
significant staining
Some staining
Sub vertical and sub
horizontal fracture with
staining
Some staining
Staining
Mild staining
Staining

SVF, S
SVF, S
SVF, S

Very likely open, heavy
staining with infill
Mild staining, possibly open
Mild staining

4.85
5.64
5.74
5.94
6.22
6.83
6.99
7.14

3.73
3.78

7.24
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7.24

7.32

SVF, S

8.15

F, W

8.43

F, W

8.79
9.35
9.40
9.55
9.63
9.70
9.83
9.88
10.06

F, C, S
SHF
SVF, S
SHF, S
SHF, S
RZ, W
SHF, S
RZ, S
RZ, S
SHFs,
SVFs, S
SHF, S
SHFs, S
SHF

10.85
10.92
11.05
11.51
12.98
13.11
13.26
14.27
15.09
16.41
16.99
18.19

9.75
9.96

11.10

13.31
14.40

SHF, W, C
SVF, C
SHF, S
VF, C
HF, W
HF, S
HF, C
SHF, C

Staining
Possibly open with
weathering
Possibly open, some
weathering
Possible open fracture,
calcite, staining
Possibly open
Staining
Staining
Staining
Rubble zone with weathering
Staining
Rubble zone with staining
Rubble zone with staining
Significant staining
Staining
Some staining
Possibly open
Potential fracture, weathering
and calcite
Calcite
Mild staining
Healed, with calcite
Potentially open, mild
weathering
Potential fracture, staining
Potential fracture, calcite
Calcite
86

Bedding inclined at 45°
from horizontal

18.57
18.95
19.13
19.46
21.67
23.32
23.39
23.57
24.59
24.71
25.12
25.48
25.55
25.96
26.09

19.18

24.69

25.60
26.01

SHF, C
HF, C
RZ
RZ
SHF, C, W
F, C
F, C
SVF
SVF, W
SHF, W
SVF, W, C
MC
SVF
SVF, W
HF

26.70
27.23
27.53
28.68

28.73

45F, W
SVF, W
SHF, C
RZ

28.85
28.96

28.88
28.98

FZ, W
RZ

29.03
29.29
29.31
32.13
32.33
32.41

SHF, W, C
SHF, W
SHF, W
SHF
SHF, W
RZ

Calcite
Calcite

Potentially open, calcite,
weathered
Possible fracture, calcite
Possible fracture, calcite
Potential healed fracture
Mild weathering
Mild weathering
Weathered with calcite
Previously healed
Weathered
Potential fracture
Potential fracture with
weathering
Potentially open, weathering
Significant calcite infill
Possible open fracture,
significant weathering
Possible fracture, some
weathering and calcite
Possible fracture, weathered
Possible fracture, weathered
Previously healed
Likely open, weathered
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33.22
33.60
33.99
33.99
34.29

34.06

F, C
SHF, C, W
RZ
SHF, W
SHF, W

35.41

SHF, W, C

36.60

SVF, C, W

36.78
36.88
37.24
37.49
38.10
38.10

SHF, C, W
SHF, C, W
SVF, C
SVF, W
SHF, W
F

38.40

38.63
38.71
38.81
39.60
39.83
40.08
40.54

36.63
38.81

40.82
40.92
41.12
41.43
41.53
42.11

40.87

SVF, C, W
RZ
SHF, W, C
SHF, C
SVF, W, C
SHF, W
SHF, W
RZ, SHF,
W
SHF, W
SHF
SVF, C
SHF, C
SHF, C

Potentially previously healed
Calcite, weathered
Weathered
Weathered
Potential fracture with
weathering and calcite
Possibly open, calcite infill and
weathering
Possibly open, weathered,
some calcite
Weathered with calcite
Calcite
Weathered
Weathered
Previously healed
Likely open, calcite and
weathering
Weathered, calcite
Potentially open, calcite
Healed, weathering, calcite
Potentially open, weathering
Potential fracture, weathering
Possible open fracture,
weathered
Possible weathered fracture
Open, weathered
Possible open fracture, calcite
Healed, calcite infill
Likely healed, calcite
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43.13
43.26

SHF, C
SHF, W

43.84

SVF, W

44.96

SHF, C

45.49
45.64

45.64
45.80

RZ, SVF, C
SVF

Potential fracture, calcite
Potential fracture, weathered
Possible open fracture,
weathered
Possible open fracture, lots of
calcite
Rubble zone, healed fracture
with calcite
Healed fracture, some calcite

Table A-3.4 KF8 core logging data (machine breaks removed) (K. Novakowski, personal communication, July 2015).

Length Below Ground
Surface (i.e. on incline)
Start (m)
Finish (m)
3.76
3.81
3.86

Feature

Description

SVF, W
SHF, S, W

3.96

F, W, S

Potential fracture, weathered
Staining, weathered
Potential open fracture,
weathered, mild staining
Open fracture, staining,
calcite, weathered
Potential open fracture,
weathered
Staining
Highly weathered
Possible open fracture,
staining
Open fracture, staining,
weathered
Possible open fracture,
staining
Open, staining, weathered

4.19

4.29

F, S, W, C

4.29
4.62
4.78

4.39
4.67
4.90

SVF, W
SVF, S
RZ, W

4.95

SHF, S

5.31

45F, S, W

5.56
5.82

45F,S
45F, S, W

Permeability
Class
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Notes

6.02
6.12

45F, S
6.20

FZ, S, W

6.25

45F, S, W

6.71

45F, S, W

7.24
7.75
7.87
8.05
8.36
8.59

45F, W
VF, S, W

8.89
9.12
9.32
9.73
9.88
9.93
10.08
10.54

8.05
8.33

9.50
9.93
10.03
10.19

VF, C, S
45F, W
F, W, S
HF, W, C
F, W, S
VH, C, S
F, C, S
45F, S, W
SVF
SVF, C, S
F, S, C

11.30

45F, C, W

13.00

F, W

14.25
14.45
15.16

14.30
14.55

F, W
F, S
45F, C, S

Open, staining
Open fracture zone, staining,
weathered
Open fracture, staining,
weathered
Open fracture, staining,
weathered
Potential open fracture, mild
weathering
Staining, weathered
Granite (?)
Open fracture, calcite, staining
Potential fracture, weathered
Potentially open, weathered
Potentially open, weathered,
calcite
Potentially open, weathered
Open fracture, calcite, staining
Open fracture, calcite, staining
Possible open fracture
Open fracture, calcite, staining
Open fracture, staining, calcite
Potential open fracture, mild
weathering, calcite
Potential fracture, mild
weathering
Potential open fracture,
weathered
Healed fracture, mild staining
Potential open fracture,
calcite, staining
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15.34

45F, W

15.72
15.95

45F, W, C
45F, W, C,
S

16.08

RZ, S

17.30

17.53

VF, W

17.96
19.02

HF, W
45F, W

19.38

SHF, W

19.61

19.69

45F, W

23.04

45F, W

23.32

SHF, W

23.90

SHF, W

24.59

45F, W

25.53

SHF, W

26.11
26.11

45F, C, W

26.31
26.67

26.44
26.77

SVF, C
45F, W

Potential open fracture,
weathered
Open fracture, weathered,
calcite
Open fracture, weathered,
calcite, mild staining
Rubble zone, staining,
potentially open
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Open fracture, weathered
Healed fracture, mild
weathering
Potential fracture, mild
weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Open fracture, weathered,
calcite
New, dark rock begins
Potential open fracture,
calcite
Potential fracture, weathered
91

27.64

45F, C

28.14

45F, W, C

29.01

45F, W

29.49

45F, W

30.30
30.38

30.33

RZ, W
45F, S, W

31.67

31.78

45F, W

32.18

F, W

32.28

F, W

32.56

F, W

32.79

F, W

34.42

45F, W

34.62
34.77

SHF, W
SHF

34.95
36.78

SHF, W
45F

36.93

45F,W

37.47

45F, C, W

Potential open fracture,
calcite
Likely healed, weathered,
calcite
Possible healed fracture,
weathered
Potential open fracture,
smooth and weathered
Rubble zone, weathered,
potentially open
Potential open fracture
Healed fracture, mild
weathering
Potential fracture, mild
weathering
Potential fracture, mild
weathering
Potential fracture, mild
weathering
Potential fracture, mild
weathering
Potential fracture, mild
weathering
Potential open fracture, mild
weathering
Healed
Potential open fracture, mild
weathering
Healed
Potential open fracture,
weathering
Potential open fracture,
calcite, weathering
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38.43

38.51

45F, W

38.53

SHF, W

39.24

45F, W

39.40
39.52

45F, W
45F

40.94

45F, W

41.28
41.83

F, C, W
F, W

41.99
42.14

42.06

FZ, C, W
F, W

45.47

HF, W

45.72

SVF, W

Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
Possibly healed
Potential open fracture, mild
weathering
Possible open fracture, calcite,
mild weathering, mineral
fragment
Healed, weathering
Possibly open, calcite,
weathering
Weathering
Potential open fracture, mild
weathering
Potential open fracture, mild
weathering
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Table A-3.5 Summary of KF6, KF7, KF8 core logging.
Borehole

KF6

KF7

KF8

Drilling Dates

June 23-25, 2014

June 25-27, 2014

July 2-4, 2014

Type

Vertical
HQ-3 Diamond
Core

Vertical
HQ-3 Diamond
Core

Inclined
HQ-3 Diamond
Core

Linear Fracture Intensity (# of
fractures/m)*

2.06

2.54

1.75

Mean Apparent Fracture Spacing
(m)**

0.47

0.38

0.53

*Machine breaks excluded and feature multiples accounted for (underestimation is expected in the case
of noted rubble and fracture zones)
**Using distance between start of fracture features

0
5
10

Relative Depth (mb KF5 gs)

15
20
25
30
35
40
45
50
0

10

20

30

40

50

60

70

80

90

Percent of Total Fractures
KF6

KF7

KF8

Figure A-3.1 Cumulative fracture intensity plot for KF6, KF7, and KF8 based on core data.
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100

Figure A-3.2 Sample images of rock core collected from the Kennedy Field Station highlighting an example of observed fractures and
prominent foliations: Left – core from KF7 Run 3 (2.82-4.22 m); Right – core from KF7 Run 21 (30.05 – 31.55 m) (K. Novakowski, personal
communication, July 2015).
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A-4 Hydraulic Testing
Table A-4.1 Bulk borehole property estimates from completed constant head injection tests (N. Augustine, personal communication,
November 2016; K. Novakowski, personal communication, March 2016; Elmhirst and Novakowski, 2012; Elmhirst, 2011).
Well ID
Tested Borehole Length (m)
Total T (m2/s)
2beq (m)
KF2

22.2

2.5E-04

7.6E-04

KF3

22.2

3.4E-05

3.8E-04

KF4

22.1

3.6E-04

8.5E-04

KF5

33.6

2.0E-03

1.5E-03

KF6

42.0

2.1E-04

7.1E-04

KF7

42.8

5.8E-04

1.0E-03

KF8

34.7

2.3E-04

KF9

35.8

1.2E-03

7.3E-04
1.3E-03

Figure A-4.1 Transmissivity profiles for all Kennedy Field Station boreholes derived from constant head injection tests (N. Augustine,
personal communication, November 2016; K. Novakowski, personal communication, March 2016; Elmhirst and Novakowski, 2012;
Elmhirst, 2011).
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Table A-4.2 Pulse interference test results (Modified from Elmhirst, 2011).

Parameter
T (m2/s)

Kv (m/s)

S (-)

Sy (-)

Source
Well
KF2
KF2
KF4
KF4
KF2
KF2
KF4
KF4
KF2
KF2
KF4
KF4
KF2
KF2
KF4
KF4

Monitored
Well
KF3
KF4
KF2
KF3
KF3
KF4
KF2
KF3
KF3
KF4
KF2
KF3
KF3
KF4
KF2
KF3

Number
of Tests
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Geometric
Mean
7.2x10-5
2.7x10-4
2.8x10-4
1.1x10-5
6.0x10-7
1.1x10-8
3.7x10-9
2.1x10-7
3.4x10-5
2.0x10-6
1.2x10-6
6.2x10-6
1.2x10-4
4.8x10-6
7.4x10-6
3.0x10-4

Standard
Deviation
5.5x10-5
1.6x10-5
8.0x10-6
2.7x10-6
3.6x10-7
2.3x10-8
3.6x10-9
3.8x10-8
3.8x10-4
8.8x10-7
2.0x10-7
3.2x10-2
1.9x10-4
6.9x10-5
6.7x10-5
2.2x10-2

Table A-4.3 Slug test results (Modified from Elmhirst, 2011).

Parameter
T (m2/s)
Kv (m/s)
S (-)
Sy (-)

Source
Well
KF2
KF4
KF2
KF4
KF2
KF4
KF2
KF4

Monitored
Well
KF2
KF4
KF2
KF4
KF2
KF4
KF2
KF4

Number of
Tests
9
9
9
9
9
9
9
9

Geometric Standard
Mean
Deviation
2.5x10-4
1.9x10-5
3.7x10-4
9.5x10-6
9.8x10-8
1.2x10-7
3.1x10-7
1.2x10-7
8.9x10-6
1.1x10-5
2.3x10-6
2.3x10-6
1.1x10-4
1.6x10-4
4.2x10-6
3.7x10-6
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Table A-4.4 48-hour pumping test results (Modified from Elmhirst, 2011).

Parameter Source Well
KF2
KF2
KF2
T (m2/s)
KF4
KF4
KF4
KF2
KF2
KF2
Kv (m/s)
KF4
KF4
KF4
KF2
KF2
KF2
S (-)
KF4
KF4
KF4
KF2
KF2
KF2
Sy (-)
KF4
KF4
KF4

Monitored Number Geometric
Well
of Tests
Mean
KF2
2
1.4x10-4
KF3
2
1.4x10-4
KF4
2
1.4x10-4
KF2
2
1.6x10-4
KF3
2
1.9x10-4
KF4
1
1.6x10-4
KF2
2
3.6x10-9
KF3
2
1.0x10-8
KF4
2
8.0x10-9
KF2
2
3.5x10-9
KF3
2
6.3x10-9
KF4
1
7.3x10-9
KF2
2
1.0x10-5
KF3
2
2.8x10-6
KF4
2
1.8x10-5
KF2
2
5.0x10-6
KF3
2
3.8x10-6
KF4
1
2.3x10-6
KF2
2
1.5x10-5
KF3
2
2.7x10-5
KF4
2
1.2x10-5
KF2
2
2.7x10-5
KF3
2
1.1x10-5
KF4
1
1.4x10-5
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Standard
Deviation
2.8x10-6
1.9x10-5
2.5x10-6
1.1x10-5
5.1x10-5
1.1x10-9
2.1x10-9
6.7x10-9
1.9x10-10
4.4x10-9
9.9x10-8
2.0x10-6
2.6x10-6
4.9x10-6
1.6x10-6
1.5x10-6
3.6x10-5
4.3x10-6
4.5x10-5
1.4x10-5
-

A-5 Borehole Geophysics

Figure A-5.1 Geophysical compilation for KF2 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.2 Geophysical compilation for KF3 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.3 Geophysical compilation for KF4 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.4 Geophysical compilation for KF5 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.5 Geophysical compilation for KF6 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.6 Geophysical compilation for KF7 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.7 Geophysical compilation for KF8 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Figure A-5.8 Geophysical compilation for KF9 showing (from left to right): vertical depth below
ground surface, natural gamma, virtual borehole image, ATV fracture tadpole plot, ATV image,
virtual caliper, borehole orientation, sonic, engineering log of well construction, and vertical depth
below ground surface relative to KF5 ground surface (local survey).
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Appendix B – Structural Analysis and Interpretation

B-1 Fisher’s Dispersion Constant

Figure B-1.1 Schematic of Fisher’s dispersion constant, k, which highlights greater clustering of
fracture poles in the case of a larger k value.
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B-2 Stereonet Projections of ATV Fracture Data from all Kennedy Field Station Boreholes
Figure B-2.1 Lower hemisphere, equal area stereonets showing Terzaghi corrected fracture poles
for all boreholes at the Kennedy Field Station. Contoured using the 1% Area Method and
exponentially smoothed.
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B-3 Comparison of ATV Fracture Set Delineation with and without Terzaghi Correction

Figure B-3.1 A) Lower hemisphere, equal area stereonet projection of poles to fracture planes from all vertical boreholes, n=923,
(contoured without lines) overlain by poles from the inclined borehole, n=260, (contoured without fill); individual data points have been
removed for visual clarity. Data was contoured using the 1% Area Method and exponentially smoothed. B) shows the same data, but
corrected for the potential bias associated with borehole orientation. It is evident that the fracture sets delineated in B) are also present
in A) and are therefore detected by all boreholes on site regardless of borehole orientation.
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B-4 Fracture Intensity
Table B-4.1 ATV linear fracture intensity for all boreholes at the Kennedy Field Station.
Borehole
KF2
KF3
KF4
KF5
KF6
KF7
KF8
KF9
Linear Fracture Intensity
4.4
3.8
3.0
2.2
5.9
4.7
6.2
3.4
(# of fractures/m)

0
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Relative TVD (mb KF5 gs)
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50
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Figure B-4.1 Cumulative fracture intensity plot for all boreholes at the Kennedy Field Station based
on ATV data.
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Appendix C – Liner Installation Tests
C-1 Transducer Calibration Procedure
Field Component:
I.
II.
III.
IV.
V.
VI.
VII.

VIII.

IX.
X.

Calibration was conducted in the static water column of KF2 (borehole sealed with
FLUTeTM liner) using the transducers shown in Table C-1.1.
Solinst BarologgerTM and all pressure transducers were programmed with a sampling
frequency of 1s-1.
The water level in the static, lined water column was measured and recorded.
50 m and 30 m transducers were taped on a steel rod attached to a measuring tape. The
steel rod served to weigh down the measuring tape which was used for depth reference.
Transducers were lowered to the lowest sampling step (rod bottom at ~22.8 meters below
water level).
The measuring tape was secured at this depth and the transducers were left to stabilize
for 10 minutes. At least 3 additional minutes were allowed for measurement collection.
The transducers were then raised to the next depth stage (2 m intervals) and secured. At
each depth stage, the transducers were left to take readings for approximately 3 minutes.
The depth stages used throughout the entire calibration process are shown in Table C1.2.
This process was repeated for all depth stages until critical depths were reached, at which
the remaining transducers could be added (20 m mark and then 5 m mark). Each time the
tape was pulled up to the surface and lowered back down again, the transducers were
given 10 minutes to stabilize. Depth intervals were reduced to 1 m above the 5 m mark to
increase the number of data points in this upper interval.
Figure C-1.1 shows the steel rod and measuring tape with all transducers in place.
Data was downloaded from each transducers at the end of the field calibration process.

Table C-1.1 Details regarding pressure transducers used in liner installation tests.
Transducer
Model
Depth Range (m)
Accuracy (m)
Number Used
Solinst LeveloggerTM
Solinst LeveloggerTM

M5
M20

5
20

0.003
0.01

6
1

Solinst LeveloggerTM

M30

30

0.015

1

DI605

50

0.05

3

Van Essen

Micro-DiverTM

112

Table C-1.2 Transducer depth with time during calibration.
True Depth*
Depth Below Water
Time (hh:mm)
(mbtoc)
Table* (m)
2:40 pm

23

22.78

2:55 pm

21

20.78

3:00 pm

19

18.78

3:05 pm

Notes

Solinst 20 m logger added

3:17 pm

17

16.78

3:35 pm

15

14.78

3:40 pm

13

12.78

3:45 pm

11

10.78

3:50 pm

9

8.78

3:55 pm

7

6.78

4:00 pm

5

4.78

4:05 pm

Solinst 5 m loggers added

4:20 pm

4

3.78

4:35 pm

3

2.78

4:40 pm

2

1.78

4:45 pm

1

0.78

4:50 pm
*Bottom of steel rod

Done

Figure C-1.1 Transducers taped to steel rod for calibration.
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Data Processing:
I.

II.

III.
IV.
V.
VI.
VII.

VIII.

Data was corrected for barometric pressure and transducer (membrane) offset from the
bottom of the steel rod. It was assumed that the transducers and steel rod would displace
water according to their volume and as result, this value was subtracted from the overall
readings shown by the transducers. All completed adjustments are shown in Table C-1.3.
At each depth stage, three minutes of stable data was averaged (Figure C-1.2) and the
standard deviation over the course of each depth stage was also calculated (Figure C1.3).
The difference between the measured and actual depth below the water table for each
transducer at every depth stage was calculated (Figure C-1.4).
The average of these error readings for each transducer was then calculated.
The offset for each transducer between the transducer error reading and the average
transducer error reading was determined at each depth stage.
For each depth stage the average offset was determined across all transducers (Table C1.4).
This average offset was then subtracted/added to the originally calculated transducer error
readings each depth stage (Step III) to determine adjusted error values. Adjusted error
values were determined with the purpose of generating greater stability for each
transducer during the test: the error for all transducers seems to drift in the same direction
each time the measuring tape is lowered down the well and slowly raised back up
(systematic error).
From a plot of these adjusted error values (Figure C-1.5) it was concluded that given the
limits of transducer accuracy, a uniform shift applied to each transducer would be sufficient
for data correction (i.e. not depth dependent). This uniform shift represents the average of
the adjusted error values determined in (Step VII) (Table C-1.5 and Figure C-1.6).

Table C-1.3 Offset and volume adjustments.
Depth Range

Initial stage - 50 m
Initial stage - 30 m
Second stage - 20 m
Final stage - 5 m

Transducer

Number of
Transducers on
Rod

Offset
Adjustment (m)

Volume
Adjustment (m)

4

0.016

0.026

4

0.02

0.026

5

0.11

0.034

11

0.17

0.079

Van Essen MicroDiverTM DI605's
Solinst
LeveloggerTM M30
Solinst
LeveloggerTM M20
Solinst
LeveloggerTM M5's
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Average Transducer Reading (m)
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KF5 (S) M5

KF6 (S) M5

KF8 (I) M5
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KF5 (D) M5

Figure C-1.2 Average transducer reading at each depth stage.

Transducer Standard Deviation (m)
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Figure C-1.3 Standard deviation of transducer readings at each depth stage.
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KF5 (D) M5
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0.25

Transducer Error (m)
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Figure C-1.4 Transducer error at each depth stage: difference between measured and actual depth
below the water table.

Table C-1.4 Average offset used for the adjustment of transducer error readings at each depth
stage.
Depth Below
Water Table (m)

Average Offset (m)

22.78

-0.0057

20.78

-0.0052

18.78

-0.0009

16.78

0.0033

14.78

0.0009

12.78

0.0050

10.78

0.0069

8.78

0.0031

6.78

0.0064

4.78

0.0072

3.78

-0.0018

2.78

-0.0035

1.78

-0.0048

0.78

-0.0005
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Adjusted Transducer Error (m)
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Figure C-1.5 Adjusted transducer error at each depth stage.

Table C-1.5 Values used for transducer correction (i.e. average adjusted error values).

Transducer
KF4 M30
KF3 M50
KF6 (D) M50
KF8 (D) M50
KF9 M20
KF5 (D) M5
KF5 (I) M5
KF5 (S) M5
KF6 (S) M5
KF8 (I) M5
KF8 (S) M5

Average Adjusted Error
Value (m)
0.021
-0.037
0.209
0.054
0.034
0.055
0.025
0.044
0.036
0.048
0.057
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KF5 (D) M5
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Transducer
Figure C-1.6 Average adjusted error values used for transducer data correction. The 95%
confidence intervals displayed highlight low variability in the original data set of adjusted error
values.
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C-2 Determination of Liner Installation Test Start Time (i.e. water table location)
Liner installation tests were completed successively with some overlap. Accordingly, it is
recognized that the water table in the source hole of a given test, may be dynamic (i.e. still
recovering from a previous liner installation in an adjacent borehole). As a result, the test start
time, designated as the time at which the descending liner reaches the water table (i.e. the start
of water “injection”), is uncertain. In order to determine this point of intersection, it was first
necessary to examine pressure data collected from the transducer that was installed in the source
hole before it was removed for liner installation. This data will reveal whether or not the water
table in that hole had stabilized before lining.
If the observed pressure data was stable then an average of the end time data was used. A line
or polynomial of best fit was established to capture the early time behaviour of the liner descent.
The elapsed time from when water is first added to the liner for installation was then calculated
mathematically (using Microsoft Excel’s SOLVER function) by calculating the time, x, when the
position below ground surface, y, is equal to the identified water table depth (see Figure C-2.1 for
an example ). The more complex alternative to this solution occurs when the observed pressure
data from the source hole is still changing. In this case, the pressure data was extrapolated
forward (assuming steady recovery) using a best fit polynomial and the point of intersection was
then determined between this polynomial and the liner descent curve (see Figure C-2.2 for an
example).
In determining the water table location for each test a number of uncertainties must be accepted,
including those associated with the generated best fit curves (for both water level and liner
descent). In some cases a starting position of the liner at ground surface was assumed, which is
not necessarily true, depending on how far the liner was manually everted by hand prior to adding
water. Furthermore, where a linear fit to the liner descent curve was used, it is assumed that the
liner’s descent velocity is the same above and below the water table which is likely untrue. The
best fit solution established for the early time liner descent was also somewhat subjective in
deciding which and how many data points to incorporate. Ultimately, the determined start time
needed to make sense with regards to the recorded time at which water was added to the liner
and the time at which first pressure responses were observed. This created constraints for each
solution that needed to be satisfied. It was found that a variable strategy was necessary to
determine the test start time for each individual installation. The general approach described
above was consistent among all tests but, there were some minor discrepancies in the exact
methods used (e.g. linear vs. polynomial fit and number of data points included).
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Figure C-2.1 Water table determination (test start time) for KF2 liner installation (Test #1).
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Figure C-2.2 Water table determination (test start time) for KF3 liner installation (Test #2).
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C-3 Liner Installation Position and Flow Rate Data
Table C-3.1 Liner installation test data for Test #1 (installation in KF2).

Elapsed Time
from Water
Table (s)
0
162
320
871
1545
2154
2878

Liner
Position
(mbgs)
2.97
6.10
9.14
12.19
15.24
18.29
21.34

Length of
Open Hole
(m)
21.59
18.45
15.41
12.36
9.31
6.26
3.21

Descent
Rate (m/s)
1.93E-02
1.93E-02
5.53E-03
4.52E-03
5.01E-03
4.21E-03

Q (m3/s)
3.53E-04
3.53E-04
1.01E-04
8.24E-05
9.13E-05
7.68E-05

Table C-3.2 Liner installation test data for Test #2 (installation in KF3).

Elapsed Time
from Water
Table (s)
0
16
2341
5116
7806
10433
14232
22216

Liner
Position
(mbgs)
3.03
3.05
6.10
9.14
12.19
15.24
18.29
21.34

Length of
Open Hole
(m)
21.57
21.55
18.50
15.46
12.41
9.36
6.31
3.26

Descent
Rate (m/s)
1.31E-03
1.31E-03
1.10E-03
1.13E-03
1.16E-03
8.02E-04
3.82E-04

Q (m3/s)
2.39E-05
2.39E-05
2.00E-05
2.07E-05
2.12E-05
1.46E-05
6.96E-06

Table C-3.3 Liner installation test data for Test #3 (installation in KF4).

Elapsed Time
from Water
Table (s)
0
77
196
608
1053
4118

Liner
Position
(mbgs)
2.72
5.48
8.52
11.57
14.62
17.67

Length of
Open Hole
(m)
21.81
19.05
16.01
12.96
9.91
6.86

Descent
Rate (m/s)
3.55E-02
2.56E-02
7.40E-03
6.85E-03
9.94E-04
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Q (m3/s)
6.48E-04
4.67E-04
1.35E-04
1.25E-04
1.81E-05

Table C-3.4 Liner installation test data for Test #4 (installation in KF9).

Elapsed Time
from Water
Table (s)
0
16
76
208
785
1236
3401
60256

Liner
Position
(mbgs)
2.56
4.14
10.24
13.29
19.38
22.43
25.48
31.57

Length of
Open Hole
(mbgs)
35.43
34.00
27.90
24.85
18.76
15.71
12.66
6.57

Descent
Rate (m/s)
1.02E-01
1.02E-01
2.31E-02
1.06E-02
6.76E-03
1.41E-03
1.07E-04

Q (m3/s)
1.85E-03
1.85E-03
4.21E-04
1.93E-04
1.23E-04
2.57E-05
1.96E-06

Table C-3.5 Liner installation test data for Test #5 (installation in KF8).

Elapsed Time
from Water
Table (s)
0
176
464
821
1132
1410
1694
2456
2726
2918
3926
10256

Liner Position
Length of
VERTICAL
Open Hole
(mbgs)
VERTICAL (m)
2.26
34.05
3.31
33.63
5.80
31.13
8.30
28.64
10.80
26.14
13.29
23.64
15.79
21.15
18.29
18.65
20.78
16.15
23.28
13.65
25.78
11.16
28.28
8.66

Descent
Rate (m/s)
5.91E-03
8.67E-03
6.99E-03
8.03E-03
8.98E-03
8.79E-03
3.28E-03
9.25E-03
1.30E-02
2.48E-03
3.94E-04
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Q (m3/s)
1.08E-04
1.58E-04
1.28E-04
1.46E-04
1.64E-04
1.60E-04
5.98E-05
1.69E-04
2.37E-04
4.52E-05
7.20E-06

Table C-3.6 Liner installation test data for Test #6 (installation in KF6).

Elapsed Time
from Water
Table (s)
0
175
437
639
907
1447
3291
3875
4363
4751
5259
5858
6372
6891
7170

Liner
Position
(mbgs)
2.37
5.15
8.20
11.25
14.30
17.35
20.39
23.44
26.49
29.54
32.59
35.63
38.68
41.73
44.78

Length of
Open Hole
(m)
43.29
40.51
37.46
34.41
31.36
28.31
25.27
22.22
19.17
16.12
13.07
10.03
6.98
3.93
0.88

Descent
Rate (m/s)
1.59E-02
1.16E-02
1.51E-02
1.14E-02
5.64E-03
1.65E-03
5.22E-03
6.25E-03
7.86E-03
6.00E-03
5.09E-03
5.93E-03
5.87E-03
1.09E-02
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Q (m3/s)
2.90E-04
2.12E-04
2.75E-04
2.07E-04
1.03E-04
3.02E-05
9.52E-05
1.14E-04
1.43E-04
1.09E-04
9.28E-05
1.08E-04
1.07E-04
1.99E-04

Figure C-3.1 Variable discharge (injection) rates observed throughout the duration of each liner installation test.

124

C-4 Liner Installation Test Compilations
In the following compilations, data is presented as a function of time from the start of each liner
installation test. Each figure shows constant head injection testing transmissivity estimates for the
source well (width of packer intervals scaled to time) overlain by liner decent and velocity curves.
Observation wells, arranged in order of increasing radial distance from the source well, highlight
changes in observed head throughout the course of a given test. The location of source hole
fractures targeted for correlation between boreholes is denoted by grey bars overlying the
observation well responses.

Figure C-4.1 Liner installation in KF2.
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Figure C-4.2 Liner installation in KF3.
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Figure C-4.3 Liner installation in KF4.
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Figure C-4.4 Liner installation in KF9.
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Figure C-4.5 Liner installation in KF8. Note installation was delayed between ~1700-2500 s to resolve
a vent tube issue.
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Figure C-4.6 Liner installation in KF6.
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C-5 Spatial Patterns of Maximum Hydraulic Response

Figure C-5.1 2-dimensional contour plots of peak pressure response observed from liner installations in KF2, KF3, KF4, and KF9 (left to
right). Plots are not to scale. It is evident that all liner installations, with the exception of KF3, generate the same general pattern of
maximum head change.
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Appendix D – Fracture Correlations
The following section outlines a step-by-step example of the implemented fracture correlation
process. A visual approach was used for all correlations involving two vertical boreholes.
Correlations to and from KF8, the inclined borehole, were completed mathematically.

D-1 Visual Approach: Correlation between Vertical Boreholes

Step 1: Create WellCAD Field Document. UTM coordinates were used for inputting KFS
boreholes, each of which are occupied by respective ATV structure logs (Figure D-1.1).

Figure D-1.1 WellCAD Field Document.
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Step 2: Draw desired cross-section profile (Figure D-1.2) and identify appropriate slab core
azimuth for the boreholes in question (Table D-1.1). A slab core projection displays the
intersection line between the dipping fracture plane and a virtual vertical plane of distinct
orientation.

Figure D-1.2 WellCAD Field Document with cross section between KF4 and KF9.
Table D-1.1 Slab core azimuths for the completed borehole cross-sections. Appropriate
orientations determined trigonometrically using borehole UTM coordinates.
Slab Core Azimuth
Cross Section
(000°)
KF2-KF3

155 - 335

KF2-KF4

214 - 34

KF2-KF5

182 - 2

KF2-KF6

192 - 12

KF2-KF9

272 - 92

KF3-KF4

269 - 89

KF3-KF5

208 - 28

KF3-KF6

210 - 30

KF3-KF9

303 - 123

KF4-KF5

148 - 328

KF4-KF6

179 - 359

KF4-KF9

337 - 157

KF9-KF5

153 - 333

KF9-KF6

171 - 9

KF6-KF5

31 - 211
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Step 3: Ensure map and depth scaling is 1:1 (Figure D-1.3). Ultimate goal is to optimize the
visualization of the two structure logs; scale values may vary accordingly. Adjust width of structure
log according to selected map scale (Figure D-1.4). For example, with a 1:50 map scale, a 6-inch
borehole (15.24 cm) will be set to a width of 0.3 cm.

Figure D-1.3 Section settings highlighting equal map and depth scales (1:1).

Figure D-1.4 Width of structure log set to 0.3 cm.
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Step 4: Export WellCAD cross-section to a jpeg image for manipulation in PowerPoint.

Step 5: Manually correlate source hole features of interest to the observation well ensuring that
identified features have a similar azimuth and dip to that of the target (Figure D-1.5).

Figure D-1.5 Example of manual fracture correlations completed in PowerPoint using cross section
images.
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Step 6: Create surfaces in WellCAD between the identified source-observation well fracture
intersection locations (Figure D-1.6).

Figure D-1.6 Example of surfaces created between boreholes in WellCAD.

Step 7: Export surfaces to generate text files containing x, y, and z data points.
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D-2 Mathematical Approach: Correlations Involving the Inclined Borehole
The orientation and dip of each targeted source hole fracture was used to calculate two points
found within the respective fracture plane (in the directions of strike and dip). These points,
considered in addition to the point at which the source hole fracture was observed, were used to
calculate an equation for the fracture plane (z = ax + by + c) using Microsoft Excel’s LINEST
function. This function uses least square regression to determine a linear fit between the desired
points in 3-dimensional space. Parametric equations for each borehole were determined using
data points for the top (xo, yo, zo) and bottom of the borehole (x, y, z) (assuming a straight line
path):
𝑟⃗ = (𝑥𝑜 , 𝑦𝑜 , 𝑧𝑜 ) + 𝑡(𝑎, 𝑏, 𝑐)
(𝑥, 𝑦, 𝑧) = (𝑥𝑜 + 𝑡𝑎, 𝑦𝑜 + 𝑡𝑏, 𝑧𝑜 + 𝑡𝑐)
𝑥 = 𝑥𝑜 + 𝑡𝑎
𝑦 = 𝑦𝑜 + 𝑡𝑏
𝑧 = 𝑧𝑜 + 𝑡𝑐

The point of intersection between the fracture plane and borehole trace was determined using
Microsoft Excel’s SOLVER function. Provided that the depth of intersection exists along the
observation borehole length, a potential match to the source hole fracture was sought from the
ATV structure data.
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D-3 Determination of Final Fracture Planes
Fracture intersection points determined from a combination of the aforementioned visual and
mathematical approaches were used to calculate a plane of best fit for the targeted fracture
surface using Excel’s LINEST function.
Table D-3.1 Example of fracture intersection points and determination of best fit plane.
x (m)
y (m)
z (m)
LINEST Function Coefficients:
KF4
5.28
-8.53
40.703
b
a
c
KF5
0.00
0.00
46.574
0.31
-0.51
46.51
KF6
4.96
8.25
46.704
KF9
9.113
-17.641
36.839
Resulting Plane Equation:
KF8
18.158
-0.798
36.973
z = -0.51x + 0.31y + 46.51
Note: x-y coordinates represent a reduced UTM grid while z coordinates exist along a relative scale
created for plotting purposes.

Grapher Software (Golden Software, LLC, version 11.8.863) was used to generate “Surface
Function Maps” for the fracture planes identified in each liner installation test (Figure D-3.1).

Figure D-3.1 Fracture surface plotted using a Surface Function Map in Grapher. Note that y is used
to denote the vertical axis in Grapher versus z in Excel.
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D-4 Summary of Completed Fracture Correlations
Table D-4.1 Summary of all targeted source hole fractures along with their respective observation
well correlations.
Source Hole Target Fracture
Correlated Fractures
Source
Relative
TVD
Relative TVD
Hole
Azimuth*/Dip
Observation Well
Azimuth*/Dip
(mbgs)
(mbgs)
8.40
161.1/20.2
KF3
128.1/27.8
4.30
KF4
121.1/44.6
9.06
KF5
119.2/39.2
3.08
KF6
164.3/36.2
2.97
KF8
160.4/24.3
12.73
KF9
118.2/22.8
12.88
10.93
11.1/46.5
KF3
5.1/20.9
17.34
KF5
85/52.8
22.19
KF6
340.6/43.6
36.52
KF8
58.3/42.5
25.35
13.85
130.5/41.8
KF3
114.7/54.9
8.65
KF4
115.3/33.3
14.72
KF5
119.2/44.6
6.33
KF6
134.7/25.4
5.71
KF8
138.7/39.4
21.81
KF2
KF9
137.9/30.6
20.20
(TEST #1)
15.76
180.0/16.1
KF3
164.7/26.6
13.24
KF4
163.5/26
14.43
KF5
170.6/27.2
11.61
KF6
150.4/18.6
7.85
KF8
176.6/14.7
10.82
KF9
154.7/35.4
23.22
17.38
119.2/31.2
KF3
112.4/36.4
12.03
KF4
104.6/43.1
22.17
KF5
118.3/38.3
14.05
KF6
108.3/32.8
13.44
KF8
120.7/31
26.02
KF9
129.3/31.2
22.78
18.76
196.6/57.2
KF3
228/69.2
7.42
KF4
229.6/58.5
5.92
KF9
202.1/66.5
14.84
20.92
340.6/53.3
KF6
347/63.9
45.37
KF9
285.9/37.4
14.63
3.46
123.6/60.6
KF4
105.6/64.3
17.92
KF5
107.5/45
5.72
KF6
108.7/49.4
11.05
KF9
119.4/51.3
25.75
4.30
KF3
128.1/27.8
KF4
121.4/44.6
9.06
(TEST #2)
KF5
119.2/39.2
3.08
KF6
164.3/36.2
2.97
KF8
160.4/24.3
12.73
KF9
118.2/22.8
12.88
13.24
164.7/26.6
KF4
163.5/26
14.43
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334.6/16.1

15.46

121.1/44.6

9.06

289.9/45.0

10.28

163.5/26.0

14.43

118.2/22.8

12.88

138.5/36.4

16.85

154.7/35.4

23.22

312.7/45.3

6.06

200.8/27.5

11.11

141.8/15.7

13.54

195.9/19.7
168/19.7
258.2/46.9
150.4/18.6
KF6
160.6/17.1
(TEST #6)
108.3/32.8
106.9/39.8
121.2/16.3
*Azimuth = dip direction

23.78
24.12
5.20
7.85
10.30
13.44
14.87
16.32

KF5
KF6
KF8
KF9
KF4
KF6
KF8
KF9
KF5
KF6
KF8
KF9
KF5
KF6
KF8
KF9
KF5
KF6
KF8
KF9
KF5
KF6
KF8
KF5
KF6
KF8
KF5
KF6
KF8
KF5
KF6
KF5
KF6
KF5
KF6
KF6
KF6
KF5
KF5
KF5
KF5
KF5
KF5

KF4
(TEST #3)

KF9
(TEST #4)

KF8
(TEST #5)
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170.6/27.2
150.4/18.6
176.6/14.7
154.7/35.4
333.7/36.4
317/27.2
263.9/18.1
281.5/25.4
119.2/39.2
164.3/36.2
160.4/24.3
118.2/22.8
255.8/77.1
289.7/38
280.8/56.7
295.3/35.4
170.6/27.2
150.4/18.6
176.6/14.7
154.7/35.4
119.2/39.2
164.3/36.2
160.4/24.3
104.2/36.9
144.4/29
191.4/31.3
170.6/27.2
150.4/18.6
176.6/14.7
285.8/30.1
297.5/60.2
196.7/16.1
200.8/31.5
144.2/9.7
134.7/16.5
151.8/18.6
163.3/17.1
216.7/57
170.6/27.2
196.7/16.1
118.3/38.3
115.8/31.7
122.5/22.8

11.61
7.85
10.82
23.22
11.19
19.18
14.48
8.56
3.08
2.97
12.73
12.88
18.04
14.70
4.03
6.73
11.61
7.85
10.82
23.22
3.08
2.97
12.73
6.88
3.38
10.92
11.61
7.85
10.82
15.70
18.58
14.35
10.02
7.68
7.79
20.19
16.61
11.36
11.61
14.35
14.05
12.18
15.02

Appendix E – Hydraulic Parameter Estimation

Figure E-1.1 Pressure response to liner installation in KF2 fit to Hantush-Jacob modelled solution.
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Figure E-1.2 Pressure response to liner installation in KF3 fit to Hantush-Jacob modelled solution.
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Figure E-1.3 Pressure response to liner installation in KF4 fit to Hantush-Jacob modelled solution.
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Figure E-1.4 Pressure response to liner installation in KF9 fit to Hantush-Jacob modelled solution.
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Figure E-1.5 Pressure response to liner installation in KF8 fit to Hantush-Jacob modelled solution.
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Figure E-1.6 Pressure response to liner installation in KF6 fit to Hantush-Jacob modelled solution.
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