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ABSTRACT 

 
 

NATURE AND EXTENT OF TOLUENE CONTAMINATION IN A SHALLOW 
DOLOSTONE AQUIFER USING HIGH RESOLUTION METHODS FOR 

ASSESSING NATURAL AND ANTHROPOGENIC INFLUENCES 
 
 
 

Jeremy Fernandes Advisor: 
University of Guelph, 2017 Professor B. L. Parker 

 
 

A groundwater study was conducted using multiple, high-resolution methods at an urban 

site with decades-old toluene contamination in a shallow fractured dolostone aquifer.  

Key methods included continuous coring and logging of fracture and matrix variability, 

core sampling for physical and chemical analyses, borehole geophysical / hydrophysical 

logging for multilevel system design. Toluene concentrations at aqueous solubility 

occurs in the low permeability, porous rock matrix in a thin horizon near top of bedrock, 

decreasing with depth with 95% of mass within 2.3 to 3.5 m bgs, coincident with the 

mean water table position. The source zone has minimal residual NAPL which remains 

due to large sorbed and aqueous mass in the matrix.  Anthropogenic features have 

influenced contaminant nature and extent, however, matrix diffusion with sorption exert 

the strongest influences on contaminant phase and mass distribution, keeping 80% of 

total contaminant mass proximal to the source area, where phytoremediation has been 

implemented. 
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1. Introduction 
 

Contamination of the subsurface by organic nonaqueous-phase liquids (NAPLs) is a 

common issue afflicting shallow groundwater resources in industrialized and developing 

countries alike.  Immiscible substances (NAPLs) can be categorized into two distinct 

groups by their density; those with a density less than water, i.e. light-NAPLs (LNAPLs, 

such as gasoline, benzene or toluene) and those with densities greater than water, or 

dense-NAPLs (DNAPLs, e.g. chlorinated solvents such as trichloroethylene or 

chlorobenzenes).  These density properties spur drastically different mobility and 

attenuation behaviour in the subsurface as DNAPLs often penetrate deep below the 

water table through a permeable aquifer while LNAPLs are likely to be retained near the 

capillary fringe and water table zone.  The nature and mechanisms of aquifer 

contamination from NAPLs has been a concern since the 1950’s, with significant 

advances in scientific understanding developed through field research and site 

characterization work during the 1980-1990’s through to the present day.  Presently 

however, there are only a few documented studies addressing the nature and 

mechanisms of LNAPL contamination in fractured bedrock aquifers.  LNAPL aromatic 

hydrocarbons (e.g. benzene and alkylated derivatives) are common solvents used in 

many industrial and commercial activities, and their releases to the environment where 

water tables and bedrock are reasonably shallow (less than 10-20 meters below ground 

surface (m bgs)) are the most likely and reasonably common hydrogeologic scenario 

where LNAPLs present a concern in bedrock groundwater systems. Research studies 

regarding chlorinated solvents in sedimentary rock have shown distinct conditions for 

DNAPL behaviour affecting source zone and plume conditions compared to the more 

commonly understood unconfined sandy aquifer conditions (Parker et al. 1994 and 

1996).  Hence, by analogy to DNAPLs, there is an expectation that LNAPL behaviour in 

sedimentary rock aquifers will also be distinct from their behaviour in granular aquifer 

systems and improved understanding of the processes influencing mobility and fate will 

better inform remediation system designs or mitigation strategies to protect human 

health and the environment. 
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Characteristics of a NAPL plume in the subsurface are affected by properties of the 

NAPL released, volume, areal extent and rate of release(s), hydrogeological properties 

(i.e. vadose zone moisture content, depth to water table and heterogeneity of the 

sediments) and groundwater flow conditions (Feenstra & Cherry, 1988).  Nearly all of 

the literature on LNAPL transport in the subsurface has been conducted in porous 

granular media (Abdul, 1988; Ostendorf et al, 1992; Powers et al., 1992; Schwille, 

1975), where geologic settings and structural features are much different than fractured 

rock (e.g. style, structure and heterogeneity of porosity and permeability).  Many of the 

processes influencing immiscible fluids in granular, porous geologic media are described 

in detail by Mercer and Cohen (1990).  Generally, the release of LNAPL to the vadose 

zone (at or below ground surface) begins with flow through soil pores, displacing soil 

gas and results in percolation of the immiscible fluid through the vadose zone.  If the 

release volume exceeds the vadose zone retention volume, it reaches strata serving as 

a capillary barrier that often have a smaller grain (pore) size and/or higher water content 

(i.e. the capillary fringe and/or the water table (Schwille, 1975)).  In addition to pore entry 

resistance due to capillarity, density forces for the LNAPLs in the water-saturated regime 

at the capillary fringe and water table cause LNAPL to move laterally.  Within pore 

spaces, it has been shown that common organic solvents may change the interfacial 

tension of the two fluids allowing collapse of the capillary fringe and a continuous 

column of LNAPL to displace water from soil pores.  LNAPLs readily partition from their 

solvent phase to the adjacent air and water phases according to their respective physio-

chemical properties of vapour pressure and solubility, allowing transfer from the LNAPL 

phase to the gas and aqueous phases.  This phase transfer will be important to the 

mobility and fate of the contaminants in the subsurface over a range of time and 

distance scales varying due to several factors, including (but not necessarily limited to): 

released solvent properties, release volume and rates and the subsurface 

hydrogeochemical conditions.  Hardisty (1998, 2003) was early to identify the unique 

attributes of fractured rock conditions that would affect LNAPL flow behaviour, detailing 

significant differences between granular soil and fractured rock when considering 

LNAPL migration.  Hardisty (1998) highlights the importance of high-angle fractures and 

water table fluctuation on vertical mobility and lateral redistribution and entrapment of 
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the immiscible phase in the fracture network. In complementary work, Hardisty (2003) 

describes an integrated approach to the characterization of LNAPLs in fractured rock 

using a comprehensive set of methods, emphasizing complementary field investigation 

techniques such as continuous coring, core fluorescence analysis and depth-specific 

short screen monitoring wells to assess fracture network distribution, LNAPL distribution 

and LNAPL migration.  Building on the available science, Spence et al. (2003, 2005) 

provide important insight from a gasoline release in the chalk aquifer of the UK, using 

high-resolution techniques including multi-level systems (MLS) in an assessment of the 

mechanisms influencing mass distribution and distinct zones of biodegradation.  Though 

these studies provide important insight on LNAPL movement in fractures and field 

investigation techniques to discern the distribution of the immiscible phase, the 

attenuation impact of matrix diffusion due to appreciable matrix porosity (often coupled 

with sorption) and its effect on the dissolved phase plume has not been discussed nor 

demonstrated.  Parker et al. (2004) first conceptualized the influence of matrix diffusion 

on NAPL source zone longevity in fractured porous media.  Although fractures dominate 

groundwater and NAPL flows in the aquifer and to monitoring wells, most of the water is 

located in the low permeability matrix pore-space given the large matrix porosity relative 

to fracture porosity.  

In this study, we apply a suite of high-resolution, discrete fracture network (DFN), field 

methodologies developed and honed for studying chlorinated solvent contamination in 

fractured rock (Parker et al., 2012).  This approach is designed to specifically target the 

distribution of toluene mass in the bedrock matrix in addition to the fracture network 

characteristics, to assess the physical and chemical processes influencing an aged, 

pure-phase toluene source zone and plume that has been persisting for approximately 

30 years in a shallow dolostone aquifer underlying an industrial site located in Ontario, 

Canada (Figure 1). This is an appropriate site to evaluate an LNAPL source and 

dissolved phase plume due to the sufficiently aged plume condition, allowing for 

diffusion of the contaminant into the rock matrix and its quantitation under field 

conditions.  The water table is present approximately 2 m bgs coincident with the top of 

rock-soil interface.  The dolostone aquifer at this site is a dual porosity, dual permeability 
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structure with rock matrix porosity ranging from less than 1 to 20% (Burns, 2005; 

Kennel, 2008) and a well-developed fracture network (Munn, 2010).  Purposeful 

application of the DFN methods honed for DNAPL were tailored to the anticipated 

conditions (and known contamination period) for toluene in dolostone, providing a 

detailed spatial distribution of the various contaminant phases and identification of 

distinct physical, chemical and degradation processes having a past or current influence 

on site conditions.  The overall goal is to develop a robust, process-based site 

conceptual model (SCM) for contaminant transport and fate addressing all natural and 

anthropogenic influences, with emphasis on matrix diffusion and mass storage impacts 

on source zone phase and distribution and plume characteristics.  The SCM developed 

is foundational to environmental risk management goals that are outside of the specific 

goals of this thesis. These include evaluating the performance of the phytoremediation 

system, assessing mechanisms and rates of toluene biodegradation, and prediction of 

future site conditions. 

2. Description Of The Site And Prior Characterization Efforts 
 

The study was conducted at a former manufacturing facility that operated between 

approximately 1952 and 1990 in an urban centre, bordering a mixed residential / 

industrial neighbourhood.  On the property were above ground storage tanks containing 

industrial volumes of isopropyl alcohol, toluene and methanol, connected to the facility 

by buried product lines trenched into a two-meter thick, surficial overburden layer of 

sandy, cobbled soil.  Beneath the overburden layer is a sequence of Silurian era 

dolostone bedrock (formerly studied by Armstrong and Carter, 2010; Belan 2010; 

Brunton, 2009; Cole et. al., 2009; Kennel, 2008; Munn, 2010), which forms a valuable 

groundwater resource and is the primary water supply for more than 100,000 residents 

of the city (AquaResource, 2010).  The water table is shallow, often at or slightly below 

the bedrock contact, fluctuating less than 2 meters throughout the year. 

 

In the late 1980’s evidence of toluene, a common industrial solvent and groundwater 

contaminant (often as a component in gasoline releases), was discovered upon 
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decommissioning of the storage tank followed by immediate measures to excavate 

impacted overburden and shallow bedrock material.  Characterization efforts at the site 

by consultants began in 1989 with the installation of a conventional monitoring well 

network (see timeline, Figure 2).  Remedial measures soon followed with 

implementation of a pump-and-treat system for groundwater capture and treatment, 

operating between 1990-2000 then discontinued due to inefficiencies and fear of 

influencing an off-site furnace oil contaminant plume.  A pilot-scale trial of enhanced in-

situ bioremediation was conducted in 2003 using Oxygen Release Compound (ORC), a 

substance shown to enhance degradation of BTEX (Chapman et al., 1997), deployed in 

the vicinity of the toluene source.  This trial was reportedly somewhat effective at 

decreasing toluene concentrations local to the well where the ORC was passively 

released, although discontinued.  In 2007 and 2008 the decision was made to 

implement a phytoremediation approach involving growth of deep-rooting hybrid-poplar 

trees.   

 

Phytoremediation is the use of plants to remove or contain environmental contaminants 

from soil and groundwater (Cunningham & Berti, 1993), having the potential to function 

at a number of levels at the site to bring about toluene mass removal and concentration 

decline.  Taghavi et al. (2005) have shown that hybrid-poplar trees have positive plant 

growth in the presence of toluene and are able to degrade volatile organics (i.e. toluene, 

TCE) via endophytic microbial communities, also reducing the amount of toluene 

released through evapotranspiration.  Poplar trees are known to be fast rooting and 

deep growing with a high pumping capacity (Newman et al., 2004) and are capable of 

influencing groundwater sufficiently to be used as a hydraulic containment mechanism 

(Barac et al., 2009; Ferro et al., 2003).  At this site, hybrid poplars were densely planted 

over as much of the area overlying the former tanks and associated infrastructure as 

was possible due to line of sight and existing infrastructure restrictions (Figure 3).  By 

2014, the poplar trees were mature enough to initiate assessment of the efficacy of the 

passive remediation system to enhance degradation of shallow toluene, and perhaps 

influence the local water table (i.e. hydraulic containment).  In-depth evaluation of the 

effect(s) of the trees on the contaminant conditions at the site during the tenure of this 
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study was, as indicated above, outside of the scope of this work and is being undertaken 

by others.  However, where possible, the potential influences of the phytoremediation 

system on site conditions were discussed. 

 

Several anthropogenic influences that might impact the natural flow system at this site 

have been identified as part of this study.  Included in this list are: 1) the presence of 

open boreholes and/or long screen conventional wells installed in the early 1990’s, 2) 

impacts from water table drawdown due to a pump and treat system operating 

intermittently between 1990 and 2000, 3) current and ongoing seasonal hydraulic 

pumping by an on-site phytoremediation tree stand, 4) seasonal recharge pulses from 

snow storage areas on site and 5) buried municipal utilities running below city streets in 

close proximity to the source zone.  In some instances the buried utilities exist below the 

water table and have been installed in trenches excavated into the bedrock.   

 

Investigation methods utilized as part of this study were based on the comprehensive 

DFN approach (Parker et al., 2012) tailored specifically to characterizing fractured 

sedimentary rock field sites where diffusion transport and mass storage in low 

permeability zones are targeted, and to date utilized at DNAPL (chlorinated organic 

solvent) contaminated sites.  The DFN approach involves drilling new coreholes and 

utilizing both the core and hole in obtaining complementary, high spatial-resolution data 

sets, in agreement with suggested techniques for LNAPL sites detailed by Hardisty 

(2003), with added focus on quantifying toluene mass stored in the rock matrix, which 

contains a bulk of sedimentary bedrock systems porosity. These cored holes were 

geophysically and hydrophysically logged with several conventional and novel methods 

prior to completing with MLS.  The MLS wells were used for temporal assessment of the 

groundwater system using hydraulic head, groundwater contaminant and 

hydrochemistry including electron acceptors (e.g. iron, sulphate) and isotopic 

composition of dissolved phase toluene as evidence of degradation.  Finally, a fracture 

flow and transport model using site-derived parameters from the field and laboratory 

measurements was used to simulate the flow and transport mechanisms of the shallow 
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bedrock groundwater (2 to 7 m bgs) allowing quantitative evaluation of matrix diffusion, 

sorption, and decay on plume attenuation at this site. 

 

2.1 Conventional Monitoring Well Network 
 

A network of single interval monitoring wells was installed in multiple programs spanning 

1989 through 2011 by site consultants (Figure 3).  A majority of these wells were drilled 

into bedrock to depths of 2-6 m bgs (Table 1) targeting the water table and shallow 

bedrock.  Groundwater quality sampled in the conventional wells largely reflects that of 

mobile groundwater in fractures over that same depth range.  Conventional wells were 

sampled approximately quarterly for volatile organic compounds (VOCs) between 1989 

and 2014.  Generally, the results of this sampling indicate that the toluene plume is 

stable in aerial extent and supports a slow lateral retraction of the plume over time. On 

the basis of the historical network, the plume appeared to be centered close to C11, 

where concentrations of toluene in groundwater have been approximately 100 mg/L 

(approximately 80% of aqueous solubility) between 2000 and 2014 (Figure 4a).  

Historical characterization efforts never showed measurable LNAPL in the samples from 

the network of conventional monitoring wells, although the source zone was not well 

delineated.  Downgradient conventional wells have had intermittent, lower levels of 

toluene detected, for example 1400 µg/L in C101 (October 2007), 120 µg/L in C19 

(August 2012) and 28 µg/L in C7B (October 2008) however a majority of recent 

sampling events indicated low levels of toluene (less than 10 µg/L) and often less than 

the typical reported detection limits of 0.2 µg/L (especially since 2010). 

 

During the period of 2000-2014, sampling data collected by site consultants showed 

large variability in toluene concentrations in groundwater sampled from the conventional 

monitoring well network which largely targets mobile groundwater in fractures from 2 to 

6 m bgs.  Toluene concentrations in some single interval monitoring wells frequently 

displayed up to five orders of magnitude variability (Figure 4a) between quarterly 

sampling events (1 to 100,000 µg/L), highlighting the complexity of the groundwater flow 
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system and fracture network as well as illustrating potentially confounding results that 

are obtained from longer-screened conventional wells.   

 

Data collected prior to this study indicates a strongly attenuated plume in the shallow 

bedrock, likely to be shrinking over the past decade, although with persistent 

concentrations around C11, a location presumed to be close to the unverified source 

zone.  Difficulties in quantifying the mechanisms influencing the strong attenuation of the 

plume, including lack of vertical delineation, and understanding of the mass and phase 

distribution, resulted in a need to refine the scale of the investigation beyond long 

screen, single interval monitoring wells historically used to characterize toluene 

contamination at this site. 

 

2.2 Study Strategy And Approach 
 

This study began in 2014 with a new approach to hydrogeological characterization 

following the DFN field approach methodology outlined by Parker et al. (2007, 2011, 

2012).  Many studies have been conducted using this approach for DNAPLs (dense 

non-aqueous phase liquids) and other contaminants including nitrate (Austin, 2005; 

Burns, 2005; Chapman et al. 2014; Goldstein et al. 2006; Hurley, 2003; Maldaner, 2011; 

Meyer, 2005; Plett, 2006).  However, this is the first study that applies this methodology 

to exclusively characterize LNAPL contaminated sedimentary bedrock.  The field 

program involved collection of a complementary suite of high resolution and depth-

discrete hydrogeological datasets via continuous coring, rock core sub-sampling for 

VOCs (volatile organic carbons), geophysical assessment of the borehole using various 

logs and flexible borehole liners for hydraulic transmissivity profiling and temporary 

monitoring deployments.  Boreholes were then instrumented with MLS for temporal 

evaluation of hydraulic head, groundwater contaminant concentrations and 

hydrochemistry, at discrete depth intervals.  Detailed and complementary datasets are 

known to contribute to a stakeholders return on investigation vis-à-vis a well-informed 

SCM of groundwater flow and contaminant mass and phase distribution, demonstrated 
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in unconsolidated geology by Suthersan et al. (2015), and applied here in fractured 

sedimentary bedrock. 

3. Methods 

3.1 Rock Matrix VOC Concentration Profiles From Bedrock Core 
 

Continuous core was retrieved at eleven locations spanning two separate field 

mobilizations.  Wire-line diamond bit rotary coring occurred in April 2015 at four 

locations outside of the phytoremediation area with PQ-3 size continuous core retrieval, 

producing 83 mm diameter core and 122.6 mm diameter corehole utilizing a triple-tube 

core barrel system to investigation depths of 22 m bgs.  The triple tube system provides 

higher quality core samples than traditional wireline coring, with fewer mechanical 

breaks, which more accurately reflects the in situ fracture distribution (Mazier, 1974).  

Core recovery using the triple-tube core barrel ranged from 91 to 100%, with an average 

99% length recovered.  Rock quality designation (RQD) is an index of rock quality 

(Deere, 1964), expressed as a percent of the total length of sound core pieces that are 

longer than 0.1m in length.  Higher RQD percentage values indicate increasing rock 

quality.  PQ-3 size core generally indicated increasing rock quality with depth at this site.  

The average RQD values (and description) for the shallow Reformatory Quarry 

dolostone member (2 to 8 m bgs) and the deeper Vinemount dolostone sequence (8 to 

20 m bgs) were 42% (poor or weathered) and 90% (excellent or hard rock) respectively. 

 

The planting density of poplar trees (spaced 1.5-2 m apart) overlying the entire area of 

the former tanks and product lines prevented mobilization of the same larger truck or 

track mounted drilling equipment within the main source area.  The challenge of 

investigating within the trees was overcome by using a portable drill, manufactured by 

the Shaw Company (Shaw, 2011).  Six locations within the phytoremedation area were 

continuously cored to 10 mbgs with the Shaw Backpack Drill™, a hand-held unit 

operated by a single person and capable of operating within the spatial and eco-

sensitive constraints imposed in this area of the site (Figure 5a and b).  This drill is 
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capable of coring a 51 mm diameter hole into rock in 0.45-meter runs and is being used 

more extensively in applications for hydrogeological characterization (Asangba, 2015; 

Gabrielli & MacDonnell, 2012; Pierce et al., 2016; Steelman et al., 2015). 

 

Contaminant distribution in bedrock was determined by subsampling the PQ-3 and 

Shaw drill rock core after detailed logging of lithology and fracture features at surface 

after each core run, a method consistent with investigations completed by Kennel (2008) 

and Lima et. al. (2012), and is also commercially available as COREDFN© and applied by 

Stone Environmental (now Cascade Technical Services, process shown in Figure 5c).  

Samples were taken at targeted locations within the core sequence, above and/or below 

fractures, and at varying distances into the rock matrix.  Sampling frequency tended to 

be more frequent in the upper 10 m of bedrock, where the contaminant (released as 

LNAPL) was expected to be more concentrated and also observed to be more densely 

fractured. Core runs were delivered to an aluminum foil lined core tray (foil was replaced 

new after each core run) at surface and selected samples approximately 0.05 m in 

length were removed with a steel masonry chisel (selected samples were approximately 

the shape of a hockey puck), packaged in foil, labelled and placed in a cooler for 

delivery to the on-site sub-sampling station for crushing and preservation and extraction.  

A total of 598 samples were taken from the eleven coreholes at this site, an average of 

one sample every 0.25 m of rock core retrieved.  The next step in the process of the PQ-

3 core pucks involved the trimming of the sample perimeter with a masonry chisel to 

remove the material which has been in contact with the drilling fluid, followed by 

immediate placement of the inner core subsample into a decontaminated stainless steel 

crushing cylinder enclosed with o-ring sealed floating ends.  The 51 mm core is too 

small to effectively and efficiently trim the cylindrical perimeter in sufficient time (goal is 

to reduce exposure to atmosphere as much as is feasible), therefore these samples had 

all sides rolled across a super-absorbent towel (replaced with new between samples) in 

an attempt to eliminate cross connection effects, followed by fragmentation using a 

clean masonry chisel and placement into the crushing cylinder.  With the subsample in 

the cylinder, a hydraulic unit pushed one end to crush the rock sample at a maximum 

pressure of 15 MPa.  The crushed sample was split, first funnelling approximately 20 g 
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of pulverized rock into a 40 ml VOA sample container with a measured volume (15 mL) 

of purge and trap grade methanol as extractant, then filling a 20 mL VOA sample 

container for moisture content analysis for use in porewater concentration calculations.  

Samples were immediately placed into coolers and transported daily to the University of 

Guelph laboratory for reception and processing. VOC samples were collected in 40mL 

glass VOA vials with a screw-top PTFE-lined silicon septa, and on arrival at the lab were 

put through a three-week process of shaking on a vortex mixer to enhance the contact 

of methanol with the crushed rock particles for complete extraction. Aliquots of the 

methanol extract were analyzed by direct injection onto an HP model 6890 GC with 

autosampler (details in Appendix IV) analyzing aromatic hydrocarbons and chlorinated 

solvents in accordance with EPA method 8260B VOC. Results from the rock core were 

provided as total mass of analyte per mass of rock in the sample, converted to an 

estimated aqueous concentration using: 

 

!! = !!∗!!!!"#
!!∗!!!!"#!!!

           (1) 

 

where Ct is the total mass of toluene in the rock sample, ρb-wet is the wet bulk density of 

the rock (g/cm3), Kd is the coefficient of partition between porewater and soil solids 

(toluene specific) assuming linear, equilibrium partitioning between solute and solids and  

ϕw is the water-filled rock matrix porosity.  This calculation assumes fully saturated 

conditions, which is reasonable since the water table occurs at or near the bedrock 

surface. ρb-wet and ϕw were estimated from rock physical property samples removed from 

core throughout the depth range of the hole and moisture content samples collected as 

splits at every VOC sampled location.  Kd was estimated by the relation, 

 
!! = !!"!!"           (2) 

 

where Koc is the solid phase organic carbon partition (sorption) coefficient specific to 

toluene taken from the literature (182 L/kg, US EPA, 1996) and fraction of organic 
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carbon (foc) values were taken from core samples from the background location M20 

(Figure 6).  These samples (n=17 or approximately 1 sample every 0.8 m) were dried in 

an oven at 40 degrees Celsius until constant mass was achieved, crushed with a mortar 

and pestle and sieved through a 1mm mesh.  University of Guelph Laboratory Services 

Division conducted foc analysis using two different methods, a combustion method and 

Walkley-Black oxidation method (Walkley & Black, 1934; Page, 1982; EPA, 2002).    

 

3.2 Borehole Characterization Methods – Geophysics, Temporary Deployments 

And Flute Hydraulic Profiling 
 

Acoustic Televiewer and Optical Televiewer were run (run speed = 2 m/min., 0.0025 m 

sample rate) in open PQ boreholes to aid in characterization of the lithology variability 

and discrete fracture network (position, orientation and appearance).  Image logs 

indicate fracture intensity decreases with depth, the highest frequency is found in the 

upper 3 meters of rock in the Reformatory Quarry member.  Sub-horizontal fractures 

dominate the sequence, coinciding with horizontal bedding planes deposited in the 

Silurian era inland sea (Brunton, 2009); however, high-angle or vertical fractures are 

known to be under-represented in vertical boreholes (Fomenko, 2015; Munn, 2010; 

Terzaghi, 1965).  Natural gamma logs were run (run speed = 0.8 m/min., 0.01 m sample 

rate) range from 1 to 100 counts per second with higher levels consistently evident in 

the bituminous and shaley Vinemount beds, located 8 to 20 m bgs (full data suites in 

Appendix I). 

 

Novel methods in depth-discrete monitoring of fluid pressure transients (and 

temperature if desired) in bedrock boreholes were employed in two boreholes using a 

string of pressure transducer sensors, temporarily installed in the borehole behind a 

flexible impermeable liner (FLUTe™ liner) (Pehme et al., 2014).  An array of thirteen 

pressure sensors were deployed in each of two boreholes, M20 and M23, the day after 

drilling (4 days apart).  This was in part to capture the hydraulic response of drilling at an 

adjacent location, and to evaluate the temporal variability of the natural hydraulic 
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conditions.  Each borehole was installed with thirteen pressure sensors attached to a 

thin (1.6 mm diameter), polyethylene, nylon or other coated stainless steel cable at 

nominal 1.5 m depth increments.  Pressure monitoring intervals were created by 

wrapping the sensors with two layers of polyethylene mesh 0.5-meters in length.  With 

the string of transducers suspended in the borehole, a blank FLUTe™ liner (Cherry et 

al., 2007; www.flut.com) was installed, pressing the sensors against the borehole wall 

and effectively creating a hydraulic seal.  Data collected from these transducer arrays 

were used to inform MLS designs tailored to borehole specific conditions and contribute 

to the characterization of the local hydrogeological flow system. 

Transmissivity profiling, described by Keller et al. (2014), was conducted at the four PQ- 

3 cored locations by applying a constant driving head during the installation of a blank 

FLUTe liner and measuring the associated forces and velocity of descent.  Borehole 

transmissivity is an integration of velocity and head difference.  Total borehole 

transmissivity for the 4 PQ holes ranged from 11.2 to 37.7 cm2/s (average = 19.1 cm2/s, 

Appendix III).  Two large fractures were evident at all four locations and dominated the 

profile, located at approximately 298 and 294 m above mean sea level (amsl). 

PQ-3 coreholes were lined with blank FLUTe liners between drilling and installation of 

MLS to reduce vertical flow and cross contamination that would occur in these long open 

boreholes across zones with distinct hydraulic head values (Sterling et al., 2005). 

Between drilling in April 2015 and MLS installation in April 2016 the liners were removed 

and reinstalled between two and four times, each event having the potential to allow 

cross-connection while the holes were open (typically less than 48 hours) and/or to push 

contaminated groundwater from shallow depths down the open borehole into the deeper 

transmissive fractures during liner installation. 

3.3 Multi-level Groundwater Monitoring: Systems and Sampling 

Two MLS system designs were installed at this site, coincident with borehole diameters. 

Both systems use rubber packers to seal the borehole between monitoring intervals, 

inflated at sufficient but low pressure (typically 103 kPa) to contact the borehole wall. 
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Pressure in these systems is easily released, allowing the removal of the entire system 

from the borehole for decommissioning, further study or for remediation purposes.   

 

At seven locations, the 51 mm diameter holes drilled with the Backpack Drill were 

instrumented with a Continuous Multichannel Tubing (CMT) system (Einarson & Cherry, 

2002) with a novel packer system.  Typical installation of a 7-channel CMT is in an HQ 

(96mm diameter) or larger borehole, allowing sufficient annular space to create 

monitoring and sealing depth intervals by backfilling with layers of sand and bentonite 

respectively.  At this site, a 7-channel CMT installed in the 51 mm cored holes left an 

annular space of only 5 mm; therefore these systems were retrofitted to operate by 

application of water inflatable rubber packers (Bhatti, 2017).  Each CMT was designed 

with six monitoring intervals with an average open interval of 0.4 m (range from 0.3 to 

1.3 m), separated by one or more inflated rubber packers.  Packer intervals were 

purposefully designed to seal the maximum length possible between monitoring 

intervals, using individual packer lengths of 0.3 or 0.6 m (in succession where 

necessary).  Monitoring intervals were more concentrated in the shallow bedrock, 

targeting the shallow nature of LNAPL contaminants, with larger spacing in the lower 

portion of the hole.   

 

The four PQ diameter coreholes were instrumented with an adaptation to the Waterloo 

Multilevel System (Cherry & Johnson, 1982; produced commercially by Solinst Canada).  

Monitoring intervals in this system spanned from top of bedrock to 22 m bgs with 

monitoring lengths of 0.8 m on average (range from 0.6 to 1.3 m).  Sealing of the 

borehole between monitoring intervals was done using water inflatable rubber packers, 

designed to seal the entire length of borehole between adjacent open monitoring 

intervals.  Either style of MLS uses a dedicated tube or closed channel to connect an 

individual monitoring depth (opening or port) interval to surface.  Frequent manual head 

measurements were taken using a small diameter water level meter, while 15 intervals 

in total were continuously monitored using a small diameter pressure transducer  

(Micron Instruments, model MP102) connected at surface to a datalogger (Madgetech, 

model Process 101a).  Groundwater monitoring in 2016 occurred near monthly (see 
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timeline, Figure 2), including groundwater sampling for analysis of VOCs, hydrochemical 

parameters and, compound specific isotopes (CSIA) and microbiology.   

 

The installed multilevel monitoring wells were sampled for VOC contaminants and 

hydrochemistry on seven dates between November 2015 and September 2016, 

targeting variability in the seasonal fluctuation of the water table and leaf cover of the 

poplar trees.  All groundwater sampling was conducted using suction-lift peristaltic 

pumps and field parameters for pH, electrical conductivity, Eh, dissolved oxygen (DO) 

and temperature were measured with a YSI-556 multi-parameter probe using a 200mL 

flow cell.  VOC samples were collected using a peristaltic pump by purging a volume 

equivalent to three times the water inside the inserted sample tubing, shutting off the 

pump at surface (maintaining vacuum of the pump), removal of sample tubing, and 

reversing the pump allowing the groundwater sample to flow into a 40mL VOA vial 

below the water level in the bottle, minimizing contact of the groundwater with air, which 

was then capped with zero head space.  Polyethylene sample tubing was discarded 

between sampling intervals.  Groundwater samples for VOCs were alternately analyzed 

at a commercial laboratory (Maxxam Analytical, method EPA 8260 C) and at the 

University of Guelph, utilizing method EPA 8260 B.  Detection limits for toluene were 0.2 

µg/L at both laboratories. 

 

Inorganic hydrochemistry samples were collected in plastic containers, cation samples 

were field filtered and acidified, then shipped to Maxxam Analytics in Mississauga, 

Ontario for analysis of parameters in the RCAp package (including nitrate, iron, sulfate, 

sodium and chloride).  Samples for analysis of dissolved gases were collected in a 

40mL glass VOA vial in November 2015, July 2016 and October 2016, submitted to 

Maxxam Analytics for analysis using method RSKSOP-175m, an analysis of headspace 

by GC-FID. 

 

Advanced microbiological sampling was conducted concurrent with VOC sampling in 

November 2015, March 2016 and June 2016, targeting active aerobic and anaerobic 

genes through quantitative polymerase chain reaction (qPCR).  Results from 
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microbiological analyses are part of two parallel studies by Roebuck (2017) and Ben-

Israel (2017) and therefore will not be discussed further in this thesis. 

 

3.4 QA/QC Procedures 
 

Groundwater sampling was conducted with polyethylene tubing, inserted down a MLS 

well tube or channel to the bottom of the interval where the system is open to the 

formation.  Tubing was single use only and therefore discarded between sampling 

intervals to eliminate potential for cross contamination.  Flow-thru cells (YSI-556 

Multiprobe System) used for collecting field parameters, were rinsed with deionized 

water between sample points, and were disconnected from the system during VOC 

sampling.  Duplicates of groundwater samples were taken at a minimum rate of 5%.  

Trip blanks using glass VOA sample bottles filled in the laboratory with nanopure water 

(zero headspace) were also placed in coolers and analyzed for VOCs as an assessment 

of potential cross contamination during the transport and storage process. 

 

Throughout the rock core crushing and extracting process, measures were taken to 

evaluate possible cross contamination between samples and to ensure confidence in 

decontamination procedures.  Equipment blanks were taken every 20 samples 

(minimum of 5%) and consisted of swiping a clean, methanol soaked KIMTECH© low 

lint wipe across the surface of a complete set of decontaminated crushing equipment, 

then placing the wipe in a 40 mL VOA vial containing 15 mL of purge and trap grade 

methanol.  Trip blanks consisted of 15 mL of purge and trap grade methanol in a 40mL 

VOA vial and were placed in the cooler containing the crushed samples, and traveled 

with the samples back to the lab.  Samples being stored in the lab had storage blanks 

consisting of a 40 mL VOA vial containing 15 mL of purge and trap grade methanol 

placed in the storage container.  Methanol blanks were also taken for each bottle of 

methanol used for samples to ensure product quality and impurities would not interfere 

with results. 
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A total of 45 equipment blanks were collected between 11 core locations and in all but 6 

samples, there was no measureable concentration of toluene.  In the 6 samples where 

evidence of toluene was found, the associated lab blank was also flagged to contain 

toluene, indicating possible/probable blank contamination originating in the laboratory.  

Results within 5 times the blank result were flagged and displayed as an estimate.  Trip 

blanks and storage blanks all indicated no cross contamination of VOCs to have 

occurred during the transport or storage process. 

 

Low levels of rock matrix concentration data that approached the laboratory detection 

limit of 8 µg/L (of methanol) have some degree of uncertainty, and are plotted as shaded 

circles in the data sets. Rock matrix samples that were below the detection limit are 

plotted as a cross in data sets. 

 

3.5 Fracture Flow & Transport Model 
 

Past research has shown the strong and dominant effects of matrix diffusion on solute 

transport distances along typical-sized fractures, and how the fracture-matrix interaction 

is key to estimating plume extent (Chapman et al., 2014; Freeze & Cherry, 1979; Grisak 

& Pickens, 1980; Lipson et al., 2005; Parker et al., 2012; Sudicky & Frind, 1982; Tang et 

al., 1981).  A fracture transport model was used to evaluate the interactive effects of 

advective transport in the fractures and diffusion into the matrix (with added influence of 

sorption in the matrix and biodegradation) and the relative magnitude of these 

processes influencing the current plume position and concentrations.  This assessment 

was completed using the well-known advection-dispersion-diffusion equations for a 

system of parallel fractures separated by porous matrix blocks called CRAFLUSH, 

detailed by Sudicky and Frind (1982) and programmed into a FORTRAN software 

program.  This model and approach have been well founded by demonstrating how 

powerful the semi-analytical solution can be in predicting transport distances of 

contamination in a fractured system.  Sale et al. (2013) and Slough et al. (1999) 

compare the result of the semi-analytical CRAFLUSH equations with numerical models 

(HydroGeoSphere and CompFlow) in a discrete-fracture network context, concluding 
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that both solutions show good agreement in predictions of contaminant break-through 

and plume length.  Jardine et al. (1999) used this model to simulate the breakthrough of 

a conservative tracer injection at a waste disposal site overlying a shale-limestone 

sequence, verifying matrix diffusion to be a significant process contributing to 

contaminant storage in the subsurface.  West and Kueper (2010) use a set of semi-

analytical equations derived from Sudicky and Frind (1982) to predict solute plume 

detachment and recession times of solutes in fractured rock. 

 

For the purposes of this study, the CRAFLUSH model was used as an interactive tool 

representing key attenuation processes, to provide reasonably accurate quantitative 

assessment of the plume position and concentrations along the centreline of the plume.  

Many of the model input parameters are a reasonable assessment of site conditions and 

are tethered to or informed directly by field and/or laboratory measurements, given the 

high-resolution and comprehensive data collection methods focused on DFN 

approaches used in this study, including fracture spacing and aperture, matrix porosity 

and fraction of organic carbon, parameters identified by Lipson et al. (2005) to be 

important inputs in discrete fracture network models.  Degradation rates for toluene are 

considered to be the most significant unknown parameter in this model.   In this code, 

degradation is simulated as first-order decay, which is a simplification of actual 

degradation processes.  Input values for decay were added as a second stage in the 

simulations of plume extent and downgradient concentrations, using a range of values, 

to show the relevance of biodegradation processes within the lateral distribution of the 

toluene plume in comparison to attenuation by matrix diffusion and sorption processes 

alone. 

 

The model was used to approximate the shallow, horizontal fracture system identified by 

the shallow hydrogeologic unit HGU 1, located in the interval between approximately 2.0 

to 6.5 mbgs.  This shallow unit was chosen as it has been identified to be the depth 

interval where toluene is shown to reside at highest concentrations (in some locations 

approaching the solubility of 535 mg/L), hence the source concentration of the model is 

assumed constant and equal to the aqueous solubility representing site conditions.    
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The models governing advection-diffusion-dispersion formula in a fracture is adapted by 

Sudicky and Frind (1982) from Tang et al (1981), 
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where c is the concentration of solute in solution at c=c(z, t), z is the spatial coordinate 

along the fracture, t is time, 2b is the fracture width and v is the groundwater velocity in 

the fracture.   

Diffusive transport of a solute into the matrix, perpendicular to the direction of the 

fracture is calculated as, 
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where c’ is the concentration of solute in the porous matrix at c’=c’(x, z, t), and x is the 

spatial coordinate perpendicular to the fracture axis.  Hydrophobic adsorption of the 

solute to the fracture face and within the matrix is assumed to be governed by a linear 

adsorption isotherm as described in Freeze and Cherry (1979). 

 

Model parameters are shown in Table 3 and largely consist of values derived from the 

physical investigations outlined in this thesis.  Many parameters were measured in-situ 

and averages of these values were used in calibration of the CRAFLUSH model, with 

exception of diffusive tortuosity and toluene degradation rate. 

 

The matrix diffusion coefficient, De, can be estimated from the following relationships: 

 

!! = !!!            (5) 
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where Do is the molecular diffusion coefficient for a solute in free solution and ! is matrix 

tortuosity.  De differs from Do because of the tortuous diffusion pathway that a solute 

must take in a porous media.   Archie’s law describes a relation of tortuosity to matrix 

porosity as 

 

! = !!!!            (6) 

 

where ϕ is the matrix porosity and m is known as the cementation factor, an empirical 

parameter.  For dolostone, Verwer et al. (2011) measured cementation factor values 

ranging between of 1.7 to 4.1.  In the same study, dolostone samples having similar 

porosity and permeability values to core samples measured in this study (HGU 1; 

porosity 12%, permeability 3 to 8 md) have a measured cementation factor ranging from 

approximately 1.8 to 2.0, resulting in an exponent of 1 and therefore a diffusive tortuosity 

value of 0.12, equal to the average measured matrix in the shallow bedrock of ϕ = 12% 

(refer to bedrock physical property data in Appendix V).  

 

The CRAFLUSH model incorporates degradation as a first-order decay process, and the 

degradation rate can be calculated as: 

! = !" !
!! !

            (7) 

 

where t1/2 is an input parameter representing the half-life of the contaminant.  Because 

site-specific decay rates were not known, the model was assessed with and without a 

decay parameter.  The half-life of toluene has not been extensively studied in a fractured 

rock environment; therefore a range for decay was assumed to fall within literature 

values of 0.04 to 1.4 years (Lawrence, 2006), based on laboratory and minimal field 

studies in granular aquifers. 
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4. Results and Discussion 
 

The results of high-resolution data sets collected as part of this thesis are described 

herein and are used to form an enhanced, detailed conceptualization of toluene mass 

and phase distribution in the rock matrix and fracture network, using data from newly 

drilled boreholes (locations shown in Figure 6).    In addition, measured field and 

laboratory parameters for both the fracture network and rock matrix properties were 

used to inform a 2D parallel fracture flow and transport model to evaluate the interaction 

of processes including diffusion, sorption and degradation influencing the plume 

concentration distribution and extent.  Anthropogenic factors influencing the toluene 

plume, including the existing conventional well network, prior pump-and-treat system, 

source area phytoremediation system, utility trenches and winter snow piling near the 

source area are also further discussed. 

       

4.1 Hydrogeologic Characterization Using High Resolution Vertical Head Profiles 
 

In a sedimentary bedrock hydrogeological environment, interconnectivity of discrete 

fractures in a 3-D framework are typically the principal pathways for groundwater flow.  

The nature of the interconnectivity within the fracture network (i.e. fracture aperture, 

orientation, intensity) is therefore a major influence on the flow system (Smith & 

Schwartz, 1984).  Traditional methods of defining units within an aquifer are based on 

lithostratigraphy; for example, a clay unit in an unconsolidated aquifer is usually 

considered a zone of low hydraulic conductivity.  In sedimentary bedrock, shale and 

siltstone units are often considered to be zones of low hydraulic conductivity, referred to 

as aquitards or confining members.  However, Meyer et al. (2008, 2014) showed that 

hydrogeologic units in sedimentary fractured bedrock often have boundaries that differ 

from standard presumption of lithostratigraphic boundaries.  These hydrogeological 

boundaries are identified by inflections in vertical hydraulic head from depth-discrete 

profiles, indicating a contrast in vertical hydraulic conductivity (Kv). Vertical head profiles 

obtained with MLS provide the highest technically feasible resolution with the ability to 
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show a detailed depth profile where a hydraulic gradient between two depth-discrete 

monitoring points in a borehole suggests a lack of vertical connectivity between fracture 

sets (Meyer et al., 2014).  The geometry of HGUs may be a simple stack of horizontal 

layers dominated by horizontal or near horizontal bedding plane fracture sets with cross-

connecting vertical or high angle joints, but may also be more complex in nature as 

geologic unit geometries and mechanical properties can vary spatially at the scale of 

groundwater contamination.  The hydraulic gradient between monitoring intervals in an 

MLS is calculated by dividing the difference in hydraulic head (water level elevation) 

between two depth discrete intervals by the length of the sealed interval between the 

two points.  In this study a positive vertical gradient indicates potential for upward flow, 

and negative vertical gradient indicates potential for downward flow.  In a bedrock 

sequence where the fracture network transmissivity is dominated by horizontal or near 

horizontal bedding plane fractures, the majority of flow will follow this horizontal 

orientation (Smith & Schwartz, 1984).  Although HGUs are separated into compartments 

defined by head profiles (i.e. evidence of change in vertical connectivity), groundwater 

flow between adjacent units is continuous, although the magnitude and direction of flow 

paths may be dynamic which is important in the context of contaminant transport.   

 

Figure 7 shows hydraulic head data in vertical profile at five selected MLS locations at 

this site (located both on and off-site), measured during three different dates in 2016. 

Inflections in the head profiles in Figure 7a indicate that the sequence cannot be 

described as a single hydrogeologic unit, but instead as a series of stacked units, each 

with a distinct value of Kv within or across the unit boundaries.  Three HGUs can be 

delineated based on these profiles.  The first, HGU 1, is located from top of rock (2 

mbgs) to 6.5 m bgs, and has the largest average vertical gradient, and therefore 

smallest Kv, in the sequence.  An average gradient of -0.1 in HGU 1 indicates downward 

groundwater flow within a zone of groundwater recharge. This HGU exists over the 

upper portion of the Reformatory Quarry dolostone member, predominantly consisting of 

horizontal fractures with average spacing of 0.06 m. Below this, hydraulic gradients 

decrease in HGU 2 (6.5 to 14.5 m bgs, mean value = -0.01), which spans the lithological 

contact between the Reformatory Quarry and shaley Vinemount member below.  At the 
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bottom of the investigation depth, HGU 3 (14.5 to 22 m bgs) shows further decreasing 

vertical gradients, often not discernable beyond inaccuracies in the measurement 

technique (combination of survey and manual water-tape measurement inaccuracy 

considered to be 0.02m resulting in a hydraulic gradient less than 0.001).  Head profiles 

in the off-site MLS (M23 and M30 in Figure 7b) do not have the same inflection in the 

shallow bedrock.   

 

Within the on-site area, head loss within HGU 1 is likely due primarily to poor vertical 

connection within the fracture network in this depth interval.  Poor vertical connection of 

the fracture network is also indicated in the head loss between HGU 1 and HGU 2, as 

well as HGU 2 and HGU 3, apparent as the mean vertical gradient between these 

HGU’s decreases by an order of magnitude.  Figure 8 shows the frequency of 

horizontal, oblique and vertical fractures observed from continuous core at location M22, 

cored in 2016.  Horizontal fractures are the dominant orientation observed in these 

vertical cores (recognizing that vertical fractures would be under-represented, they 

would remain much fewer in frequency) with fracture intensity highest in HGU 1 and 

decreasing with depth.  Although vertical fractures are slightly more frequent in the 

upper bedrock, the inflection in vertical head profiles across this depth indicates that 

shallow high angle fractures do not create significant hydraulic connection across the 

boundary between HGU 1 and HGU 2.  Core photography at M22 (Figure 7c) shows the 

length of vertical fractures encountered while drilling.  Though it is difficult to accurately 

represent the distribution of vertical joints in vertically drilled coreholes (Munn, 2010), 

longer vertical fractures are observed in HGU 2 and HGU 3, supportive of increasing 

connection between fracture sets in these deeper HGUs. Absence of inflection in the 

offsite MLS (Figure 7b) could be explained by an increased presence of hydraulically 

continuous vertical fractures in the shallow bedrock near M23 and M30 due to natural 

variability or enhanced by site development, capable of dissipating hydraulic pressure 

across HGU 1.  The absence of vertical gradients at the two offsite MLS could also be 

related to their proximity to bedrock trenches (Figure 6) containing municipal utilities 

(e.g. water main) and backfilled with gravel, creating a French drain effect running 
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parallel to North Street.  This scenario is further discussed in Section 4.7 along with 

other anthropogenic factors that may be influencing hydraulic head and plume migration.   

 

Groundwater flow directions at this site are inferred to follow the lateral hydraulic 

gradient, as fracture orientations are mainly horizontal.  In the shallow groundwater 

system, defined by HGU 1, horizontal hydraulic gradients consistently indicate northerly 

flow from the source area (Figure 9, a and b).  In HGU 2, hydraulic gradients decrease 

below 0.01, and are more variable in direction (Figure 9, c and d).  In HGU 3, when 

groundwater elevations have a measurable elevation difference across the site, 

hydraulic gradients indicate a southerly flow direction, which is more consistent with 

regional flow directions.  Sometimes flow directions in HGU 3 cannot be resolved due to 

small head differences. 

 

Detailed head profiles provide the 3D distribution of hydraulic head at this study site, 

providing the conceptual foundation for groundwater flow.  Characterization of the flow 

system is an important component for site characterization, and one of many factors 

influencing the distribution of the aged toluene plume at this site. 

 

4.2 Mass and Phase Distribution in the Bedrock Matrix 
 

During the field program 11 new locations were investigated by coring to depths of 

between 10 and 22 m bgs, both around the perimeter of the site and within the source 

area and phytoremediation tree stand, providing an enhanced delineation of the plume 

and source area.  The presence of toluene in matrix samples collected from core is an 

indication that diffusive mass transfer has occurred between the fractures, where 

toluene as LNAPL and dissolved solute are more free to migrate, and the rock matrix, 

where water is considered to be immobile.  Toluene mass can exist in the rock matrix as 

NAPL (if pore diameters are sufficiently large for entry), in aqueous phase (i.e. dissolved 

in porewater) and sorbed to solid rock particles.  Higher matrix porosity will allow larger 

amounts of dissolved phase storage, while higher organic carbon content of the rock will 

result in larger amounts of sorbed phase storage (Lipson et al., 2005; Parker et al., 
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1994).  Three locations (M21, M27 and M29) adjacent to the former toluene product line, 

buried less than 1 meter below ground, displayed the highest concentrations of toluene 

in rock matrix samples at this site, indicating the buried product line to be the likely 

source of toluene contamination. 

Figure 10 shows the depth distribution of toluene in the rock matrix at M21, located near 

the source (Figure 6), representing mostly diffused mass immobile in the rock pores and 

dissolved and sorbed phase.  This profile shows that a majority of toluene mass is 

concentrated in the upper bedrock within 2.3 m below ground.  The peak in this profile 

exists slightly below the depth of natural water table fluctuation, where maximum 

estimated porewater toluene concentrations are between 100 and 535 mg/L (within 20% 

of solubility to 100% solubility levels) in a thin interval of the profile, less than 0.3 m in 

thickness.  Toluene concentrations within this thin horizon suggest residual toluene 

NAPL remains in the bedrock fractures within the aged source zone, even after 30 to 40 

years since releases likely occurred, and within 25 years of investigation and 

remediation efforts at this site.  This is likely due in part to entrapment of LNAPL in 

fractures during water table fluctuation in the early stages when mobile toluene was 

present (i.e. Hardisty et al., 2003), and also largely due to the strong attenuation effects 

of matrix diffusion and sorption.  Above the concentration peak there is a sharp mass 

reduction in the shallow bedrock upward into the vadose zone, likely due to a 

combination of evaporation, degradation, and mass removal/uptake by the 

phytoremediation system.  Since this is an aged plume, mass stored in the shallow 

bedrock (i.e. diffused and sorbed mass in the rock matrix) spanning the fluctuating water 

level is periodically exposed to atmosphere, and often at the interface of evaporation.  

This shallow depth is also most accessible to the extensive network of hybrid-poplar root 

system, capable of up taking toluene-impacted groundwater during transpiration (e.g. 

Burken & Schnoor, 1998), while root-associated (endophytic) microbial communities 

may have the ability to degrade toluene (Taghavi et al., 2005).  

Below the peak in toluene concentration at M21 (Figure 10), mass in the matrix reduces 

by 2 to 3 orders of magnitude over depth distances of decimeters.  A steep decline from 
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535 mg/L at 2.3 m bgs (i.e. the peak), to less than 1 mg/L at 3.5 m bgs is indicative of a 

limited smear zone below the top boundary of the water table that contains both residual 

LNAPL/aqueous phase toluene within the fractures and aqueous/sorbed toluene mass 

in the low K rock matrix.  The smear zone as observed was likely enhanced to some 

degree by pump-and-treat remediation operating on-site between 1990 and 2000 (the 

effects of which are seen in the broadening of the shallow concentration profile in M22, 

located within 3m of a former pump-and-treat location, Figure 11).  Below this sharp 

decline in mass (i.e. below approximately 3.5 m bgs at M21, Figure 10), toluene 

concentrations decline steadily from approximately 1 mg/L to less than 0.01 mg/L by 10 

m bgs.  Low toluene concentrations observed in rock core below 3.5 m bgs are 

attributed to minor vertical transport of dissolved phase toluene from the shallow, high 

concentration source depth, enhanced at times by transient recharge events (e.g. 

precipitation and snowmelt).  A consistent downward component to the vertical gradient 

in HGU 1 in the source area promotes downward solute migration (although a likely 

smaller vertical flux vs. horizontal flux in the anisotropic aquifer) through joints, allowing 

toluene to slowly permeate downward through the sequence controlled by diffusion, 

degradation and other processes.  

Depth-discrete concentration profiles from other boreholes at the site confirm the 

toluene profile at M21 is reasonably characteristic of the concentration distribution 

elsewhere on-site (Figure 11).  The three locations near the source, M27, M29 and M21, 

share a very similar profile shape, with peak toluene concentrations above 100 mg/L in 

an interval 1.9 to 2.4 m bgs, which then decline below 0.01 mg/L by 10 m bgs.  Location 

M22 is approximately 5 m down gradient of the source and 2 m from a historical pump-

and-treat location (C11, Figure 3). Rock-matrix concentrations at M22 are observed to 

be more widely spaced, having a broad high concentration distribution between 2 to 4 m 

bgs, and much lower in maximum concentration in comparison to the source area 

locations (Figure 11).  This is likely due in some part to its proximity to C11 (borehole 

depth 5.2 m bgs), where pump-and-treat operated intermittently between 1990-2000, 

inducing increased water table fluctuation capable of smearing high concentrations of 

toluene over a broader depth.  Concentration spikes (up to 0.24 mg/L) occur to the 
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bottom of the borehole in M22, possibly in part due to cross connecting open boreholes 

within the source and plume area (i.e. from the existing conventional well network). 

Lack of toluene concentrations in rock matrix samples at a location approximately 30 m 

downgradient of the source, M23, indicates the toluene plume is strongly attenuated 

laterally by matrix diffusion, sorption and degradation processes.  However other factors, 

such as historical pump-and-treat system operation, the current phytoremediation 

system and potential impacts of water and sewer pipes trenched into bedrock, are 

discussed in subsequent sections as having some degree of influence, either historically 

or presently, on the three-dimensional extent of the toluene plume.  

Figure 12 shows an enhanced delineation of toluene mass at this site, identifying the 

source of toluene to be the former distribution lines, and eliminating the former storage 

tank at the south end of the site to be a significant source of contamination. 

Compartmentalizing the site into four areas up gradient, source, down gradient (on-site), 

and off-site (further down gradient) reveals: 99% of toluene is estimated to occur within 

the locations drilled on-site; 80% of total mass is located near the source area; and 19% 

is in the down gradient (on-site) dissolved-phase plume.  Up gradient locations account 

for less than 0.5% of total mass, while the two locations across North Street also 

account for less than 0.5% of toluene mass.  Estimates of toluene phase distribution 

within the rock matrix were conducted using the estimation algorithms for NAPL 

saturation and composition presented by Feenstra et al. (1991).  The total phase 

distribution of toluene within the rock matrix is 4% as NAPL, 95% as sorbed phase and 

1% as aqueous phase (i.e. dissolved in porewater).  Even though a small volume of 

NAPL was observed in a groundwater sample from M29 during a single sampling event, 

toluene NAPL is considered, in this context, to be in a residual and immobile state (in 

the vicinity of M21, M27 and M29).  As such, this NAPL is confined to matrix pores and 

possibly within isolated zones in fractures, and was found to be limited to the thin layer 

of bedrock, approximately 2.5 m bgs, at the peak of profiles in all three of the source 

area boreholes (Figure 11 and Figure 12).   
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The results of rock matrix sampling indicate that the distribution of the aged toluene 

plume is shown to be largely stored in the shallow rock matrix, where groundwater flow 

is substantially immobile compared to fractures, strongly attenuated both vertically and 

laterally by matrix diffusion enhanced by sorption and degradation processes.  This 

strong degree of attenuation consistent with observations that the majority of toluene 

mass resides proximal to the release area, with a small volume of residual toluene 

NAPL in an immobile state, and the majority as sorbed mass in the matrix.  Continued 

dissolution of the small portion of remaining NAPL will continue, and already the 

characteristics of the plume signify a depleting source zone as the aerial extent of the 

plume appears to be receding within the last decade.  The effects of matrix diffusion on 

contaminant persistence have been shown by others (e.g. Ball et al., 1997; Chapman 

and Parker, 2005; Parker et al., 2008; Seyedabbasi et al., 2012) to prolong measureable 

concentrations for extended time periods, even after complete NAPL depletion, due to 

the effects of reverse diffusion.  Thus, on-site contamination is also expected to persist 

after complete NAPL dissolution, albeit in a diminishing state, for some time.  The 

persistence of the on-site plume will likely be reduced if reverse diffusion continues to be 

enhanced by phyto-removal by the poplar trees, and/or in-situ biodegradation, which is 

the focus of on-going research.  

 

4.3 Mass Distribution of Toluene in the Fracture Network 
 

Distribution of toluene in groundwater in the fracture network was evaluated by sampling 

MLS installed at each cored location. Results of sampling in September 2016 are shown 

overlain on rock core VOC profiles in Figure 11.  At locations within the plume, toluene 

concentrations in groundwater follow a similar trend to the rock matrix VOC profiles, 

peaking slightly below the zone of water table fluctuation, followed by significant 

reduction with depth. Highest concentrations of toluene in groundwater are observed at 

the same depth as the rock matrix profile, in a short interval of bedrock near the top of 

the profile in HGU 1.  Maximum toluene concentrations in fracture water near the source 

at M29 were 530, 570 and 350 mg/L in November 2015, June 2016 & September 2016 
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respectively, which are near or exceed aqueous solubility of toluene (535 mg/L) 

suggesting the presence of residual NAPL in the bedrock.  Further, residual NAPL was 

found when sampling the shallowest monitoring interval of M29 in November 2015, as 

small globules of oily phase product were observed in the purge bucket and sample 

vials.  This was the only location and sampling event where toluene as NAPL was 

observed in a monitoring well, presumably mobilized during pumping of the sampling 

port (note: NAPL only observed during first sampling event at this location).  The aerial 

extent of high toluene concentrations in the source zone is smaller when considering 

concentrations in groundwater alone, as samples from MLS M27 have consistently 

shown maximum toluene concentrations to be less than 2 mg/L, in comparison to 

greater than 100 mg/L in M29 and M21 (Figure 6).   

 

Below the peak toluene concentrations observed in groundwater (depth interval 2.9 to 

3.4 m bgs), concentrations in groundwater decrease significantly with depth; 

concentrations < 1 mg/L are observed at 4 mbgs and ranging from 0.01-0.1 at 9-10 

mbgs.  Although groundwater toluene concentrations from MLS approximate the shape 

of the rock matrix profile, variability of 100% or more is observed between sampling 

events, conducted approximately monthly in 2016. This variability in toluene 

concentrations is considered to reflect the dynamic nature of both the groundwater flow 

magnitude and directions in the HGU fracture network; the latter being an aspect of this 

work that is being further investigated through ongoing work at the site.  Strongly 

variable toluene concentrations were also observed historically in the conventional well 

monitoring network (Figure 4, fluctuating 3 to 5 orders of magnitude), supporting the 

observations made in this study. 

 

Deep solute transport is evidenced by localized toluene concentrations (10 to 100 µg/L) 

in groundwater below 10 mbgs at M21 with M22 showing dissolved toluene present to 

22 m bgs.  Anthropogenic influences likely to influence deep solute migration at this site 

(e.g. conventional network of monitoring wells as vertical flow conduits, enhanced by 

pump-and-treat) are further discussed in subsequent sections of this thesis.  In addition, 

the installation of flexible impermeable liners into boreholes, used to seal the holes and 
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prevent long-term cross connection, was completed in April 2015 and November 2015.  

When liners are installed, water in the borehole is pushed down and out into the 

formation, through the most transmissive fractures; therefore highly contaminated 

groundwater at the top of the sequence is pushed downwards and may exit through 

transmissive fractures deeper in the borehole.  Transmissivity profiles of these 

boreholes (shown for M21 in Figure 10 and other locations in Appendix I) show deep 

fractures, below 16 m bgs, are the most transmissive in the sequence, hence a 

significant portion of water is likely to exit through these fractures, including some dilute 

toluene solute.  Continued monitoring of these intervals is required to establish 

representative groundwater concentrations or trends at the bottom of the profiles, 

although it can require long time periods for cross-connection effects to dissipate 

(Sterling et al., 2005).  

 

The lateral extent of the toluene plume currently resides somewhere between the onsite 

downgradient location C11 and the offsite location M23, located across North Street.  

Considering only groundwater flowing within HGU 1 (containing a bulk of the 

contamination) toluene concentrations decrease from 500 mg/L at M29 (source) to 

approximately 100 mg/L at M22 and 50 to 100 mg/L at C11 (approximately 10 m 

downgradient from the source).  Beyond conventional well C11, the next monitoring 

location is approximately 20 m down gradient, across North Street at M23, where 

groundwater concentrations are less than 0.005 mg/L throughout the MLS, monitoring 8 

intervals in a 22 m deep borehole.  Periodic observations of low concentration toluene at 

M23 (as high as 0.0025 mg/L at a monitoring interval slightly below water table) further 

highlight the dynamic nature of the groundwater flow system and contaminant fluxes 

near the plume front.  Historical results from the conventional well network showed that 

toluene has been periodically observed in low concentrations beyond North Street, 

although recent data, including that collected as part of this study at M23 and M30, show 

that the present day plume has receded and is not often observed beyond North Street, 

suggesting a receding plume over time. 
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Results demonstrate that the toluene plume is strongly attenuated, with a total plume 

length of approximately 30 m (based on distance between M29 and M23).  High 

concentrations of dissolved toluene (and one direct residual NAPL observation) in 

groundwater further support the persistence of the source zone, and also the strong 

attenuation of the plume as these concentrations are evident only in a small area within 

the original boundary of release.  Concentrations of toluene in groundwater within the 

plume have decreased over the decade of monitoring, although the high variability in 

concentrations proves difficult to discern trends over the timescale of this study. 

 

4.4 Solute Distribution in the Fracture Network – Road Salt Plume 
 

In addition to the toluene plume, a sodium-chloride plume was also detected in 

groundwater, stemming from the application of road salt, and can be evaluated as a 

conservative tracer of the downward flow component of the groundwater flow system 

with inputs from surface.  During winter months in northern regions it is common to keep 

roads, sidewalks and parking lots free of ice and snow by applying de-icing chemicals to 

these surfaces, in most cases road salt, or sodium chloride (NaCl).  Observations of 

snow piling during 2015 and 2016 indicate that snow is collected from an on-site loading 

bay and parking lot and piled at a location overlying M21, in close proximity to the 

source area of the toluene plume (see Figure 6), although historically snow piling has 

occurred between M21 and BH-4.  In addition to localized snow piling, road salt 

application and snow ploughing on North and South Streets, and throughout the city 

street network, results in NaCl inputs to the shallow and regional bedrock aquifer.  The 

impact of localized road salt inputs to the aquifer is evident in the groundwater chemistry 

at this site, representing a conservative (non-sorbing, non-degrading) solute tracer with 

enhanced recharge near the toluene source area.  Sodium and chloride concentrations 

in groundwater, shown in Table 2, are highest in the shallow bedrock at M21, receiving 

direct recharge from the snow pile during melting periods.  Concentrations of sodium 

and chloride in the upper 5 meters of bedrock are as high as 600 and 1,000 mg/L 

respectively, more than ten times higher than concentrations observed in the upper 5 

meters of the background well M20, showing significant vertical attenuation within HGU 
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1.  Below a depth of 8 m sodium and chloride concentrations decrease abruptly, 

approximating background levels at M20, showing significant vertical attenuation within 

the boundaries of HGU 1.  Negligible concentration differences between June and 

September indicate that NaCl is not flushed from the fractures during summer months, 

likely sustained by diffusive mass transfer from the rock matrix. 

 

Laterally, the concentrated road salt plume observed near M21 does not significantly 

migrate off-site.  NaCl concentrations at the downgradient off-site location M23 remain 

higher than background (average Na = 170 mg/L in upper 5 m), though this does not 

serve as a suitable tracer in part due to road salt application elsewhere on the roads 

themselves.  North Street is a main thoroughfare and likely receives more road salt 

(subsequently ploughed to the side of the road, near M23) in comparison to South 

Street, which is a residential road. 

 

The results of the observed NaCl plume from road salt piling on-site supports the strong 

lateral and vertical attenuation of solute plumes by matrix diffusion and sorption at the 

Site, consistent with the distribution of toluene in both the rock matrix and groundwater 

samples.  The extent of toluene migration is likely less than NaCl due to the sorption 

within the matrix as well as the potential for biodegradation. 

 

4.5 Contaminant Transport Modelling – Parallel Fracture Simulation 
 

Results of DFN investigations in this study show an established toluene plume that is 

strongly attenuated with distance away from an aged source zone.  The majority of 

toluene mass in the rock matrix occurs as dissolved and sorbed phase, centered in 

close proximity to the point source and with limited downgradient transport.  To further 

evaluate the roles of the various attenuation processes shown by others to be the most 

significant in plume transport in fractured sedimentary rock, a DFN contaminant 

transport model (Sudicky and Frind, 1982) was used, informed by the high-resolution 

datasets collected as part of the field program.  This analytical model incorporates key 

processes influencing the nature of the toluene plume at this site (e.g. matrix diffusion, 
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sorption, degradation) but requires simplifications of the flow system and fracture 

network conditions.  The model was used to illustrate the magnitude of transverse 

diffusive flux from solute movement in the fractures by advective flow using field-derived 

parameters in a simplified geometry of the fracture network and matrix.  The geometry of 

the flow and no flow zones (i.e. fracture and matrix) is a reasonable representation of 

the field system informed by the characterization data, including an approximation or 

representative parameters for these processes.  Prior work has shown that such an 

approach can reasonably represent bulk plume characteristics (concentration with 

distance and time (Chapman et al., 2014; Parker et al., 2012, 2014)).  Some of the key 

conditions the model is used to support in this study are: 1) the strong role of matrix 

diffusion with sorption on plume front retardation, compared to groundwater velocities in 

fractures, 2) the role of decay (degradation) within the plume on further plume front 

retardation, 3) to support the preponderance of evidence that the current plume is 

localized and remains proximal to the source area on site, where the phytoremediation 

activities are focused, 4) the interaction of these processes over a long time period.  

Although this model is a highly idealized system requiring a number of assumptions and 

simplifications, important input parameters such as fracture and spacing, matrix porosity, 

and fraction of organic carbon were collected as part of the physical investigation and 

used as inputs and to constrain the simulations (further detailed in Appendix II and III). 

Therefore it is expected that the model provides site specific insights on the roles of 

attenuation processes. 

 

The model is based primarily on field and laboratory data derived from the fracture 

network bound by HGU 1, where 95% of the contaminant mass resides.  Model input 

parameters are shown in Table 3.  Decay rate was the primary calibration parameter for 

fitting the model to observed groundwater concentrations of toluene and represents 

biodegradation as a mass reduction mechanism in the fractures and matrix along the 

flow path.  Other parameters were measured or estimated with reasonable certainty, 

and specific to the site, while the degradation rate was taken from literature such that 

degradation rates provide the largest uncertainty and control on plume attenuation. 

Toluene is known to degrade both aerobically (Jindrova et al., 2002) and anaerobically 
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(Chakraborty & Coates, 2004, Edwards et al., 1992, Evans et al., 1991, Grbic-Galic & 

Vogel, 1987) in groundwater by common microorganisms native to aquifer systems, and 

therefore considered to be an important process in mass removal and potential tool for 

site management.  For this model, the decay parameter is input as a half-life, ranging 

from 0.04 to 1.5 years based on a summary of literature reported values, mostly derived 

from studies in sand and gravel aquifers under both aerobic and anaerobic conditions, 

compiled by Lawrence (2006).  Observation wells closest to an inferred plume centerline 

were used as calibration points for the model (locations M29, M22, C11 and M23).  

 

Figure 13a shows the plume length response to model parameters affecting attenuation 

of toluene along the flow path.  Increasing matrix porosity (allowing for matrix diffusion 

and storage) was the most significant in attenuation of the solute plume, having a 

pronounced effect on reducing the plume length.  Under a condition of purely advective 

flow (under the assumption of parallel plate fractures and ignoring lateral and transverse 

dispersion and no matrix interactions) groundwater plug flow would have travelled 

approximately 29 km in a 30-year simulation.  The addition of matrix porosity (12%) to 

the system shows a strong attenuation influence on plume length, decreasing the total 

length by a factor of 58.  Inclusion of sorption and biodegradation processes further 

reduces the plume length by factors of 4 and 1.5 respectively.  Figure 13b shows the 

analytical model incorporating calibrated parameters. The model indicates that, with a 

constant source of 535 mg/L, the plume obtains a maximum distance or extent by 10 

years post release, becoming stationary with stable concentration distribution.  There is 

no appreciable change in the plume length when running the model between 10 and 100 

years indicating that the plume will remain stable, strongly attenuated in the shallow 

bedrock.  However, this assumes ongoing toluene mass in the source area as an input, 

while it is likely that remnant toluene LNAPL will continue to become depleted so that 

source concentrations will decline.  The persistence of some observed LNAPL supports 

the constant concentration input assumption but is only an approximation.  There are 

reasons to suspect a declining source concentration, observed over the most recent 

decade, as the majority of the toluene would have dissolved and diffused into the matrix.  

Furthermore, it is reasonable to assume that the future source flux or concentration will 
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decline even more.  This could mean that the plume may recede due to the combined 

effects of declining source inputs with biodegradation. 

 

This model affirms the roles of matrix diffusion and sorption on retarding the plume front, 

with the appreciable rock matrix porosity in HGU acting as the primary reservoir for 

solute storage, seen to homogenize bulk attenuation over long timescales.  The role of 

biodegradation is also apparent as an important mechanism in mass reduction within the 

plume, of which the intrinsic nature could be further enhanced as a site management 

strategy.  In addition to mass removal, biodegradation also enhances diffusion 

processes, in that mass removal in the matrix allows maintenance of higher 

concentration gradients during inward diffusion stages and lower gradients during back 

diffusion stages. Another important outcome of using this model is the relative ease of 

producing a reasonably realistic DFN model outcome using the abundance of field data 

collected in a high-resolution site characterization.  More complex DFN numerical 

modeling tools will be applied in later phases of the ongoing project. 

 

4.6 Evidence for Toluene Biodegradation in the Aquifer 
 

Calibration of the analytical model necessitated a decay parameter on the order of 1.0 

year (half-life).  Degradation of organic hydrocarbons, including toluene, has been 

shown in many studies to occur within an aquifer according to the electron acceptor 

conditions within and surrounding the plume (Alvarez et al., 1992; Borden et al., 1997; 

Edwards et al., 1992; Lovley, 1997).  Intrinsic biodegradation is the chemical process by 

which native microbial communities break down a contaminant, resulting in a real 

elimination of mass from the aquifer.  Microbes obtain energy by catalyzing the transfer 

of electron donors (i.e. toluene) to electron acceptors (EA, i.e. oxygen).  The 

stoichiometry of these reactions for toluene under various redox conditions is detailed in 

Table 4. Many studies have confirmed the ability of natural organisms to degrade 

toluene under both aerobic (Jindrova et al., 2002) and anaerobic conditions 

(Chakraborty & Coates, 2004, Edwards et al., 1992, Evans et al., 1991, Grbic-Galic & 

Vogel, 1987).  In some cases, bacterium can functionally operate under both conditions 
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(Shinoda et al., 2004).  Investigation of aquifer hydrochemistry and carbon-hydrogen 

isotope analysis of toluene was conducted to confirm that biodegradation is playing a 

role in the attenuation of the plume at this site. 

 

4.6.1 Groundwater Redox Conditions 
 

Hydrochemistry conditions at this site were measured during groundwater sampling of 

MLS during 2015 and 2016; results from November 2015 are shown in Table 5.  Values 

of Eh and dissolved oxygen (DO) at upgradient monitoring location M24 are often below 

0 mV and 1.5 mg/L respectively.   Low dissolved oxygen conditions are typical of the 

bedrock aquifer in the area (Zanini et al., 2000), accentuated at this site by the 

impermeability of roads, sidewalks and compacted overburden, especially evident in the 

down gradient location of the plume. Due to the naturally anaerobic conditions, any 

available dissolved oxygen delivered to the shallow aquifer in the source area from 

precipitation and water table fluctuation is likely attenuated by intrinsic microbial 

communities that have adapted to periodic exposure to oxygen. Aerobic microbial 

toluene degraders such as Pseudomonas isolates have been shown to thrive in 

environments of high toluene concentration (Inoue & Horikoshi, 1989), such as those at 

the water table boundary of this site, and are likely to play a role in the intrinsic 

degradation of toluene at shallow depths where DO infiltration to the water table occurs.  

 

Anaerobic degradation of aromatic hydrocarbons is also possible and proceeds through 

a hierarchy of redox conditions, denitrification, iron reduction, sulfate reduction and 

methanogenesis, dependent on bioavailability of each in the aquifer (Bouwer & Zehnder, 

1993).  Conditions at this site indicate a combination of anaerobic conditions along the 

flow path as evidenced in Table 5.  At well M29, located in the source area, Fe(II) 

increases above 3 mg/L at multiple depths, above background concentrations of less 

than 1 mg/L at M24.  Sulfate concentration at M29 decreases to less than 10 mg/L in 

shallow intervals from 25-99 mg/L in the upgradient shallow intervals. All degradation 

reactions listed in Table 4 indicate that carbon dioxide is produced in the metabolism of 

toluene, evidenced here by increased dissolved inorganic carbon (DIC) above 100 mg/L 
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(from 50 mg/L background) in the shallowest monitoring intervals of toluene impacted 

wells M27, M28 & M29.  Hydrochemistry conditions along the flow path indicate that a 

combination of aerobic and anaerobic conditions exist within the plume, suitable for 

multiple metabolic mechanisms of degradation if toluene degrading bacteria are present, 

both in the fractures and even possibly in the matrix pore space as shown by Lima et al. 

(2012). 

 

4.6.2 Compound Specific Carbon and Hydrogen Isotopes 
 

Biological degradation of organic compounds is a well-known fate mechanism and 

utilized as a remediation strategy at many contaminated sites (Hunkeler et al., 2009; 

Lovley, 1997; Richnow et al., 2003; Salanitro, 1993).  Naturally occurring bacteria and 

fungi utilize hydrocarbons through a metabolic process, in time disintegrating the 

compound.  The evolution of this process can be quantified through examination of the 

ratio of stable isotopes within the compound (i.e. carbon and hydrogen in hydrocarbons) 

as preference is given to the consumption of the compound with lighter isotopes during 

biodegradation.  In toluene, 13C/12C and 2H/1H ratios can be examined for enrichment of 

the heavier isotope, an indication of biodegradation.  Abiotic attenuation of organic 

contaminants in an aquifer (i.e. sorption, dispersion, volatilization) does not significantly 

influence isotope fractionation (Fischer et al., 2006, Schüth et al, 2003, Wang et al., 

2003), thus, a decrease in toluene mass along a flow path accompanied by an 

enrichment of heavier isotopes is in itself strong evidence of biodegradation.  δ13C and 

δ2H values from the high concentration sampling point on the site (M29) are -29.86 and  

-96.25 o/oo respectively, an indication of the source isotopic composition.  Fractionation 

of both elements is evident at a location 10 m down gradient where values for δ13C and 

δ2H were -27.49 o/oo and -72.06 o/oo.  Samples taken across the site show δ13C 

enrichment ranging from 0.62 o/oo to 2.84 o/oo (average: 1.4 o/oo).  The higher end of this 

range is comparable to a study conducted by Ahad et al. (2000) where toluene in known 

methanogenic and sulfate reducing cultures was 2.0 o/oo and 2.4 o/oo respectively. 

Examining δ2H enrichment at this site, a range of 5.45 o/oo to 63.52 o/oo (average: 25.8 

o/oo) indicates that hydrogen fractionation is much more pronounced, which is consistent 
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with a study of toluene degradation under methanogenic conditions where 2H 

enrichment was a maximum of 60 o/oo (Ward et al., 2000). 

 

Combining results of Δδ13C and Δδ2H in a dual isotope plot allows a more precise 

characterization of the reaction mechanisms (Δδ13C = δ13Ct - δ13Co).  Observations of 

carbon and hydrogen discrimination are displayed in Figure 14, overlain with enrichment 

factors of Δδ2H/ Δδ13C for specific anaerobic toluene degrading strains of bacteria from 

a study by Vogt et al. (2008).  The spread of data points from groundwater samples 

taken across the site in Figure 14 indicate significant heterogeneity in specific 

degradation pathways of toluene, also seen in the variety of EA conditions within the 

plume. 

 

The isotopic results confirm biodegradation of toluene is occurring, and is observed 

throughout the plume.  In comparison to other studies, the average magnitude of 

enrichment of both 13C and 2H is on the lower end, although due to restrictions of the 

monitoring well network, a distribution of samples along the full contaminant flow path 

(i.e. at multiple stages of degradation) was not achievable.  However the results show 

degradation is a key contributor to toluene attenuation at this site, which is being 

examined in more detail in the ongoing study. 

 

4.7 Anthropogenic Factors Influencing Past and Present Toluene Distribution 
 

In addition to strong attenuation due to matrix diffusion and sorption influencing the size 

of the toluene plume, along with biodegradation, the boundary of the plume (either past 

or present) is also likely to have been affected by anthropogenic factors including urban 

substructure (e.g. buried water and sewer conduits), conventional monitoring wells 

acting as vertical conduits in bedrock, a historic pump-and-treat system enhancing 

lateral and vertical toluene migration, snow piling periodically enhancing recharge near 

the source, and hydraulic and mass reduction effects of the densely planted tree-

phytoremediation system overlying the source area. 
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Networks of buried infrastructure are common in urban environments due to the use of 

buried trenches for a number of utilities including water supply, storm water conduits, 

sanitary sewer systems and gas lines.  The importance of the identification of both 

location and depth of man-made preferential pathways such as sewers is apparent in 

the literature, deemed an important detail in site characterization as the construction of a 

conduit trench disturbs the naturally deposited sediments, and may act as both a 

preferential pathway and/or a barrier to migration (Hibbs & Sharp, 2012; Krothe, 2002; 

Lundy & Gogel, 1988; Lung & Nice, 2003; Sharpe et al., 2003; Wong et al., 2012).  

Krothe (2002) applied a groundwater model to demonstrate impact of trenched conduits 

on groundwater flow lines, concluding that significant alteration of groundwater flow 

paths can occur with increasing disparity between the natural and utility trench hydraulic 

conductivity.  The construction of trenches entails laying a thin layer of bedding material 

(gravel and/or sand, 0.15 to 0.30 m thick) in the excavated trough, installation of the 

conduit (e.g. water main) and backfilling with granular fill material to surface (Figure 

15a).  In experiments conducted by Sharpe et al. (2003), the hydraulic conductivity 

inside utility trenches ranged from 1.0E-04 to 1.0E-2 m/s while Freeze & Cherry (1979) 

provide a range of hydraulic conductivity for gravel, which would be typical of utility 

trench backfill material, of 3.0E-04 to 3.0E-01 m/s.  Slug test data from conventional 

wells screened in the shallow bedrock at this site indicate a mean hydraulic conductivity 

of 7.5E-06 m/s, approximately 3 to 6 orders of magnitude lower than typical utility trench 

backfill material.  This contrast in hydraulic conductivity between the native geology and 

utility trench creates a preferential flow pathway along the conduits.  At this site, a 

number of buried conduits are evident in municipal schematics of the intersection 

(identified in Figure 6 and Appendix VI), many of them running parallel to North Street 

and excavated into the shallow bedrock.  A North-South cross section of the site 

highlighting the location and depth of buried trenches along the inferred contaminant 

flow path is shown in Figure 16, informed by engineering drawings of municipal 

substructure.  Two of the buried trenches, a 600mm diameter water main and a 600mm 

diameter sewer main, are completed in the shallow bedrock at an elevation below the 

water table. 
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The hydraulic effect of the bedrock trench is possibly influencing the lack of shallow 

vertical gradients in HGU 1 at two MLS located less than 2.5 meters away from the 

600mm sewer main (M23 and M30, Figure 7b).  The flat head profiles could be 

representative of gravel backfill in the trench providing strong vertical hydraulic 

connection between fractures in the adjacent bedrock.  In addition, trench construction 

methods likely create an excavation-damaged zone (EDZ), a zone of irreversibly 

damaged rock extending beyond the excavated bed.  The method of excavation of 

bedrock is often either mechanical excavation, drill-and-blast, or a combination of both.  

The method used to create the trenches within this study site are unknown, although 

excavations for utilities in the surrounding area have used blasting to pre-fracture 

shallow, competent bedrock, before removal with machinery.  As might be expected, 

excavation involving drill-and-blast techniques increases the extent of the EDZ (Martino 

and Chandler, 2004).  This may further explain the depth of impact seen in head profiles 

adjacent to the trench (Figure 7b), which show negligible vertical gradients through the 

depth of the trench (approximately 311.5 m amsl). 

 

The hydraulic effect of the identified trenches is likely to have had multiple effects on the 

toluene plume.  For example it may mask effects of the phytoremediation system 

influence on the groundwater table as a hydraulic containment mechanism by perturbing 

head data in downgradient wells.  Also, evidence of the location and depths of the utility 

trenches indicate that they are likely to act as preferential pathways for shallow 

groundwater flow in the HGU where the highest toluene concentrations occur, although 

their specific influence was not quantified.  The possible effects of preferential flow in the 

trench become less important as the plume continues to recede, as has been observed 

in the last decade of monitoring as well as within the timeframe of this investigation.  The 

preponderance of evidence from rock matrix and groundwater sampling shows that the 

extent of toluene contamination within the source area and plume are receding, with a 

majority of toluene mass within the site boundary, under the phytoremediation area.  

 

Other anthropogenic impacts at this site are likely to affect the vertical distribution of 

toluene observed in rock matrix and groundwater profiles.  At a LNAPL contaminated 
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site in a groundwater recharge area (downward hydraulic gradient), where a bulk of the 

mass resides near the water table, conventional wells screened over this high 

concentration interface and extending deeper into the formation can serve as vertical 

flow conduits, distributing LNAPL and solute lower in the aquifer than under natural 

conditions.  The effects of vertical flow in open boreholes have formerly been presented 

for DNAPL contaminated sites in fractured bedrock by Sterling et al. (2005).  At this site, 

low concentrations of toluene (less than 0.50 mg/L) are detected in groundwater to the 

maximum investigation depth of 22 m bgs at the on-site down gradient location M22.  

Two conventional wells, C15A/G and C16, are located within the plume, both of which 

penetrate HGU 1.  C15A/B was likely an open borehole to 6.55 m bgs from 1990-1993, 

then completed as a cluster with two intervals separated by 1.2 meters of sealant.  C16 

is screened at a depth of 16.75 to 19 m bgs, presumably then grouted to surface.  A 

combination of the open borehole condition at C15A/B (from 1990 to 1993) and 

enhanced vertical hydraulic conductivity throughout the borehole depths (e.g. due to 

poor grout seal quality and/or a damaged zone outside the sealed interval from drilling) 

presents a condition for vertical toluene solute transport into HGU 2.  As HGU 2 and 

HGU 3 are characterized to have increasing vertical connection between horizontal 

fractures, solute migration is increasingly able to migrate deeper into the bedrock 

sequence.  During 1990 to 2000, the pump and treat system operating at this site would 

have further influenced the vertical gradient component of HGU 1, enhancing downward 

flux through borehole conduits and vertical joints. 

 

5. Conclusions 
 

A high-resolution field investigation of an LNAPL contaminated dolostone aquifer 

provided important, depth-discrete datasets in demonstrating source zone and plume 

characteristics of an aged toluene source at a small industrial site in Ontario, Canada.  

Data collection using the DFN Field Approach (Parker et al., 2012), involving many new 

bedrock borehole methods not typically used by the hydrogeology profession, provided 

a refined scale of investigation, not attainable with the network of conventional (long 
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screen) monitoring wells used in previous characterizations of this site, nor published in 

the literature, contributing to a refined site conceptual model (Figure 17).  High-

resolution rock core subsampling delineated the source zone to have a thin horizon, less 

than 0.3 m thick, of high concentrations of toluene (greater than 100 mg/L with some 

samples exceeding the aqueous solubility of toluene) proximate to the shallow water 

table, approximately 2 m bgs.  This thin, high concentration zone is small in aerial extent 

and contains mass as residual LNAPL, dissolved and sorbed phases.  All toluene mass 

in the low permeability rock matrix is essentially immobile, predominantly interacting with 

water flowing through fractures by diffusive exchange. 

Maximum toluene concentrations are found only slightly below the vadose zone/water 

table interface; therefore the centre of mass is located favourably for uptake and/or 

degradation by the phytoremediation system overlying the source (poplar trees are 

phreatophytes and can take up water directly from the saturated zone).  Further 

assessment of the efficacy of the phytoremediation system is beyond the scope of this 

thesis, but is a key component of the larger, multi-disciplinary research project. 

Concentrations of toluene in the rock matrix decrease rapidly below the shallow, high 

concentration peak, from a range of 100-535 mg/L between 1.9-2.4 m bgs, to less than 

1 mg/L by 3.2 m bgs, followed by steady decline to below 0.010 mg/L by 9 m bgs. 

Groundwater sampling shows the bulk of toluene mass is located above 10 mbgs (within 

approximately 8 m of the water table).  Evidence of solute migration deeper in the 

bedrock system is likely enhanced by the position of conventional wells cross-

connecting hydrogeologic zones, acting in some capacity as vertical conduits near the 

source area.  The characteristic toluene profiles in the source area and down gradient 

show strong vertical and lateral attenuation of the toluene solute plume, primarily due to 

diffusive-transport of the contaminant from fractures into the rock matrix, which has 

substantial capacity for mass storage due to large matrix porosity compared to fracture 

porosity (ϕmatrix/ϕfracture � 40), further enhanced by hydrophobic sorption within the rock 

matrix.  In addition, δ13C and δ2H enrichment in toluene of 1.25 o/oo (± 0.3o/oo) and 63.9 
o/oo (± 0.5 o/oo) respectively indicates that some degree of intrinsic biodegradation is 

occurring within the range of redox conditions measured in the plume.  This evidence 
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will further be investigated in a parallel study that will look to quantify specific toluene 

degradation mechanisms by microbiological (qPCR) methods.  Assessment of historical 

toluene concentration trends also indicates that the plume is shrinking in aerial and 

lateral extent, such that it is no longer detected beyond approximately 30 m from the 

small source area, which is also reducing in strength due to continued dissolution of 

remaining residual NAPL and back diffusion processes combined with degradation and 

mass removal enhanced by the phytoremediation system. 

 

The magnitude of processes influencing the strong attenuation observed in the 

contaminant datasets was evaluated using a 2D fracture transport model, informed by 

the site specific, field and laboratory parameters measured at this site (including matrix 

porosity, fracture aperture, fracture spacing, organic carbon content).  Model results 

affirm the multitude of field evidence showing toluene distribution remains proximal to 

the release area, substantially immobilized by the strong process of matrix diffusion, 

enhanced by sorption and degradation processes. 

 

Water and sewer utilities trenched into bedrock downgradient of the source likely have 

some influence on the present day hydraulics of the local groundwater system, and are 

capable of acting as preferential pathways in the shallow bedrock.  These effects were 

not quantified as part of this study, and are not expected to be significant as the high 

concentration area of the plume is shown to remain in a static position, proximal to 

where toluene entered the aquifer decades ago.  Historical monitoring data from the 

conventional well network, in combination with monitoring data from wells installed 

during this investigation, further indicate that the aerial and lateral extent of the plume is 

shrinking and off-site migration continues to be strongly attenuated. 

 

Many of the conclusions and insights from this study are significant to future decisions 

regarding site management, whether evaluating the performance of the existing 

phytoremediation technology and/or managing the risks posed to receptor pathways at 

this site.  Further to these site-specific findings, these results show the relative role of 

various transport and attenuation mechanisms common to aged LNAPL source zones in 
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fractured rock environments where past subsurface investigations and urban 

infrastructure can alter natural pathways.  Where conditions are not favourable to drive 

LNAPL deep into a fractured bedrock aquifer (e.g., shallow water table, low NAPL head, 

small water table fluctuation intervals, discontinuous or short vertical fractures (joints) 

existing due to strong bedding serving as mechanical unit boundaries) LNAPLs are likely 

to be concentrated near the water table in a thin horizon.  In this study, the NAPL phase 

may have persisted longer than expected in porous rock due to a finite storage capacity 

for dissolved and sorbed mass in the matrix.  With the present case of a very small 

remnant toluene mass as LNAPL and extremely steep vertical concentration gradients, it 

is likely that the remaining residual NAPL will be depleted soon, reaching a stage where 

the groundwater plume is sustained entirely by back diffusion from the mass stored in 

the rock matrix (e.g. Parker et al., 2010).  Further assessment of the transient nature of 

toluene concentrations in the groundwater system is ongoing with additional sampling 

episodes planned, which is expected to provide more insight into significant fluctuations 

in groundwater concentrations observed in the MLS throughout 2015/2016. 
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Figure 1 Location of the research site and regional geology. 

The Site is located regionally within in the Silurian Dolostone Belt (blue shade), a bedrock aquifer that is the 
main water supply for more than 500,000 residents of south-western Ontario, Canada. (Modified from Belan 
(2010) and Kennel (2008)).  Local receptors of municipal pumping wells and surface water features are 
approximately 1km away from the site, located in an urban industrial/residential area (inset top-right) of low 
topographical relief. 
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Figure 2 Timeline of site operations, conventional characterization & remediation efforts, and high-resolution data collection events.   

The site operated for over three decades before toluene was discovered to have been leaking from buried product lines on the NW corner of the 
property.  A challenging characterization and remediation environment lead to a research collaboration to assess an established tree-phytoremedation 
strategy and characterize the fractured bedrock hydrogeologic system. 



 55 

 
Figure 3 Map of site condition prior to the work done in this thesis.   

A majority of conventional monitoring wells were installed into bedrock between 1989 and 1993 and were part 
of historical site investigations.  Red solid lines indicate the approximate extent of the toluene plume, 
indicated by past consultant reports in 1992 and 1999.  
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Figure 4 A historical perspective of toluene concentrations and water levels measured in the conventional 
well network by consultants prior to 2015. 

a)  Shows toluene concentrations measured in shallow conventional wells within the toluene plume.  Large 
variability of toluene concentrations between sampling events (approximately quarterly) indicates some of 
the complexity in characterizing this site.  Toluene concentrations over the 10 year period remain persistently 
high in groundwater.  b) Shows water level measurements collected during groundwater sampling events.  
The water level in this well is mostly below the bedrock interface, fluctuating less than 1 meter.  c) Shows 
water level data recorded with a transducer (Solinst Levelogger) for an approximate 1 year period in 
2012/2013.  Water levels are shown to spike periodically above bedrock, with a fluctuation of 1.15 meters. 
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Table 1 Conventional and multi-level well completion details.   

Most conventional wells are open from top of rock to the depth indicated (average open interval length = 2.2 
meters) and prone to biases in sampling (Hutchins & Acree, 2000) and vertical conduit flow (Sterling, 1995).  
Locations cored in this investigation were installed with multilevel systems, consisting of between 6 and 8 
monitoring intervals in a single hole, separated by rubber packers, with a focus on sealing all space between 
monitoring intervals.  Average length of MLS monitoring intervals is 0.84 meters in the deep holes and 0.57 
meters in shallow holes.      

 

 

 

 
 

 

 

 

Well ID Year Completed Ground 
Elevation

Total Depth Screened interval Depth to Bedrock

m amsl m bgs m bgs m bgs
C4 1989 315.34 2.55 1.00 - 2.55 1.8
C5 1989 314.98 2.71 1.01 - 2.71 1.5
C6 1989 314.77 2.39 1.01 - 2.39 1.15
C7 1989 314.85 3 1.5 - 3.00 1.32
C8 1989 314.82 3.66 2.25 - 3.66 1.4
C9 1989 314.95 4.41 1.40 - 4.41 1.83
C11 1991 314.97 5.22 Unknown - 5.22 No Record Available
C13 1991 314.78 4.88 1.64 - 4.88 1.52
C14 1991 314.78 4.97 1.70 - 4.97 1.52

C15A 1992 315.55 6.61 5.03 - 6.61 1.93
C15B 1992 315.55 3.87 2.44 - 3.87 1.93
C16 1993 315.68 18.97 16.76 - 18.97 2.28

C102 ~2010 314.96 4.61 1.70 - 4.61 1.52
C18 2011 314.79 4.42 1.91 - 4.42 No Record Available

Well ID Year Completed Ground 
Elevation

Total Depth Number of Monitoring 
Intervals

Depth to Bedrock

m amsl m bgs m bgs
M20 2016 314.862 22 8 1.43
M21 2016 315.162 22 8 1.45
M22 2016 315.322 22 8 1.83
M23 2016 314.982 22 8 1.71
M24 2015 315.512 10 6 1.97
M25 2015 315.447 10 6 2.00
M26 2015 315.542 10 6 1.97
M27 2015 315.607 10 6 2.11
M28 2015 315.512 10 6 1.94
M29 2015 315.672 10 6 2.06
M30 2015 315.052 10 6 1.71
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Figure 5 Following the DFN Field Approach for site investigations in fractured bedrock (Parker et al., 2012) 
new coreholes were drilled at the site (locations shown in Figure 6) to evaluate the distribution of toluene 
within the source area, and downgradient areas of the dissolved phase plume. 

a) Shows the Shaw backpack drill in operation within the poplar tree phytoremediation area of the site, 
overlying much of the on-site plume.  Poplar trees are planted on 1.5-meter centers in this area, restricting 
access of larger drill rigs.  Using the Shaw drill, 51 mm diameter holes were continuous cored into bedrock to 
depths of 10 meters. b) Shows bedrock core retrieved from the Shaw drill in a core box 1.5 meters long.  The 
pink foam blocks within the fractured rock core indicate locations where sections of core were removed for 
sub-sampling of toluene in the rock matrix.  c) Shows the process of sub-sampling continuous core for 
analysis of toluene in the rock matrix (modified from Sterling (1999), Turner (2001) and Hurley (2003)). 
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Figure 6 Site map highlighting 2015/2016 investigation boreholes (n = eleven) completed as multi-level 
systems and extent of toluene plume. 

Solid isoconcentration lines are informed by groundwater sampling results from 2015 and 2016.  Dashed 
isoconcentration line is an estimate only.  The placement of boreholes within the phytoremediation area has 
allowed for better determination of the source area as well has provided a comprehensive evaluation of the 
mass and phase distribution within the rock matrix, driven to the immobile pore spaces via diffusive transport 
from fractures. 
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Figure 7 Vertical head profiles define hydrogeologic units (HGU) and flow conditions across the site.   

I-bars represent MLS monitoring intervals and an inflated packer seals spaces between I-bars.  Profiles 
indicate manual water level measurements taken with a coaxial water tape in May (green), June (orange) and 
September (black) 2016. Shallow intervals at MLS installed close to a bedrock trench (b) indicate enhanced 
vertical hydraulic connectivity, an indication that this trench likely alters the shallow flow conditions at this 
site. Kv1 < Kv2 < Kv3 
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Figure 8 Core derived fracture frequency for corehole M22.   

Horizontal fractures dominate the sequence and are most intense in the upper bedrock.  Decrease fracture 
intensity is seen in the shaley Vinemount member and below, in the Goat Island formation.  
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Figure 9 Groundwater contour maps of the site from a snapshot in September 2016.   

Data points from multi-level wells inferring contour lines are indicated as pink dots.  Inferred flow is directed 
north at an average gradient of 0.01 (a & b).  Deeper in the system is a transition to lower hydraulic gradients 
with inferred flow in a southerly direction, consistent with regional flow.  Gradients in the lowest intervals (e & 
f) are often not resolvable beyond inherent measurement error (2 cm at this site).  Additional water level 
contour maps are shown in Appendix VII. 
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Figure 10 Lithology, natural gamma, optical televiewer, acoustic televiewer (ATV) fractures, Flute 
transmissivity and toluene porewater concentrations for the M21, located near the source (Figure 6).   

The porewater profile shows the distribution of toluene mass in the rock matrix, and is evidence that toluene 
mass has diffused into the rock matrix, where groundwater is largely immobile compared to fractures.  Matrix 
diffusion is a strong attenuation mechanism of the solute plume at this site. 
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Figure 11 Toluene porewater concentrations across the site and down gradient (across North Street).  

 Locations within the plume exhibit characteristic concentration profiles, with a peak in concentrations 
slightly below the depth of water table fluctuation, followed by rapid decrease in mass with depth.  The 
continuous concentration profile in the rock matrix ends at approximately 10 m bgs.  These plots provide 
evidence that matrix diffusion is a strong attenuation mechanism of the plume, which is shallow and short in 
length (observed to be less than 30 meters).  At approximately 2.5 m bgs, concentrations of toluene indicate 
remnant NAPL still exists as a source input to the dissolved phase plume. 
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Figure 12 Mass distribution of toluene in the rock matrix and estimated equivalent of mass and volume based 
on an impact area of 1 m2 for each borehole. 

99% of toluene mass measured in rock core samples (representative of the rock matrix) is represented by on-
site coreholes, with 80% located in the source area (based on average total mass of boreholes identified 
within each zone using a 10 m bgs depth interval).  Toluene mass within the rock matrix is estimated to be 
present as 4% NAPL (residual), 95% sorbed and 1% dissolved in porewater (based on phase equilibrium 
equations, Feenstra et al., 1991; Mariner et al., 1991)  
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Table 2 Sodium and chloride concentrations from road salt plume originating from snow piling near the 
toluene source.   

The road salt plume is an additional tracer to solute transport in the fracture network.  A large reduction in Na 
and Cl is observed below approximately 9 m bgs at M21 and M22, similar to the extent of toluene.  Sodium 
and chloride are also seen to persist through the summer months and into the next winter season with no 
significant reduction in concentration, likely in part due to diffused NaCL mass in the rock matrix. 

 
 
  

Interval
Depth Na Cl Na Cl
(m0bgs) mg/L mg/L mg/L mg/L

P1 312.30 2.44 50 80 44 70
P2 310.78 3.96 48 76 28 42
P3 309.25 5.49 32 58 24 36
P4 307.73 7.01 35 49 32 46
P5 304.99 9.75 32 63 32 59
P6 302.55 12.19 25 44 23 43
P7 297.82 16.92 56 75 200 210
P8 293.25 21.49 130 220 80 170
P1 312.19 2.74 580 840 530 870
P2 310.66 4.27 590 840 580 1000
P3 309.14 5.79 600 920 600 970
P4 306.85 8.08 590 810 480 820
P5 303.96 10.97 71 110 56 110
P6 300.76 14.17 87 240 75 180
P7 297.10 17.83 220 320 190 330
P8 293.44 21.49 220 330 200 320
P1 312.79 2.44
P2 311.27 3.96 450 690 480 800
P3 309.74 5.49 340 540 340 580
P4 308.22 7.01 260 460 260 470
P5 306.08 9.14 100 130 94 130
P6 302.43 12.80 88 160 86 160
P7 297.24 17.98 220 370 210 340
P8 293.91 21.37 220 380 210 340
P1 312.25 2.75 120 150 250 370
P2 310.57 4.42 53 93 150 250
P3 308.90 6.10 220 320 250 370
P4 307.37 7.62 280 430 230 370
P5 305.69 9.30 210 300 100 160
P6 302.49 12.50 170 250 150 290
P7 296.85 18.14 180 250 220 330
P8 293.56 21.43 190 240 210 320
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Table 3 Summary of input parameters for the parallel fracture transport model.   

All inputs except decay rate are based on field and/or laboratory measured and calculated parameters, and 
based on the shallow hydrogeologic unit where 95% of toluene mass has been shown to reside in the rock 
matrix, HGU 1. 

 
 
 
 
 
 
 
 

Parameter Range*of*Measured*and*
Literature*Values Final*Parameter*Value

Toluene'Source'Concentration(mg/L) 55 5351

Toluene'Partition'Coefficient'(cm2/s) 55 8.60E5064

Fracture'Avg.'Linear'Groundwater'Velocity'
(m/year)

365512,0007';'10228 10001

Fracture'Aperture'(μm) 14052481 1751

Fracture'Spacing(m) 0.05'5'0.071 0.061

Matrix'Porosity 0.00'5'0.205 0.121

Matrix'Tortuosity 0.12'5'0.186 0.12

Fracture'Retardation'Factor 0'5'151 81

Matrix'Retardation'Factor 0'5'151 81

Contaminant'Half'Life'(days) 15'5'5119 3652

1'Calculated'or'based'on'site'investigation
2'Calibration'parameter
3'WHO'(1986)
4'GSI'Environmental
5'Freeze'and'Cherry'(1979)
6'Verwer'et'al.'(2011)
7'Lapcevic'et'al.'(2006)'(single'fracture)
8'Belan'(2010),'mean'velocity'in'Eramosa'Formation
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Figure 13 Parallel fracture transport analytical model, based on Sudicky and Frind (1982). 

a) Shows the significance of attenuation processes on the toluene distribution along the flow path.  Adding 
matrix porosity to the model significantly decreases the length of the plume, from approximately 29km to 500 
meters, an indication of the significance of matrix diffusion on strong attenuation.  Sorption and decay are 
shown to further attenuate the plume length.  b) Shows the model output at various times after release.  
Stability is achieved between 5 and 7 years, while the shape of the plume remains stable up to 100 years.  
This model confirms that a bulk of toluene remains proximal to the source even after long time periods of 
constant source inputs. 
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Table 4 Stoichiometry of complete biodegradation of toluene under various redox conditions (modified from NRC, 2000). 

 
  

Geochemical*Condition Electron*Acceptor Reaction
Aerobic O2 C7H8.+.9O2.!.7CO2.+.4H2O

Denitrification NO3 C7H8.+.7.2NO3
:.+.7.2H+.!.7CO2.+.3.6N2(g).+.7.6H2O

Iron.Reduction Fe(OH)3(s) C7H8.+.36Fe(OH)3(s).+.72H+.!..7CO2.+.36Fe2.+.94H2O
Sulfate.Reduction SO4

2: C7H8.+.4.5SO4
2:.+.9H+.!..7CO2.+.4.5H2S.+.4H2O

Methanogenesis Fermentation.to.CH4.and.CO2 C7H8.+.5H2O.!..2.5CO2.+.4.5CH4(g)
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Table 5 Summary of hydrochemistry results from select locations (November 2015).  A reducing environment in the aquifer indicates conditions are 
suitable for anaerobic degradation of toluene under iron & sulphate reduction and methanogenesis. 

 
 

VOC Dissolved,
Gas

Well$ID Port$ID
Centre$of$

Interval
Toluene pH

Redox$

Potential
DO

Alkalinity$

(as$CaCO3)
Nitrate Iron Sulfate Na Cl DOC DIC Methane

DDD DDD (m$amsl) (ug/L) mV (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

MDL 0.2 '' '' '' '' 0.1 0.1 1 0.1 8 0.2 1 0.003
MW15D24 P02 313.04 Dry-Interval
MW15D24 P03 311.97 13 7.96 D131.3 0.43 190 0.1 0.93 25 55 83 3.3 47 0.54

MW15D24 P04 310.96 6.7 7.89 D95.5 1.29 190 0.1 0.73 33 18 22 1.5 46 0.036

MW15D24 P05 309.90 81 7.91 D56.6 DD 240 0.1 0.28 99 62 58 6.3 59 0.054

MW15D24 P06 308.86 2.1 7.94 D58.9 0.37 220 0.1 0.2 39 34 34 1.8 54 0.21

MW15D24 P07 306.94 2.3 7.94 D45.3 0.6 210 0.39 0.4 36 27 34 1.6 54 0.16

MW15D27 P01 313.07 82 7.98 D69.2 1.65 580 0.1 0.1 29 390 240 4.6 140 0.017

MW15D27 P02 312.10 130 7.70 D152.2 1.44 250 0.1 5.1 15 630 960 9 64 6.9

MW15D27 P03 311.10 200 8.00 D124.4 2.26 270 0.1 0.82 2.3 500 830 2.7 67 3.7

MW15D27 P04 309.83 1,700 7.85 D69 N/A 320 0.1 1.5 32 340 470 5.8 82 0.34

MW15D27 P05 308.58 120 7.81 D165.3 1.61 290 0.1 1.6 23 120 160 3.2 74 1.4

MW15D27 P07 307.07 580 7.76 D70.5 2.05 300 0.1 4.4 16 440 620 13 74 6.5

MW15D28 P02 313.27 Dry-Interval
MW15D28 P03 312.67 360,000 7.61 D54.9 DD 480 0.1 3.4 11 340 470 9.8 120 10

MW15D28 P04 311.70 220 8.01 D129.3 1.28 280 0.1 0.64 3.2 300 450 2.6 71 5.1

MW15D28 P05 310.65 100 7.75 D139.9 1.19 270 0.1 1.1 1 500 800 3.1 69 3.9

MW15D28 P06 309.13 460 7.81 D154.3 1.48 310 0.1 1.6 5.6 210 290 3.5 71 2.5

MW15D28 P07 307.13 1,600 7.77 D119.4 1.4 240 0.7 1.1 23 310 440 4.4 61 3.4

MW15D29 P02 313.40 Dry-Interval
MW15D29 P03 312.79 530,000 7.51 D50.4 1.27 480 0.1 3.3 9.2 640 950 9.5 120 12

MW15D29 P04 311.73 1,700 7.47 D142.1 0.38 250 0.1 0.47 8.2 700 1100 5 62 9

MW15D29 P05 310.68 1,700 7.80 D93 0.43 270 0.1 0.89 1 810 1400 3.5 67 3.7

MW15D29 P06 309.20 4,000 7.79 D101.6 0.37 320 0.1 3 1 560 840 4.2 83 11

MW15D29 P07 307.15 400 7.64 D158.2 0.25 300 0.1 2.3 17 310 410 3 77 3.4

MW15D30 P02 312.89 0.2 8.05 DD 0.87 280* 1.83 0.1 38 91 120 5.2 70 0.051

MW15D30 P03 311.83 0.2 7.89 DD 0.83 300* 0.1 2 23 180 230 6.1 78 1.2

MW15D30 P04 310.74 0.21 7.74 DD 0.36 300* 0.1 2.1 1 22 30 8.1 78 0.28

MW15D30 P05 309.69 0.21 7.86 DD DD 340* 0.1 1.2 1 130 160 7.8 87 1.2

MW15D30 P06 308.01 0.24 7.55 DD 0.39 450* 0.1 1.2 1 180 260 4.7 120 14

MW15D30 P07 306.10 0.37 7.55 DD 0.39 360* 0.1 4.5 1 410 630 3.5 96 14

*$D$Lab$Result

Field,Parameters Inorganics
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Figure 14 Dual isotope plot of Δδ13C vs Δδ2H.   

Data points (� ) are from multilevel groundwater sampling during the course of this study.  Dashed lines 
indicate the enrichment factor  (Λ) from a prior study (Vogt et al., 20018) evaluating specific toluene 
degradation pathways by various microbial populations.  These results indicate intrinsic biodegradation of 
toluene is occurring at this site under various redox conditions. 
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Figure 15  Urban substructure is evidenced at this site by multiple manholes, catch basins and storm-water sewers 

a) Shows construction details of a trenched conduit, located below the bedrock and water table due to thin overburden at this site.  Conduits in 
bedrock trenches are backfilled with porous, well draining media (i.e. gravels) often many orders of magnitude more hydraulically conductive than the 
native bedrock fracture network.  b) Locations of the known buried utilities at this site are shown as black dashed lines.  Trenches that penetrate 
bedrock and the water table are bold dashed lines and identified.  Utility conduits and trenches are known to influence groundwater hydraulics, and 
can act as preferential pathways for groundwater flow and vapour migration. 
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Figure 16 Cross section A-A’ from Figure 15b showing the locations and completion depths of buried municipal infrastructure. 

Two of the utility trenches are completed below the water table, into the shallow bedrock, and span the depth of high toluene concentrations measured 
in rock core samples and in the shallow MLS intervals.  Invert elevations of each conduit (centreline elevation of pipe) are taken from the as-built 
schematic in Appendix VII. 
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Figure 17 A conceptualization of toluene distribution and plume attenuation mechanisms at this site (figure 
on next page). 

a) Shows a cross section A-A’ (from Figure 15b) along the plume centreline with multiple zones of distribution 
and attenuation highlighted (zone numbers encircled i.e. ① ).  Zone 1 represents a volume in the source area 
in the shallow bedrock above the low water where evaporation, biodegradation and phyto-removal are likely 
the primary mass attenuation mechanisms. Toluene concentrations in Zone 1 are significantly lower than 
those slightly below the water table.  Zone 2 represents the volume of high concentration toluene within the 
shallow bedrock, below the water table.  This zone accounts for 80% of total mass on site, located primarily 
between 2.3 and 3.5 m bgs.  As this is an aged plume (likely 30 to 40 years), toluene in contact with and below 
the water table has undergone dissolution into groundwater (see b) Stages of plume evolution) resulting in 
distribution of high concentration of solute through the fracture network and diffusion into the porous (and 
relatively impermeable) rock matrix where sorption enhances immobility.  Toluene is present mostly in 
sorbed phase (95%) but evidence of residual NAPL (4% of total mass) has also been shown in rock matrix 
samples and in groundwater sampling (single event only at M29, second port from top).  Zone 3 represents 
low concentrations toluene solute migrating vertically and laterally.  Vertical toluene migration is driven by 
recharge gradients in HGU 1, enhanced by precipitation events and snow melt as well as vertical preferential 
flow which is likely to have occurred in open conventional style boreholes (C15 and others described in text).  
99% of total toluene mass is estimated to exist within the boundaries of Zone 3, as matrix diffusion and 
sorption combined with biodegradation are shown to strongly attenuate the plume both laterally and 
vertically.  The distribution of toluene in Zone 4 encompasses the largest area of uncertainty with respect to 
toluene concentrations in this study.  The preponderance of evidence collected as part of this work indicates 
that toluene continues to be strongly attenuated, a bulk of the plume residing on-site and within the area of 
phytoremediation.  Historical data from the conventional well network indicates that toluene has been 
detected beyond North Street (i.e. in the vicinity of M23), although these concentrations have generally been 
below detection limits in samples beyond 2010.  Transient flow events may continue to occur which push the 
plume front boundary beyond North Street.  Utility conduits trenched into bedrock may act as a preferential 
flow pathway to the shallow plume front, although this effect is inconsequential on the bulk plume scale as 
80% of total mass is estimated to be stored in the rock matrix proximal to the original source, which 
continues to diminish due to dissolution and other processes.  Zone 5 indicates a volume of deep solute 
migration (observed toluene concentrations less than 0.25 mg/L in groundwater at M22 during 2015/2016) 
likely attributed in some part to cross connection during FLUTe liner installations and vertical migration 
through leaky or open borehole conduits (conventional well C16 identified as a possible deep vertical 
conduit).  This zone is likely somewhat localized near M22 and significantly attenuated due to matrix diffusion 
and sorption (highest organic carbon concentrations are observed in the Vinemount member, increasing 
sorptive affinity).  Figure in b) modified from Parker et al. (1997). 
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Figure	17	Title	and	caption	provided	on	previous	page	
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Appendix I Borehole montages

 
Figure I-1 Data montage at borehole M20, located on-site and up gradient of the toluene plume and considered as a background location. 
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Figure I-2 Data montage at borehole M21, located on-site close to the toluene source (less than 5 meters). 
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Figure I-3 Data montage at borehole M22, located on-site and approximately 10 meters down gradient of the toluene source. 
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Figure I-4 Data montage at borehole M23, located off-site and approximately 30 meters down gradient of the toluene source.
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Figure I-5 Downhole data montage at borehole M24 (top) and M25 (bottom) including stratigraphy, 
fracture orientation, CMT packer and monitoring intervals, head profile, concentrations of toluene in 
groundwater, concentrations of toluene in rock matrix samples.  Both boreholes are located close to 
or overtop of the former toluene storage tank which was removed from the Site in 1989.  Low toluene 
mass concentrations in the matrix profiles indicate the tank was not a significant source of toluene 
contamination seen in the subsurface.  Toluene concentrations in groundwater are less than 10 µg/L 
(2015/2016). 
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Figure I-6	Downhole data montage at borehole M26 (top) and M27 (bottom) including stratigraphy, 
fracture orientation, CMT packer and monitoring intervals, head profile, concentrations of toluene in 
groundwater, concentrations of toluene in rock matrix samples.  M26 is located within the 
phytoremediation area, oblique to groundwater flowing through the source area, and generally has 
low concentrations of toluene in the rock matrix and groundwater.  M27 is located close to the 
buried toluene conduit, on the up gradient end of the source are and show high concentration of 
toluene in the shallow rock matrix.  Groundwater concentrations at M27 are considerably less than 
the rock matrix in the upper 3 meters of bedrock, possibly due to this location being on the leading 
edge of the source area. 
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Figure I-7	Downhole data montage at borehole M28 (top) and M29 (bottom) including stratigraphy, 
fracture orientation, CMT packer and monitoring intervals, head profile, concentrations of toluene in 
groundwater, concentrations of toluene in rock matrix samples.  M29 is located close to the toluene 
source zone, shown by toluene concentrations exceeding aqueous solubility (535 mg/L) in a thin 
zone below the water table in both rock matrix samples and groundwater.  M28 is located 
approximately 5 meters down gradient of M29, within the dissolved phase plume. 
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Figure I-8 Downhole data montage at borehole M30 including stratigraphy, fracture orientation, CMT 
packer and monitoring intervals, head profile, concentrations of toluene in groundwater, 
concentrations of toluene in rock matrix samples.  M30 is located down-gradient and off-site.  
Concentrations of toluene in groundwater were below 10 µg/L in 2015 and 2016 sampling.  Low 
concentration spikes of toluene in rock matrix samples suggest transient pulses of solute occur in 
discrete fractures, or the historic presence of toluene at a time when the plume was larger in aerial 
extent.	
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Appendix II Fracture network characteristics 

 
Figure II-1 Cumulative fracture intensity plots for M20, M21, M22 and M23 showing the subdivisions of 
mechanical sub-units (MSU).   

Fracture intensity can vary throughout the thickness of the bedrock sequence due to physical changes in the 
rock or timing relationship of the depositional environment and structural events.  Mechanical layers are 
intervals of bedrock that have similar physical properties and have responded consistently to stresses, not 
always consistent with lithology boundaries.  To identify broad changes in fracture properties, cumulative 
fracture intensity plots are overlain where a change in slope provides a clear visual indication of changes in 
fracture intensity.  Five changes in slope are defined in this figure. 
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Table II-1 Mean Fracture Spacing  

Mean spacing of fractures within their respective mechanical sub-units at the four deep coreholes at this site.  
Fracture spacing increases with depth through the bedrock sequence. 

 
 

 
 

Table II-2 Fracture Intensity  

Number of fractures per meter in rock core in deep coreholes 

 
 

 

 

 

 

 

Unit Layer*
Thickness

Upper*
Boundary

Lower*
Boundary M20 M21 M22 M23 Mean

(m) (m$amsl) (m$amsl) (m) (m) (m) (m) (m)
MSU$1 3 313.5 310.5 0.05 0.07 0.06 0.07 0.06
MSU$2 4.75 310.5 305.75 0.09 0.08 0.10 0.08 0.09
MSU$3 4.25 305.75 301.5 0.11 0.19 0.18 0.15 0.16
MSU$4 6.3 301.5 295.2 0.22 0.25 0.29 0.35 0.28
MSU$5 2.5 295.2 292.7 0.18 0.23 0.19 0.19 0.20

Mean*Fracture*Spacing

Unit Layer*
Thickness

Upper*
Boundary

Lower*
Boundary M20 M21 M22 M23 Mean

(m) (m$amsl) (m$amsl) (m) (m) (m) (m) (m)
MSU$1 3 313.5 310.5 20.0 15.0 16.7 15.3 16.8
MSU$2 4.75 310.5 305.75 10.9 12.0 9.9 13.3 11.5
MSU$3 4.25 305.75 301.5 9.2 5.2 5.6 6.6 6.6
MSU$4 6.3 301.5 295.2 4.6 4.0 3.5 2.9 3.7
MSU$5 2.5 295.2 292.7 5.6 4.4 5.2 5.2 5.1

Fracture*Intensity
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Appendix III Hydraulic Aperture Distribution 
 

Hydraulic testing was conducted in 5-inch bedrock boreholes (deep locations only, M20, 

M21, M22 and M23) by FLUTe™ in December 2016.  Results of discrete interval 

transmissivity is shown in data montages of Appendix I, bulk hydraulic values are listed 

in Table III-1.  Often the transmissivity profile did not begin right at the water 

table/bedrock contact, therefore hydraulic conductivity values for the shallow bedrock 

unit (i.e. HGU-1) were used from hydraulic test data collected by site consultants in 

conventional boreholes, prior to this investigation, shown in Table III-2.  Hydraulic data 

was used to calculate hydraulic apertures of fractures and average linear groundwater 

velocity, both of which are inputs to the fracture flow model.  Snow (1968), Novakowski 

(1988) and Novakowski et al. (2006) have shown that fractures apertures can be 

approximated as a hydraulic aperture using hydraulic data in conjunction with known 

depths of fractures.  A calculation of hydraulic aperture can be estimated by rearranging 

the aperture-transmissivity relationship outlined by Bear (1993) to fit the cubic law 

fracture distribution (Snow, 1968): 

 

2𝑏 = !"!"
!"#

!            (8) 

 

where 2b is the hydraulic aperture (distance between parallel plates),   µ is the dynamic 

viscosity of water, ρ is the density of water, T is transmissivity in an interval, and N is the 

number of fractures in the interval.  Using this method, hydraulic apertures were 

estimated using transmissivity from FLUTe transmissivity profiles in 0.3-meter intervals.  

The density, ρ, and viscosity, µ, were estimated to be 0.9997 g/cm3 and 1.3E-02 g/s�cm 

based on the groundwater temperature at this site (approx. 10oC) (Handbook of 

Chemistry and Physics, 1986). 

 

An estimation of the average linear velocity of groundwater flow parallel to a planar 

fracture can be calculated using the modified Darcy’s equation: 
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𝑉! =
!
!!

!!
!"

            (9) 

 

where Va is the average linear groundwater velocity, K is the hydraulic conductivity and 

nf is the bulk fracture porosity.  Bulk fracture porosity in the shallow sequence was 

calculated using a derivation of the cubic law detailed by Snow (1968), 

 

𝜙! =
!! !
!!

!
!!!            (10) 

 

where (2b)i is the aperture of fracture set i and di is the mean spacing of fracture set i. 

Using a mean hydraulic conductivity value of 7.5E-04 cm/s, a bulk fracture porosity in 

the shallow unit of 3E-03, and a hydraulic gradient of 0.0085 (average measurement in 

2016), an average linear groundwater velocity in the shallow bedrock (HGU 1) is 

estimated to be 2.7 meters per day. 
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Table III-1 General statistics of corehole transmissivity 

 
 

 

 
 

 

 
Table III-2 Summary of hydraulic conductivity in conventional screened boreholes (testing conducted by 
consultants prior to this study). 

 

Well
Total

Transmissivity

(cm2/s)

Bulk
Conductivity

(cm/s)

Total9Length
of9Interval

(m)

#9of9Detected
Transmissive

Zones
M20 37.7 2.06 18.3 33
M21 11.2 0.65 17.3 24
M22 15.7 0.88 17.9 29
M23 11.5 0.64 18.1 23

Well$ID Screened$Interval Hydraulic$Conductivity Transmissivity
(m#bgs) (cm/s) (cm2/s)

M13 1.64'('4.88 2.70E(04 0.09
M17 2.34'('4.6 1.10E(03 0.25
M18 1.91'('4.42 1.20E(03 0.30
M102 1.70'('4.61 4.20E(04 0.12
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Figure III-1 Hydraulic aperture distribution for deep coreholes (M20, M21, M22 and M23) using three different 
fracture sources (continuous core, acoustic televiewer (ATV), single fracture in the interval). 
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Table III-3 Distribution of hydraulic apertures and fracture porosity 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

Mechanical)
Unit M20 M21 M22 M23 Mean)of)Hydraulic)

Apertures)per)Unit
Mean)Effective)
Fracture)Porosity

(μm) (μm) (μm) (μm) (μm)
MSU$1 176 172 179 175 175 3.08E$03
MSU$2 224 184 147 155 175 2.09E$03
MSU$3 285 211 175 196 213 1.90E$03
MSU$4 239 203 185 172 198 9.96E$04
MSU$5 246 243 433 195 267 8.15E$04

Mean)Hydraulic)Aperture
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Appendix IV Analytical details and QAQC Tables 
EPA method 8260B was used for identification and measurement of purgeable volatile 

organic compounds (VOCs) in groundwater and soil/rock samples.  The compounds 

listed in Table IV-I were analyzed as part of this study, although only toluene is reported 

on in this thesis (primary constituent of concern at this site).  Instrument details and 

settings are also listed below as well as some QA/QC data. 

 
Table IV-1 List of compounds analyzed as part of this study. 

 
 

Number Compound,Name CAS,No.
1 1,1,1,2-Tetrachloroethane 630-20-6
2 1,1,1-Trichloroethane 71-55-6
3 1,1,2,2-Trichloroethane 106-93-4
4 1,1,2-Trichloroethane 79-00-5
5 1,1-Dichloroethane 75-34-3
6 1,1-Dichloroethene 75-35-4
7 1,2-Dichloroethane 107-06-2
8 1,2-Dichloropropane 78-87-5
9 2-Butanone 78-93-3
10 2-Hexanone 591-78-6
11 Acetone 67-64-1
12 Benzene 71-43-2
13 Bromodichloromethane 75-27-4
14 Carbon disulfide 75-15-0
15 Carbon Tetrachloride 56-23-5
16 Chlorobenzene 108-90-7
17 Chloroethane 75-00-3
18 Chloromethane 74-87-3
19 Chlororform 67-66-3
20 cis-1,2-Dichloroethene 156-59-2
21 cis-1,3-Dichloropropene 10061-01-5
22 Dibromochloromethane 124-48-1
23 Dichloromethane 75-09-2
24 Ethylbenzene 100-41-4
25 Methyl Isobutyl Ketone 136-777-612
26 o-Xylene 108-10-1
27 p+m-Xylene 95-47-6
28 Styrene 100-42-5
29 Tetrachloroethylene 127-18-4
30 Toluene 108-88-3
31 trans-1,2-Dichloroethene 156-60-5
32 trans-1,3-Dichloropropene 10061-02-6
33 Tribromomethane 75-25-2
34 Trichloroethylene 79-01-6
35 Vinyl Chloride 75-01-4
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Table IV-2 Gas chromatograph configuration (Agilent, Model 7890A) 

 
 
Table IV-3 Mass spectrometer configuration (Agilent, Model 5975C)  

 
 

Column 20m)x)0.18mm)x)1μm,)DB2VRX

Carrier)Gas Helium,)1mL/min,)split)1:50

Oven)Program
Initial)temperature)36oC,)hold)4)min,)

16oC/min)to)85oC,)30oC/min)to)210oC,)hold)
for)3)min

Ionization(Mode EI

Acquisition(Mode Scan(and(SIM

Scanning(Range 35(to(300(m/z

Scanning(Rate 5(scan/s

Environmental(Analysis(Software Agilent(ChemStation(software
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Table IV-4 QAQC data from rock matrix sampling during the PQ coring program.  All samples were below the 
detection limit of 8 ug/L. 

 
 

Sample'ID Sample'Type Toluene
(ug/L) QA/QC'Flag Sample'ID Sample'Type Toluene

(ug/L) QA/QC'Flag

AL#MB#01 Methanol/Blank 8.00 AL#23#E#01 Equipment/Blank 8.00
AL#MB#02 Methanol/Blank 8.00 AL#23#E#02 Equipment/Blank 8.00
AL#MB#03 Methanol/Blank 8.00 AL#23#E#03 Equipment/Blank 8.00
AL#MB#04 Methanol/Blank 8.00 AL#23#E#04 Equipment/Blank 8.00
AL#MB#05 Methanol/Blank 8.00 AL#23#E#05 Equipment/Blank 8.00
AL#MB#06 Methanol/Blank 8.00 AL#23#E#07 Equipment/Blank 8.00
AL#MB#07 Methanol/Blank 8.00 AL#22#E#01 Equipment/Blank 8.00
AL#MB#08 Methanol/Blank 8.00 AL#22#E#02 Equipment/Blank 8.00
AL#MB#11 Methanol/Blank 8.00 AL#22#E#20 Equipment/Blank 8.00
AL#MB#12 Methanol/Blank 8.00 AL#22#E#22 Equipment/Blank 8.00
AL#MB#13 Methanol/Blank 8.00 AL#22#E#25 Equipment/Blank 8.00
AL#MB#14 Methanol/Blank 8.00 AL#22#E#26 Equipment/Blank 8.00
AL#MB#15 Methanol/Blank 8.00 AL#22#E#28 Equipment/Blank 8.00
AL#MB#16 Methanol/Blank 8.00 AL#21#E#21 Equipment/Blank 8.00
AL#MB#17 Methanol/Blank 8.00 AL#21#E#22 Equipment/Blank 8.00
AL#MB#18 Methanol/Blank 8.00 AL#21#E#23 Equipment/Blank 8.00
AL#MB#19 Methanol/Blank 8.00 AL#21#E#24 Equipment/Blank 8.00
AL#MB#20 Methanol/Blank 8.00 AL#21#E#20 Equipment/Blank 8.00
AL#MB#21 Methanol/Blank 8.00 AL#20#E#22 Equipment/Blank 8.00
AL#MB#22 Methanol/Blank 8.00 AL#20#E#23 Equipment/Blank 8.00

AL#MWSHA#MB#01 Methanol/Blank 8.00

PQ'Coring'Program:'Methanol'and'Equipment'Blanks
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Table IV-5 QAQC data from rock matrix sampling during the Shaw portable drilling program.  All instances 
where toluene was detected in the sample are also highlighted with a UB flag.  This is an indication that 
toluene was also detected in the lab blank.  This indication of possible/probable blank contamination.  
Results less than 5 times the blank result were also flagged and displayed as an estimate. 

 

Sample'ID Sample'Type
Toluene
(ug/L)

QA/QC'Flag Sample'ID Sample'Type
Toluene
(ug/L)

QA/QC'Flag

MW#1524#MB#001 Methanol1Blank 10.40 UB MW#1524#E#0002 Equipment1Blank 15.60 UB
MW#1524#MB#002 Methanol1Blank 10.00 UB MW#1524#E#0003 Equipment1Blank 9.60 UB
MW#1525#MB#0001 Methanol1Blank 8.00 MW#1524#E#0004 Equipment1Blank 8.00
MW#1525#MB#0002 Methanol1Blank 8.00 MW#1524#E#0010 Equipment1Blank 8.00
MW#1525#MB#001 Methanol1Blank 8.80 UB MW#1525#E#0002 Equipment1Blank 8.00
MW#1525#MB#002 Methanol1Blank 8.00 UB MW#1525#E#0003 Equipment1Blank 8.00
MW#1526#MB#0001 Methanol1Blank 8.00 MW#1525#E#0010 Equipment1Blank 8.00
MW#1526#MB#0002 Methanol1Blank 8.00 MW#1526#E#0002 Equipment1Blank 8.00
MW#1528#MB#001 Methanol1Blank 8.00 MW#1526#E#0003 Equipment1Blank 8.00
MW#1529#MB#001 Methanol1Blank 10.00 UB MW#1526#E#0010 Equipment1Blank 8.00
MW#1530#MB#001 Methanol1Blank 8.00 MW#1527#E#0002 Equipment1Blank 8.00
MW#1530#MB#002 Methanol1Blank 8.00 MW#1527#E#0003 Equipment1Blank 8.00
MWSHA#MB#0001 Methanol1Blank 8.00 MW#1527#E#0010 Equipment1Blank 8.00
RS#41#MB#001 Methanol1Blank 8.00 MW#1528#E#001 Equipment1Blank 8.00

MW#1528#E#002 Equipment1Blank 88.80 UB
MW#1528#E#003 Equipment1Blank 14.80 UB
MW#1528#E#004 Equipment1Blank 8.00
MW#1529#E#001 Equipment1Blank 8.00
MW#1529#E#002 Equipment1Blank 50.80 UB
MW#1529#E#003 Equipment1Blank 8.00 UB
MW#1529#E#004 Equipment1Blank 8.00
MW#1530#E#001 Equipment1Blank 8.00
MW#1530#E#002 Equipment1Blank 8.00
MW#1530#E#003 Equipment1Blank 8.00
MW#1530#E#004 Equipment1Blank 8.00

Shaw'Portable'Drill'Coring'Program:'Methanol'and'Equipment'Blanks
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Appendix V Physical Properties 

 
Figure V-1 Permeability measurements were completed on intact core sub-samples in the University of 
Guelph G360 Physical Properties laboratory using the Klinkenberg (1941) method. 

 

 
Figure V-2 Matrix porosity measurements were completed in the University of Guelph G360 Physical 
Properties lab using the imbibition method. 
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Figure VI-1 As built schematic of municipal substructure at the down gradient intersection of the Site.  Site features have been overlain on plan 
view. 

Appendix VI. Buried Infrastructure As-Built Schematic 
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Appendix VII – Hydraulic Head Contour Plots

 
Figure VII-1 Hydraulic gradient variability in the upper half of the aquifer.  Average gradient directions are northerly, while magnitude of gradients changes both across the site and on temporal timescales.
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Figure VII-2 Hydraulic gradients in the lower half of investigation depth.  Gradients are comparably very low, and directed towards regional flow patterns (south). 
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