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ABSTRACT 

This dissertation focuses on the subsurface behavior of spilled fuel 

consisting of diesel and gasoline, which are subsets of light nonaqueous 

phase liquids (LNAPLs), in a permafrost environment. Particular 

emphasis is laid on mobile LNAPL in fractured bedrock. The site chosen 

for this study is the abandoned Colomac gold mine, 220 kilometers 

northwest of Yellowknife in the Northwest Territories, where over 50,000 

liters of spilled fuel occurred between 1990 and 2003. The site is 

underlain by fractured bedrock with 0 to 4.6 m of overburden soil. The 

broad objectives of this work involve determination of contamination 

extent and LNAPL behavior at the site. Other specific objectives include 

determination of the major geochemical processes and identification of 

mechanisms influencing LNAPL movement and accumulation at the site. 

Both field and laboratory studies were performed to achieve the 

above-stated objectives. The field study involved site characterization, 

and the laboratory study involved a top-down freezing experiment using 

a freezing cell, consisting of parallel glass plates, to evaluate the impact of 

cyclic freeze-thaw on LNAPL movement. The site characterization efforts 

showed that the LNAPL contamination is limited to the upper section (~7 

m) of the fractured bedrock. The field study showed that water table 

fluctuations and freezing-induced displacements were active but 

discontinuous mechanisms contributing to LNAPL migration and 

accumulation in the formation and monitoring wells at the site.   



 
 

 
 

 Analyses of the groundwater suggested ongoing anaerobic 

biodegradation of the dissolved LNAPL components. Furthermore, the 

analyses showed that the water was Ca-SO4 type and the main 

geochemical processes were gypsum dissolution and carbonate 

weathering. The analyses underscored the importance of bedrock 

mineralogical composition on groundwater constituents and geochemical 

processes. 

The laboratory test results involving entrapment of diesel fuel 

below the water column and admixture of soluble oils with water in the 

freezing cell showed upward mobility of LNAPL under cyclic freezing, and 

downward progressive expulsion of the soluble oils ahead of the 

advancing freezing front. The results corroborated literature findings on 

cryogenic expulsion ahead of freezing front, and provided new insight 

into the behavior of trapped LNAPL below the water table when 

subjected to cyclic freezing. 
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DEFINITION OF TERMS 

Capillary Fringe: - Saturated zone above the water table where the water 

is held by capillary action. Its thickness may be less than the total 

capillary rise due to heterogeneity of the porous media. 

Desorption: - This is the release of a sorbed substance from a solid back 

into the surrounding liquid or gas in the porous media. It is the 

reverse of adsorption.  

Formation: - In this study, formation refers to in situ geologic material, 

which includes soil, bedrock, and fill soil.  

Fracture Intensity: – Number of fractures per unit length along a bedrock 

feature or sample line. 

Free phase product: - This denotes separate phase LNAPL consisting of 

diesel and/or gasoline in this study. The term is used 

interchangeably with free product, product, and loosely as mobile 

LNAPL. Within the monitoring well, it is commonly referred to as 

LNAPL. In general, free phase product means separate phase 

material with saturations above the residual saturation points or 

levels of a contaminant. By this definition, free product can be 

mobile or trapped within the formation.  

Ground Ice: – Ice formed below 0oC in the formation, which may occur as 

structured ice or unstructured large bodies of ice. Structured ice 

includes segregated ice, reticulate ice, inclusions of ice crystals, 

and intrusive ice. Unstructured ice includes ice wedges, ice beds, 

and pingo cores. 

Hardening Temperature: - This is defined as the lowest limiting 

temperature of a material below which it hardens and ceases to 

pour. The term is synonymous with pour point and used 

interchangeably as such in this study.  



 
 

 
 

Light Nonaqueous Phase Liquid (LNAPL): - Petroleum hydrocarbons 

(PHCs) that are mostly immiscible with water with specific gravity 

(S.G.) below that of water (e.g., 1) at ambient temperature. LNAPL 

exists in two forms as mobile and immobile phases.  

Mobile LNAPL: - This denotes a continuous free phase product that can 

flow under a hydraulic gradient. Furthermore, due to seasonal, 

temporal, and spatial fluctuations of residual saturation of LNAPL 

in the formation, mobile LNAPL at one location may switch to 

residual LNAPL at the same location but different time.  

Permafrost: – A ground or formation that remains at or below 0oC for two 

or more consecutive years. The ground or formation may consist 

of soil, rock, ice, or organic material. Permafrost is subdivided 

based on percent coverage of the underlying land area into 

continuous (90 - 100%), discontinuous (50 - 90%), sporadic 

permafrost (10 - 50%), and isolated patches (<10%). 

Residual Phase Product: - This denotes a separate phase material (i.e., 

LNAPL) in the formation with saturations below a contaminant 

residual saturation point. This term is used interchangeably with 

residual product, and residual LNAPL. Residual product may be 

bond with the porous media and held by capillary suction.  

Residual Saturation: - The limiting saturation point, below which a fluid 

becomes discontinuous and immobilized by capillary suction. 

Thus, the fluid will not drain by gravity. The fluid may be air, 

water, or nonaqueous phase liquid (NAPL).  

Retention Capacity: The amount of fluid a porous media can retain, in 

which fluid drainage by gravity will not occur. It is often measured 

in terms of volumetric fluid content in the porous media. This term 

is used interchangeably with residual saturation in this study. 

Rock Quality Designation (RQD): – Sum of core pieces greater than 4 

inches divided by the total length of core. 

Talik: - Unfrozen zone beneath permafrost. 
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1 INTRODUCTION 

1.1 Background 
The demand for petroleum is increasing due to industrialization 

and urbanization. Transportation and storage of this fuel have led to 

higher incidence of spillage, with deleterious effects on the environment 

and living organisms. Existing legislation on fuel spillage requires the 

determination of the extent of contamination, risk assessment, and 

remediation to site-specific cleanup goals. Key to these requirements is 

site characterization to determine the extent, fate, and behavior of the 

spilled fuel in the environment. There are different types of petroleum 

hydrocarbons broadly categorized based on their density behavior with 

respect to water into light and dense nonaqueous phase liquids (i.e., 

LNAPLs and DNAPLs). Much literature exists on the subsurface behavior 

of LNAPL and DNAPL for porous media in temperate and warmer 

temperate (or tropical) regions. However, there is limited understanding 

of their subsurface behavior in colder temperate regions that overlap 

with permafrost environments. Thus, this study will focus on subsurface 

behavior and remediation of spilled fuel in a permafrost environment 

with particular emphasis on LNAPL in fractured bedrock.  

Several studies have focused on the behavior of spilled fuel in 

permafrost environments. Biggar et al. (1998) showed that permafrost 

might not be an effective barrier to migration of petroleum hydrocarbons 

(PHCs), and corroborated by the findings of Chuvilin et al. (2001a), and 

McCarthy et al. (2004). Studies on the impacts of freezing and frozen 

environments on dissolved and free phase PHC in soils have proposed 

different mechanisms influencing the migration of PHC. These include the 

exclusion of solutes as water freezes, gravity drainage, capillary suction, 

advection, hydrodynamic dispersion (i.e., dispersion and diffusion), and 

surface forces of the mineral skeleton (Konrad and Seto, 1991; Biggar et 
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al., 1998; Chuvilin et al., 2001a; Barnes and Chuvilin, 2009). As water 

freezes, rearrangement of the molecular structure from trigonal to 

hexagonal form during nucleation causes volume expansion of the ice. 

Accompanied with the nucleation process is the rejection and 

concentration of solutes in the unfrozen water, which is termed solute 

exclusion. Given that solute exclusion can occur in the absence of freezing 

(Beier et al., 2007), the term “cryogenic expulsion” is adopted in this 

study as coined by Barnes and Chuvilin (2009) because it properly 

describes solute rejection and concentration below 0oC during freezing. 

Laboratory studies on freezing soils demonstrated that the established 

concept of cryogenic expulsion for dissolved ions as water freezes might 

be applicable for dissolved PHCs (Konrad and Seto, 1991; Tumeo and 

Davidson, 1993; Chuvilin et al., 2001a and 2001b; Barnes et al., 2004). 

Field studies by Motenko et al. (2003) corroborated such conclusion, but 

that of Overduin (1998) did not observe dissolved PHC exclusion. 

Cryogenic expulsion is dependent on freezing rate, initial solution 

concentration, types of solute, mineral surface, and crystallographic 

orientation of ground ice (Konrad and Seto, 1991; Overduin, 1998). 

Barnes et al (2004) suggested physical displacement of free product from 

pore spaces in addition to cryogenic expulsion as water expands during 

freezing. The equilibrium concentration of solutes in water depends on 

the solutes’ solubility, fractional composition in a mixture of substances, 

temperature, and geochemistry of the water (i.e., phase equilibrium). 

Thus, secondary to cryogenic expulsion, “cryogenic chemical deposition” 

defined as precipitation of a solute (or dissolved substance) out of 

solution when its concentration is above its equilibrium concentration or 

solubility limit (Cailleux, 1964) may occur.  

Biggar and Neufeld (1996) suggested capillary movement of diesel 

due to the formation of micro channels in a column of soil subjected to 

cyclic freezing. Chuvilin et al. (2001a) showed that oil composition, soil 

temperature, and types of mineral surface affect the spreadability and 
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movement of oil in frozen ground. Of the surfaces tested, including sand, 

silt, clay, and ice, spilled fuel had the least spreadability in ice, due to the 

latter’s high oil wetting angles, and most spreadability occurred in sand 

due to sand’s low wetting angle. Weathering of spilled fuel coupled with 

decreasing temperatures leads to increase in its density and viscosity, 

thereby limiting spreadability (Wilson and Mackay, 1987; Mawhinney, 

1979). Experiments conducted in salinized soil by Chuvilin and Miklyaeva 

(2003) showed decreased penetration in salinized frozen soil in 

comparison to un-salinized frozen soil due to decreased free porosity and 

formation of microcracks. They postulated that salinized frozen soils are 

less vulnerable to freezing embrittlement. Their results also suggested 

that capillary transfer through micropores and channels is the dominant 

mechanism of oil penetration in frozen soil. 

In unsaturated frozen soil, there may be extensive lateral 

migration and deeper penetration along preferential flow paths 

depending on ice distribution in the formation (Barnes and Chuvilin, 

2009). Networks of LNAPL saturated macropores in the formation in the 

active layer after thaw enhances lateral migration of mobile LNAPL (Dyke 

and Eggindon, 1990; Chamberlain et al., 1997). According to Barnes and 

Chuvilin (2009), both lateral and downward migration of LNAPL may be 

enhanced in the active layer subjected to freeze-thaw cycles. 

Catalan and Dullien (1995) performed a laboratory experiments 

with sand of varying homogeneity and permeability and found that due to 

water table (WT) fluctuations, LNAPL trapping as isolated blobs below 

the groundwater may occur. Subsequent lowering of the WT may 

remobilize the isolated blobs on contact with the LNAPL layer above the 

WT. However, LNAPL films above the dewatered zone may flow by 

gravity drainage (though a very slow process) and accumulate atop the 

water table.   

A laboratory investigation by Dobson et al. (2007) on the effect of 

water table fluctuation on PHC dissolution and biodegradation using 
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silica sand showed that water table fluctuations enhance biodegradation 

and dissolution of LNAPL components, increase LNAPL migration down-

gradient and along the vertical extent, and cause entrapment of LNAPL 

below the water table. In fractured bedrock, the foliation and fissures 

control LNAPL migration from the source zone (McCrory, 1997; David et 

al., 1999) rather than the groundwater flow direction. Inverse 

correlations were observed at contaminated sites between LNAPL 

thickness in a monitoring well and water table elevations (Iwakun et al., 

2008b; Hostettler et al., 2000).  

In an experiment, Lenhard et al. (1993) showed that entrapment of 

LNAPL below the water table is reproducible due to cyclic water table 

fluctuations. Aral and Liao (2002) developed a numerical model to 

evaluate the impacts of water table fluctuations on LNAPL thickness in 

monitoring wells, and used it to predict LNAPL response due to water 

table fluctuations in the field and the laboratory.   

Field studies by Steffy et al. (1995) suggested that LNAPL in 

monitoring wells and in the formation might never be in equilibrium 

because of a time lag between LNAPL pore pressure increase and 

accumulation in the monitoring well. Thus, water table fluctuations will 

influence migration, distribution, and recovery of LNAPL in the formation. 

The areal flow model used by Parker et al. (1991) to simulate a site over a 

period of three years suggested that LNAPL recovery and spreading rates 

decreased with water table fluctuations, and that hydraulic gradient 

influences lateral spreading of LNAPL when in contact with the water 

table.  

Figure 1.1 shows a conceptual model of LNAPL migration in a soil 

underlain by fractured bedrock. The conceptual model is for illustration 

purpose only. Coexisting with released LNAPL in the unsaturated zone 

are air and water. LNAPL is the wetting phase with respect to air in a 

system involving only air and LNAPL, but when water is involved, LNAPL 

is the non-wetting phase (Weiner, 2000). Above the capillary fringe, 
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water is at irreducible saturation and essentially immobile. Thus, in the 

unsaturated zone, LNAPL spill will displace the air in the soil matrix 

because it is preferentially wetting with respect to the air, penetrate 

smaller pores, and partition onto the soil. Upon release (at t1), the LNAPL 

will tend to spread into smaller pores via capillary transfer in the 

unsaturated zone and drain from larger pores (Weiner, 2000). This 

accounts for why residual LNAPL saturations in fine-grained soils are 

greater than coarse-grained soils. The capillary transfer of the LNAPL into 

the soil also creates an inverted cone-shaped contamination zone. At 

depth, LNAPL will continue downward migration if residual saturation is 

exceeded at that location and mass loss due to capillary transfer and 

partitioning onto the environmental media is replenished from a 

continuous LNAPL source. The penetration rate of LNAPL is a function of 

media type and the nature of the LNAPL (Mercer and Cohen, 1990; 

Simantiraki et al., 2009). The penetration rate diminishes with decrease 

in soil grain size, aquifer permeability, and LNAPL density. Additionally, 

increase in LNAPL viscosity, interfacial tension, and partition coefficients 

in the porous media decrease the rate of LNAPL penetration. 

Heterogeneity of the porous media may also enhance lateral migration of 

the LNAPL (Newel et al., 1995; Barnes and Chuvilin, 2009). Downward 

migration of the LNAPL will continue if the LNAPL builds up enough 

pressure head to overcome the entry capillary pressure of the porous 

media at depth.  

The pressure head build-up is mostly dependent on the 

connectivity of the LNAPL column with the source (Sharp, 2001). The 

LNAPL leaves behind residual saturation as it advances through the 

media. If the spilled amount is small (e.g., less than the retention capacity 

of the porous media between the release point and the leading edge of the 

LNAPL), it will partition into the soil and remain essentially immobile. For 

large spills of LNAPL, sufficient LNAPL pressure head build-up will 

enhance downward migration of the LNAPL. On reaching the capillary 
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fringe, the LNAPL will spread atop it and may skew in the direction of 

prevailing groundwater flow. Large accumulation of LNAPL atop the 

capillary fringe may collapse it and depress the water table until the 

LNAPL weight balances the upthrust and entry pressure of the pore 

matrix. Lateral migration of the LNAPL atop the water table will continue 

until it reaches residual saturation level. The saturation level reached is at 

quasi-steady state because it changes seasonally and is dependent on the 

wetting history of the porous media. Seasonal or anthropogenic lowering 

of the water table (at t2) will enhance further downward migration. If 

sufficient LNAPL head is built to overcome the entry capillary pressure of 

the fractures, LNAPL will penetrate the fractures, and there may be lateral 

spreading of the LNAPL along the bedrock surface and within the 

interconnected fractures. In the course of vertical migration and lateral 

spreading, sorbing onto the soil matrix and fracture wall will occur for 

some of the LNAPL, and some may diffuse across the fracture wall, and 

partition into the water and air pockets in the formation.  

Diffusion across the fracture wall and sorption into the soil matrix 

retards the LNAPL plume, but constitutes a major problem from a 

remediation perspective because of the time dependent desorption into 

the groundwater following source removal.  

According to Farr et al. (1990), LNAPL will coexist with the 

formation fluid (i.e., water and air). Thus, at maximum saturation, 

irreducible saturation of other fluids may be present. However, the 

degree of saturation will be dependent on the site history, quantity of 

LNAPL released, properties of the media, and fluids present. Subsequent 

elevation of the water table (at t3) will cause LNAPL remobilization and 

entrapment below the water table, and may enhance its lateral migration 

(Weiner, 2000). 

Dense nonaqueous phase liquid (DNAPL) consists of heavy fuel 

oils, chlorinated hydrocarbons, and polyaromatic hydrocarbons. DNAPL is 

denser than water but has varying viscosity below and above one 
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centipoise (cp). Chlorinated DNAPLs often have viscosity in the range of 

0.6 to 0.9 cp at room temperature; thus, have greater penetration when 

spilled in porous media due to low flow resistance. However, the DNAPLs 

with viscosity above 1 cp flow slowly through the media. DNAPLs have 

higher residual saturation in the saturated zone as opposed to LNAPLs 

whose residual saturation occurs in the unsaturated zone above the 

water table. Trapping of LNAPLs also occurs below the water table as 

discussed above. Figure 1.2 illustrates the conceptual model of DNAPL 

migration.  

The migration mechanisms of DNAPL differ from that of LNAPL in 

that while LNAPL accumulates atop the water table when spilled in a 

sufficient amount to penetrate the unsaturated zone, DNAPL actually 

displaces water in the formation below the water table because of its 

greater density. DNAPL migrates to a greater depth, and is much less 

dependent on water table fluctuation. DNAPLs often penetrate through 

successive layers of aquifers and aquitards up to 1000 meters below the 

surface (Feenstra et al., 1996). Physical experiments of DNAPL migration 

through a partially saturated fracture by Schwille (1988) showed that 

fracture roughness causes more residual entrapment and pathway 

fingering (or channeling) of the DNAPL in comparison to its behavior in a 

smooth fracture wall. Numerical studies of DNAPL migration through a 

rough-walled fracture showed that the aperture size, matrix entry 

pressure or capillary pressure, and density of DNAPL controls its 

migration, as does the interconnectivity and nature of the fractures 

(Kueper and McWhorter, 1996; Esposito and Thompson, 1999; Slough et 

al., 1999; and Heise, 1999). Like most fluids, DNAPL follows the path of 

least resistance (i.e., zones with larger apertures, and dependent on the 

wettability of the aperture to DNAPL). Thus, subsurface DNAPL migration 

studies often use discrete flow models.   

There are extensive reviews of groundwater flow and solute 

transport in fractured media in temperate and warmer temperate regions 
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(Bear et al., 1993; US NRC, 1996; Lapcevic et al., 1999; Berkowitz, 2002, 

and Neuman, 2005). Governing factors for groundwater flow in fractured 

bedrock are fracture density, orientation, effective aperture widths, 

interconnectivity of the fractures, and the nature of the bedrock material 

(Witherspoon et al., 1980; Lapcevic et al., 1999). Primary porosity is the 

void fraction in rock matrices and secondary porosity is that due to 

fracturing. It should be noted that porous media is any solid or semi-solid 

material that contains interconnected pores, voids, or openings, which 

can permit continuous flow of fluid. Thus, by definition, an interconnected 

fractured media may be classified as a porous medium when it permits 

continuous flow of fluid, and forms the basis of equivalent porous media 

(EPM) concept for fracture flow.  

Types of flow models in fractured media include continuum, 

discrete, and dual porosity. Continuum models assume pertinence of EPM 

concept for flow through a system. The EPM concept assumes the 

properties of individual fractures are insignificant in comparison to large 

regions of the system, and continuum mechanics developed for porous 

media applies. Discrete fracture models assume that discrete fractures 

govern flow through the system, and that contributions from rock 

matrices are insignificant. In dual porosity models, discrete and rock 

matrix properties govern flow through a system. The choice of model 

used to develop a conceptual model of a site is dependent on fracture 

density, bedrock geology, and observed flow patterns in the field. Fate 

and transport mechanisms in fractured media include advection, 

dispersion, capillary suction, gravity drainage, diffusion into rock 

matrices, biological decay of dissolved constituents, and geochemical 

processes (Lapcevic et al., 1999). However, the main transport 

mechanisms are advection and diffusion. Geochemical processes include 

oxidation-reduction reactions, precipitation-dissolution, and adsorption-

desorption. However, studies are lacking on the effects of freezing on 

these mechanisms in fractured media.   
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Panday (1990), and Zukowski and Tumeo (1991) developed 

numerical models for solute (dissolved PHC) transport in freezing and 

frozen soils. However, testing of the developed models has not been 

verified in the field. In fractured media, different numerical models exist 

for solute transport without a permafrost module. The basic concepts of 

these numerical models are speculative and field data do not adequately 

support the input parameters of the models (Parker, 2007). Even 

stochastic methods employed in recent models do not accurately 

represent real systems, and the predictive capabilities of these models are 

generally poor. Lack of field data to calibrate the model adequately 

complicates its applicability. Any attempt to develop a numerical model 

for fractured media with a permafrost module will require determination 

of the influence of freezing in the media. Additionally, failures of remedial 

strategies for spilled fuel in permafrost environment suggest knowledge 

of its subsurface behavior is inadequate (Iwakun et al., 2010).  

Thus, a field study to understand the behavior of spilled fuel in a 

permafrost bedrock environment is necessary to improve understanding 

of its subsurface behavior and factors influencing LNAPL migration in 

fractured media. To this end, this research initiates a field study with the 

aim of gaining insight into the subsurface behavior of spilled fuel in a 

permafrost bedrock environment and the factors influencing LNAPL 

migration in fractured media. Coupled with this field study is a laboratory 

experiment, aimed at evaluating some of the proposed mechanisms from 

the field study. The chosen site for the field study is the abandoned 

Colomac mine site because it provided a unique opportunity to study fuel 

contamination in a discontinuous permafrost fractured bedrock 

environment. The following section presents a brief history of the site 

before and after the commencement of the field study.  
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1.2 Site History 
The Colomac mine site is approximately 220 km northwest of Yellowknife 

in a discontinuous permafrost environment, surrounded by lakes. The 

mine was an open pit gold mine that operated between 1990 and 1997. 

The mine became insolvent in 1999 resulting in its closure and 

abandonment. At present, the Contaminants and Remediation 

Directorate, also known as Contaminated Site Office (CSO), of Indian and 

Northern Affairs Canada (INAC) is responsible for remediating the site. 

The site has between 0 and 4.6 meters of overburden soil made up of 

sand, gravel, and peat. Underlying the site is fractured bedrock identified 

as metamorphosed siliceous sedimentary rock formed in close contact 

with metavolcanic rock (Hearn, 1990; Shelton et al., 2000). Although 

reports from other consultants that have worked at the site referred to 

the bedrock as greywacke (i.e., EBA, 2001; SEACOR, 2007), in this study, 

the bedrock will be referred to as metavolcanic sedimentary rock in 

agreement with the description of Shelton et al. (2000) and Hearn (1990). 

Remediation of different areas of the site is ongoing but this study focuses 

on the tank farm area where fuel spills have occurred (Figure 1.3). Shown 

in Figure 1.4 are the locations of the existing and newly installed 

monitoring wells (MWs) at the site.  

There was an electric generator in the southwest corner of the 

warehouse building providing a year-round source of heat. Arctic diesel 

(P40 and P50) and gasoline were stored in tanks at the site. At the tank 

farm area, nine diesel tanks, each with a capacity of 4.36 million liters (L), 

were stored inside a bermed area lined with plastic membrane. 

Associated with the tank farm were systems of distribution pipes, 

including a buried pipeline to the powerhouse. Many smaller fuel tanks 

associated with generators and building heating systems were located 

around the site. Lubricating oil, grease, and other solvents were stored in 

the mechanical workshop inside the warehouse building. Beneath the 
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mechanical section in the warehouse were drainage channels and 

collection systems.  

Approximately 24 reported spills at the site between 1990 and 

2003 involved only diesel and gasoline, which are LNAPLs. Shown in 

Figure 1.5 are the approximate locations, volume, and time of fuel spills at 

the site. These spills were associated with accidental releases during 

transportation, pipe bursts, and tank leakage. Two major spills that 

occurred include 18,000-liter spill in February of 1990 and 27,300-liter 

spill in February of 1997. After the first major spill in 1990, seepage of 

LNAPL occurred along the shoreline of Steeves Lake adjacent to the site, 

which suggested that the plastic membrane liner beneath the tank farm 

was compromised. Thus, the mine authority and the CSO took some 

measures before the commencement of this study to mitigate migration of 

the spilled fuel. These include: 

• Installation of a five-meter deep interceptor trench lined with 

corrugated pipe at the west berm of the tank farm in late 1990, as 

indicated in Figure 1.4; 

• Placement of a skirted boom with an absorbent pads along the 

shoreline of Steeves Lake, as shown in Figure 1.4 when PHC sheen 

was observed in 1990/1991; 

• Site characterization, including installation of monitoring wells 

across the site, in 2000. The spatial location of the monitoring 

wells is shown in Figure 1.4; 

• Decommissioning of existing site fuel tanks and replacement of 

smaller capacity fuel tanks with double-walled steel tanks referred 

to as Enviro-Tanks in 2000; 

• Cleaning and demolishing of the main diesel tanks, coupled with 

purging of the underground piping system in 2004; 

• Replacement of the interceptor trench with a frozen soil barrier in 

2004 to contain down-gradient migration of free product; and 
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• Removal and biopile treatment of contaminated overburden soil 

from the tank farm area in 2005. 

Despite these measures, free product was observed in many of the 

monitoring wells across the site, and there was observable LNAPL 

seepage and a PHC sheen appearance along the shoreline of the lake in 

the summer. The limited effectiveness of these measures demonstrated 

inadequate knowledge of the distribution and movement of subsurface 

spilled fuel at the site. This research is part of multifaceted studies at the 

site to understand the subsurface behavior of the spilled fuel. Work 

elements involve collaborative efforts by the University of Alberta’s 

Geotechnical Center, Environment Canada, and the Contaminants and 

Remediation Directorate of Indian and Northern Affairs Canada. 

1.3 Research Objectives 
In light of the discussion above, the main objectives of this 

research work are: 

1. Determine the vertical and spatial extent of LNAPL contamination 

at the Colomac mine site. 

2. Study and identify mechanisms contributing to LNAPL migration 

and accumulation at the site. 

3. Determine the active geochemical processes at the site. 

4. Develop a conceptual model and propose a remedial strategy to 

cleanup LNAPL contamination at the site. 

 

The research questions that need answers in this research are: 

a. What are the impacts of cyclic freeze-thaw and water table 

fluctuations on the accumulation and migration of LNAPL in 

fractured media? 

b. What factors influence the behavior of LNAPL in permafrost 

environment? 



 
 

13 
 

c. Is there reliable evidence of natural attenuation of dissolved 

hydrocarbons at the site? 

d. What can be done to optimize recovery of LNAPL at the site? 

 

The hypotheses to test include: 

a) Has the LNAPL penetrated the bedrock fissures at the site, and not 

limited between the soil and bedrock interface? 

b) Will the freezing water in the bedrock fissures contribute to 

LNAPL accumulation in the monitoring wells? 

c) Is natural attenuation a viable and reliable process to mitigate the 

dissolved PHC contamination in groundwater at the site? 

1.4 Scope of Work 
Understanding the subsurface behavior of spilled fuel in freezing 

and frozen soils including fractured media is critical in developing a 

conceptual model to guide an effective and a timely cleanup of PHC-

contaminated sites in permafrost environments. This research work is 

comprised of both field and laboratory studies to achieve this 

understanding. Studies presented in this thesis will be limited to the 

behavior of spilled fuel at the site, with particular emphasis on mobile 

LNAPL in the fractured bedrock. Site characterization will be limited to 

the areas where historical fuel spills occurred adjacent to Steeves Lake. 

Furthermore, this work also precludes implementation and pilot scale 

study of any remedial strategy at the site; sediment and surface water 

sampling at Steeves Lake; and analyses of the overburden soil. 

1.5 Organization of Dissertation 
This dissertation is written in paper format consisting of six main 

chapters. The breakdown of the chapters includes two published peer 

reviewed journal papers, two published peer reviewed conference 

papers, and two manuscripts submitted for journal publication. Chapter 2 
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lays the groundwork studies involving site characterization. The work 

elements include groundwater sampling, hydraulic tests, and thermal 

regime monitoring. It answers questions on the viability of natural 

attenuation at the site and offers improved understanding of the 

contamination extent, groundwater conditions, and thermal regime at the 

site. Chapter 3 describes the behavior of spilled fuel at the site and 

identifies factors influencing its behavior from site characterization 

efforts presented in Chapter 2. It answers question on what can be done 

to optimize recovery of LNAPL at the site and presents conceptual models 

of LNAPL movement at the site.  

Additional efforts taken to determine both the vertical and spatial 

extent of contamination are discussed in Chapter 4. The chapter includes 

analyses in estimating the amount of recoverable fuel at the site. 

Additionally, Chapter 4 proposes the main mechanisms contributing to 

LNAPL migration and accumulation at the site. It answers the question on 

whether the LNAPL contamination has penetrated the bedrock fissures, 

and presents a refined conceptual model of the site. Chapter 5 presents 

the groundwater analyses aimed at determining the active geochemical 

processes at the site, and evaluation of compliance of the measured 

groundwater constituents to the Canadian Council of Ministers of the 

Environment (CCME) guidelines for the protection of freshwater aquatic 

life.  

Chapter 6 presents the laboratory evaluation of the viability of 

some of the postulated mechanisms contributing to LNAPL migration and 

accumulation at the site from Chapters 4 and 5. The chapter discusses the 

importance of freezing-induced LNAPL displacements due to cyclic 

freeze-thaw. There are many instances of cross referencing and citations 

in this thesis because it is a collation of published and submitted 

manuscripts. The seventh chapter provides summary conclusions of the 

findings and the direction for future work.  
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Figure 1.1  Conceptual model for the transport of light nonaqueous phase liquid 
(LNAPL) in fractured media. Time t1 represents the initial time of LNAPL release 
corresponding to time of elevated water table for this scenario. Time t2 represents 
the time of lowered water table, and time t3 represents the time when the water 
table rebounded to initial level at t1.  

 
Figure 1.2  Conceptual model of DNAPL transport in fractured media. 
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Figure 1.3  Layout of the mine site before demolition of the structures. 

 

 
Figure 1.4  A site map of Colomac mine, reduced to show details of site investigation. 
The map shows the spatial locations of the installed monitoring wells, thermistor 
boreholes, and some of the initial measures taken to mitigate the movement of free 
product to Steeves Lake before commencement of this study in 2005 (Iwakun and 
Biggar, 2008). 
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Figure 1.5  A site model showing the approximate location, volume, and date of 
historical spillage at the site. Most spills at the site were Arctic diesel but not all 
were accounted for (modified after EBA, 2001).  
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2 FUEL CONTAMINANT CHARACTERIZATION IN A 

PERMAFROST FRACTURED BEDROCK AT THE 

COLOMAC MINE SITE1 

2.1 Introduction 
In Canada's north, contaminant characterization is complicated by 

the presence of permafrost and remote site logistics, among other issues. 

This paper summarizes the progress of a study being conducted into the 

behavior of fuel contamination in permafrost fractured bedrock at the 

abandoned Colomac gold mine site shown in Figure 2.1, approximately 

220 km northwest of Yellowknife in the Northwest Territories (NWT). 

The site was an open pit gold mine that operated between 1990 and 

1997. The site was abandoned and is currently the responsibility of the 

Contaminants and Remediation Directorate of Indian and Northern 

Affairs Canada (INAC) for the site cleanup and mitigation of potential 

environmental impacts.  

The site has between 0.2 to 4.6 m overburden over fractured 

bedrock. The overburden consists of mainly sand and gravel till with 

some peat near the shoreline of the lake. The bedrock is a 

metamorphosed siliceous and slaty sedimentary rock formed in close 

contact with metavolcanic rock, fractured, and strongly foliated (Hearn, 

1990; Shelton et al., 2000). Blasting operations to level the area during 

construction may have induced fractures in the bedrock surface and near 

blast faces. The geometric relationships and interconnectivity of the 

various bedrock fractures have the potential to produce a complex flow 

system at the site and may lead to seemingly unusual responses in the 

existing monitoring network. Outcrops at the site appear to be generally 

                                                        
1 A version of this chapter has been published.  
Iwakun, O., Biggar, K., Van Stempvoort, D., Bickerton, G., Voralek, J., 2008a. Fuel 
contamination characterization in permafrost fractured bedrock at the Colomac mine site, 
NWT. Cold Regions Science and Technology, 53(1):56-74. 
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massive and competent except near occasional site-scale linear features 

(e.g. shear zone) where the outcrops appear highly fractured and 

weathered. Previous work by Van Stempvoort et al. (2006) and 

examination of the bedrock outcrops showed that the fractures are near 

vertical and sub-horizontal as shown in Figure 2.2.  

There were approximately 24 reported releases of petroleum 

hydrocarbons (PHCs), mostly diesel fuel, in and around the main tank 

farm area from 1999 to 2003 as shown in Figure 2.3 (EBA, 2001; CSO, 

2004). Two major fuel spillages include 18,000 L and 27,276 L in 1990 

and 1997, respectively, as shown in Figure 2.3, some of which leaked out 

of the tank farm because of a damaged plastic membrane liner. No pooled 

PHC product was identified during attempted recovery of spilled fuel on 

both occasions. PHC sheen was noted along portions of shoreline on 

Steeves Lake after the 1990 spillage (EBA, 2001). Subsequent 

investigation revealed the presence of free phase PHC, often referred to as 

light nonaqueous phase liquid (LNAPL) in this paper, atop the supra-

permafrost water table. 

A five meter deep interceptor trench was excavated to the base of 

the fill/top of bedrock along the west berm of the tank farm between the 

tank farm and the lake (Figure 2.4) after the initial release in 1990, to 

mitigate the PHC migration. Though the trench intercepted some LNAPL 

flow, it did not capture all of it; some continued to flow towards the lake. 

A continuous skirted boom was also installed along the lake’s shoreline in 

the early 1990s. Oil absorbent pads were used within the skirted boom, 

which were periodically collected, treated, and incinerated on site. 

The active seepage observed at the lake’s shoreline (Figure 2.4) led 

to the installation of monitoring wells (MWs) throughout the site as 

shown in Figure 2.4 to monitor the thickness and distribution free 

product in the subsurface (EBA, 2001). The wells were percussion drilled 

using a diamond drill-bit, unscreened and cased through the overburden, 

leaving the rock exposed beneath the casing. Monitoring in 2000 showed 
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an average LNAPL thickness of 1.5 m over the impacted area with the 

highest thickness being 15.4 m in one of the MWs in the tank farm area 

(MW 11). Later assessment of the LNAPL within the fractured bedrock in 

2001 (URS, 2002) showed lower average LNAPL thickness of 0.4 m with a 

maximum thickness of 1.6 m in one well. The assessment concluded that 

the majority of the spilled fuel had dissipated and that PHC seepage being 

observed along the lakeshoreline at that time was the remnant of the 

spills. From the evaluation of fracture density in the bedrock, it was 

inferred by URS (2002) that there was little PHC in the fractures, and it 

was held by capillary tension, thus immobile. However, recent studies 

showed that though permafrost may impede water movement, it might 

not completely curtail flow of PHCs as LNAPL (Biggar et al., 1998; 

McCarthy et al., 2003). URS (2002) also assessed the mobility and 

recoverability of LNAPL in the formation using the BIOVENT computer 

program, and concluded that LNAPL in the formation is fundamentally 

immobile and its recovery via conventional pumping would not be 

possible. 

Recent measures at the site to mitigate the PHC seepage and 

reduce source concentration included the removal and treatment of 

contaminated overburden from the tank farm area in 2004-05 using an 

on-site biopile, and the construction of a frozen soil barrier. In the fall and 

winter of 2004-05, a trench was blasted and excavated into the bedrock 

between the tank farm and the lake to a depth of 5m (e.g., between MW 6 

and MW 8 shown in Figure 2.4). The trench was lined with a 

geomembrane, backfilled with layers of saturated soil and allowed to 

freeze, thereby creating a frozen soil barrier. Sumps were placed at each 

end of the barrier for monitoring and removal of free product and water. 

Significant volumes of water were removed from the sumps in 2005. 

Despite these measures, LNAPL was still being observed in some of the 

wells downgradient of the barrier.  
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Complicating the understanding of the distribution and movement 

of the PHCs is the presence of an electric generator in the southwest 

corner of the warehouse that generates heat causing a large thaw bulb in 

the permafrost bedrock. This influences the local thermal regime and may 

affect the contaminant migration. Therefore, a study of the thermal 

regime of the site, hydraulic conductivity of the fractured bedrock, its 

interconnectivity, and groundwater flow pattern was necessary to 

understand and mitigate contaminant movement to Steeves Lake. It was 

also necessary to understand the current distribution of both free product 

and dissolved PHC contamination, as well as the distribution of other 

dissolved chemicals to evaluate potential for natural attenuation as a 

remedial strategy at this complex site. This chapter presents the results to 

achieve this understanding with inputs from National Water Research 

Institute (NWRI) scientists from Environment Canada.  

2.2 Field Activities 
The field study presented in this paper commenced in June 2005 

after the review of relevant information on previous work done at this 

site. The study's field activities include monitoring the depths to free-

phase PHC, water, and ice in existing monitoring wells, temperature 

profile measurement with thermistor cables, groundwater sampling, and 

geochemical analysis, and the measurement of bedrock permeability 

using borehole hydraulic tests. The depths to free product, water, and ice 

in the wells were measured to understand the groundwater flow regime, 

active layer thickness fluctuation, temporal and spatial variation of the 

water and apparent thickness of free product. When the depth to refusal 

in the well bottom was less than the installed MW depth, it was inferred 

that ice extended to the bottom of the MW (often confirmed by the 

presence of ice crystals on the bailer and/or interface meter). The depth 

to the ice in each well provided a means of estimating the active layer 
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thickness during the thawing season over a greater extent of the site than 

could be monitored with the limited number of thermistor cables. 

Vertical profiling of bedrock permeability was conducted in August 

and September of 2005 using constant-head test in collaboration with 

NWRI scientists. This test approach uses inflatable packers to isolate 

sections of the bedrock in the borehole. The isolated well-water was 

allowed to equilibrate in pressure to measure initial head using a 

calibrated transducer attached to the packers. Water was then injected 

into the well under pressure to bring about a two to three millivolts 

change in the transducer reading. The head in the well was then allowed 

to come into equilibrium with the injected water. Maintaining a constant 

pressure in the MW, the volume of injected water was measured versus 

time, which was then used to calculate the transmissivity, equivalent 

permeability, and  the average fracture width in that zone. The full 

procedure and some of the data generated for the packer test are in 

Appendix A. 

Dedicated bailers were used for weekly sampling of a number of 

the wells between June and August, 2005 in collaboration with NWRI 

scientists and INAC staff, to investigate temporal changes in inorganic 

groundwater chemistry. In late August 2005, a more detailed sampling 

program was undertaken involving both sampling at discrete intervals 

using a peristaltic pump and packer assembly, as well as sampling near 

the water table surface using dedicated tubing with a peristaltic pump. In 

June and September 2006, the wells without free product and those with 

a thin film of free product were either sampled using a peristaltic pump 

(depth to water < 8 m) or a submersible pump (depth to water > 8 m). 

The samples were analyzed for the Canadian Council of Ministers for the 

Environment (CCME) F1 hydrocarbon fraction (nC6 to nC10), other volatile 

organic compounds, inorganic ions, and volatile fatty acids. For some of 

the wells, a flow through cell was used to measure groundwater pH, 

dissolved oxygen (DO) and oxidation reduction potentials (ORP). The ORP 
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and volatile fatty acids were measured during the August 2005 sampling 

only.  

In December 2005, thermistor cables with 8 sensors each were 

installed in three existing MWs (19, 22 and 27) to a depth of 

approximately 15 m. Samples of LNAPL (Light Nonaqueous Phase Liquid) 

were taken for analysis from MWs #9, 12, and 17 during the same 

sampling event. In April 2006, three 75mm diameter boreholes were 

drilled along the shoreline of Steeves Lake and dedicated thermistor 

cables were installed (T-01 to T-03). In June 2006, eight additional 

boreholes were drilled and thermistor cables were installed (T-04 to T-

11). These boreholes were backfilled with bentonite after thermistor 

cable installation. Five inclined monitoring wells were also installed in 

June 2006. The five inclined wells are denoted with a prefix of MW (i.e. 

MW 106). The new inclined monitoring wells are at approximately 35° to 

the vertical and ranged between approximately 15 m and 22 m in length 

(i.e. as measured on the incline). MW 104 and 106 are east of the tank 

farm to monitor background concentrations: MW 103 is at the centre of 

the tank farm area, MW107 is northwest of the tank farm area, and 

MW108 is at the southwest corner of the warehouse. 

The ground elevation of the site before the removal of overburden 

in the tank farm area is shown in Figure 2.5. The overburden was 

approximately 0.2 m thick on the east extent of the area, thickening to 

approximately 3 m westwards. North of the tank farm area, there is a 

deepening of the bedrock surface leading to increase in the overburden 

thickness. The overburden includes rock fill placed to level the site for the 

mine operations. Close to the edge of the lake there is a steep drop in 

ground elevation of approximately 3-4 m. 
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2.3 Results and Discussion 

2.3.1 Manual monitoring of water levels 

The measured depth to water in each monitoring well was used to 

produce elevation contours of the water table. It is recognized that such 

contour plots may not be a true representation of flow in fractured 

bedrock; however they do lend insight into the general patterns of flow. A 

sample of the groundwater elevation contours for August 2005 is shown 

in Figure 2.6. The groundwater elevation was corrected for the measured 

apparent free product in the monitoring wells where observed. A sample 

calculation with some of the elevation data used for the plot is shown in 

Appendix B. The general flow direction is westwards towards Steeves 

Lake. Other contour plots from June to September (not shown) are in 

agreement with increased hydraulic gradient around the tank farm area.  

2.3.2 Manual monitoring of depth to ice 

It was necessary to develop an understanding of the thermal 

regime to better understand the supra-permafrost water flow 

characteristics to provide insight into the thickness of the water during 

thaw as well as the direction of flow and hydraulic gradients. The depths 

to the well bottom (DTBs), reported as bottom elevation (BE), indicated 

the depth to ice when the measured depths were less than the known 

depths of the MWs. Additionally, the DTBs also provided insight on the 

active layer prior to installation of dedicated thermistor strings at the site. 

These data were not recorded prior to June 2005, so measurements were 

taken at 7-14 day intervals from mid-June until mid-September 2005 but 

less frequently from September 2005 through 2006. 

Figure 2.7 and Figure 2.8 show the depths to the water table (or 

groundwater elevation), and depths to well refusal (or BE) along four 

areas of the site over time. Figure 2.7a is from wells at the east side of the 

tank farm, farthest from the lake. Figure 2.7b is from wells midway 
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between the lake and the upslope edge of the study site. Figure 2.8a is 

from wells along the shoreline of the lake, and Figure 2.8b is from wells 

adjacent to the warehouse.   

Furthest from the lake, Figure 2.7a shows a gradual deepening of 

the active layer; however the water table surface remains nearly constant 

except MW 2, where the water drops a similar amount as the ice in late 

August. The temporary rise in depth to well bottom for MWs 1 and 2 is 

interpreted to have been rafting and jamming of ice within the water 

column in the borehole, which subsequently melted. Due to non-

uniformity and constrictions in the borehole, ice may be blocked at 

constricted regions in the well, and additional water recharge from the 

surface will result in a perched water condition in the monitoring well. 

Later borings at the site showed that perched existed above isolated 

patches of permafrost in the formation as illustrated in Figure 2.9. With 

time, as the ground warms up, the ice locked in the constricted regions is 

gradually melted and the perched water table is released. Comparison of 

water surface and ground-ice elevations infers the development and 

presence of perched water table conditions at the upslope region of the 

site (Figure 2.9 and Figure 2.10). Groundwater elevation in MW 18 is 

nearly constant and it does not decrease as the ice clog in the well melts. 

Through the summer of 2005, the depth of the active layer increased from 

approximately 3 m to 9 m over the monitoring period, and the change in 

water thickness ranged from approximately 2 m to 6 m, depending on the 

MW.  

At mid-slope shown in Figure 2.7b, thaw depths  in MWs 8 and 12 

gradually increased to a depth of approximately 7-10 m through 

September, 2005; however the depth to well bottom in well 26 dropped 

rapidly in August to approximately 21 m, which is the bottom of the 

borehole. In this region the water thickness in early June, 2005 was only 

approximately 1 m for MWs 8 and 12, thickening to 5-7 m in September, 

2005. MW 26, which is relatively close to MW 12 (approximately 25 m) 
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had deeper thaw (~5 m in June, and 10 m in September) indicative of a 

significantly different thermal and possibly flow regime over the short 

separation distance, even though there was no vegetation and similar soil 

cover at each well. There was also a rapid drop in the water depth in MW 

26 in August when the depth to ice also dropped rapidly, suggesting the 

possible exposure of a drainage zone within the well that had been ice 

blocked. This behavior was also observed in the 2006 groundwater 

profile shown in Figure 2.7b but less pronounced, likely because of fewer 

monitoring data. 

In Figure 2.8a adjacent to the lake, MWs 29 and 30 (in the central 

portion of the monitoring zone) were thawed over their entire depth 

(~10 m) by early July, 2005, but their water table depth changed little. 

MW 24, to the south, did not thaw through until September, 2005. Each 

well along the shoreline displayed a rapid drop in depth to the well 

bottom over a short period, indicative of an ice plug over a portion of the 

well with an unfrozen zone beneath. The lower thawed zone is 

corroborated by thermistor string data, discussed in the following 

section. This would indicate that a talik extends inland from the lake 

beneath the active layer as illustrated in Figure 2.9.   

Based on the monitoring of water and ice in the MWs adjacent to 

the warehouse (Figure 2.8b), it is apparent that there is a deep thaw bulb 

beneath the warehouse, especially at the southwest corner of the building 

where a generator is situated. MW 19 was thawed over its entire depth 

for the duration of monitoring. In MW 14 the depth to refusal dropped to 

the bottom of the borehole in late June. MW 9, close to the warehouse, 

thawed slowly over the entire summer to a depth of approximately 11 m 

in September and over its entire depth in December 2005. In 2006, thaw 

in MW 9 was much more rapid and the well was thawed over its entire 

depth of 21m by August. The deep thaw bulb beneath the warehouse 

(Figure 2.9) and its close proximity to the lake may provide a pathway for 
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water migration year round; however there are inadequate data to verify 

this.  

Figure 2.10 summarizes the observed behavior of water in the 

monitoring wells. It should be noted that if the perched water condition 

extend to the permeable formation adjacent to the water-perched section 

of the monitoring well, the water would not drain off. Thus, perched 

water conditions in some of the wells suggest development of perched 

groundwater condition in the adjacent formation between June and 

September of the year. This perched water condition was not elicited in 

some of the wells in which the drop in bottom ice elevation was not 

accompanied by significant change in water table elevation (Figure 2.10). 

However, when the surrounding formation adjacent to the water-perched 

section of the monitoring well is impermeable or clogged by ice, the 

perched water condition due to either ice rafting in the wells or freezing 

over only the upper portion of the well may be localized and not 

representative of the water table condition in the formation.  

2.3.3 Measured ground temperatures 

The site is located in the discontinuous permafrost zone between 

Norman Wells and Yellowknife at latitude 64o12’N in the Northwest 

Territories. This region is densely marked with standing water bodies 

with unfrozen thaw bulb beneath them. Thus, the permafrost table at the 

site will vary considerably and be dependent on nearness to water bodies, 

surface cover, anthropogenic factors and the local climatic condition. 

Temperature profiles from the thermistor string installed in MW 22 at the 

southwest corner of the warehouse are shown in Figure 2.11a. Adjacent 

to the warehouse, freezing progressed to a depth of approximately 9 m. 

The thermistor at 8.8 m depth remained slightly below 0°C from 26 April 

until 5 June, 2006, and the thermistors at depths of 11.8 meters and 14.8 

m remained above 0°C throughout the winter. The depth of the talik (or 

thaw bulb) beneath the warehouses is unknown, however based on the 
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data from the thermistors in MWs 22, 19, and 27; it is known to be more 

than 21 m deep.   

Data from some of the installed thermistors along the shoreline 

are shown in Figure 2.11 and Figure 2.12. The updated thermistor data 

temperature profiles across the site are shown in Appendix C. In the 

spring of 2006, the temperature profile in T-01 near MW 29 (Figure 

2.11b) was above 0°C below a depth of approximately 6 m, and was 

frozen above that depth until mid-May, which corroborates the measured 

depths to ice in MW 29 in 2005. The thermistor data from T-03, adjacent 

to MW 31 (Figure 2.12), showed that the ground remained below 0°C 

from near the surface to depths of approximately 6-8 m until June. The 

region south of MW 30 is covered with an organic mat which insulates the 

rock, slowing warming, whereas the region around MW 29 has no 

vegetative cover. This explains the much later thaw-out in MW 24 

observed in 2005 (Figure 2.8a)   No data are available to discern the 

depth to the bottom of the talik. However, as the ground warms up, 

differences between the depth of the 0oC isotherm measured by the 

thermistors and the depth to ice in the well are expected because ice in 

the formation will thaw faster than that in the well due to lower latent 

heat required for melting in the formation. 

The frozen depth temperature profile correlates with frozen water 

in the well in the late winter and early spring. Away from the lake (east 

side of tank farm) the depth to ice increases from spring to fall, but the 

water table does not drop significantly, thus the zone of water flow 

thickens throughout the thaw season up to 6 m upslope and 10 m at mid-

slope. 

The lateral extent of the talik beneath the lake and its effect on the 

thermal profile at the site are unknown. Adjacent to the lake the bedrock 

freezes seasonally at the top, but remains thawed at depth. Between the 

tank farm and warehouse at the site where some of the spills have 
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occurred, the behavior varies. At the warehouse, the heat generated 

causes a local thaw bulb, most felt in MW 19, 22, and 14. This may imply 

hydraulic interconnectivity of these wells because water in the 

surrounding wells including MW 9 and 17 is frozen at depth. 

2.3.4 Hydraulic testing of fractured bedrock 

Calculated hydraulic transmissivities from packer tests conducted 

in August and September, 2005 in selected wells are shown in Figure 

2.13. Testing of deep well profiles was achieved only in thawed 

monitoring wells. Transmissivity generally varied between 3x10-4 and 

6x10-7 m2/s (equivalent to hydraulic conductivities of approximately 

5x10-4 and 1x10-6 m/s for the 0.57 m packer interval). A few zones at the 

powerhouse area had values approximately one order of magnitude 

higher than that specified above. This may indicate a few larger fissures 

near the rock surface, but data are inadequate to make definitive 

conclusions. Values shown as 1x10-9 m2/s were in rock too tight to 

accurately measure any flow into the formation. In general, transmissivity 

varied from borehole to borehole, with no strong spatial relationship. 

Based on the hydraulic testing results and outcrop observations, 

the bedrock at the site is currently characterized as generally competent 

rock of low permeability with localized fractures or fracture zones of 

moderate to high permeability 

2.3.5 LNAPL monitoring in wells 

LNAPL of PHCs was detected atop the water in many of the wells 

in previous studies (EBA, 2001; URS, 2002; and Biogenie, 2004). 

However, based on the ongoing study, wells with measurable LNAPL are 

divided into three categories; those with continuous, often, and periodic 

free product as shown in Table 2.1. Monitoring wells with measurable 

free product all year round are categorized as continuous, those with free 

product in many instances are categorized under often, and those with 
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measurable sheen of free product intermittently are grouped under 

periodic. 

Distribution of apparent LNAPL thickness distribution for August, 

2006 is shown in Figure 2.14. The distribution pattern of LNAPL in the 

wells is similar to the fuel spillage on the site. The actual distribution and 

mode of free product movement at the site is uncertain. It had been 

speculated in previous studies at the site that the flow was predominantly 

within the overburden fill or atop the bedrock surface, and that there 

should be little flow in the fissures in the bedrock. Investigations in 2005 

and 2006 have shown that though the monitoring well casings were 

"seated" into the bedrock, the seal between the casing and the bedrock is 

loose in some wells, which would have allowed free product to flow down 

into the well from the bedrock surface. There is, however, evidence that 

the fissures in the bedrock, at least in some locations, contain significant 

free product. MWs 12 and 26, for example, had free product thicknesses 

of 0.04 m and 0.15 m in June 2005 when the water depths were 1.6 and 

2.7 m, respectively. In December 2005, the product thickness in MWs 12 

and 26 had increased to 5.01 m and 3.68 m with depths to water of 12.9 

m and 12.4 m respectively as shown in Table 2.1. Since all of the 

contaminated overburden was removed during the summer of 2005 and 

treated in a biopile, this behavior indicates that as the water table 

dropped in this region, free product drained from the fissures into the 

borehole. These data imply that at least portions of the bedrock contain 

significant free product and that transport within the fissures may be 

occurring over portions of the site.  

In December of 2005, samples of LNAPL from MWs 9, 12, and 17 

were analyzed for their chemical composition, shown in Figure 2.15. The 

benzene concentration was below the reliable detection limit in all the 

samples, implying that the relative fraction of benzene to other 

compounds is low, possibly due to preferential dissolution and 

biodegradation of benzene. The figure also shows that the CCME fractions 
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F1 (nC6 to nC10), F2 (nC10 to nC16), and F3 (nC16 to nC34) are essentially 

the same for all wells, suggesting that the PHCs in the tank farm area (MW 

12) and the warehouse (MWs 9 and 17) are from the same source. It is 

notable, however, that the toluene, ethylbenzene, and xylenes are 

approximately one-half order of magnitude less in MW 12. This may 

imply that some spillage of lighter fuel hydrocarbons, possibly gasoline, 

may have occurred around the warehouse. This is possible, since the 

gasoline storage area and refueling pad was close to the north end of the 

warehouse as shown in Figure 2.4. Visual examination of the free product 

showed that the product around the warehouse was dark and nearly 

opaque whereas the product in MW 12 was clear and slightly amber in 

color. It may be that the free product around the warehouse was 

contaminated by other lubricants, solvents or hydraulic oils being used in 

the area where vehicle maintenance was carried out, whereas the product 

in MW 12 was likely pure fuel. Moreover, the dark appearance of the 

product around the warehouse may be due to weathering.  

2.3.6 Groundwater chemistry 

In late August 2005 selected wells were sampled using a flow 

through cell measuring pH, dissolved oxygen (DO), and oxidation-

reduction potential (ORP) by NWRI scientists. The results shown in Table 

2.2 indicate that DO in the impacted area was generally less than 0.5 

mg/L, which coupled with the negative ORP readings indicate that 

reducing conditions dominate the groundwater at the impacted area. 

Most of the wells at the site had been impacted with free product 

at one time or other, thus, obtaining reliable dissolved hydrocarbon 

concentration data is challenging. Given that some of the dissolved 

hydrocarbon concentrations reported in this paper may have been 

affected by the presence of LNAPL droplets/emulsions, it is still useful to 

examine trends in the data. All wells sampled contained measurable 

volatile hydrocarbon CCME F1 fraction (nC6 to nC10), and concentrations 
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ranged from 0-25 mg/L. Interpreted concentration isopleths for the 

dissolved CCME F1 fraction are shown in Figure 2.16. Note that this and 

other contour maps included in this report are intended to illustrate 

spatial distribution of various properties, not to imply that actual patterns 

of these properties/parameters in the fractured rock are smooth 

contours. The highest concentrations are currently north and south of the 

tank farm, where observed free product occurred. In the immediate 

vicinity of the former tank farm where free product is no longer observed 

the dissolved concentrations have also decreased. 

Interpreted isopleths of the spatial distribution of sulfate in August 

2005 shown in Figure 2.17 indicate higher values east of the site and 

around monitoring well 13. Sulfate concentrations are lower at the 

impacted zone relative to the background concentrations and lowest 

furthest down-gradient adjacent to the lake. The sulfate may be derived 

from oxidation of sulfide minerals that are present in the fractured rock 

in the vadose zone above the water table. Preliminary analysis of data 

trends from June through September suggests springtime sulfate 

recharge in the upper region of the water table; therefore, sulfate mixing 

is likely to underestimate the extent of sulfate reduction at the site. Figure 

2.18 shows concentrations versus time for a number of inorganic 

chemical parameters from MW14 adjacent to the warehouse. The water is 

dominated by calcium, sulfate, and bicarbonate, with minor 

concentrations of magnesium, sodium, potassium iron (II), manganese 

(IV), and chloride (Appendix D). Temporal fluctuations in calcium were 

generally mimicked by changes in sulfate. Iron (II) and manganese (IV) 

had background concentrations in the range of 1-2 mg/L; however 

elevated concentrations of dissolved iron were measured in the centre of 

the contaminated area as shown in Figure 2.19. 

Samples obtained during the August 2005 sampling event were 

also analyzed for volatile fatty acids (VFA: acetate, butyrate, propionate, 

pyruvate) by the NWRI scientists, which are possibly the metabolites of 
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microbial degradation of PHCs. The results provided in Figure 2.20 show 

enriched VFA concentrations in the regions with the highest CCME F1 

concentrations. This provides further evidence of ongoing biodegradation 

of hydrocarbons at the site, particularly in the former tank farm area. 

The depleted sulfate and increased dissolved iron at the central 

portion of the impacted area suggest that anaerobic biodegradation of the 

dissolved hydrocarbons is ongoing. Because the changes in sulfate 

concentrations are much larger than those in iron, it appears that sulfate 

reduction is the dominant electron accepting process. However 

precipitation of iron sulfides in response to the release of sulfide 

associated with sulfate reduction would also deplete the dissolved iron, 

so quantification of the contribution of each process is not possible based 

on the currently available information. Stable isotope analyses by Van 

Stempvoort et al. (2006) provided further evidence that sulfate reduction 

may be an important electron accepting process, indicating that the 

sulfate in MWs near Steeves Lake is relatively enriched in 34S and 18O, as 

would be expected if sulfate reduction were occurring due to biological 

processes along the inferred groundwater flow path. A summary of 

measured groundwater constituents are shown in Appendix D. 

2.4 Conclusions 
Characterization of spilled fuel in fractured bedrock in a 

permafrost environment is complex and highly variable. In this study, 

improved understanding of the behavior of spilled fuel was gained by 

monitoring water table, depths to ice and product thickness, thermal 

regime, hydraulic testing, and sampling for groundwater constituents. 

The measured water table and depth to ice suggests the development of 

perched groundwater conditions in some of the monitoring wells east of 

the warehouse and tank farm area due to ice bridging in some of the wells 

in the spring until the ice had completely melted in late summer. The 

measured ground temperatures showed that a thaw bulb beneath the 
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lake extended into wells along the lakeshoreline, and the active layer 

extended below 10 m over most of the site.   

Hydraulic testing of the fractured bedrock indicated 

transmissivities between 3x10-4 and 1x10-7 m2/s, with some subsurface 

zones too impervious to test. The transmissivity varied from borehole to 

borehole and no spatial correlation was identified. 

The measured apparent LNAPL thickness showed spatial and 

temporal variation. Some wells (i.e. MW 12 and 26 north of the tank farm) 

had measurable LNAPL year round because they were located where 

most of the fuel spills occurred, while others showed periodic free 

product. Increased LNAPL thickness was observed in some of the wells in 

response to decline in water table in the winter period especially in 

December of the monitoring year. This suggests that significant volume of 

mobile LNAPL persists in the fractured bedrock at the site.  

The water chemistry suggests that active anaerobic 

biodegradation with sulfate and iron as the main terminal electron 

acceptors is ongoing. However, further investigation is required to 

determine the biodegradation rate and capacity.  
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Table 2.1 Apparent free product thickness in wells during 2005/06 study 

Well 

7/
23

/0
0 

6/
23

/0
5 

7/
21

/0
5 

8/
11

/0
5 

9/
12

/0
5 

12
/1

2/
05

 

6/
15

/0
6 

7/
6/

06
 

8/
6/

06
 

Continuous free product (cm) 
8  2 3 3 6.3  2 2 2 
9 51 11 3 16 14 67 76.5 15 17 

12 189 4 7 6.5 7.5 501 21.5 1 2 
14 3 5 2 1  0.5 51 9 8 
15  2 3 14 9.4 9 6.6 8 6.5 
17 296 51 26 28 13.8 13.8 47 5 4.5 
19 9 9 6 7.5 2.9 3 28.6 21 20.5 
26 280 15 7 2 25 368 231.9 26 25 
30  3 2 12 6.8 3  18 15.5 

Often free product (cm) 
23  8 4 4.5 3.7     
28  13  11 9 8 5.9   

Periodic free product 
10 12    3   1  
13        1  
16     0.5 1.5    
18 226      0.2   
21    2.2 5.2    3.5 
29 12 3  4 4.5 4    

 
Table 2.2 Readings from flow through cell 23/24 August 2005 

Well Temperature (°C) pH DO (mg/L) ORP (mV) 
2 7.9 7.5 8.2 -20 
4 9.4 6.5 0.4 -85 
6 5.4 6.9 0.2 -79 
8 4.9 6.6 0.6 -76 

10 5.3 7.6 0.2 -136 
13 6.3 7.4 0.2 -133 
18 7.0 8.2 0.3 -180 
20 6.0 6.4 2.0 -57 
29 5.4 5.9 0.5 -60 
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Figure 2.1 Map showing location of Colomac mine site, 220 km northwest of 
Yellowknife in the Northwest Territories (modified after Smith and Burgess, 2001). 
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Figure 2.2 North to south trending bedrock outcrop with 3 main sets of fractures: 
(1) sub vertical fractures, parallel to foliation that includes “slaty cleavage” – 
includes most of the exposed surfaces shown in this picture; (2) sub-horizontal 
fractures; (3) sub-vertical fractures that are approximately perpendicular to 1&2. 

 
Figure 2.3 Simplified site model showing the approximate locations of historical fuel 
spillage (modified after EBA, 2001). 
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Figure 2.4   Site map showing spatial location of the monitoring wells and 
thermistor-boreholes. 

 
Figure 2.5  Ground elevation contour before overburden removal at the tank farm 
area. 
 



 
 

 
Figure 2.6  Inferred groundwater contours for August 17, 2005. 
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Figure 2.7  Water table and well bottom elevations for (a) monitoring wells farthest 
upslope and (b) wells at mid-slope. 
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Figure 2.8  Water table and well bottom elevations for (a) monitoring wells near the 
edge of Steeves Lake, and (b) wells near warehouse. 



 

 
Figure 2.9 Conceptual model of hydrogeological settings at the Colomac mine site to illustrate well-water behavior discussed in Figure 2.10.   
 



 
 

 

 
Figure 2.10 Summary of the behavior of water within the monitoring wells at the Colomac mine site. 
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Figure 2.11  Temperature versus time and depth from thermistors (a) from well 22 
(adjacent to warehouse), December 05 to June 06, and (b) adjacent to well 29 (along 
lakeshoreline to north), April to December, 2006. 
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Figure 2.12  Temperature versus time and depth from thermistor adjacent to well 
31 (along lakeshoreline to south), April to December 2006. 

 
Figure 2.13 Transmissivity calculated from packer tests for wells around warehouse. 
(Values reported as 1.0 E-09 are transmissivities that were too low to measure with 
the apparatus used). 
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Figure 2.14   Measured LNAPL thicknesses (in meters) for August 06, 2006. 

 
Figure 2.15  Results of analyses of LNAPL from different wells around the tank farm 
and warehouse. 
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Figure 2.16 Isopleths of dissolved F1 fraction (in mg/L) for August 2005. 

 
Figure 2.17  Isopleths of measured sulfate concentration (in mg/L) for August 2005. 



 
 

55 
 

 
Figure 2.18  Inorganic groundwater concentrations in MW 14 during the summer of 
2005: (a) Ions less than 25 mg/L; (b) Major ions greater than 25 mg/L. 
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Figure 2.19   Isopleths of dissolved iron concentrations (in mg/L) for August 2005. 

 
Figure 2.20 Interpreted isopleths for distribution of total volatile fatty acids (acetate 
+ propionate + butyrate + pyruvate in mg/L) detected in monitoring wells in August 
2005.  
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3 BEHAVIOR OF SPILLED PETROLEUM 

HYDROCARBONS AT THE COLOMAC MINE SITE, NWT2 

3.1 Introduction 
In permafrost environments in Northern Canada where different 

mining activities occur, spillage of petroleum hydrocarbons (PHCs) from 

fuel stored in the site is common. Presence of permafrost and deep and 

long seasonal freezing complicate characterization and cleanup of such 

contamination. This paper describes the contaminant characterization 

efforts at the abandoned Colomac mine site, which is approximately 

220 km northwest of Yellowknife in the Northwest Territories (NWT) 

(Figure 3.1), and focuses on the behavior of spilled PHCs at the site. The 

site was an open pit gold mine that operated between 1990 and 1997. 

The mine was abandoned and is currently the responsibility of the 

Contaminants and Remediation Directorate (CARD) of Indian and 

Northern Affairs Canada (INAC) to mitigate and cleanup the potential 

environmental impacts.  

The site is underlain by strongly foliated bedrock that is composed 

of metamorphosed siliceous and slaty units (Hearn, 1990). Blasting 

operations to level the area during construction may have induced 

fractures in the bedrock surface and near blast faces. The fracture pattern 

at the site is complex (Chapter 2). Bedrock outcrops at the site appear to 

be generally massive with localized weathered and fractured surface. 

Three major fracture sets were identified at the site, which include a sub-

horizontal fracture set and two sub-vertical sets (Chapter 2). The 

overburden was approximately 0.2 m thick at the east extent of the site, 

thickening to approximately 4.6 m west of the site. Most of the 
                                                        

2 A version of this chapter has been published.  
Iwakun, O., Biggar, K., 2007. Behavior of spilled petroleum hydrocarbon at Colomac mine 
site, NWT. Proceedings of 60th Canadian Geotechnical Conference and the 8th Joint 
CGS/IAH-CNC Groundwater Conference, Ottawa, pp. 2106-2114. 
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overburden was rock fill that had been placed to level the site for the 

mine operations. Close to the edge of the lake there is a steep drop in 

ground elevation of approximately three to four meters. The structure of 

the bedrock may influence the migration of free phase PHCs, as light 

nonaqueous phase liquid (LNAPL), in the subsurface. The fault zones and 

bedding planes may be disconnected at different stratigraphic units in the 

subsurface, thus causing local flow or focused infiltration in some areas. 

Between 1990 and 2003, there were approximately 24 reported 

releases of PHCs in and around the main tank farm area as shown in 

Figure 3.2 (EBA, 2001). Two major fuel spillages include 18,000 L and 

27,276 L in 1990 and 1997 respectively as shown in Figure 3.2. Most of 

the spillage occurred in the storage tanks at the tank farm due to leakage 

of the tank and subsequent migration into the subsurface due to a 

damaged plastic membrane liner. No pooled free product was identified 

during attempted recovery of spilled fuel on both occasions. PHC sheen 

was noted along portions of shoreline on Steeves Lake after the 1990 

spillage (EBA, 2001). Subsequent investigation revealed the presence of 

free product atop the supra-permafrost water table. 

A five-meter deep interceptor trench was excavated to the base of 

the fill/top of bedrock along the west berm of the tank farm between the 

tank farm and the lake after the initial release in 1990, to mitigate the 

PHC migration. Though the trench intercepted some free product flow, 

another portion continued to flow towards the lake. A continuous skirted 

boom was also installed along the Lake’s shoreline in the early 1990s. Oil 

adsorbent pads were used within the skirted boom and were periodically 

collected, treated and incinerated on site. 

The active seepage observed at the lake’s shoreline led to the 

installation of monitoring wells (MWs) throughout the site as shown in 

Figure 3.3 to monitor the thickness and distribution of the free product or 

free product in the subsurface (EBA, 2001). The MWs were cased through 

the overburden, leaving the rock exposed beneath the casing. Monitoring 
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in 2000 (EBA, 2001) showed an average LNAPL thickness of 1.5 m over 

the impacted area with the highest thickness being 15.4 m in one of the 

MWs (MW 11) in the tank farm area. Later assessment of the LNAPL 

within the fractured bedrock in 2001 (URS, 2002) showed lower average 

LNAPL thickness of 0.4 m with a maximum thickness of 1.6 m in one well. 

The assessment concluded that the majority of the spilled fuel had 

dissipated and that PHC seepage being observed along the lakeshoreline 

at that time was the remnant of the spills. From the evaluation of fracture 

density in the bedrock, it was inferred by URS (2002) that only small 

amounts of PHCs in the fractures exist and held by capillary tension, thus, 

immobile. However, recent studies showed that though permafrost may 

impede water movement, it might not completely curtail flow of PHCs as 

LNAPL (Biggar et al., 1998; McCarthy et al., 2003).  

Additional measures taken at the site to mitigate the LNAPL 

migration and reduction of source concentration included the removal 

and treatment of contaminated overburden from the tank farm area in 

2004-05 using on-site biopile treatment, and the construction of a frozen 

soil interception barrier. A frozen core trench was installed in the fall of 

2004 through the winter of 2005 between MW #6 and #8 (Figure 3.3) to 

a depth of 5 m. The trench was lined with a geo-membrane, backfilled 

with layers of saturated soil and allowed to freeze, thereby creating a 

frozen soil barrier. Sumps were placed at each end of the wall for 

monitoring and removal of free product and water. Significant volumes of 

water were removed from the sumps in 2005. From 2000 to date, there 

was periodic free product removal from the wells. However, there was no 

data on the amount of free product recovered from the wells from when 

recovery started until the current recovery efforts. Despite these 

measures, free product seepage persisted at the site. 

 The understanding of the distribution and mobility of spilled fuel 

at the site is further complicated by the presence of a heated warehouse 

southwest of the tank farm, which has generated a large thaw bulb in the 
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permafrost bedrock. This influences the local thermal regime and may 

affect the contaminant migration. Therefore, a study of the thermal 

regime of the site, hydraulic conductivity of the fractured bedrock, its 

interconnectivity, and the groundwater flow pattern is necessary to 

understand and mitigate contaminant movement to Steeves Lake. It is 

also necessary to understand the current distribution of both free product 

and dissolved PHC contamination, as well as the distribution of other 

dissolved chemicals to evaluate the potential for natural attenuation as a 

remedial strategy at this complex site. However, due to multifaceted 

components involved in the characterization of this site, this paper is 

focused primarily on the LNAPL distribution and behavior at this site, 

which is a component of the joint study by the University of Alberta 

Geotechnical Centre and Environment Canada to achieve this 

understanding. 

3.2 Field Work 
Since commencement of this study in June 2005, several steps 

have been taken towards characterizing this site. Some of the steps taken 

include: 

• Monitoring of depths to free product, water, and bottom ice in 

existing monitoring wells (MWs);  

• Thermistor string installation and drilling of additional MWs;  

• Groundwater sampling;  

• Bedrock coring;  

• Borehole imaging; and  

• Hydraulic testing of existing MWs.  

Some of these activities have been discussed in Chapter 2 and will 

be excluded from discussion in this paper. However, highlights of 

previous and ongoing field activities are summarized below including 

inferences drawn from previous activities. 
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A. Depths to water and refusal (i.e., well bottoms) were manually 

monitored using interface probe to determine the groundwater flow 

pattern, seasonal fluctuation, and impacts of seasonal freezing and 

thawing on the groundwater regime. Bottom ice in monitoring wells 

(MWs) was inferred where depths to refusal were less than the recorded 

bored depth of the MW. Whenever the MW bottom was equal to the 

recorded depth, permafrost absence or MW bottom above the permafrost 

table was inferred. Based on the results of these measurements, the 

inferred flow direction of the groundwater was westward as shown in 

Figure 3.4. However, ice bridging was noticed in some instances causing 

pooling of water above the bridged zone in the thaw season, thus, leading 

to perched groundwater condition. Beneath the bridged section, it is 

possible for groundwater to flow. Initially, it was unknown if the perched 

groundwater condition was a local phenomenon in the MW or occurs 

more widely in the formation. Furthermore, borings at the site showed 

that perched groundwater condition occurred in the formation around 

the tank farm area due to pooling of water atop isolated patches of 

permafrost as illustrated in Chapter 2.  

B. Depths to free product were measured along with the depths to water 

and well bottom to determine the apparent distribution of mobile LNAPL 

in the formation, which is crucial for LNAPL recovery and remediation of 

the site. The measured apparent free product thicknesses in some of the 

MWs are shown in Table 3.1. Measured thicknesses were higher in 

monitoring wells 12, 17 and 26. The free product thicknesses in MW 12 

and 26 increased in the winter but appeared stagnant in the summer. It 

should be noted that Table 3.1 does not incorporate periodic removal of 

free product because removed free product volumes were not 

consistently measured at the site. 

C. Solinst Levelloggers and barologgers were installed in some selected 

wells (i.e. monitoring wells P1, P3, P5, 1, 15, and 28) to measure the 
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temporal groundwater and temperature fluctuation. The results were 

corroborated by manual measurements at the site. 

D. Eleven boreholes were drilled between April and June 2006. These 

boreholes had dedicated thermistor strings installed in them. The 

locations of the thermistor strings are shown in Figure 3.3. Additional 

MWs were installed in June 2006 and March - April 2007. These MWs 

were installed to obtain additional information to characterize the site 

and gain more insight on LNAPL behavior at the site. The MWs installed 

in March – April 2007 were designated as recovery wells, and were 

drilled by rotary coring. Approximately 1.5 m lengths of bedrock core 

were obtained for each trip-in. The preliminary examination of the 

bedrock cores suggests that near vertical, sub-vertical and sub-horizontal 

fissures are the dominant fractures, and hydrocarbon impact is limited to 

the upper 7 m of the bedrock.  

E. Hydraulic tests using sets of packers spaced at 0.57 m were 

performed in selected MWs (i.e., P1-P6, 8, 14, 19, and 22) to determine 

transmissivities at discrete intervals. The tests were conducted in 

collaboration with National Water Research Institute (NWRI) scientists 

from Environment Canada. The hydraulic test method is given in 

Appendix A. The test results suggested that the upper 7 m of the bedrock 

are fractured with transmissivity varying from 3x10-4 from 6x10-7 m2/s, 

with higher values near the bedrock surface. This amounted to hydraulic 

conductivities of approximately 5 x10-4 and 1x10-6 m/s for the 0.57 m 

packer interval assuming horizontal flow. However, the transmissivity 

varied from borehole to borehole, with no strong spatial relationship 

(Chapter 2). 

F. In September 2006, a Well-Vu borehole camera system was deployed 

to the site and used for borehole imaging. The aim of the borehole 

imaging was to identify zones of major fractures, correlate the observed 

fractures with the hydraulic test results, and possibly observe locations of 

seepage of petroleum hydrocarbon within each MW. A sample of the 
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image obtained is shown in Figure 3.5 with notes on the observed 

fracture pattern. Though the camera system is compact and easy to 

deploy, images are poor within oil-smeared zones due to reflection of 

light. Moreover, given the method of drilling of most of the wells 

(percussion hammer drilling), the identified major fractured zones cannot 

be correlated to the transmissive zones due to spalling and damage 

around the fractures at the borehole wall. The borehole imaging cannot 

give indications of fracture interconnectivity nor how deep the observed 

fractures extend into the bedrock. The observed fractures may be 

artifacts of well scarring associated with the drilling. 

G. Product recovery test involving removal of free product from the 

MWs and monitoring its recharge into the MW over time was conducted 

in the MWs that had historical thick LNAPL layers (i.e. MWs 12, 17, and 

26). The test was conducted to evaluate the feasibility of removal of free 

product from the site and its behavior underground. The test procedure is 

discussed in the next section. 

H.  Inorganic and organic constituents of the groundwater were sampled 

periodically using dedicated bailers and peristaltic pump. The samples 

were analyzed in the laboratory to determine the extent of contamination, 

active geochemical processes, and geochemical indicators for natural 

attenuation assessment. The groundwater geochemistry is discussed in 

Chapter 5. The background geochemistry presented in Chapter 2 

identified metabolic by-products of fuel biodegradation such as volatile 

fatty acid in the groundwater samples. The geochemistry suggested that 

the groundwater was undergoing anaerobic reduction with sulfate and 

iron as the main terminal electron acceptors (TEA). 

3.3 Product Recovery Method 
An overview of the recovery test method and the intended usage of 

the results are summarized in Figure 3.6. After dipping the MW using an 

interface probe, only the free product is bailed out using a modified bailer 
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system. In the modified bailer, the intake was shifted to the top of the 

bailer and additional weight was added to its bottom so that it can 

submerge deep enough to allow for free product skimming. When the 

apparent free product thickness in the MW is less than 4 cm, the MW is 

allowed to sit for 2, 5, 30 … minutes as shown in Figure 3.6, and the depth 

to product (DTP) and depth to water (DTW) are plotted over time (Figure 

3.7). After plotting the data, the distance between the LNAPL depth and 

the point of inflection, which corresponds to the free product entry point, 

is determined and used to estimate the amount of LNAPL in the formation 

as shown in Figure 3.7 (Testa and Winegardner, 2000). From the DTP and 

DTW, the product thickness (PT) is determined and used to compute 

average recovery or recharge rate to desired recovery efficiency. EPA – 

Environmental Protection Agency (1996) published a guideline document 

that contains application of this method including sample calculations 

and other methods in evaluating recoverability of free product. 

3.4 Temperature Monitoring 
To understand the influence of the thermal regime on contaminant 

distribution, Solinst level loggers, barologgers, and thermistor strings 

were initially installed in some of the wells to corroborate the monitored 

depths to water and bottom-ice at the site between June-2005 to April-

2006 as discussed in Chapter 2. Between April and June 2006, new 

boreholes with dedicated thermistor strings were installed across the site 

as shown in Figure 3.3. Each thermistor string consists of eight sensors at 

specific depths with battery operated data logger. The boreholes were 

backfilled with bentonite pellets and water after installation. Laboratory 

sensitivity testing of the thermistor strings found that the readings from 

the thermistor strings are within ±0.2oC of actual melting point of ice at 

0oC. 
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3.5 Results and Discussion 
This section will be limited to the analyses of activities related to 

LNAPL behavior at the site. The section is sub-divided into five sections: 

namely, LNAPL monitoring, temperature profile, free product recovery, 

LNAPL mobilization mechanisms, and conceptual model of LNAPL 

movement.  

3.5.1 LNAPL monitoring in wells 

Measured product thicknesses in selected wells are shown in 

Table 3.1. In some instances product thickness increased, in other 

instances it decreased, and in some instances it remained nearly the 

same, showing that the distribution of product in the fissured rock is very 

complex. Wells #12, 17 and 26 had the highest apparent thickness of free 

product in 2005/06 as shown in Table 3.1. Apparent LNAPL thickness in 

MW 12 increased in the winter of 2005/06 period. MW 26 also showed 

similar pattern to MW 12, but the observed LNAPL layer in December 

2006 was much thinner than in Dec 2005, which may be attributed to the 

ongoing recovery of free product as discussed in the paragraph below. 

MW 17 did not seem to follow a seasonal pattern, varying inconsistently 

from 3 cm to 140 cm. 

In June (2006), over 37 liters of free product were removed from 

MWs 9, 12, 17, and 26 combined as shown in Table 3.2. The distribution 

of the measured LNAPL in the MWs (for August, 2006) as shown in Figure 

3.8 suggests some of the MWs have recharged (i.e., MWs 26, 17, and 9) 

after free product recovery in June. Figure 3.8 also shows that the 

distribution of free product across the site is spatially variable, so the 

actual distribution and mode of free product movement at the site 

requires further investigation. Previous studies had speculated that the 

flow of LNAPL was predominantly within the overburden fill or atop the 

bedrock surface, and that there should be little flow in the fissures in the 

bedrock (URS, 2002). Site inspection in 2005 and 2006 showed that some 
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of the well casings used to maintain the well opening through the 

overburden were loose (Chapter 2). Monitoring well logs by EBA (2001) 

showed that the well casings were secured to at least 0.4 m into the 

bedrock. Thus, the loosening of the well casing implied that the seal 

between the casing and the bedrock was compromised in some of the 

MWs, which might have allowed free product to flow down into the MW 

from the bedrock surface. However, there is evidence that the fissures in 

the bedrock in some locations contain significant free product.  

Shown in Figure 3.9 and Figure 3.10 are the measured 

groundwater elevations and product thicknesses in selected MWs at the 

site. MWs 12 and 26, for example, had free product thicknesses of 5 and 

18 cm in June 2005 when the depths to water were 1.6 m and 2.7 m, 

respectively. In December 2005 when the water depths were 13.6 m and 

13.3 m, the product thickness in MWs 12 and 26 had increased to 501 cm 

and 368 cm, respectively (Figure 3.9 and Figure 3.10). Because the 

contaminated overburden had been removed during the summer of 2005, 

this increased thickness of free product in December indicated that as the 

water table dropped in this region, there was free product drainage from 

fissures around the MWs. These data also imply that portions of the 

bedrock likely contain significant free product, and transport within the 

fissures may be occurring over portions of the site. In December 2006, 

MWs 12 and 17 had free product thicknesses of 209 cm and 140 cm, 

respectively, whereas, MW 26 had only 21 cm of product at the same time 

(Table 3.1). The decreased LNAPL thickness in MW 26 in December of 

2006 compared to that of 2005 might be attributed to free product 

recovery from this well between September and December in 2006.   

3.5.2 Temperature profile 

Rising and falling of the water table occurred in the spring and 

winter period respectively as discussed in Chapter 2. Shown in Figure 

3.11 is the temperature profile in MW 12 north of the tank farm area 
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where most of the fuel spill occurred. Other temperature profiles from the 

installed thermistor strings at the site are included in Appendix C. 

Discussion of temperature profile presented in Chapter 2 relates to the 

groundwater regime at the site. In summary, the thermistors locations 

with a talik (or thaw bulb) beneath them, and those with the active 

layer extending below 14.8 m are summarized in Table 3.3. Thermistor 

string T03 near MW 13 upslope of the site was frozen at 11.8 m depth 

all year round (Appendix C), in essence, supporting the conceptual 

model of hydrogeological settings presented in Chapter 2. 

 The thermistor data show that the maximum temperatures with 

depth are later in the year with increasing depth. This resulted in 

complete reversal of peak temperature at depth from the spring 

through the winter period except T03 near MW 31 at the shoreline of 

Steeves Lake. This time delay in maximum temperature is due to 

thermal conductivity and volumetric specific heat effects. As the 

surface temperature increases in the spring, the ground temperature 

near the surface starts to rise, however at depth, the freezing front 

progresses downward at a slower rate due to the mass of cold rock 

above. Similarly, as winter approaches, the surface temperature 

decreases, and the ground temperature gradually decrease from the 

surface downward but the thaw front at depth still progresses 

downward at a slow rate due to the heat contained in the rock mass 

above. 

The temperature profile in T03 (Appendix C) is nearly constant 

with time due to vegetative organic mat cover over the ground surface 

in this region. The vegetative cover extended over most of the 

shoreline of Steeves Lake. The vegetative mat insulates the ground and 

prevents thermal penetration due to its very low thermal conductivity 
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when dry in the summer. It also contains a significant amount of ice so 

has a high latent heat component which retards thaw in the spring. 

Having established in Chapter 2 that the upper section of the 

bedrock is highly fractured and contamination is limited to the upper 

fractured section of the bedrock (see Chapter 4), it seems the fuel 

contamination at this site is limited to the active layer of thermal 

fluctuations at the site. According Barnes and Chuvilin (2009), cyclic 

freeze thaw may promote downgradient of LNAPL and influence the 

distribution of disconnected petroleum blobs. Biggar and Neufeld 

(1996) postulated that fissures induced during freezing may enhance 

downward migration in a porous media subjected to cyclic-freeze 

thaw. This study postulates that this mechanism plays a role in 

mobilizing LNAPL at the site, and Chapter 6 explores the feasibility of 

occurrence of this mechanism.  

3.5.3 Free product recovery 

In June 2006, product recovery test was performed on MWs 9, 12, 

17, and 26. Approximately 24 liters of LNAPL were recovered from MW 

26. Much smaller volumes of LNAPL were recovered from MW 9, 12, and 

17 (i.e., 7.6, 4.6, and 1.4 liters respectively). In June 2006, the LNAPL layer 

in MW 12 was very thin so little recovery was possible and the 

hypothesized plot shown in Figure 3.7 could not be generated. The 

product recovery response over time in MW 26 in June 2006 is shown in 

Figure 3.12. The data for MWs 9, 12, and 19 are shown in Table 3.2. The 

results showed that no measurable recharge of LNAPL into the MWs 

occurred over the test period. The insignificant free product recharge 

may be due to either one or a combination of the following. (1) Slow 

recharge rate, (2) the mechanism transporting the free product into the 

MW was not active at the time, (3) the free product was locked (or 

trapped) within the fractured bedrock, or (4) the cumulative removal of 
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free product and removal of overburden have greatly reduced the free 

product within the vicinity of these MWs in the bedrock. 

The LNAPL recharge rate to the MWs may be slow if the LNAPL is 

locked in by capillary suction in the unsaturated zone in the bedrock as 

suggested by URS (2002). LNAPL may have smeared the upper section of 

the bedrock due to water table fluctuations over time, thus, becoming less 

mobile.  

In December 2006, there was little LNAPL in MW 26 as shown in 

Table 3.1, so no product recovery testing could be conducted. A recovery 

test performed in MW 12 at that time (Figure 3.13) showed no 

measurable recharge into the well over two days, in agreement with 

previous tests. This suggests that free product mobility is very limited, 

and/or that possibly the volume of free product remaining in the 

formation is small, or the underlying mechanisms mobilizing free product 

at the site are inactive. A coring program was conducted in March – April 

2007 and the analyses of the bedrock cores suggest that across the site, 

the petroleum impacted zone is limited to the upper section of the 

bedrock (as discussed in Chapter 5 of this thesis). 

3.5.4 LNAPL mobilization mechanisms 

Observations of sheen and seepage of LNAPL at the shoreline of 

Steeves Lake at the site were always in response to high precipitation 

event and when the water table is elevated. Thus, the seepage of LNAPL at 

these locations may be attributed to remobilization of trapped LNAPL at 

the upper section of the fractured bedrock due to the rising water table. 

Additionally, the LNAPL seepage may result from remobilization of 

accumulated LNAPL along local depressions on the bedrock surface. The 

remobilization may also be from mobile LNAPL in the bedrock fissures 

ensuing from local LNAPL spills along the shoreline of Steeves Lake  (as 

shown in Figure 3.2), or the result of LNAPL migration from more distant 

spill zones along discrete fractures in the bedrock.  
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Since the extent of fissuring in the bedrock is uncertain, URS 

(2002) and EBA (2001) postulated that most of the LNAPL flow across the 

site might be limited to the overburden/bedrock interface and the highly 

fissured upper section of the bedrock respectively. Inspection of the MWs 

casing in September 2006 using a borehole camera where possible 

showed that some casings in the MWs were not well sealed into the 

bedrock as previously discussed. Exhumation of one MW casing 

confirmed this. Thus, pooling and leakage of LNAPL around the casing 

was possible. Seasonal groundwater fluctuation and time averaged 

release of this LNAPL around the well casing may have been an active 

mechanisms contributing to seasonal variation of LNAPL in the MWs. In 

the winter period, the water table is lowered across the site. This water 

table decrease may allow perched or accumulated mobile LNAPL around 

the MW casing and unsaturated zone to drain into it, thereby increasing 

the thickness of pooled LNAPL in the MW. The pooled LNAPL in the MW 

will also not recharge if the hydraulic head difference between the well 

and the formation is not sufficient to drive mobile LNAPL from the 

formation into the MW. In the summer period, the increase in water table 

at the site may force any product pooled during winter back into the 

formation where possible, thereby leaving less LNAPL in the MW.  

Other studies in the literature (i.e., Hardisty et al., 2003; 

Kemblowski and Chiang, 1990; Weiner, 2000) support the impact of 

groundwater fluctuation on LNAPL behavior described in the preceding 

paragraph. Studies have shown that fluctuations of the groundwater 

elevation may affect the LNAPL thickness measured in a monitoring well 

(Blake and Hall, 1984; Kemblowski and Chiang, 1990; Yaniga, 1984). 

Gradual decline in the water table may increase the volume of mobile 

LNAPL and increase the apparent LNAPL thickness in MW due to 

drainage from unsaturated zone (Weiner, 2000; Hardisty et al., 2003). 

According to Kemblowski and Chiang (1990), preferential flow through 

the well, especially in low permeability formation may increase apparent 
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LNAPL thickness in monitoring well during decline of the water table. 

Rising water table may cause reduction in apparent LNAPL thickness in 

the MW due to compression of capillary fringe in porous media (Weiner, 

2000). Rising water table can also push LNAPL back into the formation 

and enhance lateral migrations in directions controlled by fracture 

network geometry rather than hydraulic gradient, and cause entrapment 

of LNAPL below the water table (Weiner, 2000, Hardisty et al., 2004; 

Kemblowski and Chiang, 1990). In summary, literature findings on the 

impacts of water table fluctuation on LNAPL transport showed that 

groundwater fluctuation may result in the following: 

• Enhance migration of mobile LNAPL into areas not previously 

contaminated or areas with low LNAPL saturation , 

• Enhance entrapment of LNAPL in the formation with reduction in 

mobile LNAPL, 

• Enhance dissolution, biodegradation and volatilization of LNAPL 

due to increase in LNAPL contact area with the formation and 

water. 

 Different measures have been taken to remove LNAPL from the 

site as discussed in Chapter 2. Thus, the cumulative removal of LNAPL 

from the MWs and overburden at the tank farm may have reduced the 

amount of mobile LNAPL in the formation because according to Weiner 

(2000), up to 40% of spilled LNAPL volume may be immobilized in the 

formation. The amount of immobile LNAPL in the formation may now be 

larger than the mobile component. Measured decreases in maximum 

LNAPL thicknesses in MWs since June 2005 supports this notion. 

Therefore, the observed LNAPL thickness may be from the mobile and 

localized free product in the formation, some of which may be trapped in 

the bedrock fissures. Thus, long-term dissolved contamination may occur 

as the residual component goes into solution after the removal of mobile 

components. Free product in the formation may be mobilized towards the 
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MWs over time due to effects of alternate freeze and thawing in the active 

layer, water table fluctuations. This mechanism has been proposed in 

literature case histories (Barnes et al, 2004; Biggar and Neufeld, 1996; 

Biggar et al, 1998; McCarthy et al, 2003), but is not well understood, thus, 

further investigations are required.  

In this study, the inferred mechanisms contributing to LNAPL 

migration and accumulation are water table fluctuations and freezing-

induced displacement associated with cyclic freeze-thaw. The impact of 

water table fluctuations on the mobility of LNAPL is well established in 

the literature as discussed in this section. However, that of freezing 

induced displacement requires further research, which formed the 

rationale for conducting the laboratory experiment presented in Chapter 

6 to evaluate the feasibility of this mechanism.  

3.5.5 Conceptual model of LNAPL movement 

The fuel spill history showed that most of the spills occurred 

during the winter period (Figure 3.2), which may influence its subsurface 

behavior. According to URS (2001), the strikes of the bedrock fissures are 

oriented near parallel to the shoreline of the adjacent Steeves Lake, and 

the dip is very steep (e.g., almost 90o to the horizontal). Further 

characterization of the site showed that other fracture sets ranging from 

horizontal to near vertical exist at the site. A conceptualized fracture 

pattern of the bedrock is shown in Figure 3.14 overlaying the contour of 

bedrock topography. Vector overlay for the natural gradient of the 

bedrock surface (Figure 3.15) suggests that the LNAPL movement could 

not have been limited to the overburden/bedrock interface as previously 

suggested by URS (2002), but that the fracture pattern influenced the 

movement of the LNAPL at the site, and may account for LNAPL 

contamination north of the tank farm area. Moreover, initial blasting 

operations associated with site preparation before installation of the 
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storage tanks at the tank farm area may have induced a very complex 

fracture network that is difficult to capture or represent. 

The potential LNAPL movement is illustrated with the conceptual 

model shown in Figure 3.16. Fuel spilled in the winter will be absorbed by 

the snow cover, saturate and penetrate the snow and the underlying  

unsaturated portion of the ground surface under gravitational force 

provided enough LNAPL thickness is developed at the surface to 

overcome entry capillary pressure of the largest pore size of the 

subsurface. For LNAPL movement to take place, its saturation must be 

greater than the residual saturation or retention capacity of the media. 

Thus, some LNAPL will be trapped by capillary suction in the unsaturated 

zone along the migration pathway. When the LNAPL reaches the frozen 

water saturated region (also referred to as frozen plane), it may spread 

laterally atop the saturated zone depending on the surface’s type, ice 

content and temperature (Chuvilin et al., 2001). Cold temperatures and 

weathering of the LNAPL increases its viscosity and density thereby 

reducing its mobility. Increased penetration of LNAPL atop the frozen 

saturated zone may occur due to creeping effect of columns of LNAPL in 

the formation (e.g., regelation). The LNAPL will follow the gradient of the 

saturated zone and may travel further away from the source of 

contamination. This may leave patches of LNAPL along local zones of 

depression at the soil-bedrock interface before reaching residual 

saturation level. This may explain why no pool of LNAPL was encountered 

after the first major spill in 1990 because the bedrock and depth to 

saturated zone at the source region are slightly elevated as shown in 

Figure 3.15.  

Decreased groundwater elevation is often observed in the winter 

period because recharges are less than discharges due to lack of rainfall 

and due to continued groundwater extraction for anthropogenic and 

natural purposes. At the tank farm area, the groundwater decreased as 

much as eight meters in the winter, extending up to 13 meters below the 
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surface, thus, LNAPL might have penetrated to depths in excess of 10 m 

and migrated significant distances from the source zone. This seasonal 

decline in groundwater elevation may also enhance gravity drainage and 

remobilization of isolated blobs of LNAPL in individual fissures and those 

initially trapped below the water table in the vadose zone from previous 

spills. 

In the spring, meltwater and early rainfall lead to a supra-

permafrost groundwater condition. Thus, the resulting surface runoff 

may enhance LNAPL migration downgradient of any pooled location atop 

the bedrock surface towards Steeves Lake. A transient rise in the water 

table may also cause smearing of LNAPL into the previously 

uncontaminated vadose zone and possibly lead to more trapping of 

LNAPL by capillary suction. The transient thrust of groundwater flow may 

cause drift of LNAPL to Steeves Lake. Since the fracture orientation and 

effective aperture width controls the flow of water, there is a propensity 

for channelization of flow. This implies that LNAPL may be observed at 

considerable distances from the source zone along a definite path missed 

during the site investigation. This may explain why LNAPL is observed 

adjacent to Steeves Lake, and further north of the tank farm area by the 

camp. New MWs #47, #48, #49 by the camp showed no evidence of 

hydrocarbon contamination (Table A1.8), though hydrocarbon sheen was 

observed in MW 46 in September 2007.  

Progression of the thaw front as the ground warms up from early 

spring through summer may open up micro cracks in the frozen saturated 

region above the bedrock surface, which may serve as conduit for vertical 

penetration of any pooled LNAPL. However, since the contamination 

source and overburden soil had been removed, this may not be an active 

mechanism contributing to LNAPL movement at the site at present. It 

should also be noted that from the thermal profile (Appendix C) at the 

site, two thermal progressions occur. In the spring through fall seasons, 

the ground warms from the top down simultaneously with advancing 
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freezing front from the bottom up until equilibrium is reached and vice 

versa in the winter period. Thus, lateral migration of spilled LNAPL in the 

summer, which is trapped below advancing freezing front in the winter 

period, may be enhanced. Subsurface abrupt movement of the LNAPL 

may also ensue in a discontinuous fashion when the two progressing 

freezing and thawing fronts meet..  

Increases in subsurface temperature enhance weathering of the 

LNAPL and increase in LNAPL solubility in water. Thus, in the fall seasons, 

an increased dissolved organic concentration is expected in the 

groundwater. Though evidence of LNAPL weathering and preferential 

dissolution were reported in Chapter 2 at the Colomac mine site, there 

was no evidence of increased organic concentrations in the summer since 

no winter groundwater sampling took place. Moreover, the LNAPL will 

flow atop the capillary zone of the water table and follow the natural 

gradient of the groundwater along the prevailing fracture network in the 

bedrock, provided sufficient LNAPL thickness is established to overcome 

capillary forces in the formation. Temperature increases also decrease the 

capillary pressure thereby releasing some of the LNAPL trapped by 

capillary suction. This may be significant because of the observed sheen 

of LNAPL at the shoreline of Steeves Lake. Advective movement of LNAPL 

in the fracture network should be slower than water movement through 

the same fissure and due to processes such as adsorption, weathering, 

and matrix diffusion, its movement may be further retarded. 

Shown in Figure 3.17 is a summary of subsurface behavior of 

LNAPL in the formation. LNAPL behavior is grouped under fresh and 

existing spill. In a temperate environment, the behavior of LNAPL is well 

documented in the literature (Mercer and Cohen, 1990; Weiner, 2000). 

The differences in LNAPL subsurface behavior between temperate and 

permafrost regions are the cyclic freezing and thawing, and the presence 

of ground ice. This Chapter discussed some of these differences, and 
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further discussions on the feasibility of some of the highlighted 

mechanisms in Figure 3.17 are given in Chapter 6.  

3.6 Conclusions 
In this study, improved understanding of the subsurface behavior 

of LNAPL at the site was gained by monitoring LNAPL thickness variation 

in MWs with time, and performing free product recovery test in the MWs. 

The distribution of mobile LNAPL that was observed in MWs across the 

site is erratic. The measured data obtained from the field study suggest 

water table fluctuations coupled with freezing-induced displacement are 

the main mechanisms contributing to LNAPL migration and accumulation 

at the site. These mechanisms are active but discontinuous due to their 

seasonal nature. The apparent LNAPL thicknesses in the monitoring wells 

at the tank farm area where most of the fuel spills occurred increased 

with decreasing water elevation but decreased with rising water table. 

Additionally, seepage of LNAPL at the shoreline of Steeves Lake was 

observed in response to precipitation event and water table elevation, 

suggesting that rising water table may enhance migration of LNAPL 

through discrete fractures as discussed by Hardisty et al. (2003, and 

2004).  

Furthermore, this study presents a conceptual model of the 

subsurface behavior of LNAPL at the site. The observed behavior of the 

influence of water table fluctuations is supported by existing literature 

studies (i.e., Kemblowski and Chiang, 1990; Mercer and Cohen, 1990; 

Hardisty et al., 1998; Weiner, 2000; Hardisty el al., 2004; and Dobson et 

al., 2007). Additionally, the impacts of freezing induced displacement 

associated with a permafrost environment is also supported by existing 

literature studies (i.e., Barnes et al., 2004, Chuvilin et al., 2003; and Biggar 

et al., 1998). However, further studies are required (as discussed in 

Chapter 6) to evaluate some of the inferred freezing induced processes. 
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This study also showed that LNAPL contamination is not limited to 

the bedrock and soil interface, and that significant LNAPL contamination 

abounds in the fractured upper section of the bedrock. Additionally, the 

product recovery test data showed that a standby free product recovery 

system using only the skimmer pump may not be efficient because of very 

slow recharge of LNAPL into the MWs.  
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Table 3.1 Measured apparent LNAPL thickness in monitoring wells for 2005/06 
study. The blank cells indicate no measurable product or inaccessible well. 
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Table 3.2 Summary of product recovery data in June 2006. 

 
Table 3.3 Summary of the thermal regime at the Colomac mine site. 
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Figure 3.1 Location of Colomac mine site, 220 km northwest of Yellowknife, NWT. 

Figure 3.2 Simplified site-map showing the historical spilled fuel at Colomac mine. 
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Figure 3.3 Simplified site-map showing spatial location of the monitoring wells and 
the thermistor – boreholes. 
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Figure 3.4 Groundwater contour inferred for August 6, 2006. The bull-eye seen 
around MW 26 may be associated with inadequate data to bound the measured 
groundwater elevation at that time. 
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Figure 3.5  Samples of borehole images for monitoring wells 4, 11, 27, and 30. More 
fractures were observed in the upper section of the bedrock than at depth. Not all 
the monitoring wells contained water all year round (e.g., MWs 11 and  27). MW 11 
had free product sitting atop ice in early spring, while MW 27 seem not to intersect 
water-bearing fractures. Nevertheless, they all had measurable amount of free 
product.  
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Figure 3.6 Summary of product recovery test procedure and later activities aimed at 
evaluating the need for product recovery system at the site. 
 



 
 

87 
 

 
Figure 3.7 Hypothetical results for the product recovery test (modified after Testa 
and Winegardner, 2000). The point of inflection (p) corresponds to the LNAPL entry 
point, and its vertical distance to the constant LNAPL depth is used to estimate 
formation LNAPL thickness. 

 
Figure 3.8 Measured apparent LNAPL thickness for August 06, 2006. 
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Figure 3.9 Well-probe data for monitoring wells (MWs) 17 and 26 at the site. 
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Figure 3.10 Well-probe data for monitoring well (MW) 12 at the site. 
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Figure 3.11 Temperature profile with (a) time and (b) depth in one of the dedicated 
thermistor strings “T10” adjacent to MW 12. 
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Figure 3.12 Graphical representation of data from the product recovery test for MW 
26 in June 2006. 

 
Figure 3.13 Graphical representation of data from the product recovery test for MW 
12 in December 2006. 
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Figure 3.14 Conceptual fracture pattern at the site showing: (a) bedrock elevation 
with the inferred fracture pattern based on site characterization efforts, and (b) 
conceptual subsurface fracture distribution at the site. 
 

 



 
 

 
 

 

Figure 3.15 Conceptual surficial model at the Colomac mine site, highlighting the importance of fracture network and distribution on the 
movement of the spilled fuel. 
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Figure 3.16 Conceptual model of LNAPL movement during (a) the winter period after 
fresh spill when the water table is low, and (b) in the spring/summer when the spill 
source is removed or contained and the water table is elevated.  



 
 

 
 

 
Figure 3.17 Summary of subsurface behavior of LNAPL in porous media including fractured bedrock. 
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4 ESTIMATION OF ACTUAL LNAPL THICKNESS IN A FUEL 

CONTAMINATED ARCTIC MINE SITE3 

4.1 Introduction 
More than 99% of spilled fuel in contaminated environments remains 

as trapped immobile or mobile free product in both the vadose and saturated 

zones of the subsurface (Weiner, 2000). Estimating the amount of free 

product remaining in such an environment is crucial to an effective remedial 

strategy. This study involves estimating the actual thickness of light 

nonaqueous phase liquid (LNAPL) hydrocarbon from measured apparent 

thicknesses in monitoring wells (MWs). This is done using a direct field 

approach at the Colomac mine site in the Northwest Territories (NWT). 

Chapter 2 discussed characterization efforts at the site in details. The site has 

0–4.6 m of overburden soil over fractured bedrock. Steeves Lake is adjacent 

to the fuel-impacted zone. The overburden soil consists of sand and gravel 

until with some peat along the bank of the lake (Chapter 2). Between 1990 

and 2003, approximately 24 spills of diesel fuel and some gasoline were 

reported at the site, as shown in Figure 4.1 (EBA, 2001, Biogenie, 2004). 

These were the result of leaks in stored fuel tanks and releases during 

transportation at the site. The major spills include 18,000 L in February 1990 

and 27,300 L in February 1997.   

Figure 4.2 shows the layout of the site, which can be divided into four 

areas, namely: tank farm, warehouse, Steeves Lake shoreline and 

powerhouse. More than 43 monitoring wells (MWs) were installed in 2000 

using a diamond percussion hammer drill, and an additional 23 MWs were 

installed between 2005 and 2007 using a percussion rotary drill. The MWs 

were cased through the overburden soil up to 1 m into the bedrock. The 

annulus between the casings and the formation was backfilled with bentonite 

                                                        
3 A version of this chapter has been published.  
Iwakun, O., Biggar, K.W., Sego, D., 2010. Estimation of actual LNAPL thickness in a fuel-
contaminated mine site. Cold Regions Science and Technology, 60:212-220. 
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pellets and flushed with water. The MWs were not screened below the 

casing. Table 4.1 shows a summary of the MW logs for selected MWs (EBA, 

2001). The depths at which fractures were noted and fuel odors detected 

were referred to as fracture and product depths respectively (Table 4.1). The 

MW-logs showed detectable strong odor of fuel in the overburden soils and 

up to nine meters into the fractured bedrock. In MW 12 and 26, a faint odor 

(FO) of spilled fuel was observed more than 9 m into the bedrock. The well-

logs also showed that the upper section of the bedrock is highly fractured, 

and that the fracture density decreased significantly with depth. Hydraulic 

test results (obtained in collaboration with scientists from Environment 

Canada) at the site (Figure 4.3) corroborated the MW-log data and rock cores 

examined in subsequent drilling by SEACOR (2007) shown in Figure 4.4. 

Thus, apart from the localized fractured zone in the upper section of the 

bedrock, it appears competent.   

Chapters 2 and 3 described remedial measures implemented at the 

site. These include LNAPL recovery from MWs, the construction of a frozen 

core interceptor trench to mitigate free product migration to the adjacent 

lake, and the removal of overburden soil at the tank farm area and its biopile 

treatment on site. Despite these measures, LNAPL has persisted at the site.   

The LNAPL thickness measured in MWs does not truly represent what 

is in the formation. Factors influencing apparent LNAPL thickness may 

include water table fluctuations, freezing-induced displacement, media 

texture, and the availability of free product in the formation (Weiner, 2000; 

Dippenaar et al., 2005; Chapter 3; Barnes et al., 2004). A depressed water 

table may enhance drainage of LNAPL in the vadose zone and remobilization 

into the MW of LNAPL trapped in a previously saturated zone. However, an 

elevated water table may push LNAPL back into the formation and entrap 

LNAPL below the water table (Catalan and Dullien, 1995; Aral and Liao, 

2002; Chapter 3). In permafrost environments, water expansion due to 

freezing may cause the physical displacement of mobile petroleum 

hydrocarbon (PHC) from soil matrixes and enhance LNAPL accumulation. 
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Capillary suction in a formation will exert upward pull on LNAPL in the 

formation, thereby increasing its thickness and subsequent drain into the 

MW. This explains why LNAPL is thicker in finer formations thus, 

accumulated LNAPL in MWs is also dependent on its availability in a 

formation (Weiner, 2000). Thus, LNAPL thickness in a monitoring well is not 

representative and in disequilibrium with LNAPL thickness in the formation. 

This accounts for why measured LNAPL thickness in a monitoring well is 

often referred to as “apparent LNAPL thickness”. This disequilibrium is due 

to fluctuations in the LNAPL and water interface in the formation. 

Kemblowski and Chiang (1990) postulated that differences in the residual 

LNAPL saturation below and above the water table, and preferential flow 

through the monitoring wells account for LNAPL thickness variation in the 

formation. 

The actual LNAPL thickness in a formation is often construed as a 

uniform saturated mobile LNAPL layer in the formation as illustrated in 

Figure 4.5. Methods often employed to measure the actual LNAPL thickness 

in the formation are direct and indirect methods (Saleem et al., 2004). The 

direct methods include excavation, use of geophysical probe, soil sampling, 

and bail down test. The indirect methods include theoretical correlations and 

empirical correlations based on laboratory experiments. The indirect 

methods assume that: (1) the formation is homogeneous; (2) There exist a 

uniform saturated LNAPL layer in the formation; and (3) that the MW and 

the surrounding formation are in equilibrium (Liao and Aral, 1999; Saleem, 

2004; and Dippenaar et al., 2005). These assumptions have resulted in large 

uncertainty in using the indirect methods. Besides, the indirect methods are 

mostly incorrect due to natural heterogeneity and static disequilibrium in the 

formation (Hampton and Miller, 1988; Liao and Aral, 1999; and Dippenaar et 

al., 2005). According to Wagner et al. (1989), such analytical approach may 

lead to over estimation of spilled volume, and no indirect method can be 

trusted in the field without further validation. 
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The direct method commonly employed in the field is the bailout (or 

baildown) test because it is quicker, gives smaller value than apparent 

LNAPL thickness from the MW, and easier to perform than other direct 

methods (Hampton et al., 1990). The bail down test involve (1) bailing of free 

product from the MW; (2) measuring and plotting of depths to free product 

and water over time; and (3) interpreting and inferring the product 

thickness. However, controversy exists in the literature on the interpretation 

of data obtained from the bail down test because there is no established basis 

for why or how they work (Hampton et al., 1990; Testa and Winegardner, 

2000). Huntley et al. (2000) argued that a “true LNAPL thickness” 

determination using bailout test has no theoretical basis, but provide useful 

information on LNAPL mobility in the formation under the prevailing 

hydraulic condition.  

Figure 4.6 to Figure 4.8 illustrate some of the discrepancies in the 

interpretation of bailout test. Yaniga (1982) and Yaniga and Demko (1983) 

presented a graphical interpretation of the bailout test without any other 

justifications than correlation with measured values in the field using other 

approaches (Figure 4.6). Gruszczenski (1987) described another graphical 

interpretation of the bailout test based on the assumption that pendular 

water is negligible, fluid phases are independent of each other, and assume 

enough time has passed for equilibrium to occur (Figure 4.7). Furthermore, 

Hughes et al. (1988) discussed another graphical interpretation based on the 

assumption that the initial surface of the product is the same as that in the 

formation, neglects LNAPL flow from the capillary fringe above the LNAPL, 

and assume enough time has passed for equilibrium to occur (Figure 4.8). All 

the afore-mentioned methods of graphical interpretations are based on 

direct empirical comparisons of measured and interpreted LNAPL 

thicknesses in contaminated aquifers. Testa and Wingardner (2000) provide 

further discussion on these methods. The main disadvantages of the bailout 

test are:  
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a. Neglects the effect of groundwater fluctuation on LNAPL thickness 

because the measurements taken are snapshots in time that do not 

consider fluctuation in LNAPL thickness; 

b. Neglects situations where the LNAPL in MW is not derived wholly or 

partly from the adjacent formation;  

c. Assumes the MW is in equilibrium with the formation; and 

d. It is developed for porous media and may not be valid for fractured 

media involving discrete flow. 

However, at LNAPL contaminated sites in fractured bedrock 

environment, Dippenaar et al. (2005) evaluated both the indirect and direct 

field approaches and concluded that the direct field approach is more 

accurate because the assumptions of homogeneity and isotropy that underlie 

the indirect methods do not hold for most field conditions. Besides, the 

indirect approach does not account for capillarity. Thus, Dippenaar et al. 

(2005) proposed a new method termed “the modified Gruszczenski method” 

to estimate the maximum LNAPL thickness in fractured media. The method is 

empirical and based on field observations. This study considered the direct 

field approach suggested by Hughes et al. (1988), and the modified 

Gruszczenski method described by Dippenaar et al. (2005) to estimate the 

actual LNAPL thickness at the Colomac mine site. 

4.2 Fieldwork 
Pertinent field activities in estimating actual LNAPL thickness that 

corroborate inference drawn in this study include monitoring the depths to 

LNAPL and water in the MWs, borehole imaging, and rock coring. An 

interface probe was used to measure the depths of product, water and the 

apparent bottom of the MWs. Table 4.2 shows the apparent product 

thicknesses in selected MWs. Most of the MWs had measurable LNAPL since 

installation. LNAPL persists in MWs in the tank farm area, and around the 

warehouse and the shoreline of Steeves Lake. LNAPL occurrence is sporadic 

in some of the MWs shown in Table 4.1. MWs chosen for analysis in this 
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study are those with free product all year round. Combinations of bailers and 

pumps were used to recover over 1000 L of free product between 2005 and 

2007.  

A Well-Vu camera system was used to image the MWs to observe the 

location of the major fractures and contaminated zones in the subsurface. 

Imaging results were correlated with the MWs logs and hydraulic tests at the 

site. Fracture widths were measured where possible from post-image 

analysis, and zones of marked discoloration were interpreted as product 

seepage zones. However, the camera system has some important limitations. 

While easy to deploy, it cannot provide images from oil-smeared zones due 

to reflection of light. The MWs with persistent free product were installed in 

2000 using percussion hammer drilling, and formed the basis of analyses in 

this study. The imaging does not ascertain the interconnectivity or extent of 

fracturing in the formation, and the observed fractures may be artefacts of 

MW scarring associated with drilling. Thus, direct correlation of the 

measured fracture width from the images with the coefficient of permeability 

is inappropriate. 

Multiple seepage zones exist in MWs 12 and 26 north of the tank farm 

area. Figure 4.9 shows a sample snapshot in one of the MWs. Other selected 

images of the MWs are given in Appendix E. From the photographic 

measurement of some of the images, the estimate of average macro fractures 

is 800 µm, and that of micro fractures are less than 100 µm. Figure 4.10 and 

Figure 4.11 show the summary of the logged inclinations of the core fractures 

(SEACOR, 2007). It was not feasible to measure the orientation of the 

bedrock features in the MWs using the camera because of its uncontrolled 

rotation when lowered. Bedrock outcrops at the site were used to infer the 

orientation (i.e., azimuth shown in Figure 4.10) of the fractures at the site. 

This orientation is the same as dip direction of the fracture planes. Figure 

4.10 and Figure 4.11 show that the principal directions of the fractures are 

northwest, and are mostly sub-vertical and sub-horizontal as discussed in 

Chapter 2. 
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In general, the imaging results showed that the fracture intensity at 

the upper section of the bedrock is high. The MWs drill-logs and the 

hydraulic tests at the site corroborated such conclusion. Zones with marked 

discoloration (interpreted as contamination) were observed in the upper 

section (~ 5 m) of the bedrock. This is in agreement with a previous 

investigation at the site, which suggested that LNAPL might be trapped in the 

vadose zone (URS, 2002). However, contrary to that previous investigation, 

which stated that LNAPL might be limited to the soil-bedrock interface, it 

appeared that LNAPL had penetrated the shallow interconnected fractured 

section of the bedrock. Of MWs across the site, only those near the 

warehouse contained murky water. The murkiness may be due to 

contamination by oil and grease used in the mechanical workshop at the 

warehouse.  

Between April and June 2007, 15 MWs were installed at the site 

(using rotary coring) to improve delineation of subsurface geology, 

contamination extent, and the recovery of free product if found. The drilling 

also provided an opportunity to obtain core samples from the subsurface. 

Samples of the recovered rock cores are shown in Figure 4.4. Bedrock was 

reached at a depth of more than 3 m around the warehouse and south of the 

site. The rock quality designation (RQD) of the upper 1.5 m of the bedrock 

was below 50%. Between 1.5 and 5 m, it ranged from 50 to 100%. Below 5 m, 

it was above 90% for most of the recovered cores (SEACOR, 2007). This 

agrees with inferences drawn from the hydraulic test results and borehole 

imaging at the site.  

The fracture pattern in the upper section of the bedrock is sub-

vertical and horizontal. The inclination of the sub-vertical fractures ranged 

from 60o to 85o to the horizontal, and that of the sub-horizontal fractures 

ranged from 0o to 40o to the horizontal. The horizontal fractures are between 

0.3 and 1 m apart, and their frequency decreases with depth. At the 

warehouse, the observed fractures are mainly horizontal with occasional 

sub-vertical features. Hydrocarbon odor was noticed between 3.3 and 3.6 m 



 
 

106 
 

below the surface at the warehouse. At the north side of the site, bedrock is 

around 4.6 m below the surface, and the overburden consists of blast rock 

fill. The fracture pattern is similar to that at the south side and the 

mineralogy of the core samples at depth was calcite quartz (SEACOR, 2007). 

There is a layer of peat-like material above the bedrock surface with 

increasing thickness towards the lake. At depth, the bedrock is competent 

but intercepted with fractures associated with fold remains. Fuel odor was 

noticed in cores obtained from new MWs near MW 12 and 26 up to 9 m into 

the bedrock.  

4.3 Methodology 
Two direct field approaches to determine LNAPL thickness at the site 

are that of Hughes et al. (1988) and the modified Gruszczenski method as 

described by Dippenaar et al. (2005). The former involves the probing of 

MWs to determine depths to static water and LNAPL, and bailing out only the 

free product (LNAPL) from the MW. The LNAPL and water are then allowed 

to equilibrate with the formation. During equilibration, a level is reached at 

which the LNAPL recharge rate decreases at a steady rate until equilibrium. 

This inflection level is taken as the base of mobile free product layer in the 

formation. Thus, the actual LNAPL or product thickness is the distance 

between the inflection point and the initial static level at the top of the 

LNAPL layer. Determining the inflection point requires plotting the LNAPL 

level as a function of time after the removal of free product from the MW 

(Figure 4.8). The challenges of this approach are bailing out only free product 

from the MW, and monitoring formations with slow LNAPL recharge rates. 

The physical basis of this test is that if the depth of water table in the 

formation, which corresponds to the base of the LNAPL layer, can be 

determined. Then, it is possible to estimate the actual LNAPL thickness in the 

formation by subtracting the depth to product (DTP) from the depth to water 

table, assuming the DTP in the monitoring well is the same as that in the 

formation. 
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The second direct field approach overcomes the abovementioned 

difficulties but requires data spanning over a longer period of monitoring. In 

this method, both oil and water are recovered from the MWs. However, it 

also requires probing of MWs for water and free product. Thus, for MWs that 

have undergone periodic bailouts, the logged data for depths to water (DTW) 

and depths to free product (DTP) are used to estimate the actual product 

thickness in the MWs. Determining the actual product thickness involves 

plotting the apparent product thickness against the DTP and DTW. The level 

corresponding to the intersection of DTP and DTW trends is taken as the 

static DTW or water level, and the product thickness corresponding to the 

intersection of the trends is the maximum actual product thickness in the 

formation (Figure 4.12). The static DTW is the level at which there is no free 

product suppressing the water (Dippenaar et al., 2005). Formation 

heterogeneity and temporal water table fluctuation are implicitly factored 

into the analysis with the determination of the static water level. Thus, the 

modified Gruszczenski method takes into consideration the historical free 

product fluctuations, mathematical indiscernible processes (i.e., changing 

hysteresis, saturation, and capillarity), and historical data. The method does 

not attempt to determine a single actual product thickness but maximum 

actual product thickness that can occur in the formation.  

Analysis through this direct field approach requires the use of MWs 

with continuous measurable free product. This is valid only for MWs 12, 26, 

and 17 as shown in Table 4.2. Other MWs with very thin free product, i.e. MW 

30, were analyzed for comparison purposes. The method described by 

Hughes et al. (1988) was implemented in MW 26 in June 2006 and in MW 12 

in December 2006. The amount of LNAPL in the MWs influenced their 

selection for the test. However, for the modified Gruszczenski method, no 

special test was carried out because the available historic MWs probe data 

for DTW and DTP were used for the analysis. 
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4.4 Results and Discussion 
Table 4.3 shows the results of tests conducted in MW 12 and 26 using 

the method by Hughes et al. (1988). No analysis was performed on the test 

results because the LNAPL recharge was insignificant during the three- to 

four-day testing period in both MWs. The reasons for the insignificant 

recharge may include: (a) slow recharge rate, (b) inactive mechanism 

mobilizing flow, (c) blockage of migration pathways by ice veins as discussed 

in Chapter 3, and (d) geology of the site. The slow LNAPL recharge rate may 

be caused by trapping of the LNAPL in the vadose zone by capillary suction, 

which is complicated by significant ground ice at the site. LNAPL 

accumulation in MWs 12 and 26 occurred between 6 and 10 m below the 

ground surface. Since the overburden soil is only 1.2 m thick in that area, the 

fracture pattern and orientation will dictate the movement of LNAPL in the 

fractured upper section of the bedrock. If no pool of LNAPL exists at the 

depth of accumulation in the MWs, the observed LNAPL may come from a 

shallower part of the formation as depicted in Figure 4.13. The vertical and 

sub-vertical fractures intersecting the MW may not be positioned to allow 

significant recharge of LNAPL in the MW at depth. Reasons for this may 

include: (1) The intersecting fracture dips up-gradient past the saturated belt 

of the LNAPL, (2) it is outside the capture zone, (3) the saturated LNAPL 

layer may be so thin that it requires more time for gravity drainage to occur. 

If the intersecting fractures are outside the capture zone, the LNAPL may 

accumulate in other fractures that do not intersect the MW. Remobilization of 

such LNAPL may require the raising of the water table and thaw of the upper 

zone.  

Some accumulation of LNAPL in the MWs may result from 

remobilization of LNAPL trapped in the formation resulting from gravity 

drainage, water table, and thermal fluctuation. Ground warming may 

enhance LNAPL movement by thawing ice blocking the migration pathway of 

the mobile LNAPL and/or reducing LNAPL viscosity. Other impacts of ground 
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warming include increase in volatilization and solubility of LNAPL 

components, which may reduce the amount of residual free product in the 

formation. LNAPL recharge and accumulation resulting from ice thawing may 

be sharp and discontinuous. The same may be true for the freezing process 

where expanding ice may cause the displacement of isolated blobs of trapped 

LNAPL in the formation, thereby enhancing their gravity drainage. The 

magnitude of movement due to freezing induced displacement is dependent 

on water content and the degree of matrix interconnectivity. Thus, it seems 

the method described by Hughes et al. (1988) is unsuitable for determining 

the actual LNAPL thickness in the formation for this site.  

Using historical data of depths to product and water for MWs 12, 26, 

17, and 30, the modified Gruszczenski method by Dippenaar et al. (2005) was 

used with results shown in Figure 4.14 to Figure 4.17. Analysis of the data 

from MWs 12 and 26 suggested that LNAPL accumulation in the MWs 

occurred between 8 and 10 m below the ground surface. The zone of 

accumulation does not imply that a pool of LNAPL exists in the formation 

adjacent to it because the LNAPL did not recover appreciably when bailed 

out. The estimated maximum actual LNAPL thickness north of the tank farm 

area around MWs 12 and 26 is 8 cm (Figure 4.14 and Figure 4.15). 

Comparison of the fracture pattern in this zone with the well log and 

borehole image does not reveal any special features at that depth. This 

implies that the accumulated LNAPL may have come from the upper 

fractured zone in the bedrock. The lack of LNAPL recharge when bailed 

suggested that temporal fluctuation in the water table played an important 

role. Raising the water table may cause buoying and remobilization of LNAPL 

in locked up fractures, which may subsequently drain by gravity when the 

water table recedes. Thus, raising the water table may recharge vertical and 

sub-vertical fractures intersecting the MW, thereby enhancing LNAPL 

accumulation in the MW when the water table recedes. Recent excavation 

around MW 12 and 26 revealed LNAPL thickness of approximately 3 cm at 8 

m below the ground surface (JWA, 2009). This value is below the estimated 
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maximum actual product thickness and the discrepancy may be attributed to 

lack of time for LNAPL equalization in the field and cumulative recovery of 

LNAPL at the site.    

The data for MW 30 adjacent to the lake did not present a clear trend 

as shown in Figure 4.16. The apparent LNAPL thicknesses in MWs adjacent to 

the lake are lower than the measured apparent LNAPL thicknesses observed 

in MWs 12 and 26. The data suggest a mixed zone of water and LNAPL within 

one meter of the ground surface. Thus, migrating LNAPL from the tank farm 

area and the remobilization of those trapped in the subsurface adjacent to 

the lake may account for the LNAPL measured at this location. Subsurface 

characterization also revealed a near vertical feature parallel to the bank of 

the lake around MW 15, 29, and 30, which may serve as a conduit for LNAPL 

storage. However, for safety reasons, the area was not excavated.  

Analysis of MW 17 data around the warehouse shows that the 

maximum actual product thickness is zero. Figure 4.17 also showed a clear 

trend of LNAPL accumulation as the water table recedes. The static water 

level in the warehouse area is 4.625 m below the ground surface. MW log, 

bedrock core and borehole imaging suggested that fuel impact is limited to 3 

m below the ground surface. However, there is the possibility of LNAPL 

trapping and storage in shallow vertical and sub-vertical fractures in the 

area. Water table fluctuation may remobilize trapped mobile free product in 

this area. The active layer of thermal fluctuation is extended up to 14 m 

below the water table in this area (Figure 4.18). Thus, freezing displacement 

and temperature induced capillary drainage associated with cyclic freeze-

thaw may play secondary roles in mobilizing free product in that area as 

discussed in Chapter 3 and Chapter 6.  

At this site, the measured apparent free product thicknesses did not 

come from LNAPL pool above water table in the adjacent formation. The idea 

of uniform saturated LNAPL thickness is not applicable to all media. Product 

thickness in the formation is not a single value because it depends on the 

water table fluctuations, changes in residual saturation, wetting history, and 
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capillary regime. Thus, the actual product thickness can be construed as 

equivalent to the thickness of mobile LNAPL in the formation if allowed to 

accumulate atop the water table. Thus, if the extent of the contaminated area 

is known, the volume of recoverable hydrocarbon can be estimated.  

4.5 Conclusions 
In this study, a direct field approach was used to estimate the actual 

LNAPL thickness in the formation at the abandoned Colomac mine site. Both 

the modified Gruszczenski method and that described by Hughes et al. 

(1988) were evaluated. The modified Gruszczenski method provided useful 

estimates of the actual LNAPL thickness at the tank farm area where most of 

the contamination occurred. The value obtained was corroborated by 

excavation at the site around MW 12 and 26. The actual LNAPL thickness 

varied across the site, but the estimated maximum actual LNAPL thickness 

north of the tank farm area was 8 cm and the observed actual thickness was 

3 cm. This discrepancy is attributable to cumulative LNAPL recovery at the 

site. The method described by Hughes et al. (1988) was unsuitable for this 

site because of low LNAPL recharge in the MWs after bailing. The study 

shows that the depth of LNAPL accumulation in the MW does not always 

correspond to that of the LNAPL pool in the adjacent formation, especially 

when dealing with fractured media. Analysis of the data suggests that water 

table fluctuation plays an important role in mobilizing free product from the 

formation at the site. Water table elevation plays an additional role of 

remobilizing the available free product from dead end fractures in the 

formation. However, engineered fluctuation of the water table to enhance 

free product recovery without well-controlled boundaries may enhance 

contaminant migration. Seasonal deep freezing in the fractured bedrock also 

appears to play a significant role in seasonal LNAPL mobility but the effect is 

uncertain and requires additional study. 
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Table 4.1 Drill log for selected monitoring wells (MWs). 

 
 
Table 4.2 Apparent LNAPL thickness of selected monitoring wells from 2005 
to 2007.  
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Table 4.3 Data obtained using the method described by Hughes et al. (1988). 
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Figure 4.1 Fuel spill history at Colomac mine site. Shown on the map are the quantity 
spilled (when known), the location, and the date of spillage.  
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Figure 4.2 Site layout showing the relative location of the installed monitoring wells 
(MWs).  

 
Figure 4.3 Transmissivity distribution at the site showing that the upper sections of the 
bedrock are more transmissive and that the mean transmissivity may be less than 10-9 
m2/s assigned to test sections that were too tight to test due to equipment limitations. 
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Figure 4.4 Core samples retrieved from one of the newly installed MWs (MW 38) at the 
site. The cores shown above are from the upper 4 m of the bedrock. The fracture pattern 
ranged from vertical to horizontal. The upper section of the bedrock is highly fractured 
with a rock quality designation (RQD) of less than 50% in many cases. 

 

 
Figure 4.5 Illustration of actual LNAPL thickness in the formation as often construed in 
the literature (modified after Weiner, 2000).  
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Figure 4.6 Sample of graphical results using Yaniga’s method to estimate actual LNAPL 
thickness in the formation (modified after Hampton et al., 1990). 

 
Figure 4.7 Sample of graphical results using Gruszczenski’s method to estimate actual 
LNAPL thickness in the formation (modified after Gruszczenski, 1987). 
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Figure 4.8 Sample of graphical results using Hughes et al. (1988) method to estimate 
actual LNAPL thickness in the formation (modified after Hughes et al., 1988). 
 

 

 
Figure 4.9 Sample of borehole image snapshots from Well-Vu camera. Characteristically 
stained sections of the MW are rife in the upper section of the bedrock. The image 
shown above is for MW 26. Accumulated LNAPL in the MW came from the contaminated 
upper section (~ 7 m) of the bedrock. 
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Figure 4.10 Rose diagram summarizing the azimuths and inclinations of fractures from 
bedrock core samples at the Colomac mine site. The azimuths are inferred from bedrock 
outcrops. 

 
Figure 4.11 Stereonet the bedrock fractures. The data point density contour shows that 
the fractures are generally sub-vertical and sub-horizontal, and oriented northwest. 
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Figure 4.12 Sample of graphical results using modified Gruszczenski method. 

 
Figure 4.13 Conceptual geological section of subsurface contamination at the Colomac 
mine site. 
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Figure 4.14 Analysis of product thickness estimation in MW 12. 

 
Figure 4.15 Analysis of product thickness estimation in MW 26. 
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Figure 4.16 Analysis of product thickness estimation in MW 30. 

 
Figure 4.17 Analysis of product thickness estimation in MW 17. 
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Figure 4.18 Monthly average temperature profile for thermistor probe near MW 9 at the 
warehouse area. 
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5 GROUNDWATER GEOCHEMICAL CHARACTERIZATION 

AT THE COLOMAC MINE SITE4 

5.1 Introduction 
Restoration of a contaminated site to a site-specific cleanup standard 

requires a good understanding of the physical hydrogeology, hydrochemical 

characteristics, and geochemical interaction at the site. These 

understandings aid in risk assessment, proper selection of remedial 

technique, and evaluation of its effectiveness. In the Arctic and its environs, 

the discovery of valuable mineral deposits is increasing mining activities, and 

contamination arising from these activities can pose a significant challenge. 

This study attempts to gain insight into the groundwater evolution and 

geochemical processes at a fuel-contaminated site in a permafrost 

environment. The choice of the abandoned Colomac mine site was because it 

provided a rare opportunity to study the fate of petroleum contamination in 

a fractured bedrock permafrost environment. The main objectives of this 

study include assessment of the groundwater quality against Canadian 

Council of Ministers for Environment (CCME) guideline for freshwater 

habitat, and identification of the main geochemical processes at the site. 

5.2 Site description 
The Colomac mine site is located in a discontinuous permafrost 

environment within the Indin Lake Supracrustal Belt (ILSB), approximately 

220 km northwest of Yellowknife, Northwest Territories (NWT) (Shelton et 

al., 2000, Chapter 2). The ILSB contains metavolcanic and metasedimentary 

rocks subjected to greenschist to amphibolites metamorphism at 2.6 Ga 

(Morgan, 1990). The site was an open pit gold mine that operated between 

                                                        
4 A version of this chapter has been submitted for publication. 
Iwakun, O., Ulrich, A., Biggar, K.W., and Sego, D., 2010. Geochemical characterization of a fuel 
contaminated fractured bedrock in a permafrost environment. Submitted to Journal of 
Environmental Engineering. 
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1990 and 1997. It became insolvent in 1999 and was closed and abandoned. 

At present, the contaminants and remediation directorate of Indian and 

Northern Affairs Canada (INAC) is responsible for its cleanup. The site has 

between 0 to 4.6 m of overburden soil that is composed primarily of sand 

and gravel with some peat towards the surrounding lakes, and is underlain 

by fractured bedrock identified as greywacke. The bedrock is strongly 

foliated with metamorphosed siliceous and slaty units (Hearn, 1990). At the 

site, the shallow gold mineralization is sulfide-hosted associated with 

pyrrhotite, pyrite, arsenopyrite, chalcopyrite, and magnetite (Hearn, 1990). 

According to Shelton et al. (2000), the mineralization occurred within quartz-

carbonate veins within the metavolcanic rocks in close contact with the 

metasedimentary rocks at the site.   

Bedrock outcrops at the site generally appear to be massive and 

competent, except near occasional site-scale linear features, where they 

appear weathered and highly fractured. Previous work and an examination of 

bedrock exposures at the site identified three major fracture sets, one sub-

horizontal and two sub-vertical sets (Van Stempvoort et al., 2006; Chapter 3). 

On-site investigation suggested that the bedrock is competent at depth while 

the upper section is highly fractured (Chapter 2). While various areas of the 

mine site are being remediated, this study was carried out in the fuel-

contaminated areas. More than twenty-four fuel spills (mainly diesel) were 

reported at the site between 1990 and 2003 (as shown in Figure 5.1), and 

various measures have been taken to mitigate fuel migration and to 

remediate the site. These measures were described in Chapters 2 and 3, and 

some are summarized in Figure 5.2. On-site efforts to characterize the extent 

of contamination and groundwater quality necessitated the installation of 

monitoring wells (MWs) in 2000 and 2005-2007 at the site (Figure 5.2).  

5.3 Methodology 
Three broad tasks implemented to achieve the stated objectives were 

depth probe monitoring, groundwater sampling, and installation of dedicated 
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thermistor boreholes at the site. Eleven thermistor strings with dedicated 

data-loggers were installed in 2006 to monitor thermal fluctuations of the 

ground to depths of 15 m (Figure 5.2). Each string had eight sensors spaced 

at known distances with a thermistor controller (data-loggers) at the top. 

Wooden frames were used to house the data-loggers one meter above the 

ground surface, which were operated using battery packs. The sensors with 

the data-loggers were periodically checked and downloaded, and the 

batteries replaced at intervals not exceeding six months.   

An interface probe was used to measure the depth to the product (i.e., 

to free product petroleum hydrocarbon), to water, and to the bottom of the 

well for all sampled MWs before and during sampling when purged. The 

depth of thaw in the MWs was monitored in 2005 and 2006, wherein ice was 

inferred when the measured well bottom was less than the known depth of 

the MW. Several groundwater samples were taken at the site between 2005 

and 2007 using a dedicated bailer. Discrete interval sampling using a 

peristaltic pump and packer assembly was undertaken in late August of 2005 

as reported in Chapter 2. When the depth to water was greater than 8 m, a 

submersible pump was used. Most of the sampled MWs had only a thin film 

(less than 4 mm) of product or none at all. In MWs with continual free 

product, the product was removed before sampling. For non-discrete interval 

sampling, samples were taken at approximately one meter below the water 

level. The groundwater was sampled for both organic and inorganic 

constituents. For the non-discrete sampling events, three sample sets were 

taken, two for inorganic and one for organic constituents. The inorganic 

samples were subdivided into, namely, ion-samples and dissolved metals 

samples, and were filtered through 0.45 µm filters in the field. When 

sampling for dissolved metals, nitric acid (HNO3) was added to bring the pH 

of the sample below two after filtration. The samples were then stored in a 

200 mL plastic bottles. For ion-sampling, no preservatives were added. 

Added to samples for the organics, ammonia, nitrate, and nitrite to bring the 

pH below two was sulfuric acid. All samples were stored below 4oC until 
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analyzed in the laboratory. In the field, all organics were sampled directly to 

duplicate 44 mL glass vials without headspace for later direct analysis in the 

laboratory. Parameters measured in situ included pH, temperature, 

conductivity, and alkalinity. The first three parameters were measured using 

pH and conductivity probes and the latter with a Hach alkalinity test kit. For 

detailed sampling in 2005 and 2006, the dissolved oxygen (DO) in selected 

MWs was measured in the field immediately upon sampling using a 

CHEMETS DO tester. There were a number of instances of equipment 

malfunction in the field, especially with the pH and conductivity probes. In 

some cases, the probes failed to equalize after more than an hour in the harsh 

northern environmental conditions. Thus, the aforementioned parameters 

were not measured for all monitoring wells (MWs). Two sampling events 

were performed in both 2006 and 2007. The MWs were typically sampled in 

June and September of each year. The June samples represented the 

groundwater quality after the first snowmelt, and the September samples 

represented the water quality when the ground was thawed. 

In the laboratory, the ions were measured by Ion Chromatography 

(IC) using a DIONEX ICS-2500 system, with CS12A and AS14A analytical 

columns for cations and anions respectively; using EPA method 300.1. An 

Inductively Coupled Plasma Mass Spectrometry (ICPMS) was used to 

determine dissolved metals, using EPA Method 6020. Analysis for the 

organics was done using Gas Chromatography with Flame Ionization 

Detector (GCFID), using EPA method 8015D. The groundwater sample 

analyses were performed at the Applied Environmental Geochemistry 

Research Facility at the University of Alberta. 

Piper and Stiff diagrams were used for the interpretation of the 

inorganic constituents at the site. Conclusions inferable from Piper diagrams 

include the water type, precipitation or solution, mixing, and ion exchange 

(Hounslow, 1995). Figure 5.3 shows a summary of Piper plots interpretation. 

For source rock deduction, the bicarbonate to silicate ratio must be 

considered. Hounslow (1995) presented a table of source-rock deduction 
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summary of reasoning. This was used in combination with the Piper diagram 

for the groundwater analyses. In this study, the Stiff diagram is used to 

complement analyses from Piper diagram. The Stiff diagram reflects ionic 

composition of the water constituents, which are plotted on parallel axes to 

form a polygon with cations to the left and anions to the right. The shape of 

the resulting diagram is useful for source-rock deduction. Hounslow (1995) 

presents more details on Piper and Stiff diagrams. In this study, Rockware 

AqQA(R) was used for internal constituency analyses (i.e., ionic balance). This 

was combined with Rockware Rockworks(R) to generate the Piper and Stiff 

diagrams presented in this paper. A batch geochemical analysis was 

performed to determine the saturation indices for gypsum, calcite and 

dolomite for some of the MWs. PHREEQC was used to aid in the 

interpretation of the groundwater constituents. The updated WATEQ4F 

thermodynamic database by Ball and Nordstrom (1991) was used for the 

PHREEQC analyses. PHREEQC was also used to perform inverse modeling of 

the groundwater to determine its evolution pathway. Solution species for 

halite, biotite and plagioclase were added to the PHREEQC database used for 

the simulation. 

Bicarbonate and carbonate concentrations were not determined in 

the laboratory but estimated from the measured total alkalinity in the field 

using equilibrium relationships based on mass action presented by Manahan 

(2000). These relationships are used by Rockware AqQA(R) for computing the 

fractions of carbonate and bicarbonate in a given solution when the total 

alkalinity is provided. It is assumed that the main contributors to the 

alkalinity are the carbonate and bicarbonate species in the water. 

The main organic constituents presented in this paper are benzene, 

toluene, ethyl-benzene, and xylenes (BTEX) with their spatial and time-series 

concentration. The geochemical analyses presented with respect to the 

feasibility of natural attenuation at the site are aimed at complementing 

previous studies discussed in Chapter 2, and Van Stempvoort and Biggar 

(2008). 
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5.4 Results and Discussion 
Shown in Figure 5.4 are the chemical compositions of the 

groundwater at the study area for 2006 and 2007. Generally, the water 

compositions in the monitoring wells (MWs) plotted at the top of the 

diamond apex and left of it in the Piper plots, have elevated calcium ion (
2Ca + ), sulfate ion ( 2

4SO − ), and bicarbonate ion ( 3HCO− ) concentrations. Thus, 

in comparison with the Piper-plot interpretation summary (Figure 5.3), the 

groundwater at the site lay in the region of permanent and temporary 

hardness, and the source-rock is rich in gypsum. The chloride ion ( Cl− ) 

concentrations of the groundwater were mostly less than 10 mg/L with few 

outliers, and the ratios of sodium ion ( Na+ ) to ( Na Cl+ −+ ) are greater than 

0.5 in all samples, implying sodium source other than halite is present. The 

Stiff diagram in Figure 5.5a shows that the calcium and magnesium 

concentrations in most of the samples were higher by at least a factor of two 

than other analytes except 3HCO−  and 2
4SO − . Thus, the excess sodium ion is 

likely not due to ion exchange or natural softening but dissolution of albite 

(or other plagioclase) in the formation. Except for MW 51 upgradient of the 

site, the calcium ion ( 2Ca + ) concentrations (in milliequivalent per liter) are 

greater than the sulfate ion ( 2
4SO − ) concentrations and the ratios of 2Ca + to (

2 2
4Ca SO+ −+ ) are greater than 0.5. Thus, sources (i.e., carbonates or silicates) 

other than gypsum are likely responsible for the excess calcium. The ratios of 

bicarbonate concentrations ( 3HCO− ) to silica concentrations ( 2SiO ) (in 

millimol per liter) are mostly greater than unity (Figure 5.5b), which infers 

that carbonate weathering predominates at the site and accounts for the 

excess calcium in the groundwater. Albite (plagioclase) weathering can be 

inferred in instances where the 3 2HCO SiO− <  (Hounslow, 1995). The ratios of 

magnesium ion ( 2Mg + ) to ( 2 2Mg Ca+ ++ ) are less than 0.5, suggesting 

limestone and dolomite weathering. The calculated total dissolved solids 

(TDS) for most of the samples are greater than 500 mg/L, giving credence to 
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carbonate weathering at the site. Furthermore, the positions of the 

groundwater plots in the Piper diagram suggest that the ongoing 

geochemical processes are gypsum and calcite dissolution, pyrite oxidation, 

and albite dissolution. However, due to the difficulty in differentiating 

between pyrite oxidation from gypsum dissolution, further analysis was 

performed using PHREEQC as discussed later in this section. 

Groundwater samples are further grouped into different sets 

according to their site location as shown in Figure 5.6. The interpreted 

contours of autumn groundwater flow is northwest (when the MWs are 

mostly thawed) as shown in Figure 5.6. The data used to produce the 

groundwater head contours were corrected for the measured apparent 

product thickness in the MWs, where applicable. Figure 5.7 and Figure 5.8 

show the summary results of the grouped data sets of TDS, sulfate, total 

alkalinity, and dissolved iron at different locations at the site, subjected to the 

Kruskal-Wallis statistical test (Montgomery and Runger, 2003). Sample 

calculations of the analyses are given in Appendix F. The total dissolved solids 

(TDS) of each MW, calculated as summations of ions and silica in the data-

group, and subjected to Kruskal-Wallis tests using STATSOFT STATISTICA®, 

showed no significant difference in the data sets at 5% significance level 

(Figure 5.7A). It should be noted that when the calculated probability “p” is 

greater than the significance level “α”, the mean differences are insignificant 

but when p<α, the differences are significant. The same was true for sulfate 

and alkalinity at the site (Figure 5.7B and Figure 5.8A). However, for 

dissolved iron, significant differences exist in the grouped data sets (Figure 

5.8B). The dissolved iron concentrations in the powerhouse area are 

significantly more than the other areas, and the differences may be attributed 

to iron (III) reduction associated with anaerobic degradation of the spilled 

fuel as discussed later in this section. 

The mean sulfate concentration and alkalinity at the upgradient area 

are approximately 440 mg/L and 250 mg/L of 3CaCO respectively, and the 
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most elevated at the site. Contrariwise, the sulfate concentrations and 

alkalinity are lowest at the tank farm and warehouse areas respectively (e.g., 

300 mg/L and 160 mg/L of 3CaCO ). Decreased sulfate is accompanied by 

elevated dissolved iron at the tank farm area, suggesting sulfate and iron (III) 

reducing conditions in that area as speculated in Chapter 2. Lower sulfate ion 

concentrations existed along the bank of Steeves Lake and the warehouse 

area, but these were not accompanied by increased dissolved iron 

concentrations. A precipitation reaction between the dissolved iron formed 

due to iron (III) reduction and the hydrogen sulfide produced due to sulfate 

reduction may account for the low dissolved-iron concentration (Van 

Stempvoort and Biggar, 2008). Similarly, the high dissolved-iron 

concentrations at the powerhouse area are not accompanied by reduced 

sulfate concentrations. This implies that iron (III) is the dominant electron 

acceptor in the area. Though the mean sulfate concentration at the 

powerhouse is lower by approximately 20% than that in the background, it is 

still high. The mean total alkalinity in the powerhouse area is within 

statistical variability of the sampled data, but higher by at least 10% than that 

in the surrounding areas with the exception of the upgradient area. 

Nevertheless, there are still differences between the hydrochemical features 

of the different MWs. These differences may be attributed to subtle changes 

in local geology, fuel contamination, and thermal regime across the site. 

Comparisons of groundwater samples from June and September 

(given in Figure 5.4) showed no dramatic changes in hydrochemical features. 

In June, the surficial layer of the ground had just thawed, and the 

groundwater constituents were still expected to bear signatures of the 

freezing process and snowmelt before significant rainfall and subsequent 

runoff. Chapter 2 established that groundwater at the site moves from supra-

permafrost flow in early spring to intra-permafrost flow in winter. In 

addition, a pseudo-rise in the water table was observed in some of the MWs 

due to constriction of the well-bore by ice, as discussed in Chapter 2. 
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However, major ions and alkalinity in two selected MWs in the tank farm and 

Steeves Lake areas showed peculiar trends (Figure 5.9). The ground thermal 

profiles nearest the locations of the MWs are given in Figure 5.10. 

In general, site alkalinity tends to increase from June to September, 

though a few MWs showed decreases or no change, especially at the Steeves 

Lake and warehouse areas. In MW 4, calcium ions, dissolved iron, and 

alkalinity followed similar trends (Figure 5.9A). These parameters increased 

from June to September, while sulfate decreased slightly. Given that the 

upgradient sulfate concentration was high, the slight decrease in sulfate 

concentrations, which is lower than the upgradient concentration, is 

noteworthy. MW 4 was in the fuel-contaminated tank farm area where the 

overburden had been stripped, and as such, higher geochemical and 

microbial activities were expected. According to Berner (1971), microbial 

sulfate reduction can result in the formation of excess bicarbonate, which is 

corroborated by various studies involving water characterization and 

biodegradation. Additionally, aerobic respiration and denitrification can also 

contribute to alkalinity increase. Thus, the decreased sulfate may have been 

reductions in sulfate and iron (III) associated with microbial degradation of 

the spilled fuel. Increased concentration of dissolved iron also suggests 

natural attenuation at the site.   

The dissolved oxygen (DO) measured at the site using a CHEMETS 

colorimeter DO-Tester in 2006 averaged about 1 mg/L, except at the 

upgradient area, which had measured DO of 4 mg/L, corroborating the 2005 

data reported in Chapter 2. This affirms assertions from previous studies that 

the groundwater is in a reducing condition.   

In MW 15 on the shoreline of Steeves Lake, there was little to no 

change in the dissolved iron concentration over time (Figure 5.9B). The 

calcium ion and alkalinity had similar trends, and varied with that of the 

sulfate concentration. In 2006, sulfate concentration decreased from June to 

September. According to Mawhinney (1979), low temperatures and large 

thermal gradients due to cryogenous metamorphization (or cryogenic 
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expulsion) alter groundwater chemistry; however, the variability of the 

measured sulfate concentrations and other groundwater constituents does 

not support such a conclusion. Over the same period in 2007, the sulfate 

concentrations increased, and were accompanied by significant reductions in 

alkalinity at the site. Pyrite oxidation may have accounted for the increased 

sulfate concentration, which in turn may have been derived from infiltrated 

water from near the surface, since pyrite oxidation will only occur in the 

presence of DO. The groundwater DO in the Steeves Lake area was not 

measured in 2007. Groundwater speciation using PHREEQC and carbonate 

equilibria in Rockware AqQA(R)  showed that the water in all the MWs was 

undersaturated with respect to gypsum, aragonite, dolomite and calcite 

(Figure 5.11A). Thus, given that the calcium ion concentration was less than 

the sulfate ion concentration, the increased sulfate was likely due to pyrite 

oxidation. However, this does not explain the decreased calcium ion 

concentration in September 2007. Processes known to remove calcium from 

solution are calcite precipitation and ion exchange reactions. However, since 

the water thermodynamics do not support calcium loss due to calcite 

precipitation, cation exchange may be responsible for the decrease in calcium 

ion concentration. This notion was supported by the increase in sodium ion 

concentration over the same period. 

Moreover, it is unknown to what extent pyrite oxidation contributed 

to high background sulfate concentration at the site. Analyses from the Piper 

plot suggested that the water is 4Ca SO− type; however, the inferred 

dominant processes also suggest pyrite oxidation in addition to gypsum and 

carbonate dissolution. Pyrite oxidation often takes time in the presence of DO 

and often leads to decreased pH but increased dissolved-metal 

concentrations. Acidity contributed by pyrite oxidation can be neutralized by 

carbonate species in the groundwater leading to pH buffering. Depth 

concentration profiling at the site (Figure 5.11B) does not explicitly support 

near surface sulfide leaching and oxidation. Thus, in evaluating the relative 
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importance of pyrite oxidation to gypsum dissolution, inverse modeling 

using PHREEQC was performed to evaluate the evolution pathway of the 

groundwater. The data used for the inverse modeling are summarized in 

Table 5.1.  

The predominant source of fresh water in the Arctic is snowfall 

(Wrona et al., 2005). However, snowmelt water dominates infiltration in 

early spring, with a lesser amount of infiltration due to rainfall in late spring. 

Thus, the assumed freshwater source was a combination of snowfall and 

rainfall as reflected in the source water concentrations shown in Table 5.1. 

Figure 5.12 shows the inverse modeling results at 15% uncertainty. The 

mineral phases considered for each analysis are included in Table 5.1. 

Analyses were performed with and without dissolution of oxygen from the 

atmosphere. In inverse modeling using PHREEQC, there is a limit to the 

number of phases that can be specified for numerical convergence to occur. 

The number of phases and elements specified must not exceed 32. The choice 

of phases used for the simulation is based on the mineral phases’ saturation 

indices across the site, summarized in Figure 5.11A. 

The redox mole transfers common to all simulated inverse models are 

dissolved oxygen, iron (III) and sulfide ions. Positive and negative mole 

transfer infers dissolution and precipitation of the respective mineral phases. 

Figure 5.12A and B show results of models with the same mineral phases 

except that for the model output shown in Figure 5.12B, dissolution of 

atmospheric oxygen is allowed. The net redox mole transfers for both models 

are the same. Figure 5.12B shows that calcite is precipitated but in 

comparison with the summarized saturation index in Figure 5.11A, the 

model is not realistic, though thermodynamically possible. The other model 

outputs shown in Figure 5.12 have different phase combinations as 

summarized in Table 5.1. Model output in Figure 5.12D shows high calcite 

dissolution in response to pyrite oxidation. The model showed that if pyrite 

oxidation is predominant at the site, oxygen dissolution from the atmosphere 
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will be relatively high and there is likelihood of melanterite ( )4 2.7FeSO H O

precipitation. However, Figure 5.11A shows that the groundwater is grossly 

undersaturated with respect to melanterite and there is no observable 

evidence of melanterite deposition at the site, thus, it is unlikely that pyrite 

oxidation predominates at the site. Figure 5.12F shows that pyrite oxidation 

with gypsum dissolution is an important geochemical process at the site, 

however, the model showed sepiolite ( )2 3 7 2.5 : 3 0Mg Si O OH H precipitation, 

which is at odds with the present geochemical condition at the site because 

the groundwater is undersaturated with respect to sepiolite (Figure 5.11A). 

Figure 5.12C and Figure 5.12E show mineral phases in agreement with the 

present geochemical conditions at the site. Both models showed the relative 

importance of gypsum dissolution and pyrite oxidation. Though pyrite 

oxidation is possible, it is not the predominant geochemical process at the 

site. Both models also showed that gypsum dissolution is the dominant 

process at the site. Figure 5.12C does not show significant mole transfer with 

respect to calcite but rather significant transfer with respect to aragonite. In 

contrast, Figure 5.12E showed both calcite and aragonite dissolution.  

The measured BTEX concentrations at the site are grouped into 

different areas and subjected to Kruskal-Wallis test as shown in Figure 5.13A. 

The analyses show that significant difference exists in mean BTEX 

concentrations at the site. The warehouse area had the highest variability in 

BTEX concentration while the upgradient area had little to no measurable 

BTEX concentration. The only incident of BTEX measurement at the 

upgradient area occurred in June 2007 where 0.15 mg/L of m-p xylene was 

measured in MW 38. Other MWs including MW 104 and MW 51 registered no 

measurable BTEX compounds when analyzed. Interestingly, the BTEX 

concentration is relatively low in the tank farm area where most of the 

original contamination occurred.  

Figure 5.13B and Figure 5.14 show trends of BTEX constituents of 

interest in comparison to CCME (2009) guideline values for the protection of 
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freshwater aquatic life the. Figure 5.13B shows that the mean benzene 

concentrations are below CCME limit of 0.37 mg/L at the powerhouse area. 

The last monitoring, in 2007, also shows the mean benzene concentrations 

are less than the limit for all areas except at the tank farm area where it 

remained just above the CCME limit. Considering the variability of the 

measured concentrations, which may be up to 25% in mean values from 

Kruskal-Wallis analyses, the CCME limit was not met with respect to the tank 

farm and Steeves Lake areas. 

The temporal variation for the measured ethylbenzene concentrations 

at the site is shown in Figure 5.14A. Apart from the tank farm area, the mean 

ethylbenzene concentrations decreased in 2007. However, the measured 

concentrations were generally above the CCME limit of 0.09 mg/L except at 

the powerhouse area in 2007. The toluene concentrations at the site were 

above the CCME limit of 0.005 mg/L with higher concentrations at the 

warehouse area as shown in Figure 5.14B. The BTEX concentrations at the 

tank farm area appear relatively constant, unlike other areas where there 

were significant reductions in 2007. Knowingly that pockets of free product 

petroleum hydrocarbon persists at the site, the relatively constant BTEX 

concentrations at the tank farm area are understandable. Other geochemical 

indicators suggesting anaerobic biodegradation is ongoing at the site have 

been documented. Chapter 2, and Van Stempvoort, and Biggar (2008) 

discussed the presence of volatile fatty acid (VFA) and enriched isotopes of 

sulfate ( )34S  and oxygen ( )18O indicative of active biological degradation of 

PHCs at the site. 

The background dissolved iron concentration at the site are above the 

CCME limit of 0.3 mg/L, thus, iron should not be used as an indicator for the 

groundwater regulatory compliance at the site. Other inorganic groundwater 

constituents such as arsenic, lead, and cadmium are generally less than the 

CCME guideline for freshwater aquatic life at the site except aluminum and 

nickel (Figure 5.15), although there are instances where concentrations of 
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arsenic and lead exceeded the CCME limit of 0.005 mg/L and 0.007 mg/L 

respectively. Such instances are few and discontinuous throughout the 

monitoring period. Further analyses showed that the background aluminum 

concentrations are higher than the CCME limit and there is no significant 

difference in its mean values across the site (Figure 5.16A). However, the 

background concentrations of nickel are less than 0.1 mg/L and below the 

CCME limit of 0.15 mg/L. The concentrations at all other areas of the site are 

significantly higher than upgradient, but not significantly different from one 

another (Figure 5.16B). The higher nickel concentrations may be due to 

secondary contamination or mineralization of some sort.  

5.5 Conclusions 
This study provided insight to the groundwater hydrochemical 

characteristics at the abandoned Colomac mine site. It showed that the water 

is predominantly 4Ca SO− type and the active geochemical processes are 

gypsum dissolution and carbonate weathering. Inverse modeling results 

showed that while pyrite oxidation may be ongoing, it is of a far smaller 

magnitude than gypsum dissolution and carbonate weathering at the site. 

The site shows geochemical indicators of sulfate and iron reduction in 

support of hydrocarbon biodegradation, which are in agreement with 

previous studies in Chapter 2 and Van Stempvoort and Biggar (2008). 

The organic groundwater quality with respect to BTEX exceeded the 

CCME limit for freshwater aquatic life. However, most recent data showed a 

decline in the dissolved BTEX constituents, especially benzene and toluene in 

support of biodegradation. Due to the persistence of residual phase 

hydrocarbon at the tank farm area where most of the fuel contamination 

occurred, the BTEX concentrations were relatively constant over time. The 

background dissolved iron and aluminum concentrations are above the 

CCME limit at the site. However, the relatively higher nickel concentrations 

above the background values require further investigations. Other inorganic 
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constituents of interests including copper, lead, arsenic, and cadmium are 

below the CCME limits.  

This study underscores the importance of mineralogical composition 

of the local bedrock on groundwater constituents. The high background 

sulfate at the site is due to outwashing and dissolution of the surficial 

minerals. There was no evidence of acid mine drainage at the site and these 

findings are particularly useful for other active mine sites with similar 

geology and regional hydrogeology where previous geochemical studies are 

lacking.  
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Table 5.1 Summary of parameters used for the inverse modeling. 
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Figure 5.1 Spill history at the abandoned Colomac mine site showing the quantity 
spilled, relative locations and spill date. 
 

 
Figure 5.2 Site layout showing the relative locations of the installed monitoring wells 
(MWs) and thermistor strings with some implemented remedial strategy at the Colomac 
mine site. 
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Figure 5.3 Piper plot interpretation summary (modified after Hounslow, 1995). 
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Figure 5.4 Piper plot of major ions in selected MWs at the Colomac mine site. 
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Figure 5.5 The A part shows the Stiff diagram of selected MW samples for June 2007; the 
polygon shapes are similar for most of the MWs, implying common groundwater source. 
B shows the ratios of bicarbonate to silica in most monitoring wells at the site. 
 

 

 

 



 
 

 
 

 
Figure 5.6 Subdivisions of the site based on pre-existing facilities before demolition. The general groundwater flow at the site is northwest. 
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Figure 5.7 Kruskal-Wallis non-parametric test results for (A) Total Dissolved Solids 
(TDS) and (B) total measured alkalinity at the site. 
 



 
 

149 
 

 
Figure 5.8 Kruskal-Wallis non-parametric test results for (A) sulfate and (B) dissolved 
iron concentrations at the site. 
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Figure 5.9 Trends of selected ions in MW 4 and MW 15 at the Tank farm and Steeves 
Lake areas respectively. 
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Figure 5.10 The thermal profile from thermistor strings nearest the MWS. T09 is near 
MW04 and T02 is adjacent to MW 15.  



 
 

152 
 

 
Figure 5.11 Summary of saturation indexes for major mineral phases at the site (A), and 
the sulfate concentration profile with depth (B). 
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Figure 5.12 Summary of inverse model analyses using PHREEQC. A-C-E are models 
without dissolvable oxygen phase, while models B-D-F are those with dissolvable 
oxygen phase. Mineral phases for each model are summarized in Table 5.1. 
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Figure 5.13 Summary of (A) BTEX and (B) benzene concentrations at the site. The 
benzene concentrations are generally above the CCME limits except the powerhouse 
area.  
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Figure 5.14 Summary of (A) Ethylbenzene and (B) Toluene concentrations at the site.  
 

 



 
 

156 
 

 
Figure 5.15 Selected dissolved metal concentrations at the site. Apart from aluminum, 
nickel, and iron, most of the dissolved metals have concentrations that are generally less 
than CCME guideline values with some few outliers. 
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Figure 5.16 Summary of Kruskal-Wallis test results for (A) aluminum, and (B) nickel: 
The site has high background aluminum concentration and there is no statistical 
difference in the means of its values. However, nickel has significant concentrations 
above the background and requires further investigation.  
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6 INFLUENCE OF CYCLIC FREEZING ON THE 

MOBILIZATION OF LNAPL AND SOLUBLE OIL IN A 

POROUS MEDIA5 

6.1 Introduction 
Understanding the subsurface behavior of spilled fuel in a 

contaminated site is crucial to its successful remediation. Achieving this often 

requires detailed site characterization and determination of mechanisms 

aiding its migration and accumulation in the environment. Most spilled fuels 

(i.e., gasoline and diesel) are subsets of light nonaqueous phase liquids 

(LNAPL) because they are less dense than water and mostly immiscible with 

it. In temperate regions, the behavior of spilled fuel is well documented in the 

literature. However, in Cold Regions overlapping permafrost environments, 

subsurface behavior of spilled fuel is an ongoing research area.  

The behavior of petroleum hydrocarbon (PHC) contamination in 

frozen media is important in discerning its behavior in permafrost 

environments. Permafrost is often viewed as a barrier to contaminant 

migration in Cold Regions, which has often contributed to improper 

environmental practices involving spilled fuel (Barnes and Chuvilin, 2009). 

Studies have shown that ice or completely ice-saturated frozen soil without 

defects have very low permeability in the order of 10-15 cm2, and are mostly 

impervious. This formed the basis for the development and use of frozen core 

barriers to inhibit contaminant migration. A study by Anderson et al. (1996) 

on such barrier’s resistance to ice erosion by liquid contaminant showed that 

minimization of ice erosion requires full ice saturation and barrier 

temperature below the freezing point depression of the contaminant. 

However, in ice-saturated frozen soil, there is a natural propensity for 
                                                        

5 A version of this chapter has been accepted for publication. 
Iwakun, O., Biggar, K.W., and Sego, D., 2010. Influence of cyclic freeze-thaw on the 
mobilization of LNAPL and soluble oil in porous media. Cold Regions Science and 
Technology, doi:10.1016/j.coldregions.2010.06.007, accepted for publication. 
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microcracks development, especially at temperatures below freezing 

(Yershov et al., 1988) because frozen ground is a spatially inhomogeneous 

system (Frolov, 1982). 

Laboratory experiments by Biggar and Neufeld (1996) on vertical 

migration of diesel into columns of saturated silty-sand subjected to freeze-

thaw cycles showed no contamination in the permanently frozen soil layer at 

depth after eight cycles of freeze-thaw. The diesel migration was limited to 

the saturated soil down to the maximum thaw depth. Thus, they postulated 

that the contaminant movement into the saturated soil occurred when the 

soil was frozen due to migration into the fissures induced during freezing. 

Furthermore, site investigations of fuel migrations into permafrost at two 

different fuel-contaminated sites in the Canadian Arctic by Biggar et al. 

(1998), found significant contamination below the permafrost table. They 

postulated that gravity drainage along fissures induced by thermal 

contraction or gravity drainage via interconnected air voids accounted for 

this movement. Thus, permafrost may not be an effective barrier to 

contaminant propagation.  

Laboratory study by Chuvilin et al. (2001) on factors affecting oil 

migration in frozen ground observed components of oil even in wholly ice-

saturated soil, corroborating the work of Biggar et al. (1998). Later work by 

Chuvilin and Miklyaeva (2003) suggested that capillary transfer via 

micropores might be responsible for the oil penetration. Chuvilin et al. 

(2001) showed that surface spreadability of oil increased with increasing ice 

saturation and oil hardening temperature but decreased from sand to clay to 

ice as a result of increasing wetting angle on the mineral surfaces 

respectively. Laboratory experiment by Barnes and Wolf (2008) on the 

effects of pore-ice on spreadability and penetration of petroleum products in 

coarse grained soils showed that ice content increased lateral migration of 

petroleum due to the formation of dead end pores by ice especially in the 

vadose zone, thereby creating irregular preferential flow paths resulting in 

deeper contaminant penetration.   
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The nucleation process that occurs during ice formation is known to 

cause rejection and concentration of solutes in the unfrozen water (Konrad 

and Seto, 1991; Tumeo and Davidson, 1993; and Chuvilin et al., 2001). This 

process is commonly referred to as solute exclusion or rejection in freezing 

experiments and hydrocarbon exclusion when petroleum products are 

involved. Barnes and Chuvilin (2009) referred to this process as cryogenic 

expulsion, and related it to separation of more mobile components from 

petroleum. In this study, the term “cryogenic expulsion”, is adopted. Different 

studies have shown that cryogenic expulsion is enhanced at lower freezing 

rates (Konrad and McCammon, 1990; Konrad and Seto, 1991; Panday and 

Corapcioglu, 1991), however, the phenomenon has been observed at higher 

freezing rates (Ershov et al., 1992). In a top-down freezing experiment 

conducted by Konrad and Seto (1991) on a partially saturated clay sample 

contaminated with miscible organic solvent (propanol), there was an 

increase in solvent concentrations in front of advancing freezing front. Other 

studies conducted in the laboratory corroborated such observation (Chuvilin 

et al., 2001; Tumeo and Davidson, 1993; Panday and Corapcioglu, 1991). 

According to Wilson and Mackay (1987), freezing can cause oil to weather, 

which may lead to increased density and viscosity, thereby enhancing 

downward pull potential but decreased fluid’s mobility. In addition to the 

concept of cryogenic expulsion, Barnes et al. (2004) proposed the mechanism 

of physical displacement of mobile LNAPL from pore spaces as water 

expands.  

At the commencement of freezing in the winter period, the water 

table is often low due to decreased water infiltration. Fluctuations of the 

water table have been shown to enhance LNAPL entrapment and 

remobilization in the formation (Lenhard et al., 1993: Catalan and Dullien, 

1995; and Dobson et al., 2007), and numerical models were developed by 

Aral and Lao (2002) to mimic this behavior. Dobson et al. (2007) further 

showed that water table fluctuation enhances biodegradation and dissolution 

of LNAPL components, and increases its migration down-gradient. Ryan and 
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Dhir (1993) performed laboratory column tests using glass bead packs of 

various sizes to investigate the effect of particle diameter on LNAPL 

entrapment due to a slowly rising water table. The results showed enhanced 

LNAPL entrapment for pre-wetted particles but insignificant effect for 

particle sizes less than 710 µm with an average residual saturation of 11%. 

Larger particles significantly reduced residual saturation.  

At the Colomac mine site, Chapter 3 showed increase in LNAPL 

accumulation in some of the MWs in early winter, which corresponds to 

decreased groundwater elevation and vice-versa in early spring when the 

water table was elevated. This observed inverse correlation between the 

water table and accumulated LNAPL in monitoring wells is well established 

in the literature (i.e., Kemblowski and Chiang, 1990; Weiner, 2000; Hardisty 

et al., 2003). Besides, there was no significant recharge of LNAPL in the MWs 

following a product recovery test in the winter (Chapter 3), inferring the 

mechanisms enhancing LNAPL accumulation at the site are not continuous. 

Further investigations at the site showed that LNAPL contamination is 

generally limited to the upper seven meters of the subsurface, which consists 

of 0 – 4.6 m of overburden soil underlain by fractured bedrock (Chapter 2). 

From the site characterization efforts at the site, Chapter 3 suggested that 

freezing-induced displacement associated with cyclic freeze-thaw and water 

table fluctuations are mechanisms controlling LNAPL migration and 

accumulation in MWs at the site. Thus, this study was designed to 

complement the previous studies presented in Chapter 3 and Chapter 4, and 

evaluate the hypothesis that freezing induced displacement may play a 

secondary role in mobilizing contaminant at the site. 

Consequent to discussions above, a freezing cell made of two parallel 

glass plates representing a fracture was constructed to evaluate the influence 

of freezing-induced displacement and freeze-thaw cycles on LNAPL mobility, 

and the effect of freezing on soluble oil in the formation. The method used in 

this study was a modification of those used by various authors to investigate 
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pore-scale behavior of contaminant in freezing porous media (Niven and 

Singh, 2008; Barnes and Wolfe, 2008; and Arenson and Sego, 2006).  

6.2 Methodology 
Equipment and materials used for this experimental study include 

process control equipment (RTD regulator; range ±199.9oC, MODEL 

4201APC2-T, omega), two glycol baths (LAUDA BRINKMANN, ecoline RE 

120), a digital camera (Canon SLR 1000D), two computers, and freezing cell. 

Others are Agilent data acquisition unit, diesel, soluble oil, fluorescein, two 

fluorescent light tube-units, an air bag heater, a water bath, insulated 

enclosures, RTD probes, copper freezing plates, and weights. 

6.2.1 Freezing cell 

The freezing cell is constructed from Perspex glass as shown in Figure 

6.1. It consists of sealed parallel glass plates interspaced at 1 mm (1000 µm) 

to mimic a fracture. The initial intent was to roughen the internal surfaces of 

the glasses but this would have impaired visibility to view the behavior, so 

glass beads were placed within the fracture instead. The objective of placing 

beads within the freezing cell is to enable entrapment of LNAPL within the 

water column.  

The emplacement of the beads was done by first setting the required 

fracture width at both ends of the parallel glass plates and sealing the sides 

with silicone-laminated glass and the base with a porous filter. The beads 

were cleaned with hydrofluoric acid before placement into the created 

aperture. It should be noted that the beads were not of uniform size and 

shapes. Thus, during placement, some beads were stuck and had to be 

pushed down using thin wire gauze. Non-uniformity of the bead’s geometry 

led to slight overlapping of some beads within the cell. Porous filter-glass 

was used between the RTD ports and the beaded filled-annulus of the cell to 

enable direct contact between the RTD and fluid within the cell.  
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The dimensions of the freezing cell are shown in Figure 6.1. Five RTD 

probes were fitted to one of the edges of the cell to monitor the thermal 

profile during the test. A control valve with pressure relief cork was fitted to 

the base of the cell. The control valve was used to moderate water filling 

while the pressure relief cork was used to prevent cracking of the apparatus 

due to volume change of ice. The tube connecting the control valve to the cell 

was made of expandable rubber to accommodate for displaced water during 

top-down freezing. 

The top of the cell was uncovered, but had an emplaced aluminum 

mesh with 0.5 mm openings to prevent the beads from falling and to enhance 

heat dissipation. The apparatus was checked for leaks prior to testing and the 

RTD probes were calibrated before attachment to the cell using silicone glue. 

The cell was insulated as shown in Figure 6.1 prior to the testing. The 

insulation consisted of foam with a glass window. The glass window 

provided the needed opening for photographing during testing. The base of 

the assembly was then placed inside a water bath in an environmental 

chamber (Figure 6.2), which was made up of a deep freezer with external 

temperature control equipment. 

6.2.2 Setup 

Three steps taken in setting up the experimental system were: cell-

filling, cell-placement, and testing. Shown in Figure 6.2 is the layout of the 

experimental system. Fluorescein was added to the water used for the 

experiment because it provides an excellent way to discern frozen from 

unfrozen water during the experiment (Arenson and Sego, 2006). The 

elevation of the camera and bath units within the chamber were aligned 

before the start of the experiment. 

6.2.3 Cell-infilling 

Infilling of the cell was carried out from the bottom up at 0.5 mL/min 

via gravity displacement. An external reservoir consisting of a graduated 
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cylinder containing a fluorescein-water mixture with a fitted control valve 

was connected to the bottom control valve of the freezing cell via rubber 

tubing. Both valves were opened to achieve the desired flow rate. The cell 

was tilted during initial infilling with the pressure relief cork removed to 

allow the escape of air and prevent the formation of air-bubbles within the 

cell. When all the air at the base of the cell was displaced, the pressure relief 

cork was inserted, the cell was straightened up and filled until the upper 

open chamber was a quarter full.  

To create a mixture of diesel and water, diesel was introduced at the 

open-end of the cell atop the fluorescein-water with the control valves of 

both the cell and the reservoir kept open. The water level in the reservoir 

was then lowered to allow downward flow of the diesel into the cell. This is 

akin to fluctuation of the water table in the field. Additional water was 

introduced via the top in conjunction with lowering the water level in the 

reservoir until LNAPL entrapment occurred. The valves were then closed and 

the system was allowed to equilibrate. The equilibration often involved some 

vertical movement of un-trapped LNAPL to the top of the cell within the first 

15 minutes of the cell-infilling. In this study, the filled-cell was allowed to sit 

for more than one hour after placement in the environmental chamber 

before testing.  

In tests involving soluble oils (i.e., Mobilcut-102, and BAND-ADE® 

sawing fluid), the soluble oils were mixed with the fluorescein-water mixture 

in the external reservoir, and used in filling the cell as discussed previously 

by gravity displacement. The properties of the soluble oils and diesel used for 

the experiment are given in Table 6.1. 

6.2.4 Cell-placement 

After filling the cell with the fluid(s) of interest, the RTD probes at the 

side of the freezing cell were reattached to the Agilent data acquisition unit, 

which was connected to the computer. The freezing-cell assembly was then 

placed inside the environmental chamber with its base sitting in the water 
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bath as shown in Figure 6.2. The freezing plate was attached to the top of the 

cell and in contact with the open section of the cell. The freezing plate was 

firmly secured to the stand inside the environmental chamber. The 

fluorescent lights were turned on and arranged at the top and bottom of the 

windowed area of the camera chamber to achieve optimum picture quality. 

The camera was turned on and weights ranging from 10 to 20 kg were placed 

atop the environmental chamber for proper sealing (Figure 6.2a). 

6.2.5 Testing 

After placement of the freezing cell and closure of the environmental 

chamber, the two glycol baths were turned on to maintain the temperatures 

at the top and bottom of the cell. One glycol bath controlled the temperature 

of the lower water bath while the other controlled the temperature of the 

freezing plate. The data loggers for both the camera and the RTD Agilent data 

acquisition unit were then turned on. 

 For the tests described in this paper, the temperature of the glycol 

bath controlling the lower water bath was set to +10oC and that of the 

freezing plate was set to -10oC. For the control experiment, the temperatures 

were varied to study heat propagation through the test cell. The temperature 

inside the environmental chamber was set to -2.5oC using the external 

temperature control unit. However, another RTD probe placed inside the 

environmental chamber showed that the temperature varied slightly (-3 

±1oC).   

6.2.6 Test series 

Three series of tests were involved in the evaluation of the study 

objectives. The first series was the control phase, which was aimed at 

assessing the system performance. In this series, only the fluorescein-water 

mixture was used for the test, and freezing was top-down. The freezing rate 

and the rate of frost penetration under different thermal gradients were 
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measured, and used to benchmark later tests. The cooling (or freezing) rates 

were calculated using: 
dT Thermal gradientat freezing front
dx

dx Rateof frost penetration
dt

dT dT dx
dt dx dt





      6.1 

The second series was aimed at evaluating the influence of freeze-

thaw on LNAPL and soluble oil movement. This series involved the use of 

diesel fuel and soluble oil. It should be noted that the diesel fuel used for this 

test was not colored because coloring caused it to adhere to the glass beads. 

The last series of the test involved evaluating the influence of freezing from 

the second test series on the development of micro-fissures. In this series, the 

step temperature at the top was varied from -10oC to +1oC, while the base 

and ambient temperatures were kept constant. The maximum temperature 

to the top surface during thaw was limited to +2oC because sudden thermal 

changes in the temperature caused moisture deposition on the surface of the 

freezing cell, leading to blurred photographic images. 

6.3 Results and Discussion 
Shown in Figure 6.3 is the thermal propagation for the control 

experiment. The rate of frost penetration was initially rapid until a steady 

state was reached after about 19 hours (Figure 6.4a). The average cooling 

rate of the system at steady state thermal gradient was 1.4oC/day and the 

frost front continued to move downward at a decreasing rate. Though the 

experimental cooling and frost penetration rate were more than an order of 

magnitude greater than that observed in the field (Figure 6.4b), they were 

within range of values reported in the literature (i.e., Konrad and Seto, 1991). 

Figure 6.3a shows that freezing caused the fluorescein-water to change color 

from green to grey. During the first freezing test (control experiment), 

rearrangement of the glass beads occurred within the cell as the freezing 

front propagated downward. This behavior was expected because freezing 

was known to enhance consolidation in porous media. Subsequent freezing 
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tests had no glass beads rearrangement during freezing because optimum 

compaction of the beads was achieved during the first freezing (control 

experiment). One of the four pins in RTD 103 attached to the side of the cell 

was accidentally cut and replaced before placement in the environmental 

chamber. Thus, readings from RTD 103 had more noise than other RTDs and 

was excluded from thermal profiles of subsequent tests.  

The results for the second test series involving diesel fuel are 

summarized in Figure 6.5 and Figure 6.6. There was delayed frost 

penetration into the cell due to lower thermal conductivity of the diesel fuel 

compared to water. The cooling rate was 0.7oC/day less than that of the 

control experiment during the first test series to establish steady state 

thermal gradient (Figure 6.5). At the onset of freezing, LNAPL rearrangement 

occurred within the cell, causing upward displacement of the LNAPL (Figure 

6.6). The freezing displacement occurred during phase change due to suction 

generated as illustrated in Figure 6.7. As freezing progressed, no downward 

movement of the mobile LNAPL was observed. Instead, freezing caused 

upward remobilization of the trapped but mobile LNAPL (Figure 6.6 and 

Figure 6.7). Along the cell, there were instances where the expanding ice 

caused rearrangement of isolated blobs of LNAPL. The displacement 

resulting from this rearrangement was small. The reason for this may be that 

the forces generated by the expanding ice were not mobilized before 

freezing-induced suction and buoyant forces on the LNAPL blobs at the onset 

of freezing were established. Using the general equation at the freezing front 

developed from the Clausius-Clapeyron equation (eqn. 6.2), negative 

pressure or suction is generated at the freezing front. Combination of this 

with buoyancy of the LNAPL blob and capillary action favors upward 

movement of the LNAPL as freezing is initiated. 
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 6.2 

 Where, P, G, V, L, and T in equation 5 stand for pressure, Gibbs’ free 

energy, specific volume, latent heat, and temperature. Subscript w and i 

indicate water and ice respectively. T* stands for temperature at which both 

water and ice co-exists (i.e., T* < 0oC), and To stands for reference freezing 

temperature of pure water (= 0oC or 273 K). 

In bottom-up freezing tests by Niven and Singh (2008), they 

postulated that freezing-induced ice pressure on LNAPL ganglia could 

account for its upward mobilization and ganglia rupture. This freezing-

induced pressure was estimated to be in the order of 1 MPa if fully mobilized, 

and is dependent on the LNAPL saturation. However, no downward LNAPL 

mobilization was observed in the top-down freezing tests in this study. The 

observed LNAPL displacement that took place after cyclic freezing in this 

study was upward, and opposite to the direction of freezing. Due to difficulty 

in quantifying lateral mobility in these tests, the observed cumulative 

upward LNAPL displacement was used to quantify upward mobility shown in 

Figure 6.6.  

The initial position of the entrapped LNAPL was used as the baseline 

as shown in Figure 6.6b. The results showed that LNAPL mobilization and 

displacement took place at the onset of freezing and during thawing. Figure 

6.7 illustrates the displacement that took place at the onset of freezing. The 

freezing induced displacement occurred during the phase change before the 

freezing front became visible in the photographic window. During freezing, 

the LNAPL within the cell remained unfrozen as the surrounding water 

changed phase. The expansion of the water surrounding the LNAPL during 

freezing may have induced pressure on the LNAPL. Thus, on thawing, the 
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pressure relief coupled with the LNAPL’s buoyant nature enhanced its 

upward mobility. There was little displacement after the second thaw (2-T) 

and third freezing (3-F) cycles because insufficient time was allowed for 

pressure dissipation and ice melting within the cell (Figure 6.6a). Moreover, 

this test showed that freezing induced displacement is a viable mechanism 

for LNAPL movement. This is the first time the phenomenon described above 

is observed, and underscores the importance of cyclic freeze-thaw on the 

mobilization of LNAPL.  

It is well established in the literature that decreasing temperature 

causes an increase in surface tension and capillarity in a porous media (Grant 

and Bachmann, 2002). To evaluate whether the observed displacement is 

due to increased capillarity due to decreasing temperature or suction 

induced at the commencement of phase change in the water (during 

freezing), a simple test was performed in the laboratory involving the use of 

a 1 mm diameter capillary tube with water. In this test, the capillary tube was 

set into a water filled glass beaker and placed inside the environmental 

chamber, which was cooled to -2oC from initial room temperature of +19oC. 

The results showed an increase in the capillarity height of 4 mm as the 

temperature decreased from +19oC to -2oC. Thus, for the dimensions of the 

freezing cell used in this study, the change in capillarity due to decreasing 

temperature was relatively small compared with the freezing-induced 

suction.  

The observed upward mobility of the LNAPL at the commencement of 

the freezing process implies that LNAPL accumulation may occur at the onset 

of freezing in the formation during the winter period atop the water table, 

which may ultimately drain and accumulate in monitoring wells intersecting 

the formation. The accumulation of LNAPL in the monitoring wells may be 

enhanced by decreased groundwater elevation in the winter period as 

discussed in Chapter 3 and Chapter 4. Upon removal of the accumulated 

LNAPL in the monitoring wells, there may be little to no recharge from the 

formation because the driving mechanisms are discontinuous. However, as 
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winter ends, and spring brings warmer temperature, the accumulable LNAPL 

in the monitoring well may not be of the same magnitude as that observed 

during the winter period. Reasons for these may be one or combinations of 

the following:  

• Elevation of the water table in early spring as winter ends due to 

infiltration of snowmelt and precipitation may cause trapping of 

released LNAPL below the water table.  

• The released LNAPL due to thawing may be pushed back into the 

formation by the rising water table, and entrapped in localized 

fissures that may be hydraulically disconnected from the main 

interconnected fracture network in fractured media. 

• Increase in water elevation may enhance downgradient migration of 

the released LNAPL, thereby reducing the accumulable LNAPL in the 

monitoring well. 

Thus, mobilization of the LNAPL in the formation may result from 

freezing induced displacement coupled with decreased groundwater 

elevation due to little to no water precipitation and infiltration in the winter 

period.   

The results of using the Mobilcut-102 soluble oil are summarized in 

Figure 6.8 and Figure 6.9. Mixing was done at 12.5% volume ratio (oil to 

water) to emphasize visual contrast during analysis because the color of the 

oil is akin to the color of the fluorescein-water when frozen. The results 

showed progressive expulsion of the soluble oil forward of the freezing front 

as shown in Figure 6.8, and in agreement with previous studies i.e., Konrad 

and Seto (1991), Chuvilin et al. (2001a and 2001b). The thickness of the 

excluded oil increased from 0 to 15 mm as freezing progressed downward in 

the cell. After eight hours, micro-fissures development was observed around 

the freezing front and the exclusion occurred as fingering as shown in Figure 

6.8a. The cooling rate at steady state varied from 1.7 to 0.6oC/day as shown 

in Figure 6.9, and below the value of 4±1oC/day reported by Konrad and Seto 
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(1991) for the optimum occurrence of cryogenic expulsion. Mixing of the 

soluble oil at 2% volume ratio produced similar results with a thin film of 

excluded oil below the freezing front (Appendix G). In addition to the 

Mobilcut-102 soluble oil, a slightly denser soluble oil named “BAND-ADE® 

Sawing Fluid” was used with a specific gravity of 1.02 (Table 6.1). The results 

were similar to that described above as shown in Appendix G.  

The observed micro fissures may be due to thermal contraction of the 

formed ice as the temperature decreased. However, experimental 

microstructure study of freezing oil polluted sediments (silts) by White and 

Coutard (1999) and White and Williams (1999) in the laboratory, showed 

that small concentrations of petroleum (below 200 ppm) caused a decrease 

in interparticle spacing. The decreased interparticle spacing caused fissuring 

leading to increased hydraulic conductivity. Contrastingly, at high content of 

petroleum, soil particle aggregation promoted consolidation, resulting in 

decreased hydraulic conductivity. Investigation into the influence of 

petroleum on segregated ice formation in fine grain soils by Grechischev et 

al. (2001a and 2001b) showed that hardening temperature of petroleum 

hydrocarbon affected ice segregation and frost heave. The studies found that 

hardening temperature above zero reduced both ice segregation and frost 

heave, while that below zero produced the opposite. Thus, since the 

hardening temperature (i.e., pour point) of soluble oil used in this study was 

below zero, the observed micro fissures may also be due to ice segregation in 

the freezing cell. It should also be noted that most fuel-contaminants of 

interests (i.e., diesel, gasoline, etc.) have hardening temperature below zero, 

thereby increasing the likelihood of ice segregation in the contaminated 

media. 

To evaluate the possibility of fissure development in the absence of 

oil, a new freezing cell was setup and subjected to prolonged continuous 

freezing. After four days, there were visible micro-fissures in the freezing cell 

(Figure 6.10). This agrees with the statement of Yershov et al. (1988) that 

there is a natural tendency for micro-fissures development in frozen media 
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and reinforces conclusions from previous studies (i.e., Biggar et al., 1998; and 

Chuvilin and Miklyaeva, 2003) that the developed micro-fissures are a 

potential pathway for contaminant propagation in frozen media. 

The processes discussed above were physical processes, thus, 

reversible. Another reversible physical process is the regelation 

phenomenon in ice, which involves pressure melting at the interface and 

refreezing with pressure relief. According to Miller et al. (1975), continuous 

mobile liquid phase will allow transport from regelation of pore ice. In an 

unfrozen porous and fractured media, the pressure balance on the LNAPL 

can be written as follows (Hardisty et al., 1998): 

2 cos
L L L W w

h g h g
b

 
 

      
      6.3 

 Where 
L

h and 
L W

h  are the height of the LNAPL above and below the 

water table respectively. The LNAPL density is
L
 , b is the aperture width and 

 is the contact angle. According to Hardisty et al. (1998), a one meter head 

of LNAPL will penetrate a fracture as small as 10 µm. However, when dealing 

with ice in frozen media, the relevant equation may be derived by combining 

equation 6.2 and 6.3 as: 

2 cos

2 cos

L L L W w ice

L W w
w

h g h g P
b

L T
h g

b T V

 
 

 






       
         

     6.4 

Where 
w

V is the specific volume change and 
ice

P is the pressure 

required to melt ice from Clausius Clapeyron equation. The 
ice

P  term is 

often large in the range of 13 MPa per temperature change (oC) below 

freezing. Thus for regelation to be a significant mechanism in LNAPL 

transport below freezing, the pressure head on the ice would have to be 

large.  
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Thus, cyclic freeze-thaw may enhance vertical migration of a 

contaminant due to capillary transfer and gravity drainage through 

interconnected micro-fissures induced in ice and porous media by freezing. 

Additionally, cyclic freeze thaw may cause upward mobility of entrapped 

LNAPL below the water table, and subsequently enhance lateral migration of 

LNAPL after thaw from these LNAPL saturated networks of macropores or 

fissures in the formation. Furthermore, according to Barnes and Chuvilin 

(2009), cyclic freeze-thaw may influence the distribution of disconnected 

LNAPL blobs and increase its downward migration.  

6.4 Conclusions 
The findings in this study showed that freezing-induced displacement 

is a viable mechanism contributing to LNAPL migration and accumulation in 

freezing and thawing media. Upward LNAPL mobility was observed at the 

commencement of freezing and during thawing. The suction induced at the 

onset of freezing was attributed to the upward mobility of the LNAPL for the 

top-down freezing experiment. During thawing, pressure relief coupled with 

the buoyant nature of the LNAPL enhanced upward remobilization. Test 

results using soluble oil showed progressive exclusion forward of freezing 

front and corroborated previous studies by Konrad and Seto (1991).  

In petroleum contaminated sites in the permafrost environment 

where free product hydrocarbon persists, remedial activities involving 

LNAPL recovery are often performed in the summer seasons when freezing-

induced displacement is inactive. The findings above suggest that to optimize 

recovery of LNAPL, more emphasis should be placed on recovery efforts at 

the commencement of winter period when this mechanism coupled with 

lowered groundwater elevation are active.  

Furthermore, development of micro-fissures was observed in the ice 

formed within the freezing cell under prolonged freezing and at the freezing 

front region when soluble oil was used. This reinforces previous assertions 

by Biggar et al. (1998) and Chuvilin and Miklyaeva (2003) that the micro-
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fissures developed in freezing media are potential pathways for LNAPL 

propagation in frozen media. 
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Table 6.1 Characteristics of the fuel and soluble oil used for the experiment. 
Parameter Diesel Mobilcut-102 BAND-ADE® Sawing 

fluid 
Solubility in water 
(20oC) 

Insoluble (< 40 
mg/L) 

100% 100% 

Specific gravity 
(25oC) 

0.8171 0.89 1.02 

Appearance Colorless Translucent amber Translucent amber 
Pour point (oC) or 
hardening 
temperature 

-30 -6 -6 

Dynamic viscosity 
(cp) 

4 @ 0oC 
2 @ 15oC 

30 @ 40oC 9.5 @ 25oC 

Surface tension 
(mN/m) 

27.7 @ 0oC 
23.8 @ 25oC 

  

 

 

 
Figure 6.1 Fabricated freezing cell used for the experiment. 
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Figure 6.2 Setup of the laboratory system showing (a) freezing cell placement in the 
environmental chamber, and (b) schematic layout of the setup. 
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Figure 6.3 Thermal propagation for the control experiment, (a) Snapshots of freezing 
progression in the cell; (b) temperature profile. 
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Figure 6.4 Comparison of laboratory and field thermal profile: (a) Frost penetration 
profile for the control experiment, and (b) sample of temperature profile in MW 15 at 
the Colomac mine site. 
 



 
 

181 
 

 
Figure 6.5 Freezing-test results using diesel subjected to freeze-thaw cycles. (a) 
Temperature profile; (b) profile for thermal propagation rates. 
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Figure 6.6 Frost penetration profile for freezing test with diesel (Figure 5): (a) 
Snapshots of upward displacement of diesel at the start of freezing and after thawing; 
(b) Plots of cumulative LNAPL displacement and frost penetration for each freeze-thaw 
cycle. 
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Figure 6.7 Illustration of freezing induced displacement that takes place during water 
nucleation process as ice is formed. For LNAPL-water system, suction induced during 
the phase change of water causes upward mobilization of entrapped LNAPL below the 
water table. For dissolved organics, the nucleation process causes forward exclusion of 
the organics from freezing water ahead of freezing front. 
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Figure 6.8 Profile of thermal propagation for freezing test using Mobilcut-102 soluble 
oil: (a) Snapshots of the observed progressive cryogenic expulsion; (b) temperature 
profile for the test. 
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Figure 6.9 Condensed plot of freezing test using Mobilcut-102 soluble oil, showing the 
freezing and exclusion fronts, thermal propagation rates and the thermal gradient.  
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Figure 6.10 Snapshots of the observed micro-fissures in freezing test from a freezing cell 
under prolonged freezing with fluorescein-water only. 
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7 SUMMARY CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary Conclusions 
In this dissertation, different related field and laboratory studies were 

presented towards understanding the subsurface behavior of spilled fuel in a 

permafrost environment. The field study was implemented at the abandoned 

Colomac mine site, in the Northwest Territories (NWT), where extensive fuel 

contamination consisting mostly of diesel fuel occurred. Minor spills at the 

site included gasoline and some lubricating oil, but this research focused 

mainly on the fuel spills, which are light nonaqueous phase liquid (LNAPL) 

hydrocarbon. The site is underlain by fractured bedrock identified as 

greywacke, and has between zero and five meters of overburden soil 

consisting of sand, gravel, rock-fills, and peat at the shoreline of the adjacent 

lake (known as Steeves Lake). Fuel contamination is sporadic across the site 

but major spills occurred at the fuel storage area referred to as the tank farm. 

Improved understanding of the subsurface behavior of spilled fuel at 

the site was gained and the key mechanisms influencing its migration and 

accumulation were inferred as water table fluctuations and freezing-induced 

displacements. Site characterization efforts showed that the bedrock 

fracturing is most intense at its upper section and the fuel contamination is 

generally limited to the upper seven meters of the underlying bedrock at the 

site. Thus, in contradiction to previous free product hydrocarbon assessment 

by URS (2002) that the contamination is mostly along the soil-bedrock 

interface, the fuel contamination had penetrated the densely fractured upper 

section of the bedrock. The measured apparent LNAPL thicknesses in the 

installed monitoring wells (MWs) varied across the site from 0.02 m to 5 m 

but were most persistent in the tank farm area. Though fuel seepage was 

observed in the shoreline of adjacent Steeves Lake, most of the free product 

contamination was localized adjacent to the original contamination release 

areas.  
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Further tests at the site showed that efficient recovery of free product 

or LNAPL alone by the use of a skimmer pump may not be feasible due to 

very slow recharge of the LNAPL after purging because the mechanism 

influencing its migration is not continuous over time. Most of the reported 

fuel spills at the site occurred in the winter period, which corresponds to a 

decreased water table across the site. At the tank farm area, the water table 

in the winter period was as low as 13 m below the surface, thus, significant 

penetration and lateral downward spreading of the spilled fuel into the 

bedrock might have occurred. This also explains in part why the installed 

frozen core interceptor trench was ineffective in curbing migration of the 

spilled fuel towards the adjacent lake. The trench was just 5 m deep, thus, not 

deep enough to intercept the free product. Additionally, the permafrost at the 

site is very discontinuous, and the active layer of thermal fluctuation 

extended more than 15 m in most locations at the site. Thus, placement of the 

trench in the active zone is not the most ideal.  

The findings from site characterization implied that water table 

fluctuations influence mobility of LNAPL at the site. Greater LNAPL 

accumulation in the MWs near the spill areas corresponded to lowered water 

table, and vice versa for elevated water table at the site. This study suggests 

that decreasing water table enhanced gravity drainage of mobile LNAPL in 

the subsurface, thereby, leading to greater LNAPL accumulation in the MWs. 

Other studies in the literature support this behavior (Hardisty et al., 2004; 

Kemblowski and Chiang, 1999). Besides, in the spring when infiltration of 

snowmelt and rain occurs, this study suggests that the drained LNAPL may 

be transported farther downgradient along major fractures, which explains 

why LNAPL seepage always occurs at the shoreline of Steeves Lake in 

response to high precipitation event when the water table is elevated. More 

so, the rising water table may result in entrapment of LNAPL below it, and 

caused LNAPL ensnarement in less interconnected fractures beneath the 

subsurface. Study by Hardisty et al. (2004; and 2003) support this behavior. 
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A direct field approach using the modified Gruszczenski method was 

used to estimate the maximum actual product thickness in the formation. 

The results indicated that the maximum LNAPL thickness in the formation 

was 8 cm, north of the tank farm area, which compared to a 3 cm thick 

LNAPL layer atop the water in a later excavation at the area. Due to the 

observed fuel behavior at the site, the actual product thickness was redefined 

as the equivalent thickness of mobile LNAPL if allowed to accumulate atop 

the water table.  

Groundwater geochemical analyses at the site indicated gypsum 

dissolution and carbonate weathering as the dominant geochemical 

processes at the site. Prevailing cold temperature coupled with rich sulfide 

bearing rocks may have enhanced dissolution of gypsum and that of carbon-

dioxide (CO2), leading to higher carbonate formation and weathering. The 

analyses also showed that the water was Ca-SO4 type and there were 

geochemical indicators of anaerobic biodegradation involving sulfate and 

iron reduction in support of intrinsic biodegradation of dissolved fuel 

components. However, due to the persistence of free product at the site, 

natural attenuation cannot be relied on as the sole remedial option at the 

site.  

The measured groundwater organic concentrations of benzene, 

toluene, and ethylbenzene were above the Canadian Council of Minister of 

the Environment (CCME) guideline for the protection of freshwater aquatic 

life in some MWs at the site. Other inorganic concentrations of interests were 

less than the CCME guideline values with few outliers except iron, aluminum 

and nickel. The background concentrations of iron and aluminum were above 

the CCME guideline values, thus, unsuitable as regulatory compliance criteria. 

However, the nickel concentrations were above both the background and 

CCME guideline values. 

A laboratory study was used to evaluate the viability of freezing-

induced displacements of LNAPL as proposed from the field studies as a 

significant mechanism contributing to LNAPL accumulation at the site. The 
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results showed that freezing-induced displacement is a viable mechanism, 

which may contribute to LNAPL migration and accumulation in a Cold 

Regions experiencing alternate freezing and thawing. Remobilization of 

entrapped diesel fuel was upward during freezing and thawing. The suction 

generated during phase change and pressure relief during thawing were 

attributed to the upward remobilization during freezing and thawing 

respectively. Progressive exclusion forward of freezing front was observed 

when solubilized oil was used; thereby corroborating the findings of Konrad 

and Seto (1991). Micro-fissures were observed in the ice formed within the 

freezing cell under prolonged freezing and within the freezing zone when 

solubilized oils were used. The observed development of micro-fissures 

strengthens previous assertions by Biggar et al. (1998) and Chuvilin and 

Miklyaeva (2003) that in frozen media, the micro-fissures are potential 

pathway for LNAPL migration.   

7.1.1 Contributions 

This research work is original and is the first well-documented body 

of work on the behavior of spilled fuel in a permafrost fractured bedrock 

environment. Because of the characterization efforts, the most impacted 

areas of the site were identified and mechanisms contributing to LNAPL 

migration at the site were inferred. These findings have led to the 

implementation of other remedial approaches as discussed in Appendix H, 

which resulted in the recovery of over 8000 liters of LNAPL at the site. The 

inferred mechanisms contributing to LNAPL migration at the site are 

freezing-induced displacement in addition to water table fluctuations. This 

study showed that these mechanisms are discontinuous in time. Thus, 

planning of remedial systems involving free product recovery at the start of 

winter period has the potential of optimizing LNAPL recovery in permafrost 

environment. 

When dealing with fractured media, this work showed that the 

measured apparent LNAPL thicknesses in the monitoring wells might come 
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from zones other than adjacent depth atop the groundwater in the formation, 

and from non-pooled sources. This challenges the conventional thinking and 

interpretation of the meaning of actual LNAPL thickness, which was often 

construed as a uniform LNAPL layer in the adjacent formation.   

This research work showed that intrinsic biodegradation is ongoing at 

the Colomac mine site. The geochemical characterization provided the 

baseline studies that other nearby mine sites can reference during and after 

closure.  

Furthermore, this work reinforces the concept of cryogenic expulsion 

ahead of freezing front involving dissolved hydrocarbon and showed that 

prolonged freezing will lead to the formation of micro-fissures, which may 

serve as a conduit for contaminant transport in permafrost environments.  

7.1.2 Project limitations 

The laboratory work presented in this study did not consider lateral 

movements or displacements, which might have occurred in a three-

dimensional heterogeneous system. Additionally, there was no mandate to 

implement a pilot scale study of a remedial system at the site, which might 

have provided additional insight into what works and what does not when 

dealing with such contamination scenarios. However, a pilot study conducted 

by Jacques Whitford AXYS Ltd. (2009) based on findings from this study are 

discussed in Appendix H. 

7.2 Recommendations 

7.2.1 Remediation 

Improved understanding of the site showed that any combination of 

remedial systems involving water table fluctuation, manipulation of 

formation temperature, use of surfactants, hydraulic gradient control, 

pumping and sump monitoring, and volatile organic capture and treatment 

might be applicable at the site. Though more aggressive methods involving 
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excavation of the impacted bedrock including the use of multiphase single- 

well extraction system have been adopted and implemented at the site. Of 

the reported over 50,000 liters of spilled fuel at the site, over 8,000 liters of 

LNAPL were recovered with the use of these methods. Furthermore, the 

proposed enhanced LNAPL recovery system for the site by Iwakun and 

Biggar (2008) is outlined below: 

7.2.1.1 Enhanced LNAPL recovery at the site 
To increase displacement of LNAPL from the formation, formation 

flushing in combination with heating and containment are one option to treat 

the site. Steps in this approach are: 

• Proper delineation of the contaminated area. 

• Division of the contaminated area into treatment zones taking into 

consideration its topography, ease of access, existing monitoring 

wells, and nearness to the receptor (i.e. Steeves Lake). 

• Installation of thermal siphon or other ground freezing systems to 

isolate each treatment zone. The frozen barrier created should extend 

up to at least 5 meters below the water table. Other structures 

involving hydraulic containment could also be used. 

• Installation of ground heating systems or steam to achieve the 

following: 

o Breakdown any frozen LNAPL ganglia in the ground 

o Decrease the capillary pressure i.e. suction in the ground 

o Decrease the LNAPL viscosity and interfacial tension 

o Increase LNAPL mobility in the formation 

• Create an artificial gradient by decreasing the water table at the sump 

well. 

• Flush the treatment zone with surfactants to decrease the LNAPL-

water interfacial tension and mobilize the trapped LNAPL in the 

formation towards the sump. 
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• Extract mobile LNAPL with the flushing solution from the sump well 

to LNAPL separator, and reuse the flushed fluid. There may be a 

requirement for VOC extraction to limit air pollution due to LNAPL 

volatilization from heating the ground. 

The groundwater in adjacent MWs within and outside the treatment 

zone will have to be monitored. Before full-scale remediation, it would be 

prudent to conduct a pilot study at the site. 

7.2.1.2 Engineering considerations 
Engineering consideration for such a remedial system will include the 

following: 

• Logistics in the movement of equipment and material to the site 
• Capacity, number and cost of thermal siphon systems required at the 

site 
• Monitoring the integrity of the artificial frozen wall or structure to 

prevent enhanced migration of the contaminant to uncontaminated 
zones 

• Ensure hydraulic interconnectivity at the treatment zone to the sump 
• Curtailing air pollution due to ground heating 
• Labor, power requirements and cost 

7.2.2 Natural attenuation 

The complexity of the fracture pattern at the Colomac mine site may 

preclude cost-effective deployment of any active remedial systems at the site. 

It will be reasonable to assume that significant petroleum hydrocarbons 

(PHCs) in interstices of the bedrock in both free and adsorbed phases may 

persist irrespective of any elaborate remedial systems deployed at the site. 

The time-dependent desorption and release of these hydrocarbons may 

remain significant sources of contamination at the site. According to 

McNaughton (2002), despite the observed hydrocarbon seepage along the 

shoreline of Steeves Lake, the concentrations of dissolved hydrocarbons in 

the lake are below the CCME guideline values for the protection of 

freshwater aquatic life. Thus, given that natural attenuation is amenable at 
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the site, which may require hundreds of years for significant biodegradation 

of the spilled fuel to take place, the question is; are the regulatory authorities 

in charge willing to accept the reality that PHCs may persist at the site 

irrespective of any deployed remedial systems? Accepting this reality will be 

cost-saving but set a regulatory precedent, which other potential polluters 

might abuse when fuel-contamination is involved. According to McNaughton 

(2002), this will be tantamount to sending the wrong message that potential 

polluters can act without penalty. However, putting a regulatory clause that 

due diligence be exercised before resulting to natural attenuation may be 

worthwhile. This approach may also require periodic sampling of the soil, 

groundwater, and surface water, to ascertain reduction of PHCs load at the 

site. 

7.2.3 Further assessments 

The groundwater analyses at the Colomac mine site showed that the 

nickel concentrations exceeded the CCME guideline values for the protection 

of freshwater aquatic lives and background concentrations. Thus, further 

investigations are required to determine the underlying factors. In areas 

where the background concentrations of the constituents of interests are 

above the CCME guideline values, they are unsuitable as remediation 

compliance criteria. In essence, site based approach is recommended when 

conducting assessment for remediation. Additionally, there should be 

periodic monitoring of the groundwater constituents at the site to evaluate 

effectiveness of natural attenuation at the site. 

7.2.4 Future directions 

The objectives for this study were met. The extents of contamination 

were determined in Chapters 2, 3, and 4. Identification of factors and 

mechanisms contributing to LNAPL migration and accumulation were 

presented in Chapters 3, and 4. The active geochemical processes were 

determined in Chapter 5. Conceptual models of the site were presented in 
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Chapters 2, 3, and 4. Besides, a proposed remedial strategy was presented in 

this Chapter. Chapters 2 and 3 showed that natural attenuation is amenable 

at the site. Chapters 3, 4 and 6 succinctly showed that water table 

fluctuations and cyclic-freeze thaw influence LNAPL migration and 

accumulation at the site. Future research should focus on pilot scale studies 

of novel remedial approaches involving fuel contamination in the Canadian 

Arctic. The freezing cell developed in this study could be improved to 

evaluate regelation phenomenon and conditions that favor forward physical 

displacement of LNAPL blobs ahead of freezing front due to expanding ice as 

stipulated by Barnes et al. (2004).   
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APPENDIX A: PACKER TEST PROCEDURE AND SAMPLE 

DATA 
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1. Overview 
This test was used to determine the hydraulic conductivity and 

fracture width of the fractured bedrock at Colomac mine. The principle used 

for this particular site was based on constant head test. The test was done by 

isolating zone of interest by means of inflated packers; the isolated well-

water was then allowed to equilibrate in pressure to obtain initial head by 

means of a calibrated transducer attached to the packers. Then, water was 

injected into the well under pressure to bring about a two to three millivolts 

change in the transducer reading, and the head in the well was allowed to 

come into equilibrium with the injected water. The time and volume change 

of the injected water at constant head was measured and used to calculate 

the permeability, transmissivity, and  the average fracture width in that zone. 

Equations used for the fracture width and hydraulic conductivity calculations 

are given below: 
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Where, 

ZT = Top of zone (m) 

CTE = Casing top elevation (m) 

DBCT = Depth below casing top (m) 

ZB = Bottom of zone (m)  
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ZL = Length of zone (m) i.e. distance between isolated capture zone of the 

packer 

Q = Flow rate (m3/s) 

LF = Length of flow in the tank (cm) 

TF = Time between the measured length of flow (s) 

FVL = Flow volume per length of tank (m3/cm) 

HD = Head difference in the test zone (m) 

∆VR = Difference in transducer Volts reading (V) 

CLV = Calibrated pressure head per voltmeter reading of the transducer 

(m/V) 

T = Transmissivity of the zone (m2/s) 

R = Radius of influence of the well (m) 

“r” = Radius of well (m) 

K = Permeability of the test zone (m/s) 

2b = Fracture thickness (µm) 

η = Viscosity of water (Ns/m2) 

2.0 System Set-Up 

The system set-up consists of the packer assembly, reservoir/tank 

assembly, winch/pulley system and the analogue electronic system as shown 

in Figure A.1. 

2. System Assembly 

2.1 Packer assembly 

The packer assembly is shown in Figure A.2. It has three openings for 

water, air, and transducer at the upper end excluding the winch line anchor. 

The water and transducer openings are connected to the shaft, which is 

essentially a pipe rod with a PVC sheath. The air opening was connected to 

the annulus of the inflatable gland and the shaft. Two packers were 

connected together as shown in Figure A.2 leaving an un-inflatable zone 

between them. The length of the   un-inflatable zone was called the zone 



 
 

203 
 

length and the union connecting the two shafts of the packers was perforated 

at this zone. The annulus of the two packers at this zone was connected 

together by a small diameter pipe as shown in the Figure A.2. During water 

injection/flushing, it flows through the pipe rod to the formation at the un-

inflatable zone with perforated openings. The length of test zone is limited by 

the zone length of the packer.  

2.2 Reservoir Assembly 

The reservoir assembly for the Packer test used for the calculations of 

the flow rate and control the amount of injected water is shown in Figure A.3. 

It consists of three calibrated tanks of different diameters of 10, 6, and 1.25 

inches respectively. The approximate height of each reservoir was about 

1.4m and the general layout is shown in Figure A.3. Each reservoir has an air 

line and a water line except Tank 1 with an extra air vent and water feed line. 

Each line is fitted with a valve to control inflow and outflow. A two-way valve 

is fitted to the air line, one connecting it to the compressor and the other to 

vent the air in the tank.  

2.3 Electronic System 

The electronic system consists of a power source, multi-meters, and a 

chart-sheet data logger. The multi-meters and the chart-sheet data logger are 

coupled with the transducer from the packer. The multi-meter records the 

voltage response of the pressure head in the well, and the chart-sheet logger 

plots the analogue signal received. Before testing, the data logger system is 

calibrated to determine the calibrated pressure head per voltmeter reading 

of the transducer (CLV). This is done by dipping the transducer over a meter 

head of water and measuring the voltmeter difference in the logger. The 

value obtained is used to calculate the CLV of the system. 

2.4 Winch/Pulley System 

This consists of a hand-craft winch and a pulley, clamped to the well 

casing. The winch line of the packer is attached to the winch via the pulley to 
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ease lifting and lowering of the packer into the well. During lowering and 

lifting of the packer, the air, water and transducer lines have to be guided to 

prevent kinking of any of the lines in the well.  

3. Test Set-Up 
The set-up procedures before the beginning of test operation are: 

1. Move the analogue electronic data logger system near the well to be 

tested 

2. Move the tent covering the electronic system near the test well and 

put the data logger system in it 

3. Clamp the winch/pulley system to the well stick up pipe  

4. Move the packer assembly to the test well and connect it to the winch 

5. Move the air compressor, water storage tank and the reservoir 

assembly to a suitable location near the well 

6. Measure the depth to water (DTW) and depth to bottom (DTB) of the 

well 

7. Calculate the number of zones needed to characterize the well 

8. Calculate the depth of the un-inflatable zone below the top casing 

9. Couple the electronic system together with the transducer and lower 

the packer into the well 

10. Connect the data logger system to the power source and give it about 

five minutes to warm up 

11. Start the test operation 

3.1 Test Operation 

The major stages involved in the test operation are filling of tanks, 

system flushing, packer inflation, water injection, and deflation of packers. 

Logging of data is incorporated in the stages involved 

A. Filling of tanks 

The procedures involved in the filling of tanks are outline below: 
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Vent the air in the tanks by turning the two-way valve to the vent line 

to depressurize the tank 

1. Open the ball valve at the base of the tanks with the main injection 

valve closed (note: the tanks are interconnected at the base and can 

be isolated from each other :- Figure A.3) 

2. Open the water feed line valve at the base of the largest reservoir 

(Tank 1) 

3. Pump water from  an external water source (i.e. water storage tank) 

to the feed line 

4. Monitor the water rise in the tanks 

5. Close the water feed line valve when the tanks are full 

6. Close the vent valves and the ball valves for each tank  

7. Choose the tank intended for the test 

8. Connect the air line of the tank to the air compressor line and proceed 

to the next stage 

Note: it is possible to fill one tank from the other or the two smaller 

tanks from the largest tank (Tank 1). To do this, the tanks to be filled are 

vented and the ball valves opened with the main injection valve closed. The 

air line of the filling tank is then connected to the air compressor line (note: 

the compressor has adjustable knob to control the pressure of the 

compressed air released). The compressed air is used to force water from the 

tank to the ones to be filled. When the other tanks are filled, the air line of the 

filling tank and the vent valves of the filled tanks are closed. 

B. System flushing 

This is the flushing of water through the water line of the packer 

assembly to remove any occluded air in the water line. This is done when the 

packer is deflated at the start of each test. The procedures involved are: 

1. Pressurizing the tank to be used for the compression to about 10psi 

(usually Tank 1) 
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2. Slowly opening the ball valve of the tank and that of the main injection 

valve only 

3. Allow five liters equivalent height drop in the tank (usually 10cm for 

Tank 1) 

4. Close the main injection valve and the ball valve of the tank 

5. Close the air line of the tank and proceed to the next stage 

6. Note: Flushing is required at the start of each test in a well during 

initial set-up. As the test progresses down the well, it may be skipped 

when there is no perceived air traps in the water line. 

C. Packer inflation 

This is done to isolate zones of interest to be tested. The procedures 

involved at this stage are given below: 

1. Lower the packer assembly to the zone of interest (i.e. for tests 

conducted, the entire zones below casing volume is of interest, thus, 

the zones are divided into 0.5m interval starting below the bottom of 

casing down the well) 

2. Connect the packer air line to the air compressor and inflate to about 

75 to 100psi 

3. Monitor the pressure signature on the chart-sheet recorder of the 

data logger of the transducer (this will aid in choosing the type of tank 

to be used for the water injection) 

4. Allow the pressure in the formation to equilibrate at 6this zone, which 

is indicated by constant pressure signature of the data logger 

5. Record the value of the constant pressure value (in millivolts as initial 

head “VR0”) 

6. Choose the tank to be used for water injection based on the pressure 

signature and move to the next stage 

                                                        
6 This may actually be kPa 
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Note: Choosing tank for water injection based on pressure signature is 

usually based on experience as test proceeds. If the formation is not 

fractured or the fracture is very small (i.e. tight formation), there will be a 

large difference in the pressure signature from its initial value and it will take 

a long time to come into equilibrium. For highly fractured formation/zone, 

the pressure signature difference will be small. Thus, in essence, the 

tightness of the zone is proportional to the pressure signature difference. 

D. Water injection 

 This is done to determine the flow rate in the formation and final 

head used in the computation of the permeability and the fracture width. The 

procedures involved are: 

1. Connect the air line of the chosen tank to the air compressor line 

2. Slowly open the ball valve of the tank and the main injection valve 

3. Increase the compressor pressure to about 5psi or low/high enough 

to bring about two to three change in millivolts readings of the 

transducer in the data logger  

4. Monitor the pressure signature 

5. Allow the injected water to come into equilibrium in the formation, 

which is indicated by constant pressure signature (i.e. transducer 

readings in millivolts) 

6. Record this value and by means of stop watch, record the time taken 

for about 10cm drop in the calibrated tank with the corresponding 

millivolts values in the transducer 

7. Average the transducer readings within the time interval and record 

as the final head in millivolts “VRf” and determine the difference in 

transducer volts readings “∆VR” (Note: this may be done during 

computation for fracture width and hydraulic conductivity after the 

tests) 

8. Repeat steps “c” to “g” one to two more times for duplicity of results 
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9. Stop injecting by closing the main injection valve and the ball valve of 

the tank 

10. Close the air line, decrease the pressure in the tank by venting off the 

compressed air in it and move to the next stage 

Note: During water injection for a tight zone, any slight bump in 

pressure will register a very large difference in volts readings (pressure 

signature) and the flow rate into the formation will be quasi static.  

E. Deflation of packer 

This is necessary after each test in a zone to move the packer up and 

down the well. The procedures involved are simple as given below: 

1. Close the packer air line with the air compression line (using the two 

way valve) 

2. Connect the packer air line to the vent line (using the two way valve) 

to deflate the packer 

3. Check the torque in the winch line to know when the packer is free to 

move within the well 

4. Move the packer by 0.5m up/down the well to the zone of interest 

using the winch line and pulley system 

5. Repeat the test operation from stage 1 through five till the zones of 

interest are completed 

6. Move the packer out of the well, shut down the data logger and repeat 

the test set-up procedure for another well of interest. 

Note: When the packer is totally deflated, hydrostatic pressure may 

compress the gland of the packer laterally to the walls of the formation, 

making it difficult to remove the packer from the well. To overcome this, the 

packer is not totally deflated (i.e. about 20psi is left within the gland to 

overcome the hydrostatic pressure) or during packer assembly, water may 

be poured into its annulus to increase its structural rigidity. A setup of the 

system at the site is shown in Figure A.4.  
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Figure A.1 System flow chart 

 

 
Figure A.2 Packer assembly layouts 
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Figure A.3 Layout of the reservoir assembly 

 
Figure A.4 Packer test setup on site (modified after Van Stempvoort et al., 

2005). 
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Table A.1 Sample of measured hydraulic test data 
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Table A.1 Sample of measured hydraulic test data (contd) 
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Table A.1 Sample of measured hydraulic test data (contd) 
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APPENDIX B: ELEVATION DATA AND SAMPLE CALCULATION 

FOR WATER TABLE CORRECTION 
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Groundwater elevation correction 

 
Figure B.1 Idealized sketch of LNAPL in the monitoring well (MW). 

From the basic principle of floatation that states that a floating object 

displaces its weight on the liquid in which it floats, the balance of forces 

within the MW is: 

NAPL NAPL well well Water NAPL sub well

NAPL NAPL well
NAPL sub

Water

gh A gh A
hh

ρ ρ
ρ

ρ

− −

−
−

=

⇒ =
     (B.1)  

From Figure B.1 above, the actual water elevation in the formation is 

given by: 

Water Water well NAPL subh h h− −= +        (B.2) 
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Sample calculation: 

 
Figure B.2 Idealized monitoring well (MW) configuration at the site. 

At the site, Water wellh − has to be determined based on the measured 

depth to water (DTW) in the MW. Thus, Figure B.1 is redrawn in Figure B.2 to 

reflect site conditions. Rewritten equations for the site conditions are given 

below: 

( )NAPL NAPL well NAPL
NAPL sub

Water Water

h DTW DTPh ρ ρ
ρ ρ

−
−

−
= =     (B.3)  

Water NAPL subGWE h WHE DTW h −= = − +      (B.4) 

 Using the measurement from MW 12 in August 17, 2005, given in 

Tables B.1 to B.4, the calculated GWE is given below: 



 
 

218 
 

0.88(5.38 5.31) 0.0616
1

NAPL NAPL well
NAPL sub

Water

hh mρ
ρ

−
−

−
= = =    (B.5)  

327.5 5.38 0.0616 322.2
Water NAPL subGWE h WHE DTW h

m
−= = − +

= − + ≈
     (B.6)  

A summary of the calculated GWE for selected dates are given in Table 

B.6. Some of the included data were provided by Environment Canada, Indian 

and Northern Affairs Canada (INAC), and the year 2000 data were obtained 

from EBA (2001) report for the site. The spatial location of the MWs and 

elevation contour of the site before the removal of overburden at the tank 

farm area are shown in Figures B.3 and B.4. 
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Table B.1 Monitoring wells elevation data 
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Table B.1 Monitoring wells elevation data (contd) 
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Table B.2 Measured depth to free product in the monitoring wells across the 

site. (All measurements are in meters). 
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Table B.3 Measured depth to water in the monitoring wells across the site. 

(All measurements are in meters). 
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Table B.4 Measured depth to monitoring wells bottom across the site. (All 

measurements are in meters). 
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Table B.5 Measured apparent free product thickness in the monitoring wells 

at the site. (All measurements are in centimeters). 
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Table B.6 Corrected groundwater elevation in selected monitoring wells. (All 

measurements are in meters). 
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Figure B.3 Spatial location of the installed monitoring wells (MWs) at the site. 

 
Figure B.4 Elevation contour of the site before the removal of overburden.  
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APPENDIX C: UPDATED THERMISTOR PROFILE ACROSS THE 

SITE 
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Figure C.1 Spatial locations of the installed thermistor boreholes. T06 

malfunctioned and was decommissioned. 
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Figure C.2 Temperature profile for T01 near MW 29. 
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Figure C.3 Temperature profile for T02 near MW 15. 
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Figure C.4 Temperature profile for T03 near MW 31. 
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Figure C.5 Temperature profile for T04 near MW 09. 
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Figure C.6 Temperature profile for T05 near MW 13. 
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Figure C.7 Temperature profile for T07 near MW 19. 
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Figure C.8 Temperature profile for T08 near MW 02. 
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Figure C.9 Temperature profile for T09 near MW 103. 
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Figure C.10 Temperature profile for T10 near MW 12. 
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Figure C.11 Temperature profile for T11 near MW 32. 
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APPENDIX D: MEASURED GROUNDWATER CONSTITUENTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 
Figure D.1 Sampling procedure at the Colomac mine site. 
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Table D.2 Summary of parameters of BTEX compounds (Pitchtel, 2007) 

 
Table D.3 Compositions of oil of interest in the environment (Fingas, 2001) 
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Figure D.2 Hydrocarbon analytes, carbon composition, and analytical 

methods (Werner, 2000). 
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2005 Results 
 

Table D.4 Recovered diesel fuel composition at the Colomac mine (Van 

Stempvoort et al., 2006)  
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Table D.5 Measured groundwater organic compounds in August, 2005. 
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Table D.6 Measured major ions in July, 2005. 
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Table D.7 Measured major ions in August, 2005. 
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Table D.8 Measured major ions in September, 2005. 

 
Table D.9 Summary of measured geochemical parameters in August, 2005 

(Van Stempvoort, 2006). 
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Table D.10 Measured groundwater compounds with depth for selected 

monitoring wells (MWs) in August, 2005. 

 
Table D.11 Measured volatile fatty acid in selected MWs (Van Stempvoort, 

2006) 



 
 

 
 

Table D.12 Measured dissolved metals in 2005. 

 



 
 

 
 

Table D.12 Measured dissolved metals in 2005, contd. 
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2006 Results 
Table D.13 Measured geochemical parameters in selected (MWs) in 2006. 
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Table D.14 Measured organic compounds in June, 2006. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

254 
 

Table D.15 Measured major ions in June, 2006. 
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Table D.16 Measured dissolved metals in June, 2006. 
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Table D.17 Measured organic compounds in September, 2006. 
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Table D.18 Measured major ions in September, 2006. 
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Table D.19 Measured dissolved metals in September, 2006. 
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2007 Results 
Table D.20 Measured geochemical parameters in 2007. 

 
 

 

 

 

 

 

 

 

 

 

 



 
 

260 
 

Table D.21 Measured organic compounds in June, 2007. 
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Table D.22 Measured major ions in June, 2007. 

 



 
 

 
 

Table D.23 Measured dissolved metals in June, 2007. 



 
 

 
 

Table D.23 Measured dissolved metals in June, 2004, contd. 
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Table D.24 Measured organic compounds in September, 2007. 

 



 
 

 
 

Table D.25 Measured major ions in September, 2007. 

 



 
 

 
 

Table D.25 Measured major ions in September, 2007, contd. 
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Table D.26. Measured dissolved metals in September, 2007. 
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Table D.26. Measured dissolved metals in September, 2007, contd. 
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Table D.26. Measured dissolved metals in September, 2007, contd. 
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APPENDIX E: SELECTED IMAGES OF THE BEDROCK CORES 

AND WELL-BORE IMAGES 
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Figure E.1 Bedrock core sample from monitoring well (MW) 48 at the camp 

area. 
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Figure E.2 Sample of bedrock core from MW 41 at the warehouse area. 
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Figure E.3 Rotary percussion drilling machine used for coring and 

installation of new monitoring wells (MWs) in 2007 at the site.  
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Figure E.4 Well-vu camera setup in MW 6 at the tank farm area. 
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Figure E.5 Snapshots of well-bore from MW 26 north of the tank farm area 



 
 

277 
 

 
Figure E.6 Snapshots of well-bore from MW 04 at the tank farm area. 
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Figure E.7 Snapshots of well-bore from MW 08 at the tank farm area. 
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Figure E.8 Snapshots of well-bore from MW 11 east of the tank farm area, 

close to shoreline of Steeves Lake. 
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Figure E.9 Snapshots of well-bore from MW 27 at between the tank farm and 

shoreline of Steeves Lake. 
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Figure E.10 Snapshots of well-bore from MW 41 at the warehouse area. 
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Figure E.11 Snapshots of well-bore from MW 44 at the tank farm area. 
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APPENDIX F: SAMPLE CALCULATIONS AND PHREEQC DATA 

FILES 
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Kruskal-Wallis Test 

Kruskal-Wallis test is a non-parametric statistical test developed as an 

alternative to F-test for comparing means of grouped data of independent 

observations. The advantage of the test over F-test is that it does not require 

normal distribution of the observations in each population or data sets. The 

procedure for performing the test for grouped data sets is outlined below: 

1. Choose the level of significance (α) for the test. 

2. Pool the grouped data sets and rank the parameters or observations 

( )ijX in each data set from 1 to the total number of observations (N) in the 

pooled data. When two or more observations are equal, an average of the 

rank (R) is assigned to each of them. The data ranking must satisfy the 

condition below: 

( )
1 1

1
2

in k
iji j

N N
Sumof rank R

= =

+
= =∑ ∑      G.1 

Where ijR is the rank of each observation ( )ijX for i ranging from 1…… in , 

and j ranging from 1…… k . The number of data sets or populations is k and

in stands for the size of each data set. 

3. Regroup the data sets and replace the parameters or observations 

with the rank (R) number. 

4. Determine the test statistic ( )H for the data sets using the equations 

below (Montgomery and Runger, 2003): 

( )
( )

2

1

1

12 3 1
( 1)

in
ijk i

j
i

R
H N

N N n
=

=

 
 

= − + +  
 

∑
∑      G.2 

Alternative equations when two or more observations are tied are: 
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( ) ( )

( )

2
2

1
2 1

2
2 2

1 1

11
4

11
1 4

i

i

n
ijk i

j
i

k n
ijj i

R N N
H

S n

N N
S R

N

=

=

= =

 
+ 

= − 
 
 

 +
= − 

 +  

∑
∑

∑ ∑

     G.3 

5. Compare the test statistic ( )H with the tabulated value in chi-square 

( )2χ table for the chosen significant level (α) and degree of freedom 

( )1v k= −  for the test. If tabulatedH H< , the grouped data sets are not 

statistically different. However, if tabulatedH H> , the data sets are statistically 

different. 

Sample analyses for the measured sulfate and BTEX compounds are given in 

Tables F.1 to F.5., and the results agree with the outputs of the STATSOFT 

STATISTICA® software used for the analyses. The chi-square table is given in 

Table F.6. For the test statistic ( )H , there is an equivalent probability such 

that tabulatedH H>  corresponds to p α<  and vice versa. The probability values 

are calculated by the software program and reported in Chapter 5. The 

equations for the calculation of the equivalent probability to a test statistic 

are not given in most statistical textbooks and beyond the scope of this study.  
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Table F.1 Sulfate data used for the analyses. 
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Table F.2 Kruskal-Wallis analyses for sulfate. 
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Table F.3 BTEX data used for the analyses. 
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Table F.4 Kruskal-Wallis analyses for BTEX using equation G.2. 
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Table F.5 Kruskal-Wallis analyses for BTEX using equation G.3. 
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Table F.6 Chi-square distribution table (after Stephens, 1998) 
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Sample of PHREEQC Input Data 

 
 

 

 

 

 

 

 

 

 



 
 

293 
 

Sample of PHREEQC output data 
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APPENDIX G: SAMPLE IMAGES FROM LABORATORY TESTS 
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Figure G.1 Sample image of the saturated freezing cell filed with admixture of 
water and BAND-ADE Sawing fluid at 12% volume ratio with water. 
Fluorescein was added for coloring. 
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Figure G.2 Freezing test results using BAND ADE® soluble oil showing (a) 
cryogenic exclusion forward of freezing front and (b) temperature profile.  
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Figure G.3 Observed micro fissures in freezing experiment using BAND ADE® 
soluble oil after thaw. 
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Figure G.4 Freezing test results using Mobilcut-102 at 2% volume ratio to 
water showing (a) cryogenic exclusion, and (b) temperature profile. 
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Figure G.5 Freezing test results using only fluorescein-water showing (a) 
micro fissures development, and (b) temperature profile. 
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Table G.1 Sample calculation using data used to plot Figure 7.8 
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Selected slides on the freezing test results 
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APPENDIX H: LNAPL RECOVERY IN PERMAFROST 

FRACTURED BEDROCK AT THE COLOMAC MINE SITE, NWT7 
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I.1 Introduction 

Spills of fuels such as diesel and gasoline from storage tanks onsite are 

widespread problem leading to subsurface hydrocarbon contamination in 

mine sites and facilities where onsite fuel storage is crucial for smooth 

operations. These fuels are subset of light nonaqueous phase liquid (LNAPL) 

hydrocarbon because they are sparingly soluble in water and have specific 

gravities below unity. In this report, both diesel and gasoline are collectively 

referred to as LNAPL with the realization that LNAPL encompasses other 

petroleum products. According to Weiner (2000), less than 1% of spilled 

LNAPL are dissolved in the groundwater with the balance remaining as 

mobile or immobile phases. Consequently, much emphasis is laid on 

remediating or removing the balance as a precursor to treating the dissolved 

constituents in the groundwater. For free product hydrocarbon (or free 

product) to exist, the spilled LNAPL volume must be greater than the 

retention capacity of the LNAPL in the formation impacted by the spill. The 

free product constitute perpetual source of contamination in the formation. 

The immobile LNAPL phase included both trapped and adsorbed product, 

and contribute to time dependent desorption of hydrocarbon when awash by 

flowing groundwater. The desorbed concentration may be in excess of 

regulatory criteria even after recovery of the mobile LNAPL. Thus, it is 

imperative to remove as much LNAPL as possible from the formation 

wherever it occurred. The recovery of LNAPL in its different forms in the 

formation is termed LNAPL recovery, though the term is often used 

interchangeably with free product recovery. 

LNAPL recovery using different remedial technologies such as multi-

phase extraction (MPE) systems, petro-bailers, skimmer pumps, excavation, 

trenches, etc., have various degrees of successes to recover LNAPL from the 

formation in temperate regions. This paper presents a case study of the use 

of these remedial technologies at the abandoned Colomac mine site, which is 

located approximately 220 km northwest of Yellowknife in a discontinuous 

but widespread permafrost environment, in the Northwest Territories. 
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I.2 Site description 

Colomac mine was an open pit gold mine site that operated between 

1990 and 1997. The mine became insolvent in 1999, and subsequently closed 

and abandoned. Eventually, the site went into receivership by the Federal 

Government. At present, it is the responsibility of the Contaminants and 

Remediation Directorate (CARD) of Indian and Northern Affairs Canada 

(INAC) to clean up the site. Shown in Figure H.1 is the layout of the mine site 

where most of the fuel spills occurred. The mine site is located in Taiga shield 

ecozone, which consists of woodland and boreal forest in a discontinuous but 

widespread permafrost environment within the Indin Lake Supracrustal Belt 

(ILSB), and adjacent to Steeves Lake (DIAND, 2001; Shelton et al., 2000, 

Iwakun et al., 2008a). The ILSB contains metavolcanic and metasedimentary 

rocks subjected to greenschist to amphibolites metamorphism at 2.6 Ga 

(Morgan, 1990). The site was underlain by sand and gravel fill of varying 

thickness from zero to 4.6 m, with some peat towards the lake (Iwakun et. al., 

2010a). Fractured bedrock identified as Greywacke lay beneath the 

overburden soil at the site (Hearn, 1990; SEACOR, 2007). The upper section 

(~1.5 m) of the bedrock was highly fractured but competent at depth (> 7 m) 

with some localized fracturing (Iwakun et al., 2008a; Bickerton et al., 2007, 

EBA 2001). The fracture pattern of the bedrock was mostly sub-vertical and 

horizontal. The vertical inclination of the sub-vertical fractures ranged from 

5o to 30o and that of the sub-horizontal ranged from 1o to 40o to the 

horizontal (Iwakun et al., 2010; SEACOR, 2007). Bedrock outcrop showing 

the fracture pattern at the site is shown in Figure H.2. 

Over 50,000 L of spilled fuel occurred at the site between 1990 and 

2003 as shown in Figure H.3. The fuel spills were chiefly Arctic diesel (P40 

and P50) from leakage of one or more of the nine diesel tanks at the tank 

farm area, and accidental releases during transportation (via trucks and 

pipeline). Each of the diesel tanks had a capacity of 4.36 million liters. Other 

fuel types stored at the site were jet fuel and gasoline but most of the 
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recorded spills were the arctic diesel (Figure H.4). The diesel tanks were 

installed in 1989 at the tank farm area (Figure H.1), and removed in the 

summer of 2004 as part of the reclamation efforts at the site. Though the 

diesel tanks were placed over gravel fill lined with plastic membrane, 

compromise of the membrane resulted in subsurface contamination. The two 

major spills that occurred include 18,000 L in 1990 and 27,300 L in 1997. 

Both spills occurred in February of the respective years.  

After the initial spill in 1990 via blind flange, in one of the diesel 

storage tanks at the tank farm area, the observed sheen of petroleum 

hydrocarbon (PHC) along the shoreline of Steeves Lake was approximately 1 

km. This implied the liner system beneath the storage tanks at the tank farm 

had failed and subsurface migration of the spilled fuel had occurred. Different 

measures were taken after these spills to remediate the site and mitigate 

further migration of free product downgradient into the lake. Summary of 

these measures before the aggressive free product recovery efforts and 

further characterization of the site, which commenced in 2005, are 

summarized below:   

1. Installation of a five-meter deep interceptor trench lined with 

corrugated pipe at the west berm of the tank farm in late 1990, as 

indicated in Figure H.4; 

2. Placement of a skirted boom with an absorbent pads along the 

Shoreline of Steeves Lake, as shown in Figure H.4 when PHC sheen 

was observed in 1990/1991; 

3. Site characterization, including installation of monitoring wells across 

the site, in 2000. The spatial locations of the monitoring wells are 

shown in Figure H.4; 

4. Decommissioning of existing site fuel tanks and replacement of 

smaller capacity fuel tanks with Enviro Tanks in 2000; 

5. Cleaning and demolishing of the main diesel tanks, coupled with 

purging of the underground piping system in 2004; 
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6. Replacement of the interceptor trench with a frozen soil barrier in 

2004 to contain down-gradient migration of mobile phase PHC; and 

7. Removal and biopile treatment of contaminated overburden soil from 

the tank farm area in 2005. 

The continued persistence of free product at the site and continued 

seepage of free product along the shoreline of Steeves Lake in the summer 

period, despite these measures, necessitated further site characterization 

and aggressive recovery of free product at the site since 2005. After the first 

major spill in 1990, different studies were conducted at the site to 

understand the subsurface behavior of the spilled fuel, which is complicated 

by the presence of permafrost, and proffer practical remedial solutions.  

 

I.3 Previous Assessments  

Site assessment by O’Connor Associates (1990) using shallow vapor 

survey and test pit excavation following the initial release of 18000 L in 

February, 1990, found free product atop shallow water table (<2.2 m from 

the surface) at the tank farm area within the lowermost soil and uppermost 

bedrock. From the observed fracture pattern and hydrocarbon staining at the 

site, a soil and bedrock fracture-controlled groundwater flow system 

transporting free product to Steeves Lake was inferred.  

Site inspection by EBA (1998) involving shallow soil sampling study 

and walk-over survey found active seepage of free product and surficial soil 

staining along the shoreline of Steeves Lake. This implied active subsurface 

movement of free product at the site. 

EBA (2001) conducted hydrocarbon assessment at the site, which 

involved installation of 42 monitoring wells to delineate contamination 

extent at the site. The study concluded that considerable diesel-like liquid 

product source existed within the fractured bedrock at the site. The study 

also recommended a combined remedial strategy of pump-and-treat system 

and interceptor trench. 
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Whyte et al. (2001) evaluated the potential for bioremediation of fuel-

contaminated soil at the site using microbial enumeration using viable plate 

counts and MPN analyses combined with molecular analysis (PCR and Colony 

hybridization) for hydrocarbon catabolic genes. Their study found that the 

site was amenable to bioremediation at low ambient summer temperatures 

because of cold-adapted microbes. The study also found that addition of 

fertilizers would enhance bioremediation of contaminated soils at the site.   

Assessment of hydrocarbon product within the fractured bedrock by 

URS (2002) suggested that little quantity of free product exists within the 

fractured bedrock at the site because its fracture density is very low and 

primary porosity is insignificant. Furthermore, URS (2002) suggested that 

majority of the spilled product are limited to the soil-bedrock interface 

because the fractures were deemed too small to transmit or store significant 

amount of hydrocarbon. URS (2002) assumed that any product within the 

fractured bedrock were held by capillary suction (or tension) and used a 

computer program, BIOVENT, to prove that the free product at the site was 

essentially immobile and recovery of the spilled fuel by conventional 

pumping might not be feasible.  

However, the assessment found that elevated concentrations of 

hydrocarbon existed in the soil at the shoreline of Steeves Lake above the 

CCME industrial land use guideline values. This implied that active fuel 

migration in both free and dissolved phase to Steeves Lake was ongoing. 

Nevertheless, hydrocarbon concentrations of the surface water in the lake 

were below the CCME guideline for the protection of freshwater aquatic life. 

URS (2002) opined that majority of the spilled product had migrated along 

the soil-bedrock interface. 

The study by URS (2002) concluded that efficient recovery of free 

product might not be feasible based on existing technologies, and removal of 

all hydrocarbon-impacted bedrock was impractical. Thus, efforts should be 

steered towards the removal of contaminated soil, mitigation of dissolved 

phase migration by placing reactive barrier downgradient of contaminated 
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areas, the use of oxygen release compounds (ORC) downgradient of the site 

to promote biodegradation, and managing ensuing risks from the remedial 

strategies. 

Hydrocarbon cleanup investigation by McNaughton (2002) suggested 

that attempts at free product recovery would be a “hit or miss” process due 

to heterogeneity and complex fracture pattern at the site. Furthermore, 

McNaughton (2002) stated that logistical and technological requirement for 

efficient free product recovery at the site would be expensive. Despite the 

complexity of fuel contamination at the site, McNaughton (2002) suggested 

that a “do nothing approach” was unacceptable because it sends the wrong 

message to other potential polluters in laying such precedence. The 

investigation proposed the use of a reactive barrier in addition to the use of 

ORC to promote biodegradation. Additionally, McNaughton (2002) proposed 

seeps excavation at the shoreline of Steeves Lake and permanently leaving 

the absorbent boom at the lake.  

Hydrocarbon contamination evaluation by Biogenie (2004) 

recommended excavation of contaminated soil and biopile treatment to meet 

residential land use criteria, including the protection of groundwater for 

aquatic life pathway. In 2004, the Contaminated Site Office (CSO) of INAC 

adopted the use of interceptor trench or barrier wall for the groundwater 

treatment along with contaminated soil excavation and bioremediation at the 

site.  

The ineffectiveness of the installed interceptor trench in 2004 in 

preventing continued migration of both free product and dissolved 

hydrocarbon plume towards Steeves Lake resulted in a joint study by the 

Geotechnical Centre at the University of Alberta (U of A)  and Environment 

Canada (EC) in 2005 to characterize the hydrocarbon plume and determine 

its subsurface behavior at the site.  

Tasks performed by the Geotechnical Centre at the University of 

Alberta in conjunction with Environment Canada included hydraulic tests 

using sets of packers, installation of additional monitoring wells (MWs) and 



 
 

310 
 

monitoring of depths to free product, water table, and bottom ice. Other 

concluded tasks involved installation of thermistor strings and monitoring 

thermal profile at the site, groundwater sampling, bedrock coring, borehole 

imaging, and free product recovery. These activities were discussed by 

Iwakun et al. (2008a, and 2010a), Bickerton et al. (2007), and Iwakun and 

Biggar (2007).  

The study showed that significant free product exists at the northern 

part of the tank farm area around MW 12 and 26 and fuel contamination had 

penetrated the upper section (~ 7 m) of the fractured bedrock (Iwakun et al., 

2008a; 2010a). Free product increased in MWs at the commencement of 

winter period at the tank farm area where most of the fuel spill occurred, and 

correlated inversely with the water table elevation and thermal profile at the 

site at 95% confidence limit (Iwakun et al. 2008b). The identified key 

mechanisms influencing migration of free product at the site were water 

table fluctuations and freezing induced displacements (Iwakun et al., 2008b; 

2010a; and 2010b).  

Iwakun and Biggar (2007) showed that efficient recovery of free 

product by the sole use of skimmer pump might not be feasible due to slow 

recharge of free product in the MWs after purging. The slow recharge of the 

free product in the MWs was due to natural discontinuity of the identified 

mechanisms contributing to its migration and accumulation. Furthermore, 

the study showed that active layer of thermal fluctuation was as deep as 15 

m below the surface (Figure H.5) and the water table was as low as 13 m 

below the ground table in the winter period. As such, significant penetration 

and lateral migration of the spilled fuel into the bedrock have occurred at the 

site. The study explained that the ineffectiveness of the previously installed 

frozen core interceptor trench in 2004 was due to its placement within the 

active layer of both thermal and groundwater fluctuation, thus, not deep 

enough. The interceptor trench placed in 2004 was 5 m deep due to 

misconception that permafrost table was 4 m below the surface. Iwakun and 

Biggar (2008c) suggested that successful removal of free product at the site 
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might involve a combination of water table fluctuation, manipulation of 

formation temperature, use of surfactants, hydraulic gradient control, 

pumping from sump monitoring well, and volatile organic capture and 

treatment. 

As a result of this characterization efforts and findings, Jacques 

Whitford AXYS Ltd. (JWA) was engaged by CARD to manage free product 

recovery efforts and petroleum impacted soil at the site among other 

objectives in 2007. To this end, JWA proposed and implemented different 

pilot scale studies involving different methods at the site.  

 

I.4 Methodology 

The methods employed for the LNAPL recovery efforts included the 

use of petro-bailers, single well multi-phase extraction (MPE) system, 

recovery trench, and blasting and excavation of the most impacted area of 

the site. Prior to the use of the MPE system north of the tank farm area, 

additional monitoring wells were installed at the site. Shown in Figure H.4 

are the locations of the newly installed MWs and the excavated trench.  

Petro-bailers were deployed in MWs P5, 15, 17, 21, and 44. Prior to 

the deployment of these petro-bailers, the conventional bailers were used to 

recover free product from the MWs across the site. Petro-bailer is a modified 

bailer with a hydrophobic filter intake at the upper end of the bailer, which 

serves as passive skimmer, and a weight at the bottom-tip to keep it 

submerged up to the hydrophobic filter section. The device is designed to 

accommodate fluctuations in water table. 

A self-powered enhanced free product recovery (EFR) unit was used 

as an MPE system at the site. Shown in Figure H.6 is a typical layout of the 

EFR unit. MPE system is a modified soil vapor extraction (SVE) unit 

combined with a pump and treat system (USACE, 1999). It is designed to 

extract both free and dissolved phases of contaminants in addition to the 

removal of vapor phase and groundwater from the formation. The test 

involved recovery of air, hydrocarbon vapors, LNAPL, and groundwater, 
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using a 2-hp rotary lobe pump with an inlet air-liquid separator (JWA, 2009a; 

JWA, 2009b). Suction-pipe depths used during vacuuming process ranged 

from zero to 200 cm, below the water table in the MWs. The tested MWs 

were 15, 30, 40, 43, and 44 (Figure H.4). North of the tank farm around MWs 

43 and 44, additional shallow (depth ~ 9 m) MWs were installed prior to 

deploying the EFR unit to test the radius of influence of the vacuum applied 

through the EFR unit.  

A 4500 L holding tank at the back of the truck used for hauling the 

EFR unit served as temporary storage for extracted free product and water 

from the MWs. The mixture of the free product and water were transferred 

to an oil/water separator onsite. The recovered oil from the separator was 

put in a container for later use in the waste oil furnace onsite, while the 

groundwater was discharged at the site after treatment with an activated 

carbon. During the system operation, the hydrocarbon vapor concentrations, 

fluid recovery rates, liquid levels in MWs, and vacuum, were monitored. 

Furthermore, since the EFR system was designed to maximize recovery of 

free product at the site, the vapors generated through the system operation 

were discharged directly to the atmosphere.  

In 2008, JWA installed a recovery trench up to 15 m below the ground 

surface by blasting and excavating the formation at the northern end of the 

tank farm area where considerable free product persists. Shown in Figure 

H.4 and Figure H.7 are the location and profile of the recovery trench. Before 

the installation of recovery wells in the trench, pooled hydrocarbon and 

water in the trench were pumped out to an aboveground treatment unit 

using a combination of vacuum trunk and rotary pump. Installation of the 

trench involved removal of approximately 726 m3 of overburden soil of 

which approximately 60% was deemed contaminated above 5000 mg/Kg 

from site screening. Then, two lift of depths 3 - 5 were blasted into the 

bedrock followed by a 7 m deep lift such that the final depth of the trench 

was 9 – 12 m below the bedrock surface and approximately 15 m from the 

ground surface at its deepest point (JWA, 2009b).  
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Prior to the installation of the recovery trench described above, a test 

involving evaluation of free product recharge in response to decrease in 

groundwater level was performed in MW 26. The test involved pumping of 

water at 8 m below the groundwater level at 0.625 L/min to create a cone of 

depression in the MW (with a total drawdown of 4m), and subsequent 

monitoring of accumulated free product in the MW resulting from lowering 

the groundwater level. Purged water from MW 26 was injected into nearby 

MW 42 northeast of it. 

 

I.5 Results and Discussions 

The use of conventional bailers and petro-bailers were effective in 

removing accumulated free product in the MWs across the site. However, low 

recharge of free product after bailing due to discontinuity of key mechanisms 

aiding LNAPL migration at the site as discussed by Iwakun et al. (2008b, and 

2010a) limited their effectiveness. At the commencement of the winter 

period when free product accumulates atop frozen layer of ice on the water 

table in the MWs, petro-bailers are ineffective in removing free product like 

conventional bailers with bottom intake. Pumping test performed in MW 26 

to evaluate LNAPL response to lowering the water table showed an increase 

in free product thickness from 197 mm to 465 mm during the six hours 

pumping period in the MW. This corroborated the findings by Iwakun et al. 

(2010a) that engineered fluctuation of the water table may enhance free 

product recovery at the site. This also showed that groundwater recharge 

caused remobilization of free product at the site as evidenced by the 

observed seepage of free product at the shoreline of Steeves Lake during the 

summer period in response to precipitation events. Additional 10 mm free 

product accumulated overnight when the MW was left overnight (~ 13 hrs).  

Shown in Table H.1 are summary results from different configurations 

of the MPE system at the site. The MPE system was successful in recovering 

free product from the formation via hydraulic control of the groundwater, 

but inefficient in generating significant vacuum from the formation in all the 
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MWs tested. The reasons for the inefficient vacuum generation were due to 

the fracture pattern and slacked casing seal into the bedrock. Generally, the 

installed steel casings in all the MWs extended up to 1.5 m into the bedrock 

with a bentonite seal. The strains induced by blasting and excavation 

operations at the site might have loosened the casings. Additionally, the 

fracture pattern at the site is complex, and characterized by sub horizontal 

and vertical fractures. Thus, exposure of any of the interconnected fractures 

adjoining a MW to the atmosphere would result in the inability of vacuum to 

be generated from the formation in the MW. At the shoreline of Steeves Lake, 

the MWs produced higher yield of free product (e.g., MW 30 yielded 

approximately 111 L of free product in 2.3 hrs). Overall, approximately 804 L 

of free product were recovered from the MWs using the MPE system in 

combination with the bailers between 2007 and 2009 over the testing 

period.  

The recovery trench yielded significant amount of free product at 

depths below 8 m from the ground surface. Approximately 5 cm of free 

product were recovered over an area of 64 m2, amounting to 3200 L of free 

product. Significant volume of water of approximately 59,000 gallons, from 

two dewatering operations in September and October 2008, was removed 

from the formation. This was necessary in order to achieve the desired 

excavation depth of 15 m below the ground surface. The depth to water table 

at the start of excavation in August of 2008 was approximately 8 m below the 

ground surface. During the dewatering of 48,000 gallons in October 2008, 

approximately 0.15 m of ice had formed atop the water surface with 

approximately 3 cm of free product atop it (Figure H.8). This suggests that 

freezing process also played a role in mobilizing free product at the site as 

indicated by Iwakun et al. (2010a; 2010b). Other excavations around the 

warehouse in 2009 resulted in the recovery of over 700 L of LNAPL. The full 

report on these other excavation works are pending.  

Between 2004 and 2007, approximately 1000 L of free product were 

recovered from the MWs using conventional bailers and pumps. 
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Furthermore, there appeared to be significant LNAPL trapped within the soil 

and bedrock matrix at the site. From site screening and the removal of 

approximately 726 m3 overburden soil during installation of the recovery 

trench, an estimated 3872 L of LNAPL was recovered from the soil. The 

LNAPL stains in the excavated rock were not accounted for because of the 

difficulty in estimating the concentration of total petroleum hydrocarbon in 

the rock matrix. All excavated soil and rock that were contaminated were 

transferred to the land treatment unit at the site. Shown in Table H.2 is the 

summary of LNAPL recovered from the MWs, recovery trench, and excavated 

soil from the recovery trench. Overall, over 8,000 L of LNAPL were recovered 

at the site from the use of bailers, MPE system, recovery trench, and other 

excavations since 2007. Because of these aggressive measures, the load of 

LNAPL in the formation has decreased significantly (e.g., over 16% of initial 

spilled fuel reduction). However, further assessment by JWA (2009c) showed 

that LNAPL persists at the site in both mobile and immobile phases. 

 

I.6 Conclusions 

A combination of remedial systems at the Colomac mine site, where 

spill of over 50, 000 L of LNAPL occurred mostly as diesel and gasoline, 

resulted in the recovery of over 8,000 L of LNAPL including approximately 

4,000 L of free product. The remedial scheme deployed at the site included 

recovery trench in combination with single well MPE system, bailers, and 

excavation of impacted soil. The findings showed that free product recovery 

through engineered fluctuation of the water table or hydraulic control was 

effective at the site. Additionally, the findings indicated that a significant 

portion of the spilled LNAPL in the formation was immobilized in the soil and 

rock matrixes. This is evidenced by the fact that excavation of the impacted 

soil alone accounted for over 50% of recovered LNAPL from the recovery 

trench only.  

The MPE system showed significant promise in recovering free 

product at the site especially along the shoreline of Steeves Lake where over 
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110 L of free product were recovered in less than three hours in one of the 

monitoring wells. Petro-bailers and conventional bailers were only effective 

in removing accumulated free product in the MWs but limited by the very 

low recharge of free product after bailing. The seasonal nature of the 

identified key mechanisms (i.e., water table fluctuation and freezing induced 

processes) aiding LNAPL movement at the site contributed to its low 

recharge after bailing. The hydraulic control capability of the MPE system 

made it particularly effective at the site.  

Furthermore, the recovery trench was the most effective measure in 

recovering LNAPL at the site. Approximately 3,200 L of free product were 

recovered from the recovery trench in less than two months, and an 

additional 3,872 L of LNAPL were removed due to the excavation of the 

contaminated soil. Despite the success achieved in recovering LNAPL at the 

site, significant LNAPL persists. It is impractical to remove all subsurface 

LNAPL contamination by such active measures. Thus, the remediation 

objectives at this site consist of removing LNAPL to its feasible extent from 

the formation, and reliance on natural attenuation for the remediation of 

those remaining, which might take a number of years to achieve remedial 

goal. 
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Table H.1 Summary of results from the multi-phase extraction (MPE) system (modified 
after JWA, 2009b). 

 
 

Table H.2 Summary of LNAPL recovered at the Colomac mine site from 2007 to 2009. 
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Figure H.1 Layout of the Colomac mine site before demolition of the structure during 
reclamation. 

 
Figure H.2 Bedrock outcrop and escarpment showing (1) sub-vertical fractures parallel 
to foliation, (2) sub-horizontal fractures, and (3) sub vertical fractures parallel to 1 and 
2. 
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Figure H.3 Spill history at the Colomac mine site showing the date, spill quantity and 
type, and relative locations.  

 
Figure H.4 Synthesized site plan showing the approximate locations of the monitoring 
wells (MWs), remedial measures, and installed thermistor string. 
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Figure H.5 Temperature profile with depth in MW 12 north of the tank farm where 
higher yield of free product persists. 

 
Figure H.6 Conceptual diagram of the layout of the deployed multi-phase extraction 
(MPE) system at Colomac mine site. 
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Figure H.7 Profile of the backfilled recovery trench through section A-A’ (Figure 4) at the 
site (after JWA, 2009b). 

 
Figure H.8 Northwest view of the recovery trench showing free product accumulation 
on ice (modified after JWA, 2009b). 
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