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Abstract 

A modified landfarm was constructed in Calgary, Alberta using two batches of 

moderately contaminated (<4000 mg/kg) clay loam subsoil. One batch was contaminated 

with crude oil, the other with a mixture of crude oil and flare pit waste. Various 

treatment regimes were applied to each contaminated soil over 233 days. Treatments 

included: mechanical aeration, compost amendment, nutrient amendment and moisture 

addition. 

Total extractable hydrocarbon concentrations were monitored from January 5 to 

August 26, 2002 using gravimetric analysis and gas chromatography. Changes in soil 

microbial community structure were also monitored over this period using MPN 

enumeration and FAME analysis. 

Results show that landfarming can stimulate the hydrocarbon-degrading biomass 

to remove a substantial concentration (> 43%) of crude-oil contamination from soils 

during low temperature periods (January to May). Results also demonstrate that the 

presence of flare pit waste in the contaminated soil will substantially decrease the 

effectiveness of bioremediation treatments. 
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CHAPTER 1: INTRODUCTION 

The accelerating pace of global industrialization, since the Second World War, 

has led to ever-increasing demand for hydrocarbon-based fuels. In Canada this has 

caused an unprecedented growth in oil and gas exploration and in the movement of liquid 

hydrocarbons from remote resource basins to populated centres. As the overland 

transport of hydrocarbons by tanker-truck and pipeline increases, so too does the 

potential for the unintentional release of contaminants into the environment. Mounting 

public and governmental pressure in Canada has created a regulatory framework whereby 

the industrial sector is required to immediately report and reclaim these spill sites (CCME 

1999, NEB 2003). Because much of Canada's oil and gas reserves are located in the 

northern reaches of the country, these "spill events" often occur in isolated regions where' 

reclamation is exceedingly difficult. At remote sites, conventional clean-up 

methodologies, such as excavation and disposal, are not practical because infrastructure, 

such as roads, fueling stations, landfills, etc. are not present. Hydrocarbon spills in cold 

climates present further difficulties in that the reclamation season, when the ground is 

free of snow and solid enough to support heavy equipment, is often short; and 

contaminants tend to, accumulate to a greater degree and persist longer than in warmer 

environments. Studies in Northern Canada and Alaska have demonstrated substantial 

residual hydrocarbon concentrations and associated ecological impacts twenty-five years 

after crude oil spills occurred (Wang et al. 1998). Cold-climate ecosystems have short 

growing seasons and low biological diversity. In these low-productivity environments, 

species at each trophic level are dependent on very limited resources. Anthropogenic 

contaminants introduced into these fragile systems can cause significant disruption; for 

instance, if soil health is impacted, nutrients will not be cycled properly, with resulting • 

detrimental effects on vegetation (Villee et al. 1989). The effects can continue to spread 

vertically, impacting other trophic levels and leading to serious and long-term ecological 

damage (Spiro and Stigliani1996). / 

Awareness of the problems associated with remote site remediation has led 

industry and government to search for new and more suitable treatment methodologies, 
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One method that has proven to be effective at remediating hydrocarbon contaminated soil 

is biorémediation. This technique uses introduced or indigenous microorganisms to 

metabolically transform contaminants into less harmful end-products (Liu and Suflita, 

1993). In remote locations the benefits of bioremediation can be substantial. 

Contaminants are permanently removed on-site, avoiding the costs and liability 

associated with the relocation of contaminated material. Soil productivity is not 

impacted, as is often seen with thermal treatments, and costs are low because the 

manpower and energy inputs are comparatively small. The use of bioremediation in 

Canada is still limited, largely because there is a belief amongst remediation practitioners 

that the climatic conditions in much of the country are not conducive to a biologically 

driven process. 

Much has been written about optimizing in situ and ex situ bioremediation 

systems using various amendments and biostimulation techniques. However, this 

research is carried out almost exclusively under favourable temperature conditions (20 - 

40 °C) and, in many cases, is discontinued if the average temperature falls below this 

ideal range (Troy et al, 1994). Given that 80% of the biosphere experiences temperatures 

below 5°C, this predilection toward warm temperature research has lead to a significant 

gap in our knowledge of cold-climate bioremediation (Margesin and Schinner 1994). 

This is particularly unfortunate for countries such as Canada where the majority of the 

hydrocarbon reserves are found in areas that experience temperatures well below 20°C 

for much of the year. 

In the last ten years some research has emerged focusing on the feasibility of 

bioremediation at low temperatures. This work has shown that, in all temperate and cold-

climate soils, a substantial component of the microbial biomass is active at 5°C. Of this 

cold-adapted population, a sizeable proportion were found to be able to efficiently 

degrade hydrocarbons (Wardell 1995, Mac Cormack and Fraile 1997, Margesin and 

Schinner 1997, Gibb 1999, Briksson et al. 2001, Kvicala 2001). A number of field-scale• 

studies have also been carried out, which have demonstrated that hydrocarbon 

bioremediation can be successful in cold climates (Kerry 1993, Tumeo and Gawde 1997, 
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McMillen et al. 1996, Margesin and Schinner 1999). Thus, there is good evidential 

support for the assertion that traditional beliefs regarding microbial metabolic activity at 

low temperatures may be erroneous. 

The temperature coefficient rule (Qio) is often referenced in conventional 

paradigms with regard to the relationship between biochemical reaction rates and 

temperature. The Qio rule states that, for every 10°C decrease in temperature below the 

optimum, there is a corresponding 50% decrease in reaction rate (Radel and Navidi 

1994). While this relationship may hold true for specific enzymatic reactions in closed 

systems, it is not true for mixed microbial populations in the natural environment. The 

Qio value, when used in a bioremediation context, is the factor by which the rate of 

contaminant removal changes with every 10°C increase or decrease in temperature. Early 

attempts to model bioremediation at sub-optimal temperatures, using established Qio 

values, underestimated the rate of contaminant removal. These models failed to address 

the innate capability of soil microbial communities to implement adaptive strategies that 

maintain elevated reaction rates at low temperatures. Experimentation on low-

temperature adapted bacteria (psyehrotrophs and psychrophiles) has shown that they have 

lower Qio values than moderate-temperature adapted (mesophilic) bacteria. In effect, the 

rate of metabolic activity and growth in psychrophiles and psychrotrophs decreases more 

slowly with decreasing temperature than that of mesophiles (Margesin and Schinner 

1994). 

Acquiring knowledge of how microbial communities adapt to temperature change 

and how this affects the rate and extent of hydrocarbon degradation are fundamental steps 

in delineating the possibilities and limitations of cold-climate bioremediation. This study 

is intended to build upon previous research done at the University of Calgary 

Environmental Engineering Laboratories, which compared the rates of crude oil 

biodegradation at 5°C and 20°C (Gibb 1999, Kvicala 2001). This laboratory-scale 

research found that significant hydrocarbon concentration reductions, attributed to 

biological degradation, occurred in soils maintained at 5°C. The research also concluded 

that much of this biodegradation achieved at 5°C occurred in the non-volatile C16 to C24 

range. 
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Laboratory results are often difficult to recreate in the field. In the lab, 

contaminated soil volumes are small and well homogenized, and environmental variables 

can be fully controlled. On the other hand, at the field-scale, soils volumes are large and 

poorly homogenized; further, the material is exposed to ever-changing and often severe 

climatic conditions. The overall goal of this study is to determine whether a relatively 

simple and affordable method of bioremediation, namely landfarming, is effective at the 

field-scale, when temperatures range between 0°C and 20°C. This project combined the 

construction and operation of a land treatment facility at the Shepard Landfill in Calgary, 

Alberta with regular monitoring and lab analysis in order to answer this question and to 

identify the required parameters for optimal operation. 

The term "landfarming" is used herein to describe the bioremediation treatments 

employed in this project. The definition of a "landfarm" has been subject to competing 

interpretations within academic publications and amongst remediation practitioners for 

many years. Depending on individual interpretations of the bioremediation terminology, 

the treatment system might also be described as a biopile, biocell or land treatment 

facility. In the context of this work, the term landfarm refers to a system where 

contaminated soil is excavated and placed in layers over a lined treatment cell. Nutrients, 

water, and other amendments are then added. The soil is periodically tilled to stimulate 

the growth of the hydrocarbon degrading microorganisms and to promote bioremediation 

(Tumeo and Gawde 1997). 

Two types of hydrocarbon contaminated soil were treated over a 233 day period, 

the first 136 days of which constituted the low temperature period (January 5 to May 21). • 

Contaminants in the first soil consisted primarily of diesel and produced crude oil, while 

the second soil contained these contaminants and an unknown quantity of flare pit waste. 

Each soil was treated identically and divided into four (8m x 6m) cells - comprising one 

control and three treatment cells - which were sampled monthly. Different treatment 

regimes were applied to the cells, ranging from simple aeration through to multiple 

amendments, aeration and moisture maintenance. Total extractable hydrocarbon 
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concentrations were determined gravimetrically on a monthly basis in order to compare 

the effectiveness of the different treatments. Gas chromatography was used to track 

changes in the chromatographic profile of the contaminant over time, and microbial 

analysis (Most Probable Number enumeration and FAME profiling) was used to examine 

the effect of temperature change on microbial community structure. 

The specific objectives of this research are as follows: 

1) To determine whether ex situ bioremediation, by landfarming, is technically viable at 

low temperatures. 

2) To determine which treatments, if any, best stimulate biological hydrocarbon removal 

at low temperatures. 

3) To compare the rate and extent of biodegradation achieved while treating two 

different hydrocarbon mixtures; one consisting primarily of crude oil, the other a 

combination of crude oil and flare pit waste. 

4) To determine which fraction of a crude oil based contaminant, if any, is preferentially 

degraded. 

5) To gain insight into the effect that temperature has on the distribution of 

microorganisms in a contaminated soil's biomass. 

The results of this research are intended to be used as a resource for the further 

development of field-scale hydrocarbon bioremediation research. It is also hoped that the 

findings of this project will aid bioremediation practitioners in the design and 

implementation of ex situ bioremediation projects in temperate and cold-climate regions. 
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CHAPTER 2: LITERATURE REVIEW 

The following survey is a concise overview of the important physical, chemical 

and biological parameters mitigating bioremediation. The types of contamination being 

discussed are limited to petroleum hydrocarbons and their derivatives. The 

methodologies of interest surveyed here focus on ex situ treatments, primarily 

landfarming and land treatment. 

2.1 DEFINITION OF BIOREMEDIATION 

Bioremediation is defined by Cookson (1995) as the application of biological 

processes to the treatment of groundwater, soil and sludges contaminated with hazardous 

chemicals. Soil bioremediation uses indigenous and, in some cases, seeded 

microorganisms to metabolically transform soil contaminants into less harmful 

compounds. Petroleum hydrocarbons can be degraded into carbon dioxide, water, 

inorganic compounds and cell mass; or partially degraded into intermediate products 

(Burden and Sims 1999). 

2.2 FACTORS AFFECTING THE RATE AND EXTENT OF BIOREMEDIATION 

When natural soils are exposed to anthropogenic sources of hydrocarbon, 

components of the surviving microbial community will always attempt to utilize the 

organic contaminants as an energy source (Sexstone and Atlas 1977, Cookson 1995). 

Many variables - both biotic and abiotic - affect the rate and extent of bioremediation. 

The critical factors influencing hydrocarbon bioremediation can be divided into three 

broad categories: the contaminant properties, the soil properties, and the microbial 

community. 
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2.2.1 Contaminant Properties 

The physical and chemical properties of a contaminant affect its movement 

through the soil environment, its eventual fate, and the ease with which it can be 

biologically remediated. Hydrocarbons in soil can exist in four phases: 1) as free 

product, 2) in the adsorbed phase, 3) in the dissolved phase, and 4) in the vapour phase 

(Cookson 1995). 

2.2.1.1 Chemical Properties and Composition 

Hydrocarbon contamination rarely involves the release of a single hydrocarbon 

compound into the environment. Most often there is a complex mixture of chemicals 

involved, all with different toxicities and varying resistance to microbial attack 

(Nocentini et al. 2000). Petroleum hydrocarbons (PHC) can be divided into four classes 

based on their fractionation by silica gel chromatography: 1) saturates - aliphatic 

compounds including n-alkanes, branched alkanes and cycibalkanes; 2) aromatics - 

compounds containing at least one benzene ring; 3) asphaltenes - compounds including 

phenols, fatty acids, ketones, esters and porphyrins; 4) resins - compounds including 

pyridines, quinolines, carbazoles, sulfoxides and amides (Leahy and Colwell 1990). 

Because of physical differences such as size, structure and solubility, all 

hydrocarbon compounds are not equally biodegradable. In general their order of 

susceptibility to microbial breakdown, from greatest to least, is as follows: n-alkanes > 

branched alkanes > low molecular weight aromatics > cyclic alkanes > asphaltenes > 

resins (Leahy and Colwell 1990, McMillen et al. 1996). Immediately following a spill, 

there is a period of rapid bioremediation when the readily available and highly 

degradable fractions are biodegraded. This is followed by a prolonged period, often 

lasting many months, where the less bioavailable and less degradable fractions are 

removed. Some compounds remain in soil for much longer periods because of their 

inherent resistance to enzymatic attack; this phenomenon is known as recalcitrance. 
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Recalcitrant aromatic and asphaltenic compounds can persist in the environment for 

many years (Leahy and Colwell 1990, Wang etal. 1998). 

Polarity, which describes the distribution of electrical charge across a molecule, 

will affect the rate of substrate catabolism. Compounds that have relatively uniform 

charge distributions are non-polar and hydrophobic. As polarity increases, a compound 

will become progressively more hydrophilic. Polar compounds will enter into the 

dissolved phase more easily and are generally more bioavailable (Sutherson 1997). It is 

important to note, however, that a high degree of bioavailability does not necessarily 

mean that a compound is highly biodegradable. For example, some halogenated organic 

compounds and polycyclic aromatic hydrocarbons (PAR) can be highly soluble, yet still 

resistant to biological breakdown (Providenti et a!, 1993). 

Light crude oil will often fractionate on a silica gel column into roughly 73% 

saturates, 23% aromatics, and 4% polar compounds (McMillen et al. 1996). Crude oils 

have highly variable chemical compositions and range from highly biodegradable to 

highly recalcitrant. In heavier oils, aromatics can comprise 30 to 50 percent of the oil's 

total weight while polar compounds can be as high as 15% (McMillen et al. 1995). The 

difference in biodegradability between light crude oils and heavier asphaltenic species is 

marked. 

McMillen et al. (1995) carried out numerous microcosm studies in an effort to 

determine the biodegradability of 17 crude oils. They found a strong correlation between 

the API gravity of the oil and its biodegradability. API (American Petroleum Institute) 

gravity is an industry-accepted standard for describing the specific gravity of crude oils. 

It is related to specific gravity by the following equation (Bobra and Callaghan 1990): 

APIgravity =  141.5  — 131.5 

Specific gravity (60/60°F) 

Specific gravity (60/60°F) = oil density at 60°F divided by the density of water at 60°F. 
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Thus, the higher the API gravity number, the lighter the oil. The most 

biodegradable crude examined in McMillen et al. (1995) had an API gravity of 45 (76% 

saturates, 19% aromatics, 5% polars). It showed a 62% total petroleum hydrocarbon 

(TPH) reduction after four weeks of treatment. The least biodegradable crude had an API 

gravity of 15 (29% saturates, 46% aromatics, 11% polars) and showed only 10% TPH 

reduction over the same period. 

Refined oils respond similarly to bioremediation. An Alaskan study by Reynolds 

et al. (1997) compared the biodegradation of diesel fuel and lubricating motor oil. After 

one year of landfarming the TPH concentration in the diesel-contaminated treatment cell 

decreased by 76% while, in the identically-treated heavy oil cell, the TPH concentration 

showed only a 30% reduction. While specific gravity is useful as a simple predictive tool 

for estimating biodegradation potential, a compound can have a high specific gravity and 

still be readily biodegradable (McMillen et al. 1995). 

The structural configuration of certain hydrocarbon molecules makes them 

susceptible to enzymatic attack. BTEX compounds from gasoline (benzene, toluene, 

ethylbenzene, xylenes), which are low molecular weight aromatics and n-alkanes are 

examples. Other compounds are more difficult to catabolize. They may be too large to 

pass through cellular membranes or shaped in such a way that enzymes cannot easily 

align with them (Huesemann 1997). Research on the extent of crude oil bioremediation 

by Chino et al. (1999) found that, after six months of landfarming, there was an 80% 

decrease in the concentration of three-ring PAH compounds, while no accompanying 

reduction in the four or five-ring PAH occurred. Similar research done by Porta et al. 

(1999) supports these findings, although moderate degradation of four-ring PAH was 

observed. These studies highlight the extent to which a contaminant's intrinsic physical 

and chemical properties affect the ease with which it can be biologically degraded. 
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2.2.1.2 Contaminant Concentration 

The concentration of hydrocarbons in soil will affect the rate at which they are 

degraded by microorganisms. At high concentrations, a large proportion of the substrate 

is bioavailable and TPH concentrations will drop substantially during the first 30 to 90 

days of treatment (Zhou and Crawford 1995, Tumeo and Gawde 1997). McMillen et al. 

(1996) found that soil contaminated with 16,000 ppm crude oil, showed greater than 80% 

TPH loss in 16 weeks when composted in windrows. At lower concentrations the 

contaminant occupies less space and, consequently, contact with hydrocarbon-degrading 

microbes will occur less frequently. Bioavailability will also be lessened as a growing 

proportion of the hydrocarbons become adsorbed into the soil matrix over time. This 

decrease in the free phase and dissolved phase concentrations can substantially slow the 

rate of bioremediation (Providenti et al. 1993). 

2.2.1.3 Contaminant Toxicity 

The concentration at which certain hydrocarbons become toxic to soil 

microorganisms is a source of academic debate that requires further study. Both 

hydrophobic and hydrophilic compounds can be toxic. The toxicity of hydrophobic 

compounds arises from their tendency to partition and accumulate within a cell's plasma 

membrane leading to intra-membrane swelling. This not only weakens the integrity of 

the cell wall but also disrupts the electrical potential across the membrane and inhibits the 

cell's ability to regulate solute transport (Sikkema et al. 1995). Hydrophilic chemicals 

can also have high toxic potentials. Their aqueous solubility leads to accumulations in 

the dissolved phase. In the dissolved phase, compounds can be highly mobile and exhibit 

a high degree of interaction with soil microorganisms. This heightened level of 

chemical-to-cell contact can lead to cell death. (Sikkema et al. 1995). Several studies 

have investigated the effects that different crude oil concentrations have on soil microbial 

communities. Hofthian and Chaw (1999) found that crude oil contamination at-

concentrations of 18 500 ppm could be easily bioremediated by landfarming. They 

further demonstrated, using seedling assays, that soil productivity was unaffected at 
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concentrations exceeding 10 000 ppm. Chino et al. (1999) published findings showing 

that soils with crude oil concentrations as high as 39 400 ppm could be successfully 

bioremediated. They found that, if favourable landfarm conditions were maintained, the 

TPH concentrations fell by 80% in 15 months. In fact, it appears that crude oil 

concentrations must reach about 100 000 ppm before becoming toxic to a soil's biomass 

(Dibble and Bartha 1979). However, at such extreme concentrations, the microbial 

inhibition is severe and can last for well over a decade (Sparrow and Sparrow 1988, 

Wang et al. 1998). 

2.2.1.4 Contaminant Aging 

The residence time of anthropogenic chemicals in soil has a considerable effect on 

the ease with which it can eventually be removed. Immediately after soil becomes 

contaminated with hydrocarbons a number of physical, chemical and biological processes 

begin acting upon the contaminant. Certain fractions of the spill material are quickly 

removed, others are chemically transformed, and some remain unchanged. The processes 

at work include: volatilization, biotransformation, chemical oxidation - reduction, 

photolysis, hydrolysis, adsorption and polymerization into humic material (Providenti et 

al. 1993, Hatzinger and Alexander 1995). Chemical aging is a blanket term referring to 

all of the natural abiotic mechanisms that act upon a contaminant in the soil environment;. 

it does not include processes that alter the contaminant's molecular structure (Hatzinger 

and Alexander 1995). The mechanisms of contaminant aging include: 

1) Volatilization: This plays a large role in the removal of light-end hydrocarbons, 

especially those with fewer than twelve carbon atoms. These compounds have high 

vapour pressures and move quickly from a liquid state into the gaseous phase where they 

exit the soil and are released into the atmosphere (Cookson 1995, Wang et al. 1998). 

2) Hydrocarbon Entrapment: Hydrocarbons slowly diffuse and are eventually entrapped 

into the pore space of soil aggregates. This is an initially rapid and reversible process 

that, with the passage of time, leads to a growing fraction of the contaminant becoming 
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resistant to desorption (Hatzinger and Alexander 1995). Compounds become desorption-

resistant because of the torturous path required for their exit from the soil aggregate. The 

entrapment of hydrocarbons in soil pores and micropores can be intensified because of 

their hydrophobic properties which will obstruct their passage through any wetted zones 

on the particle's surface. 

3) Bond Formation: This refers to the formation over time of strong irreversible bonds 

between the contaminant and soil organic matter. These are complex, non-covalent 

interactions between the tertiary structures of the contaminant and the soil humic 

material. The bonding forces at work in this phenomenon include: hydrogen bonding, 

ionic bonding and hydrophobic interaction - none of which change the contaminant's 

original chemical composition (Providenti et al. 1993, Hatzinger and Alexander 1995). 

4) Adsorption: Contaminant molecules are subject to strong electrostatic forces that bond 

them to the surface of soil particles. Keyes and Silcox (1994) carried out a detailed study 

of toluene desorption from montmorillonite clay and showed that, at the level of 

interaction between a single clay particle and the chemical, many mechanisms are at 

work. They surmised that, in an aged soil, much of the contaminant exists in a thin 

adsorbed layer bound to the charged surfaces of the particle. 

In older spills the adsorbed phase of the contaminant is in equilibrium with the 

dissolved and vapour phases surrounding the particle. When gaseous contaminant is 

removed by aeration, boundary conditions between the phases change. Concentration 

gradients are established that favour the movement of contaminant out of the adsorbed 

phase and into the vapour phase. This transition into the gas phase causes a diffusion 

flow to occur, which carries vapours away from the high concentration sites on the clay 

particle (Keyes and Silcox 1994). Once free, the gaseous contaminant will re-solubilize, 

adsorb to a new location or escape into the atmosphere. This state of flux of contaminant 

vapours is achieved only if the species being removed are volatile at the temperature of 

the soil. At some point, the remaining contaminant fractions will establish equilibrium 

under the new conditions. Similar principles apply when the adsorbed contaminant exists 
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as free product or is in the dissolved phase. If a concentration gradient can be established 

where the diffusion forces overcome the local cohesive and adsorptive forces of the soil 

particulate, then the mass transfer will occur. Increasing temperatures will always shift 

the adsorption equilibria and increase the bulk flow of contaminant out of the soil (Keyes 

and Silcox 1994). 

Nocentini et al. (2000) studied the biological removal of different commercial 

hydrocarbon mixtures from soil. Their objective was to understand why some 

contaminant fractions are unable to be, or are very slowly, bioremediated. Microcosm 

studies were carried out on diesel fuel, kerosene, and mineral oil in two different soils. 

The study demonstrated that the chemical composition of a hydrocarbon mixture strongly 

influenced how quickly and extensively it was removed. Soil type also proved to be an 

important factor as all three hydrocarbon mixtures showed greater TPH removal in the 

coarser silty-sand soil than in the finer clayed-silt (the influences of soil conditions on 

bioremediation are discussed in more detail in section 2.2.2). From an initial 

concentration of over 5000 mg/kg, the following residual concentrations existed after 277 

days of treatment for the kerosene and diesel: 176 mg/kg kerosene in the silty-sand soil; 

558 mg/kg kerosene in the elayed-silt; 706 mg/kg diesel in the silty-sand soil; and 1209 

mg/kg diesel in the clayed-silt. The researchers concluded that, after an initial period of 

rapid contaminant removal, equilibrium was reached where bioremediation occurred at 

an extremely slow rate. In the treatment of hydrocarbon contaminated soils, this pattern 

is often repeated, generally after 70% to 90% of the contamination has been removed 

(Hatzinger and Alexander 1995, Tumeo and Gawde 1997, Chino et al 1999, van Zyl 

1999, Margesin and Schinner 1999). The initial phase of rapid bioremediation occurs 

because there is an excess of available and easily biodegradable hydrocarbons. 

Following this, the biomass shifts toward degrading the tightly bound contaminants that 

require higher energy inputs (Cookson 1995). 
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2.2.2 Soil Conditions 

The transport and fate of hydrocarbon contamination is directly affected by the 

mineralogical composition, chemical properties and hydrology of the soil. The growth 

and diversity of microbial populations are also dependent on these factors. More than 

any other variables, it is soil conditions such as particle size, structure, oxygen 

availability, nutrient concentration, moisture content, temperature, pH and salinity that 

dictate whether or not bioremediation will be successful (Cookson 1995). 

2.2.2.1 Soil Structure and Particle Size 

The size of a microbial population is directly influenced by the type of soil in 

which it lives. Soils are characterized by their particle size distribution. Individual grain 

sizes will determine whether a particle is a sand (0.05 — 2 mm), silt (0.002 - 0.05 mm), or 

clay (< 0.002 mm) (Fuller 1978). The percent composition of these three classes allows a 

soil sample to be classified on a texturing triangle (Figure 2-1). Table 2-1 summarizes 

the effect that soil type has on some important bioremediation characteristics. Soils with 

high percentages of gravel and stone have a separate classification system (ASTM D 

2487 1993). Coarse soils will not be discussed further as they do not effectively retain 

moisture and are generally poor environments for bioremediation. 

Fertile barns with a mixture of clay, organic matter and sand often have the 

highest bacterial concentrations of any soils. Optimal conditions can lead to microbial 

densities in the range of 109 bacteria per gram of soil (Margesin and Schinner 1997). 

Organic matter content is also important in maintaining high microbial densities; it 

imparts good moisture retention properties on the soil and acts as an attachment site for 

microbes (Cookson 1995, Burden and Sims 1999). Sub-optimal conditions, such as those 

seen in and sandy soils, severely restrict microbial growth and can lead to viable cell 

concentrations lower than 10 bacteria per gram of soil (Wilson 1999). 
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Figure 2-1: USDA Soil Texturing Triangle 

90 80 70 60 50 40 30 20 10 

Sand \_ 

Table 2-1: Characteristics Important to Bioremediation as Affected by Soil Type 

Parameter Clayey Soils Silty Soils Sandy Soils 

Drainage Slow Slow - moderate rapid 

Gaseous Diffusion Rate Poor moderate good 

Moisture Retention High moderate - high low 

Organic Content Moderate-High moderate - high low 

Ease of Aeration Difficult moderate easy 

Hydraulic Conductivity 10-9 - 10-6 cm/s 1O' - 10-1 cmls 10-1 - 10' cm/s 

Contaminant Sorption High moderate - high moderate 

(Adapted from Cookson 1995, and Brady and Weil 1996) 

2.2.2.2 Soil Oxygen Concentration 

The breakdown of organic material in soil is carried out largely by aerobic 

microbes. Catabolic enzymes dismantle carbohydrate molecules, releasing stored energy 

and freeing carbon to be incorporated into cellular biomass. These metabolic pathways 

require molecular oxygen as the terminal electron acceptor. Oxygen is also used by 

oxygenase enzymes in oxidation and hydroxylation reactions to cleave aliphatic and 

aromatic structures (Providenti et al. 1993). Oxygen concentration in soil is often 

considered the single most important limiting variable in bioremediation (Wilson 2000). 

Under anaerobic or anoxic conditions, bioremediation will occur, but at a greatly reduced 

rate (Cookson 1995). At soil oxygen concentrations below 1%, the rate of 
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bioremediation becomes severely limited (Hupe et al. 1999); optimal aeration conditions 

are achieved when the air-filled pore spaces in soil contain at least 10% oxygen (Zhou 

and Crawford, 1995). 

2.2.2.3 Soil Nutrients 

Bacterial cells contain about five thousand distinct chemical compounds, all of 

which are synthesized from the organic and inorganic materials that they take in (Villee 

et al. 1989). In order for a microbial population to metabolize and grow, no fewer than 

twenty chemical elements must be available (Cookson 1995). These inorganic nutrients 

are used, along with carbon, to carry out all cellular biosynthesis. The production of 

amino acids and genetic material requires carbon, hydrogen, oxygen, nitrogen, sulphur 

and phosphorous. If any one of these elements is unavailable, cellular growth will stop 

(Wiseman 1988, Villee et al. 1989). The chemical composition of bacteria can be used as 

a guide to approximate the nutritional requirements needed to maintain cell viability (See 

Table 2-2). 

Table 2-2: Chemical Composition of Bacteria 

Percentage 
Element of Dry 

Weight  
Oxygen 20-65 

Carbon 18-50 

Nitrogen 3- 14 

Hydrogen 8-10 
Phosphorus 1-3 
Sulphur 0.3 - 1 

Potassium 0.4-1 

Sodium 0.1-1 

Calcium 0.1-0.5 

Magnesium 0.1 - 0.5 

Chlorine 0.5 

Iron 0.1-0.2 

All Others 0.3 

(Source: Brock et al. 1994, Cookson 1995) 
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Aside from carbon and oxygen, which are discussed elsewhere, nitrogen and 

phosphorus are the two most critical nutrients (Zhou and Crawford 1995, Mohn and 

Stewart 2000). Most of the remaining required nutrients, with the possible exception of 

potassium, are available in abundance in natural soils (Cookson 1995). 

In hydrocarbon contaminated soil, the ratio of carbon to nutrients is increased by 

many orders of magnitude over that seen in undisturbed soil. Thus, a situation arises 

where the population will attempt to grow in response to the plentiful "food" source; 

however, nutrient limitations will preclude this. Bioremediation cannot be sustained at a 

high rate without bringing the carbon : nitrogen : phosphorus ratios back into balance. 

Biostimulation is the application of exogenous nutrients in order to achieve this balanced 

state; usually fertilizers containing nitrogen (N) and phosphorus (P) are added after a spill 

to maintain C:N:P ratios between 50:5:0.5 and 100:1:0.1 (Dibble and Bartha 1979, Zhou 

and Crawford 1995, Margesin and Schinner 1999). 

2.2.2.4 Soil Moisture Content 

For microbes to be active in the soil environment, water must be available in 

liquid form. In most soils bacteria occupy less than 1% of the total pore space; thus, 

water is needed to transport dissolved nutrients to the cells. Water is also the active 

metabolic interface between carbon sources and bacteria (McGill et al. 1981). Many 

microorganisms are motile and meet their physiologic needs by migrating chemotaxically 

toward areas having higher substrate concentrations (Villee et al. 1989). Cellular 

movement within the soil matrix can occur only if water films exist in the pore spaces 

and on particle surfaces. The optimal soil water concentration for bioremediation is 

much debated and is highly dependent on soil type and climate. Most literature reports 

good metabolic activity, in clay and loam soils, when 10% to 20% of a soil's weight is 

due to water (Troy et al. 1994). Another commonly used measure of soil moisture is: 

percent of water-holding capacity; water-holding capacity being the volume of water a 

saturated mass of soil will retain after complete gravitational drainage (Cookson 1995). 
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The percent range of water-holding capacity conducive to bioremediation is between 

25% and 90%, with 60% to 80% being optimal (Dibble and Bartha 1979, Burden and 

Sims 1999, Wilson 2000). 

Another useful measure of soil moisture is soil water potential, or matrix 

potential, which is a complicated but more functional tool with respect to microbial 

activity. Water in soil pore spaces is held in place by adhesive and cohesive forces, 

forces that are inversely proportional to pore diameter (Burden and Sims 1999). 

Essentially the same phenomenon, known as capillarity, is responsible for the rise of 

water in thin glass tubes; the larger the tube's diameter, the less the water can rise against 

the force of gravity. Soil water potential is a measure of the suction force required, in 

megapascals (MPa), to overcome the water's capillarity. The values are expressed in 

negative terms and the optimal range for soil microbial activity is between -0.01 and 

-0.03 MPa (Burden and Sims 1999, Wilson 2000). Sub-optimal moisture conditions can 

quickly stop the growth of viable bacteria and, in severe cases, cause population die-back. 

Lack of moisture will also trigger the implementation of various survival strategies in 

microbes. These include reductions in metabolic activity to conserve energy and 

nutrients, and passage into non-vegetative states by sporulation or encystulation (Roszak 

and Colwell 1987). 

2.2.2.5 Soil Temperature 

Soil microorganisms are generally most efficient and fastest-growing in moderate 

temperatures, generally between 20°C and 40°C (Margesin and Schinner 1997, Peck 

1998). Bacteria and fungi are pokiothermic and cannot regulate their internal cellular 

temperatures. They exist at the same temperature as their surroundings and must carry 

out all life processes as such. If temperatures rise too far beyond this range, cellular 

components become unstable and their functionality is reduced. As the temperature 

continues to rise (well above 40°C) an increasing proportion of the population will die or 

enter a non-vegetative state. At about 65°C the biological activity of most soil 

microorganisms ceases (Villee et al. 1989, Trautmann and Olynciw 1998). This pattern 
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holds true for temperatures below the optimal range as well; as temperature continues to 

decrease, molecular motion slows and proteins begin to change shape and lose flexibility. 

Enzymes soon become inactive and the biochemical reactions that they catalysed stop. 

Below 0°C, the vast majority of a soil's biomass will be frozen and show no meaningful 

metabolic activity ( ricksson et al. 2001). Because the greatest number of bacterial 

species thrive in moderate temperatures, bioremediation will be most efficient when it 

occurs within this optimal range. 

A portion of every soil's biomass is composed of microorganisms that survive and 

thrive in conditions outside the range of most microbes. For these extremophiles, the 

optimal temperature range for growth can be considerably higher or lower than the norm. 

Psychrotolerant soil bacteria and fungi that are adapted to thrive in temperatures below 

20°C are the focus of this project and will therefore be examined in detail throughout the 

thesis. 

2.2.2.6 Soil pH 

Soil microbial populations can adapt to a wide variety of pH ranges; however, 

most natural environments have pH ranges between 6 and 9 (Villee et al. 1989). 

Heterotrophic bacteria generally function most efficiently when soil conditions are near 

neutral pH. Fungi are more resistant to higher hydrogen ion concentrations and are 

metabolically most active in slightly acidic conditions (Leahy and Colwell 1990). 

Because different pH environments will favour the growth of specific microbes, it 

follows that certain contaminants will be preferentially degraded in specific pH ranges. 

Research has shown that gasoline, octadecane, napthalene and crude oil biodegradation 

rates are improved in slightly alkaline environments (Dibble and Bartha 1979, Leahy and 

Colwell 1990). Establishing a large and diverse microbial population - a goal of 

bioremediation - will best be achieved at near neutral pH levels. 
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2.2.2.7 Soil Salinity 

In healthy productive soils, salinity is not usually a concern; even moderately 

saline soils will have large and metabolically active populations. It is only in very salt-

affected soils (> 10 000 ppm) where the solute concentration differential, between the 

environment and bacterial cell, becomes problematic. The osmotic gradient at these 

concentrations is such that a strongly hypertonic environment is created, causing the cell 

to dehydrate. Concentrated salt environments can also cause protein and enzyme 

denaturation (Villee et al. 1989, Wilson 2000). McMillen et al. (1995) reported the 

complete inhibition of biodegradation at soil electrical conductivities around 91 dSlm. 

2.2.3 The Microbial Community 

Soil microorganisms include bacteria, fungi, protozoa, actinomycetes and rotifers 

(Trautmann and Olynciw 1998); these organisms work as primary decomposers and carry 

out a vast array of tasks vital for life on earth. Much of the nutrient and carbon recycling 

that occurs takes place at this trophic level - everything from the transformation of 

atmospheric nitrogen into nitrate through to the degradation of organic material to carbon 

dioxide and water is carried out by microorganisms. The structure of this population is a 

critical factor in determining how effective bioremediation will be. 

2.2.3.1 Microorganisms Responsible for Hydrocarbon Biodegradation 

As previously stated, the principal aim of bioremediation is to enhance the growth 

of a contaminated soil's heterotrophic microbial population. Heterotrophs utilize 

chemical energy stored in organic molecules to carry out their life processes and to 

support growth. In a soil environment, it is the bacterial and fungal heterotrophs that 

carry out the vast majority of organic material degradation. Song et al (1986) determined 

that, in sandy loam soil contaminated with hexadecane, 82% of the biotic contaminant 

removal was due to bacteria and 13% was attributed to fungi. As the population of these 

microbes increases, so to does the rate of bioremediation. 
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Individual bacteria produce only a small number of catabolizing enzymes and 

utilize only a few metabolic pathways. Thus, the number of hydrocarbon compounds that 

they can degrade is limited (Whyte et al. 1996, Mac Cormack and Fraile 1997). 

Considering the complex hydrocarbon mixtures that are common in contaminated soils, a 

mixed and metabolically varied microbial population is critical for extensive 

bioremediation to occur (Sutherson 1997). The ADH-1 strain of Acinetobacter can 

degrade a limited number of saturated and aromatic compounds, but is completely unable 

to utilize others, even those with a high degree of structural homology. ADH-1 can 

rapidly grow in culture with the n-alkane dodecane as its sole carbon source. It will not 

grow, however, under the same culture conditions when n-octane is added (Mac Cormack 

and Fraile, 1997). While this narrow metabolic range is likely the norm, other more 

versatile strains have been found. Whyte et al. (1998) isolated a strain of Rhodococcus 

that can mineralize a broad range of compounds including alkanes from Cio to C21, 

branched alkanes and substituted cyclohexane. 

Many genera of hydrocarbon-degrading bacteria have been identified over the 

years; of these, about ten are common to most terrestrial soils and are major contributors 

to bioremediation (Table 2-3) (Leahy and Colwell, 1990). 

Table 2-3: Hydrocarbon-degrading Bacteria. 
Note: Genera in boldface show a high degree of ubiquity in soil. 

Achromobacter Corynebacterium 
Acinetobacter Flavobacteriurn 
Actinomyces Micromonospora 
Aeromonas Mycobacterium 
Alcaligenes Nocardia 
Arthrobacter Pseudomonas 
Aureobacterium Rhodococcus 
Bacillus Sphingobacterium 
Beneckea Sphingomonas 
Brevibacterium Spirillum 
Brevundimonas Vibrio 
Comamonas 

(Source: Leahy and Colwell 1990, Whyte et al. 1996, Rowsell 2001) 
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Fungi are another important constituent of soil biomass; these organisms work in 

concert with the other soil microorganisms by breaking down organic material that is 

resistant to bacterial attack. Fungi are non-motile colony-forming heterotrophs. They 

access food by extending long multicellular filaments called hyphae which aggregate 

around the degradation target (Villee et al. 1989). Fungi are able to tolerate a wide range 

of soil pH; they have been found in highly acidic environments with pH of 2 and in 

alkaline environments with pH of 10. Their resistance to high osmotic pressures allows 

them to grow in salty environments that are prohibitive to all but the most halotolerant 

microbes; they are able to thrive over a wide temperature range, from below 5°C to over 

39°C (Villee et al 1989, Cookson 1995). Because of this resilience, fungi likely play a 

greater role in bioremediation when soil conditions are sub-optimal. Like bacteria, they 

will survive extreme nutrient or moisture limitations by entering a non-vegative or restive 

state and by sporulation (Villee et al. 1989). 

In the context of bioremediation, one type of fungi is most important: wood-

rotting fungi have unique enzymatic abilities which allow them to degrade complex 

polymers (Cookson 1995). One of their primary tasks is the breakdown of lignin, a 

compound found in plant material that is highly resistant to biochemical attack. Lignin 

molecules are too large to be absorbed through the hyphae cell wall; instead, a strong 

hydrolytic exoenzyme (e.g. laccase) is secreted onto the substrate. These enzymes break 

the lignin into smaller fragments that can be absorbed and broken down intracellularly. 

Over 1600 wood-rotting fungi have been identified, each having slightly different 

metabolic pathways and each capable of secreting slightly different exoenzymes. The 

many exoenzymes secreted include peroxidases which allow fungi to break down stable 

aromatic and halogenated compounds not easily degraded by bacteria. Other fungal 

enzymes can remove alkyl side chains, carry out ring demethylation and cleave carbon 

ring structures. Among the chemicals reported to have been degraded by fungi are: 

toluene, pentachlorophenol (PCP), chiorocarbons, polycyclic aromatic hydrocarbons 

(PAH), polychlorinated biphenyl's (PCB), lindane and dichlorodiphenyltrichloroethane 

(DDT) (Woertz et al. 1999, Cookson 1995). 
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2.2.3.2 Microbial Community Structure 

The concentration of heterotrophic microorganisms in soil is heavily influenced 

by all parameters being discussed in this review. Bacteria, the main participants in 

bioremediation, have been observed in soil at concentrations well in excess of 109 cells 

per gram of soil (Margesin and Schinner 1997, Wilson 1999). Such concentrations 

usually indicate soil suitability for bioremediation. It should be noted, that, while a high 

microbial density indicates a healthy soil, it is the oil-degrading species within that 

population that drive the bioremediation of hydrocarbon contaminated sites. In 

uncontaminated soils, bacteria capable of utilizing hydrocarbons often comprise less than 

0.1% of the total microbial population (Atlas 1981). This proportion increases rapidly 

after an initial exposure to hydrocarbons. Sexstone and Atlas (1977) found that, within 

one year of a crude oil spill into arctic soil, over 50% of the entire bacterial population 

was capable of degrading hydrocarbons. As exposure times to anthropogenie 

hydrocarbons increase, it is not uncommon to see the concentration of hydrocarbon-

degraders exceed 107 cells per gram of soil (Margesin and Schinner 1997, Kvicala 2001). 

Zhou and Crawford (1995) compared the effects that different concentrations of 

oil degrading bacteria had on contaminant removal rates. They found that a soil with a 

diesel oil-degrading population of 5.0 x 104 cells per gram of soil achieved a maximum 

contaminant removal rate of 24 ppmlday, while the same population at a concentration of 

2.5 x 106 showed an almost fivefold increase in removal rate (114 ppmlday). 

2.2.3.3 Population Dynamics 

Bacteria capable of degrading hydrocarbons exist in nearly every terrestrial soil 

on the planet. The variability in environmental conditions under which these organisms 

survive is astounding and provides evidence as to the exceptional adaptability of bacterial 

populations. Even in the soils of Antarctica, considered the most inhospitable in the 

world, healthy microbial populations exist. Mac Cormack and Fraile (1997) isolated ten 
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species of bacteria from chronically gas and oil contaminated Antarctic soil capable of 

growing in culture with crude oil as the sole carbon source. 

Each member of a microbial community lives in balance with the finite energy 

and metabolite sources available. In a soil environment, there are thousands of species in 

constant competition for limited resources. Populations are constantly in a state of flux, 

adapting to changes in the soil's chemical and physical properties (Villee et al. 1989). If 

a metabolite becomes plentiful, microbes possessing enzymatic pathways allowing them 

to utilize it will thrive; those that do not will be out-competed and die back. This 

competitive selection leads to a population that is highly adapted to its specific 

environment. When an environmental perturbation occurs, the existing community is no 

longer ideally adapted and population succession occurs. This concept is further 

discussed in sections 2.2.3.3.1 and 2.2.3.3.2. 

Some microbes cannot utilize the original substrate; rather, they require the 

metabolic end-products of a previous biotransformation. This type of synergism can be 

repeated many times before a hydrocarbon is fully biodegraded (Liu and Suflita 1993). 

Co-metabolism is another important mechanism that occurs regularly in metabolically 

active populations. This process involves the degradation of one compound only in the 

presence of another that serves as the primary electron source. A microbe will attach to a 

primary substrate and begin generating catabolic enzymes, some of which are able to 

transform a secondary substrate. This "cometabolic" breakdown of the secondary. 

substrate is not associated with the organism's energy production or biomass 

accumulation (Cookson 1995). Because it is not specifically targeted, the secondary 

substrates are usually only partially degraded; however, this is an important first step in 

the breakdown of recalcitrant compounds such as PCB (Liu and Suflita 1993, Providenti 

et al. 1993). 
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2.2.3.3.1 Selective Evolution 

When a healthy soil is exposed to hydrocarbon contamination, its biomass will 

undergo radical changes in response to the new selective pressures being exerted. The 

time for adaptation to contaminants is short because the lifespan of bacteria is short, 

occurring in the order of days or even hours (Villee et al. 1989). The life cycle of 

microorganisms grown in pure batch culture is commonly described in the form of a 

growth curve (Figure 2-2.). This concept is useful in the understanding of evolutionary 

succession in mixed populations; the growth curve consists of four distinct phases 

(Prescott et al. 1995): 

Figure 2-2: Microbial Population Growth Curve 
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1. Lag Phase: the initial phase with no immediate increase in cell numbers. This is the 

period in which microbes are synthesizing cellular components in preparation for rapid 

growth. 

2. Exponential Growth Phase: organisms are multiplying at an exponential rate. Growth 

is maintained at the maximum rate allowed for by the population's genetic potential, until 

some limiting environmental factor is encountered. 
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3. Stationary Phase: once a limiting parameter is encountered, the growth rate begins to 

stabilize. This occurs either because the microbes stop dividing to minimize their 

metabolic consumption or because the rate of cell death begins to match the rate of cell 

growth. In bioremediation applications, it is usually low concentrations of oxygen, water 

or nitrogen that remove microbes from their growth phase (Cookson 1995). 

4. Death Phase: in this final period of a population's life cycle, conditions have become 

adverse enough that cell death far outstrips cell growth and the overall number of viable 

cells declines rapidly. Generally, there is insufficient maintenance energy available to 

maintain cell integrity and the cells lyse. 

In a newly-contaminated environment, those microbes that are intolerant of the 

pollutant quickly pass out of their growth phase and into stationary or death phases. 

Those species that are resistant to the contaminant, or can utilize it as a source of energy, 

move into or remain in the exponential growth phase. 

Microbial communities over the longer term are able to adapt to an amazing 

myriad of xenobiotic chemicals; a testament to this phenomenon is seen in the 

development of antibiotic resistance in microbial consortiums (Liu and Suflita 1993). 

The simple fact that mutant strains appear which are capable of surviving antibacterial 

chemicals is tribute to nature's adaptability. The fact that these new bacterial strains can 

enter the growth phase and evolve into a functioning population is truly astounding. This 

type of evolutionary robustness is largely due to the high degree of genetic adaptability 

seen in microorganisms. 

2.2.3.3.2 Genetic Adaptation 

On a genetic level, a microbial population enhances its ability to catabolize an 

anthropogenic substance by amplifying those genes involved in its metabolism. This is 

done by three mechanisms: 1) inductive enhancement of useful genes; 2) mutation 
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leading to improved genes; and 3) transfer of genetic material between species (Leahy 

and Colwell 1990, Liu and Suflita 1993). 

Bacterial DNA is constantly mutating as a result of errors that occur during 

normal replication and repair activities. Mutations can occur as single-nucleotide 

insertions, deletions, or as unintended substitutions; these minor changes to a gene's 

coding can drastically alter the proteins being synthesised (Liu and Suflita 1993). 

Microorganisms also alter their genotype by obtaining new material through their 

interactions with other organisms. This occurs through three mechanisms (Villee et al. 

1989, Leahy and Colwell 1990, Margesin and Schinner 1994, Dejonghe et al. 2000): 

1) Transformation, where fragments of DNA are released into extracellular space by 

one microbe, and taken up by another. 

2) Conjugation, when two cells of different mating types come together and 

exchange DNA and plasmids. This occurs through a conjugation bridge, usually a 

hollow pill, which connects the two microbes. 

3) Transduction, where bacteriophage viruses carrying foreign genes invade a cell 

and deposit the genetic material. 

The end result of successful genetic adaptation is the microbes having expanded 

their catabolic potential with regard to the contaminant (Liu and Suflita 1993). 

2.2.3.4 Bioaugmentation 

The addition of allochthonous microorganisms into a contaminated environment 

in order to increase the rate and extent of bioremediation is known as bioaugmentation 

(Leahy and Colwell 1990). The microbes involved can be naturally occurring species 

that have been isolated and cultured because of their effectiveness at degrading the 

contaminant substrate. It can also involve the addition of genetically engineered 
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microorganisms (GEMs) that have been manipulated to possess novel enzymatic traits 

that accelerate bioremediation. Once large quantities of the selected organisms have been 

prepared, they are introduced or re-introduced into the contaminated environment in 

order to accelerate the processes of natural adaptation. GEMs may be used because of 

specialized traits such as: resistance to toxic environments, resistance to temperature 

extremes, or the ability to metabolize specific recalcitrant compounds. 

The wisdom and effectiveness of bioaugmentation has been questioned by a 

number of researchers over the years (Liu and Suflita 1993). Many believe that a 

naturally adapted population is ideally suited to their ecological niche, even in 

contaminated soils, and that it cannot reasonably be improved upon by human 

intervention. For bioaugmentation to be successful, three stringent parameters must be 

met (Liu and Suflita 1993, Piotrowski and Cunningham 1998): 1) Introduced species 

must compete, in a heterogeneous environment, with native species. 2) They must be 

non-pathogenic and produce no toxic metabolites. 3) They must avoid corrupting the 

existing gene pool. There have been some cases of improved contaminant removal due 

to bioaugmentation and reductions in the time required for the lag phase (Whyte et al. 

1998 & 1999, Dejonghe et al. 2000). The prevailing belief, however, seems to be that 

the minor and short-lived benefits of bioaugmentation do not justify its effort and 

expense (Leahy and Colwell 1990, Margesin and Schinner 1999, Wilson 1999). 

2.2.3.5 Microbial Energy Environment 

In an ecosystem, energy and matter are held in delicate balance through natural 

processes that circulate, transform, accumulate and recycle all naturally occurring organic 

and inorganic compounds. In this system, microorganisms play a critical role as primary 

decomposers. Their highly adaptive nature allows them to adjust to environmental 

perturbations and act to maintain the ecological balance. In the context of 

bioremediation, heterotrophic microbes carry out a series of catabolic reactions upon 

organic substrates, stripping them of electrons and positively charged atoms. The 

removal of electrons destabilizes the molecule's structure, making it susceptible to further 
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degradation. In order for oxidation to occur, it must be coupled with reduction; thus, a 

suitable electron acceptor must also be present in the system. The microbially driven 

breakdown of organic matter and the associated movement of electrons generate cellular 

energy through a complex biochemical system known as the electron transport chain. 

This biochemical pathway consists of a series of specialized molecules from the pyridine 

nucleotide family that can undergo rapid and reversible oxidation and reduction as 

electrons are moved across them. The oxidation state transitions that occur in these 

compounds as electrons associate and dissociate with them allows for energy to be stored 

in the form of chemical bonds (Villee et al. 1989). 

Many bioremediation reaction pathways exist (See Table 2-4); however microbial 

populations will always utilize those which yield the greatest net energy. 

Table 2-4: Microbially Driven Biochemical Reactions 

Generalized Redox Reaction. pE Type of Reaction 

0 2+ 411k + 4e -+ 2IIO +20.8 Aerobic Respiration 

2NO3 + 12H + lOe N2(g) + 61120 +21.0 Denitrification 

NOj + 1OH + 8e - NH4 +31120 +14.9 Nitrate Reduction 

CH2O + 2H 2 - CH3OH +3.99 Fermentation 

SO24 + 9H + 8e - HS+ 41120 +4.13 Sulfate Reduction 

CO2 + 8H + 8e 4 C114(g) + 2Hz0 +2.87 Methane Formation 

(Source: adapted From Snoeyink and Jenkins (1980)) 

The Gibbs free energy ( G°) of a compound is a measure of the total amount of 

free energy liberated upon its complete decomposition. Hydrocarbon molecules contain 

large quantities of potential energy because of their highly ordered, covalently bound 

structure; thus, they make excellent substrates for microbial catabolism (Spiro and 

Stigliani 1996). All bioremediation reactions have a given availability of electrons for 

use in oxidation and reduction. This availability is measurable and referred to as electron 

activity (pE) (Table 2-4). Electron activity is related to Gibbs free energy in the 

following equation: 
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PE = -AG' nRT Where: n = Number of electrons involved in reaction. 

2.3 R = Gas constant and T= Absolute temperature 

Microbes will preferentially catalyze reactions with high pE values, as these will generate 

the greatest amount of free energy. 

2.2.3.6 Mechanisms of Biodegradation 

As previously stated, microorganisms in any given environment will utilize the 

available redox combination that is thermodynamically most favourable. The redox 

conditions in soil can be highly variable; conditions can range from aerobic and anoxic 

on the surface to fully anaerobic in deeper or saturated soils. The ratio of oxidized to 

reduced compounds in an environment comprises its redox potential (Eh), measured in 

millivolts (mV). If a soil were fully aerated with oxygen concentrations in equilibrium 

with the atmosphere, the Eh would be approximately 800 mV; this high positive value 

indicates an oxidizing environment. An anaerobic zone would likely have an Eh of less 

than -190 mV, indicating a strongly reducing environment (Wilson 2000). Within the 

constraints of their environment, microbes will seek out the highest energy-yielding 

oxidants, in the following order of preference: Oxygen > Nitrate> Manganese (IV) > 

Iron (III)> Sulphate> Carbon Dioxide (Wilson 2000). 

Some anaerobes have unique metabolic characteristics that allow them to degrade 

materials not easily transformed by aerobes. Many halogenated organic compounds exist 

in an oxidized state relative to their non-halogenated counterparts and are often 

recalcitrant under oxidizing conditions. However, in reducing environments, these 

compounds are subject to breakdown by reductive dehalogenation (Liu and Suflita 1993). 

Alcohols, aldehydes, acids, phenolic compounds and aromatics can all be transformed 

and some completely degraded in an oxygen-deprived environment (Cookson 1995). The 

first step in degrading an aromatic compound involves the reduction of the benzene ring, 

eliminating the double bonds and converting it to an alicyclic ring. This is followed by a 
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series of hydrolytic cleavages that completely break the compound down (Cookson 

1995). 

Aliphatic hydrocarbons, especially saturates, can often be mineralized (converted 

to CO2 and H20) rapidly and completely by aerobic microbes. This occurs through the 

production and secretion of oxygenase enzymes by the degrading microbe. Once 

attached to the substrate, these enzymes work by incorporating molecular oxygen into the 

compound's terminal methyl group. This leads to the formation of an alcohol 

intermediary which is then further oxidized. Subsequent hydrogen removal causes the 

terminus to form into a carboxyl group. Carboxyls contain a double covalent bond 

between the terminal carbon and an oxygen atom. Through a biologically universal 

system known as the "beta oxidation sequence", the double-bonded carbon is removed' 

and the molecule is shortened (Cookson 1995). Ideally this process will continue until 

the hydrocarbon is completely converted to carbon dioxide, water and humus. 

2.3 LOW TEMPERATURE ADAPTED MICROORGANISMS 

Most laboratory studies investigating the effectiveness of biological contaminant 

removal from soil are carried out at optimized temperatures (20°C - 40°C). This has 

caused a gap in the applicability of the research, as rarely in nature are such consistently 

high temperatures encountered. In many terrestrial environments regularly exposed to 

hydrocarbon contamination, the temperatures are well below those determined to be 

optimal for bioremediation (Atlas 1981). In Antarctic, Arctic and Alpine soils, 

temperatures are subject to extreme seasonal fluctuations and rarely exceed 10°C 

(Sexstone and Atlas 1977, Wardell 1995, Margesin and Schinner 1997, Eriksson et al. 

2001). In temperate zones, average temperatures for much of the year also rarely exceed 

10°C, and sub-surface temperatures remain permanently between 4°C and 8°C (Villee et 

al. 1989). Cold-tolerant microorganisms play an important role in the global ecosystem. 

An understanding of their physiology, metabolic characteristics and distribution in 

natural populations is essential in order to design successful low temperature 

bioremediation systems. 
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2.3.1 Definitions 

Recent research has found that cold-adapted bacteria are ubiquitous in terrestrial 

soils (Sadowski and Turco 1999). They fall into one of two categories: psychrophiles, or 

organisms with 'optimal growth at temperatures below 15°C and a maximum growth limit 

of 20°C; and psychrotrophs, which have their optimum growth temperature above 15°C, 

and can survive at temperatures as high as 40°C (Morita 1975). Both psychrophiles and 

psychrotrophs have the ability to grow at temperatures approaching 0°C (Margesin and 

Schinner, 1994). 

2.3.2 Population Growth 

In all living systems, a decrease in temperature will lead to a corresponding 

decrease in the biochemical reaction rates. As mentioned in the introductory chapter, the 

temperature coefficient rule (Qio), when applied to living systems, describes the change 

in biochemical reaction rate associated with every 10°C change in temperature. Qio 

values are calculated by the following equation (Radel and Navidi 1994, Yeung et al. 

1997): 

Qio = (R1+ IR1)(bo/t) 

Where: 

R1 is the reaction rate at an initial temperature i; t is the change in temperature; and Rj-f-t is 

the reaction rate at the second temperature. 

Substrate utilization experiments with glucose and acetate carried out at various 

temperatures have shown that psychrotolerant bacteria have lower Qio values than 

mesophiles; in other words, "the growth rate of psychrophiles and psychrotrophs 

decreases more slowly with decreasing temperature than that of mesophiles" (Margesin 

and Schinner 1994). 
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2.3.3 Physiological Adaptive Strategies 

Most of the planet's aquatic and terrestrial microbes have evolved the ability to 

alter their physiologic processes in response to changes in temperature. The degree to 

which a given species can do this varies, depending upon the pressures exerted by the 

local climate. In cold environments, which occupy more than 80% of the biosphere, 

adaptation has allowed microorganisms to thrive at temperatures just above the freezing 

point of water. Table 2-5 lists the genera of some bacteria that are cold-tolerant and 

widespread in the environment (Margesin and Schinner 1994). 

Table 2-5: Common Cold-tolerant Bacteria. 

Achromobacter 
Aeromonas 
Alcaligenes 
Arthrobacter 
Bacillus 
Brochotrix 
Cellulornonas 
Chromobacterium 
Clostridium 
Coiynebacterium 
Cytophaga 

Escherichia 
Flavobacterium 
Lactobacillus 
Listeria 
Micrococcus 
Proteus 
Pseudornonas 
Serratia 
Vibrio 
Xanthomonas 
Yersinia 

(Source: Gounot 1986, Margesin and Schinner 1994) 

The major strategies that produce cold tolerance can be grouped into three 

categories which are discussed below; they are: enzymatic and kinetic adaptations, 

morphological adaptations and cellular membrane adaptations (Margesin and Schinner 

1994). 

2.3.3.1 Enzymatic and Kinetic Adaptations 

Microbes adapted to life at low temperatures have evolved specialized enzyme 

systems that compensate in part for the low energy of their environment. Both 

psychrotrophs and psychrophiles use two strategies to increase the rate of enzyme-
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mediated reactions: production of more enzymes, and preferentially synthesizing those 

enzymes that are cold-tolerant. 

Herbert and Bhakoo (1979) cultured a psychrophilic strain of Vibrio bacteria at 

14°C and 0°C, and quantified the amount of RNA and protein synthesized in the two 

groups. They found that RNA and protein content increased by 13% in the warmer 

culture cells and 29% in the colder culture cells. The authors concluded that the lower 

temperature acted as a trigger that increased the rate of transcription and protein 

synthesis. More recent studies have confirmed that bacteria respond to drops in 

temperature by increasing enzyme production (Margesin and Schinner 1994). 

Bacteria regulate protein synthesis at the level of DNA transcription (Villee et al. 

1989). The rate of transcription is controlled by positive and negative induction 

responses. Under certain environmental conditions, pre-existing proteins become 

activated. If, for instance, a repressor protein is activated, it is able to bind to a region on 

the bacteria's DNA strand known as the operator. This prohibits RNA polymerase 

binding which halts protein synthesis at the level of transcription (Lewin 2000). With 

Herbert and Bhakoo's Vibrio strain, the activation of mRNA production and resultant, 

protein biosynthesis may have occurred because the lower temperature caused a 

conformational change in the repressor protein, inhibiting its ability to bind to the 

operator site. 

Regulation of transcription can also occur by positive control. Promoter regions, 

where transcription is initiated, can have weak affinities for RNA polymerase so that, 

under normal conditions, transcription occurs at only a basal rate. An environmental 

change, such as a decrease in temperature, can cause specific activator proteins to 

undergo structural changes. Their new shape allows them to bind onto a DNA site 

adjacent to the promoter region; this, in turn, induces a conformational change at the 

promoter site, increasing its affinity for RNA polymerase. Response pathways of this 

type allow the cell to rapidly increase its rate of protein synthesis (Ville et al. 1989). 
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Cold-tolerant microbes synthesize enzymes that differ slightly in their structure 

and chemistry from their mesophilic homologues (Margesin and Schinner 1994). These 

enzymes have the special ability to remain flexible at low temperatures; this flexibility 

allows high catalytic efficiencies to be achieved, even in cold environments. By 

comparison, mesophilic enzymes, with their greater rigidity, cannot catalyze reactions 

with the same speed and efficiency at lower temperatures (Chessa et al. 1999). 

Microbes can increase enzymatic flexibility by reducing the number of stabilizing 

interactions in their protein's tertiary structure. The specific stabilizing forces include: 

hydrogen bonding, ion pairing, salt bridging, polar interactions and hydrophobic 

interactions (Davail et al. 1994). 

Protein 'loosening' can be achieved by substituting or removing specific amino 

acid residues. The enzyme -amylase, when produced by the psychrophilic bacteria 

TAC 240B, has fewer arginine and proline residues than those produced by mesophilic 

and thermophilic homologues (Chessa et al. 1999). Arginine and proline are highly 

bivalent and form many hydrogen bonds within the enzyme's highly folded 

configuration. 

Some proteins prevalent in psychrophiles and psychrotrophs also show increasing 

affinities for their effector molecules when temperatures decrease. This response is seen 

with cold-adapted x-amylase; the enzyme is inactive until a chloride molecule binds to its. 

(13a)8 site. At 4°C, protein conformational change cause the (pa)8 site to have three 

times the affinity for chloride it has at 25°C (Chessa et al. 1999). 

These low temperature induced structural changes also occur in metabolic 

proteins. Again, the reduced number of stabilizing interactions within the structure of 

these proteins allows them to be highly energy-efficient (Margesin and Schinner 1994). 

All metabolic reactions require a certain minimum input of energy to begin; this is known 

as the activation energy. The kinetic adaptations that psychrophiles and psychrotrophs 

impart into their proteins allow them to have lower activation energies than those 
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observed in mesophilic strains. Even at temperatures as low as 0°C, when available 

cellular energy is extremely low, membrane transport proteins that are cold-adapted will 

continue to bind substrate and transport it across the cell membrane (Gounot 1986, 

Eriksson et al. 2001). 

2.3.3.2 Morphological Adaptations 

Most bacteria are capable of altering their cell morphology in response to 

environmental stress. The range of changes that can occur is vast, it includes: formation 

of resistant spores, formation of cysts and changes in cell size (Roszak and Colwell 

1987). Research on .Pseudomonad bacteria demonstrates that a decrease in temperature 

below the growth optimum (14°C) caused an overall decrease in cell yield (size of 

individual cells). There was, however, no associated decrease in cell division (Herbert 

and Bhakoo 1979). In this case, it appeared that temperature-stressed bacteria were 

willing to sacrifice individual cell size in order to maintain population growth. Small cell 

size can be advantageous to populations; smaller cells have less energy and nutrient 

demands and their large surface area to volume ratios allow for high substrate utilization 

efficiencies to be achieved. Other psychrophilic. species respond to low temperatures in 

the opposite way: by increasing the size of individual cells. This enlargement could be 

the result of increased protein and lipid synthesis, which often accompanies temperature. 

declines. It may also impart some competitive advantages to the individual cell; a large 

cell has a large membrane area, which will increase its odds of substrate contact 

(Margesin and Schinner 1994). 

2.3.3.3 Cellular Membrane Adaptations 

Maintaining a fluidic state for its outer membrane is a critical requirement for 

cellular survival. Active and passive cross-membrane transport, endocytosis, exocytosis, 

osmotic regulation and many other critical functions all require the membrane to be in a 

"liquid-crystalline state" (Villee et al. 1989). It is the high lipid content in the cell 

membranes, ranging between 40% and 70%, that imparts the fluidic state (Herbert 1986). 
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The vast majority of lipids in cell membranes are phospholipids; they consist of a 

phosphatic group head, a glycerol body, and a fatty acid tail. In the membrane, two 

layers of phospholipids align with their hydrophobic tails facing inward, and their 

hydrophilic heads facing outward. The fatty acid tails are constantly in motion, 

promoting the movement of selected solutes through the membrane. As temperatures 

drop, the range of motion in these fatty acids decreases, and they spend more time 

aligned tightly together. The distance between adjacent fatty acids continues to decrease 

as temperatures fall; this allows the van der Waal's interactions to increase and further 

restriction of lipid movement to occur. 

At a certain temperature, all movement will cease and the cell is considered to be 

in a gel state; at which point all metabolic processes stop and the cell dies or enters a non-

vegetative state (Villee et al. 1989). 

The principal defence against cell gelling is to increase the proportion of 

unsaturated fatty acids (UFA) in the membrane relative to that of the saturated fatty acids 

(SFA) (Gounot 1986, Margesin and Sehimier 1994). Structurally, UFA's have fewer 

hydrogen atoms than SFA's; this causes a double bond to form in the carbon chain, 

causing it to bend slightly (See Figure 2-3). The bend maintains a minimum distance 

between adjacent fatty acids which lessens the van der Waal interactions and maintains 

membrane fluidity, even at very low temperatures (Gounot 1986, Villee et al. 1989). 
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Membrane phospholipids with 
unsaturated (bent) fatty acid tails. 

Figure 2-3: Alignment of UFA and SFA Phospholipids 

Membrane phospholipids with 
saturated (straight) fatty acid tails. 

Although the physiologic mechanisms by which membrane lipid concentrations 

are altered are not completely understood, there are some generally accepted theories as 

to how it occurs: The most studied mechanism to increase UFA concentrations involves 

the stimulation of a group of enzymes known as desaturases. When activated, they act on 

the phospholipid fatty acids and oxidize their acyl chains, removing hydrogen and 

causing a double bond to form (Rose 1988). The double bond creates the cis or kinked 

structural configuration. Studies with Bacillus megaterium show an increasing degree of 

desaturase synthesis as temperatures fall below 20°C, while at 35°C no measurable 

concentration of the enzyme is present (Herbert 1986). Another example is E. coli which 

also shows an inverse relationship between intracellular desaturase concentration and 

temperature. The speed at which the desaturase enzyme response occurs suggests that 

some concentration of the enzymes pre-exist in the cell, but remained inactive until cold-

induced conformational change occurs (Herbert 1986). 

Another UFA production pathway involves modifications to the fatty acid during 

its synthesis. The complete biochemistry of the process is beyond the scope of this 

review, but it involves the synthetase enzyme 13-hydoxydecanoyl-P, 7-dehydratase which 

introduces a double bond into the fatty acid during the acyl chain elongation process. 
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This method is slower to respond than desaturase activation because it involves altering 

the established SPA biosynthesis pathway; however it is postulated to be the mechanism 

responsible for most of the increased UFA production over the long term (Sweizer 1988). 

Both of the above-mentioned systems require the presence of molecular oxygen 

and produce only monounsaturated fatty acids. The addition of more double bonds 

appears to have too little effect on the gel state transition temperature to justify the cell's 

energy expenditure (Sweizer 1988). 

Other lipid responses to low temperatures include: shortening of the acyl chain 

lengths, reducing the relative proportion of cyclic fatty acids, and increasing the 

concentrations of branched fatty acids (Herbert 1986). 

2.4 FAME ANALYSIS OF MICROORGANISMS 

Lipids are defined as fatty acids, fatty alcohols, hydrocarbons, or compounds 

containing these substances that are soluble in organic solvents (Lechevalier, 1977). 

In prokaryotic cells, fatty acids do not usually exist in free form; rather, they are linked to 

larger molecules such as phospholipids and liposaccharides (Lechevalier, 1977). Fatty 

acids make good indicator molecules as they are highly sensitive to changes in their 

environment; alterations in that environment such as a change in pH, temperature, or 

salinity will cause measurable changes to occur in the type and quantity of fatty acids 

present. A derivative of these known as fatty acid methyl esters (FAME's) can be used 

very effectively for bacterial identification once extracted intact from their parent 

molecules. The practice of chemically separating FAME's and collecting them for gas 

chromatographic analysis is called FAME profiling (Frostegard et al. 1993). 

The fatty acid profile of a bacterium is like a fingerprint; just as a fingerprint is 

unique to the individual, so too is the FAME profile unique to a species of bacteria 

(Cavigelli et al. 1995). FAME profiles, however, are generally used to characterize the 

structure of an entire microbial community. The most valuable information relates to the 
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population as a whole, such as its relative proportions of long chain to short chain fatty 

acids or the percentage of total fatty acids that have double covalent bonds. FAME 

profile information also allows researchers to determine the presence, absence and 

abundance of certain microbes. For instance, the bacterial genus Bacillus is unique, from 

a lipidology perspective, in that it has a very high proportion of branched FAME's within 

its cell wall. Thus, when a total FAME profile is generated from an environmental 

sample and it shows an abnormally high proportion of branched fatty acids, there is a 

good possibility that many of the bacteria in that population are Bacillus (Lechevalier, 

1977). Individual species can also be identified by marker FAME's; these are fatty acids 

found in only a few bacterial species. Their presence or absence creates a unique 

chromatographic profile that immediately tells the investigator whether or not these 

bacteria are present (Dowling et al. 1986). 

FAME analysis, if applied properly, can be a powerful tool for soil biomass 

analysis. The method not only allows for individual FAME's to be identified, but for 

their quantification as well. Importantly, this type of analysis allows researchers to 

characterize environmental samples without the selective bias of culturing. This allows 

for a more accurate understanding of soil ecology and an improved ability to study the 

subtle impacts environmental perturbations have on soil biomass. 
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CHAPTER 3: MATERIAL AND METHODS 

3.1 SOURCE OF CONTAMINATED SOIL 

The contaminated soil used in this project was taken from an abandoned drilling 

site near Balzac, Alberta in December 2000. The site had been out of production for over 

thirty years; its soil was contaminated with a variety of hydrocarbons resulting from oil 

drilling and production operations. Approximately 600 cubic metres of soil was 

excavated from two locations at this site. The first excavation area was between the well-

head and a backfihled storage sump. Oil-based drilling mud was stored in this sump for 

an unknown period of time, at the time of excavation it had been drained and backfihled. 

Leaching from the sump had caused an unknown amount of hydrocarbon contamination 

in the adjacent soils. Soil excavated from this location was thought to be contaminated 

with diesel and produced crude oil; it will hereafter be referred to as contaminated soil A. 

The second excavation area was between the well-head and the flare pit; this soil was 

thought to be contaminated with diesel oil, crude oil and residue from gas flaring. It will 

hereafter be referred to as contaminated soil B. Excavations were done to a depth of 

roughly three metres by trackhoe. Material was immediately transported by truck and 

trailer units to the treatment site. 

The two contaminated soils chosen for this project were picked for the following 

reasons: 

1) Diesel oil and crude oil are known to be readily biodegradable by landfarming (Chino 

et al. 1999); some laboratory-scale research also suggests they are treatable at low 

temperatures (Tumeo and Gawde 1997, Gibb 1999). 

2) Flare pit waste has been shown to be moderately biodegradable in a bioslurry reactor 

at 5°C (Kvicala 2001). 

3) Both types of hydrocarbon contamination are common at many remote drilling 

locations in Canada (Rowsell 2001). 

4) Investigating the rate and extent of biodegradation in these two hydrocarbon 

contaminants helps delineate the strengths and limitations of landfarming. 
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3.2 TREATMENT SITE CONSTRUCTION 

The treatment site was built on an engineered clay pad at the Shepard Landfill in 

Calgary, Alberta. A 40 m by 15 m area was made available by Wasteco Environmental 

Services Inc., which was operating the facility as a soil recycling site. The clay pad was 

designed to minimize contaminant migration; the perimeter was fully bermed and the 

base consisted of 1 metre of clay over a gravel-lined internal leachate collection system. 

As the contaminated soil arrived on site, it was dumped into one of two piles 

depending on whether it was contaminated soil A or B. When soil delivery was 

complete, each pile's volume was roughly 300 m3. The piles were then levelled and 

shaped, by bulldozer, into 32 m by 6 m by 1.5 m (length by width by depth) treatment 

beds. The treatment beds were constructed adjacent to one another in order to facilitate 

equipment access and manoeuvring. Four treatment cells, of roughly 8 m by 6 m (length 

by width), were established in each bed (See Figure 3-1). Once the beds' final shape was 

achieved, soil from all cells was broken-up and compaction-relieved by trackhoe. During 

this "fluffing" period roughly 68 m3 of mature leaf compost was added to cells 3, 4, 5 and 

6. Compost was divided evenly between the cells and mixed throughout their entire 

depth. This amendment brought the ratio of soil-to-compost to roughly 4.2 : 1 (v:v). 

This was deemed sufficiently close to the pre-determined goal of 20% compost by 

volume, as recommended in Cookson (1995), Hupe et al. (1999), and from discussions 

with industry practitioners (Wilson 2003). 
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Figure 3-1: Configuration of the Landtreatment Cells 
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During construction, efforts were made to minimize mixing between 

contaminated soils A and B. However, because of the nature of earthmoving operations 

and the size of equipment used, some cross-contamination was unavoidable. The volume 

of material being handled precluded homogenization; however, any boulders or other 

large debris encountered while preparing the site were removed. 

3.3 EXPERIMENTAL DESIGN 

Over the past decade landfarming has proven to be a low cost and effective option 

for treating a wide variety of hydrocarbon contaminants in soil (Cookson 1995, Chino et 

al. 1999, van Zyl and Lorenzen 1999). This method was chosen for the current research 

because of its versatility. Landfarms are relatively easy to construct and operate and they 

are effective even under highly variable conditions, such as wide-ranging oxygen, water 

and nutrient concentrations (Cookson 1995, Hoffhian and Chaw 1999, van Zyl and 

Lorenzen 1999). A number of landfarming projects have been successfully carried out in 

cold climates (McMillen et al. 1996, Tumeo and Gawde 1997, Margesin and Schinner 

1999). 

This experiment was designed to compare the effects that different landfarming 

treatments have on the rate and extent of bioremediation of hydrocarbon contaminated 

soils in low temperatures. Three treatment regimes were tested on contaminated soils A 
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and B, through the winter, spring and summer of 2002. Total extractable hydrocarbons 

(TEll) concentration and composition were analyzed monthly over the 233 day treatment 

period, from January 5 to August 26, in order to determine the most effective low 

temperature treatment option. 

There are a total of eight cells in the project design; six treatment and two 

controls. The treatments used were as follows: 

Aeration: Mechanical aeration was carried out using a Gator soil mixing unit. 

This specialized machine thoroughly aerates soil, while driving across it, using a cross-

spiked rotary drum. Mixing depth is set by hydraulically raising and lowering the unit's 

entire operating deck. For this project, the soil penetration depth was set to 45 

centimetres. Aeration was carried out only when the air temperature was above 0°C. The 

drum's rotational velocity was set to 200 rpm; the impact of the drum spikes, at this 

speed, breaks-up a soil's aggregate structure and produces a fine textured end-product. 

that is thoroughly mixed and aerated. During treatment, the Gator would make two 

passes over the required cells running lengthwise. At the end of each pass, the spiked 

drum was raised and spun for two minutes in order to remove excess soil and minimize 

cross-contamination between adjacent cells. In the first two weeks of June, heavy 

precipitation reduced the soil's load-bearing capacity to the point where it was unable to 

sustain the Gator's weight. Thus, the June 16 aeration was carried out by a backhoe 

equipped with an Allu bucket. An Allu bucket uses interwoven, hydraulically-driven 

cams to mix and aerate soil. Cells 3, 4, 5 and 6 were mixed to a depth of roughly 1 

metre. 

Nutrient amendment: Periodically, fertilizer was added to specific cells in order 

to increase the soil's concentration of nitrogen, phosphorus and potassium. Three types 

of fertilizer were used: 

1) A commercially available mixture containing 24-4-8 (percent by weight of 

nitrogen (N), phosphorus (P) and potassium (K); derived from slow release urea, 

processed manure, phosphoric acid, and soluble potash. 
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2) A 46-0-0 water-soluble urea. 

3) A 37-0-0, sulphur-coated, slow release urea. 

All fertilizer used was in pelletized form and was hand-broadcast evenly over the 

treatment area, using a quantitative scoop. Applications to each treatment cell were as 

follows: 18 kg of type 1 fertilizer applied to each of cells 3, 4, 5, and 6 on February 5; 

6.25 kg of type 2 fertilizer and 6.25 kg of type 3 fertilizer applied to each of cells 3, 4, 5, 

and 6 on May 31; 6.25 kg of type 3 fertilizer applied to each of cells 3, 4, 5, and 6 on 

June 24; and 6.25 kg of type 2 fertilizer applied to each of cells 3, 4, 5, and 6 on July 24. 

Compost addition: As described previously, in section 3.2, mature leaf compost 

was added to treatment cells 3, 4, 5 and 6. An analytical report of the compost can be 

found as Appendix item A-i. Compost was added for the following reasons: 

1) To act as a soil-bulking agent, allowing for greater oxygen diffusion. 

2) To increase the moisture retentive capacity of the soil. 

3) To increase soil concentrations of heterotrophic microorganisms; and 

4) To increase soil nutrient concentrations. 

Moisture addition: twice during mid-summer (June 21 and July 16) a lack of 

precipitation caused the moisture content in cells 3, 4, 5 and 6 to drop well below 15% by 

weight. To increase the moisture levels a watering truck, equipped with a 30 in hose and 

diffusion spray nozzle, was used. Cells 3, 4, 5 and 6 were thoroughly and evenly 

saturated with non-amended city water. 

The treatment regimes applied to each cell were as follows: 

Cell # 1 (Contaminated soil B) & # 2 (Contaminated soil A)  

Aerated on a monthly basis; no other treatment was applied. 



46 

Cell # 3 (Contaminated soil A) & # 4 (Contaminated soil B)  

These cells were designed to optimize their bioremediation potential. They were 

aerated monthly; nutrient-amended, compost-amended, and soil moisture was maintained 

within a range conducive to bioremediation (between 10% and 25% by weight). 

Cell # 5 (Contaminated soil B) & # 6 (Contaminated soil A)  

Cells were nutrient-amended, compost-amended, and moisture was maintained 

within a range conducive to bioremediation (between 10% and 25% by weight). Cells 

were not aerated. 

Cell # 7 Contaminated soil A) & # 8 (Contaminated soil B) 

Cells were untreated to serve as controls. 

3.4 SAMPLING TECHNIQUE 

During treatment, composite sampling was carried out on a monthly basis, on all 

cells. Care was taken at all times to sample a minimum of 1 m from any transition zoneS 

between cells. In each cell, four 20 to 50 cm deep sample pits were dug by trenching 

shovel. The pits were positioned 2 m from one another in a diamond pattern. From each 

pit three grab samples, of equal volume, were taken at various depths. These samples 

were combined into a one-litre glass sample jar until zero headspace remained. During 

sampling "hotspots", areas with visible hydrocarbon staining or an atypically strong 

hydrocarbon odour, were avoided. 

3.5 SAMPLE HANDLING 

Immediately after sampling, soil samples were refrigerated at 5°C; efforts were 

made to extract the TEH within 48 hours. If this was not possible, the samples were 

frozen at —15°C until required. During sample handling in the laboratory, the amount of 

time that sample soils spent at ambient temperature (±20°C) was minimized in order to 

limit spurious bioremediation. Prior to every extraction and analysis, samples were 
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homogenized by vigorous mixing in a clean 4 L sampling bag. Any stones or tarballs 

encountered during sample handling were removed. 

3.6 CONTAMINATED SOIL PHYSICAL ANALYSIS 

Contaminated soil was analyzed for the following: pH, moisture content, particle 

size distribution, available nutrients and TEH. The rate and extent of TEH removal was 

determined gravimetrically and by gas chromatography. For this project the term TEH 

refers to extracted hydrocarbons that are quantified after silica gel clean-up (section 

3.6.7). It should be noted that the in situ silica gel clean-up method used is a 

modification of the technique described in CCME (2001). This method is aggressive and 

works well at removing non-petroleum-derived organics; it will, however, also remove 

some petroleum hydrocarbons (PHC), leading to lower contamination concentrations 

being recorded than those that actually exist in the sample soils. 

3.6.1 pH 

The pH of both contaminated soils was determined potentiometrically using a 

Hanna HI-9025 digital meter equipped with a combination pH / mV electrode probe. 

Analysis was carried out on the time zero (January 5) samples. Sample soil was dried for 

48 hours in a desiccating chamber and mixed into a 1:2 soil-to-deionized water slurry' 

suspension. The mixture was stirred vigorously for 30 seconds; the electrode was then 

inserted and the slurry was continuously stirred until the reading stabilized. Readings of 

pH were taken in triplicate and the average recorded. 

3.6.2 Moisture Determination 

Two methods were used to determine soil moisture content. The first involved 

the loss of soil weight due to oven drying; the second, the loss of soil weight due to 

solvent extraction. Both methods provided similar results (variance between the two did 

not exceed 10%); however, as the second method was less time-consuming, it was 
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regularly used. The oven drying method was carried out only periodically to confirm the 

findings of the solvent extraction method. 

3.6.2.1 Percent Moisture Content - Oven Dry Method 

Soil moisture content was periodically determined using the moisture 

determination method described in CCME (2001). Approximately 10 g of soil was 

transferred to a clean, tared evaporating tin. The mass of tin and soil was determined to 

±0.01 g. The sample was then oven dried for 12 hours at 104°C and transferred to a 

desiccating chamber and cooled for one hour. The dried soil was again weighed and 

percentage moisture determined by the following calculation: 

Percent Moisture = (Sb - Sa /Sb) *100% 

Where: Sb = Weight of sample before drying, in grams. 

Sa = Weight of sample after drying, in grams. 

3.6.2.2 Percent Moisture Content - Solvent Extraction Method 

During the Soxhiet extraction procedure described in section 3.6.6, between 10 

and 25 grams of fresh soil was placed in a tared cellulose extraction thimble. The weight 

of the soil and thimble was accurately determined to ±0.01 g. The solvent mixture 

(hexane: acetone) acts as a hydrophobic displacent that drives off soil water. Once the 

extraction procedure was completed, solvent was evaporated from the soil for 24 hours 

under a fume hood and 24 hours in a desiccating chamber. The thimble and dried soil 

were again weighed and the dry soil weight recorded. Percent moisture content was 

determined using the same calculation described in section 3.6.2.1. 
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3.6.3 Particle Size Distribution 

Samples of contaminated soil A and B were sent to an independent accredited 

laboratory for particle size analysis (See Appendix Item A-13 for information on the 

laboratory used). Hydrometer analysis as described in the Manual on Soil Sampling and 

Methods ofAnalysis (McKeague 1978), was used to determine the percent distribution of 

sand, silt and clay. 

3.6.4 Available Nutrient Analysis 

Samples were sent to two independent accredited laboratories for available 

nutrient analysis (See Appendix Item A-13 for information on the laboratories used). 

Analysis included: available nitrate, determined colorimetrically, using the nitrate and 

exchangeable ammonium nitrogen method described in Soil Sampling and Methods of 

Analysis (Maynard 1993); available phosphorus and potassium, determined 

colorimetrically, using the modified Kelowna extraction technique described in 

Communications in Soil Science and Plant Analysis (Qian et al. 1994). 

3.6.5 Electrical Conductivity 

Soil electrical conductivity (EC) was measured using a VWR Scientific 2052 EC 

Meter. A 1:1 soil-to-water slurry was prepared. Slurry water was tested after being 

separated from the solids by centrifugation (2000 RPM for 5 minutes). Two time zero 

samples from each contaminated soil were analyzed. 



50 

3.6.6 Hexane: Acetone TEH Extraction 

TEH concentrations in soil were determined gravimetrically using a modification 

of the PHC extraction method described in CCME (2001). This method was chosen 

because it has recently become the laboratory standard across Canada for assessing PHC 

concentrations in soil (CCME 2001); as well, the solvent mixture used (1:1 hexane 

acetone) allows for the extraction from wet soils, which minimizes volatile loss due to 

drying and reduces sample preparation time. Research has shown that this method is 

effective at extracting hydrocarbons in the C16 to C34 range (CCME 2001, Kvicala 2001). 

PHC compounds in this range constitute the CCME's definition of the F3 fraction. 

The F3 fraction was chosen as the focus for this research for the following 

reasons: 

1) Volatile loss of lighter-end hydrocarbons during excavation, aeration, sample 

handling and Soxhiet extraction would make it difficult to determine what percent 

of the TEH reduction achieved was due to abiotic loss and what percent was due 

to biodegradation. 

2) The majority of compounds found in central and southern Alberta crude oils fall 

within this range (Kvicala 2001, Vandervaart-Cook 2002). 

3) Extensive biodegradation of crude oil compounds within the F3 range is known to 

occur (Gibb 1999, Kvicala 2001). 

Prior to Soxhiet extraction, all glassware was detergent-washed and rinsed with 

tap and distilled water. Glassware was further rinsed three times with a 1:1 hexane 

acetone mixture. All solvents used were HPLC grade purchased from Fischer Scientific 

and VWR Scientific. 

TEH was recovered from all soil samples using a Soxhlet extraction method. A 

Soxhiet apparatus consists of a water-cooled condensing tower, an extractor and a 500 ml 

boiling flask. Ten to 25 grams of soil was added to a tared cellulose extraction thimble 

(Whatman, Catalogue #: 2810432), and weighed to ±0.01g. The thimble was placed in 
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the extractor and 250 mL of solvent was added to the boiling flask. The apparatus was 

assembled and suspended in such a way that the flask was fully immersed in an 80°C 

water bath. Solvent was cycled through the sample soil for a minimum of 24 hours, after 

which time the apparatus was allowed to cool and disassembled. Solvent remaining in 

the extractor was drained into the boiling flask. The recovered solvent - hydrocarbon 

mixture was then transferred into a 500 mL beaker. To ensure maximum hydrocarbon 

recovery, the collection flask was solvent-rinsed twice, with the wash transferred into the 

beaker. The beaker was then placed in a fume hood and the solvent evaporated off 

overnight. The dry extract was then covered and stored at -15°C. After extraction, the 

sample thimble was removed from the extractor and dried in a desiccating chamber; its 

weight was then determined to ±0.01g. 

3.6.7 Silica Gel Clean-up 

Non-PHC organics were removed from the extracted material using a modification of the 

in situ silica gel clean-up method described in CCME (2001). The dry extract was re-

solubilized in 40 mL of hexane and dichioromethane (DCM) (1:1 v/v). To this mixture, 

5 g of activated silica gel (60 - 200 gm) was added; the silica gel was activated by 

heating at 104°C for 24 hours. The silica gel - solvent mixture was vigorously stirred for 

one minute and left to settle for four minutes. Solvent was then poured through glass 

wool into a tared 50 mL storage vial. Glass wool acted as a filter to minimize the passage 

of silica crystals. Silica residue in the beaker was rinsed twice with 5 mL aliquots of 

hexane : DCM, to maximize TEH recovery. Solvent was evaporated off and the vial was 

accurately weighed to ±0.0001g. The TEH was prepared for storage and 

chromatographic analysis by the addition of exactly 10 mL of toluene. 

At every sampling date, a minimum of two replicate extractions were performed 

on soils from every cell. Further replicates were carried out on sampling dates of 

particular importance. Four extractions were performed on the time zero soils. The May 

21 and August 26 samples, representing the end of the low temperature period and the 

end of the warm temperature period respectively, were extracted in triplicate. 
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3.6.8 Gravimetric TEH Quantification 

TEH concentrations were determined gravimetrically after silica gel clean-up using the 

following calculation: 

Gravimetric TEH (mg/kg) = (W5g(g) I Wj (g)) x 10 

Where: Wsg = Weight of extracted hydrocarbons after silica gel treatment and drying 

Wd= Dry weight of sample soil 

3.6.9 Gas Chromatography - Flame Ionization Detection 

Gas Chromatography with Flame Ionization Detection (GC FID) was used to 

analyze all Soxhlet-extracted samples. The gas chromatograph volatilizes the sample 

upon injection and separates its constituent compounds along a non-polar column. The 

fractions are sequentially ionized in a hydrogen / air flame. The resultant ions conduct 

electricity across the flame; the magnitude of this conduction is proportional to the 

number of carbon atoms in the compound being analyzed. The response is measured in 

picoamps (VA) which is integrated to present the results graphically in the form of a 

chromatogram. Chromatogram data was used to determine the concentration of 

individual alkane peaks and the sum of all peak areas between C16 and C34. 

All TEH samples were analyzed on a Hewlett-Packard HP6890 Series Gas 

Chromatograph equipped with a flame ionization detector. The column was an HP-SMS 

with a length of 30 m; inside diameter of 0.25 mm, and 0.17 tm coating of 

dimethylpolysiloxane. Helium was used as the carrier gas at constant flow rate of 24.2 

mL/min and a pressure of 18.4 p.s.i. The oven temperature program was as follows: 

40°C held for 1 minute; then increased at a rate of 15°C/minute to 325°C which was held 

for 7 minutes. The injector temperature was set to 300°C, and the detector to 340°C. 
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One- L samples were injected in splitless mode using a Hewlett-Packard HP6890 

Autosampler. 

3.6.9.1 Identification and Quantification of n-Alkane Peaks 

Three point calibration curves (1, 10 and 100 mg/L) were prepared in 

dichloromethane for the following nine alkane standards: n-hexadecane (C16), n-

octadecane (C18), n-eicosane (C20), n-heneicosane (C21), n-docosane (C22), n-tetracosane 

(C24), n-hexacosane (C26), n-octacosane (C28), and n-tetratriacontane (C34) (Supelco Lot #: 

LA-87988 and AccuStandard Inc. Lot #: A9030331). Alkane peaks on the sample 

chromatograms were identified by retention time comparisons to the standards. The 

identifications were confirmed by comparing the mass spectra of the standard and sample 

peaks. GC-MS analysis is discussed further in section 3.6.9. 

Peak concentrations were determined by interpolation into their respective 

calibration curves, using Agilent Chemstation software. The results were corrected for 

solvent dilution factor (xl 0) and normalized to milligrams of alkane per kilogram of dry 

soil. Individual peak concentrations were recorded for all cells sampled on January 5 

(time zero), May 21 (end of the warm temperature period) and August 26 (end of 

treatment). The data was grouped to simplify analysis. The nine quantified peaks were 

classified into three groups: group 1 included C16, C18 and C20; group 2 included C21, C22 

and C24; and group 3 included C26, C28 and C34. The sum of the peak concentrations in 

each group was recorded. The mean concentration for each group in a sample was 

determined from the replicates. The data was used to determine the extent of degradation 

amongst the constituent fractions of the contaminant. 

3.6.9.2 Cumulative Area under the Chromatogram C16 - C34 

Cumulative peak areas of TEH samples run on the GC-FID, for peaks between the 

retention times of 12.30 and 25.00 minutes were summed. Peaks between these retention 

times represent all extracted hydrocarbons in the C16 to C34 range (F3 fraction). Area 
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response is a useful quantification tool because the FID is a mass-sensitive detector. The 

response in picoAmps and the output in peak area are proportional to the mass rate of 

elution of the compound being ionized. By not manipulating the raw response data, error 

resulting from interpolation into inaccurate calibration curves is avoided. 

In order for this data to be meaningful, the injection volumes must be identical 

and the peak areas must be normalized to the weight of soil from which they were 

extracted. This analysis was carried out on soils sampled at time zero and on day 136. A 

minimum of three replicates was collected. The final results, expressed as the percent 

reduction in the summed peak areas, were calculated using the following equation: 

Percent reduction in peak area C16— C36 = 100- [(Ri36 Ro)) x 100%] 

Where: Ro = Summed area response for peaks between C16 and C36 (AIg) on day 0. 

Ri36 = Summed area response for peaks between C16 and C36 ( A/g) on day 136. 

3.6.10 Gas Chromatography - Mass Spectrometric Analysis 

Confirmation that alkane peaks identified by GC-FID did, in fact, match the 

standards was done using mass spectrometry (MS) analysis. The work was carried out on 

a Hewlett Packard 5980 gas chromatograph equipped with a 5970 mass selective 

detector. The column used was an HP-5, as described in section 3.6.9, and the analytical 

software used was HP 6 1034C MS Chemstation. Samples and standards were run 

through the GC-MS using the following temperature program: 40°C held for 1 minute; 

then increased at a rate of 15°C/minute to 300T which was held for 10 minutes. The 

injector temperature was 280°C, and the detector was 300°C. One pL samples were 

manually injected in splitless mode. 



55 

3.6.10.1 Contaminant Profile Comparisons by Mass Spectral Analysis 

The contaminated soils used in this project are believed to contain hydrocarbon 

contamination from three sources: diesel oil based drilling fluid, produced crude oil and 

flare pit waste. The relative proportion of the contaminants in the soil varies based on the 

area of the drilling lease from which it was excavated. Contaminated soil A was 

excavated from the area between the drilling mud storage sump and the well-bore; as 

such, it was more likely to have a high proportion of diesel oil and crude oil 

contamination. Contaminated soil B was excavated from the area between the well-bore 

and the flare pit; as such, it should contain less diesel oil and a greater proportion of crude 

oil and flare pit residue. 

Because biodegradability varies substantially between hydrocarbon 

mixtures, especially between flared and un-flared material, contaminated soils A and B 

were compared using GC-MS analysis. 

The number of polycyclic aromatic hydrocarbon (PAH) compounds in 

contaminated soils A and B was determined and used as a tool to differentiate between 

the two. PAH was chosen because flare pit waste generally contains more PAH 

compounds than crude oils (Vandervaart-Cook 2002). 

Two standard mixes were run on the GC-MS: the nine-compound n-alkane 

standard mix, described in section 3.6.8.1, and a seventeen-compound PAH standard mix 

(AccuStandard Inc. Lot #: B1050216). Time zero TEH extracts for both contaminated 

soils A and B were also run. Fifty-five peaks on the contaminated soil A chromatogram, 

between C16 and C34, and 61 peaks on the contaminated soil B chromatogram, were 

distinguishable from the baseline. The retention times of these peaks were compared 

against the alkane and PAH standard mixes. Compounds with retention time matches to 

any standard were identified by comparing the mass spectra of the two. 
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3.7 MICROBIAL COMMUNITY STRUCTURE ANALYSIS 

Two methodologies were used to quantify and characterize microbial populations 

in contaminated soils A and B. The first was Most-Probable-Number (MPN) 

enumeration, a commonly used technique known to be effective for quantifying 

hydrocarbon-degraders (Haines et al. 1996, Kvicala 2001). The second method, fatty 

acid methyl ester (FAME) Profiling or Phospholipid Fatty Acid (PLFA) analysis, was 

used to characterize a structural change in the microbial community resulting from 

seasonal temperature changes. Samples for these analyses were taken in the early spring 

on May 1, when the soil biomass was thought to be low-temperature adapted; and in late 

summer on August 26, when the biomass was thought to be warm temperature-adapted. 

3.7.1 MPNAnalysis 

All water, media, glassware and pipette tips were autoclaved prior to use. 

Pipetting was done in sterile conditions in a Laminar Flow Cabinent. MPN enumerations 

were carried out three times during the 233 day treatment period; on: April 15, May 1 and 

July 16. Incubations were started within 24 hours of sampling. The method used was a 

modification of the 96—Well Plate MPN procedure described by Haines et al. (1996). All 

soils were enumerated for total heterotrophs, incubated at 20°C; hydrocarbon-degraders, 

incubated at 20°C; and hydrocarbon-degraders, incubated at 5°C. 

Sample slurries were prepared by adding 10 g of fresh soil to 90 mL of water. 

Ninety-six well microtiter plates (Coming Inc., New York City) were used to prepare 

eight incubation replicates for analysis. Two hundred microlitres of sample slurry was 

transferred, using a multi-channel pipetter, to row 1 of the assay plate. One hundred and 

eighty microlitres of sterile Bushnell-Haas medium (Difco Products, Detroit, MI) was 

loaded into each well of the remaining 11 rows. Serial dilutions were carried out by 

transferring 20 jL of sample from row 1 to row 2 and thoroughly mixing the contents; 

20 pL was then transferred to the third row. This procedure was continued for the next 

eight rows. No sample was added to row 12 and it was left to act as a negative control. 
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The total heterotroph assay plate had 2 p1 of sterile 1/10 strength Tryptic Soy Broth 

(Sigma Chemical Co., St. Louis, MO) added to each well; the 20°C and 4°C hydrocarbon-

degrader assay plates had 2 p.1 of diesel oil added to each well. All plates were wrapped 

in plastic bags to minimize evaporative loss and incubated for 13 days at room 

temperature (20°C ±2°C) or refrigerated (5°C ±1°C). 

After incubation, 50 p.1 of p-iodonitrotetrazolium violet (3gIL) (Sigma Chemical 

Co., St. Louis, MO) was added to each well. This chemical is an oxidant that competes 

with oxygen as a preferential terminal electron acceptor. Once reduced by microbial 

metabolic activity, it forms an insoluble pink-colored formazan deposit. Colored wells 

were scored as positives and their number in each row recorded. MPN values were 

calculated using published tables (Garthright, 2001). 

3.7.2 FAME Analysis 

Two FAME's, Methyl Palmitoleate (C18:1) and Methyl Palmitate (C18:0), 

common to soil microorganisms, were extracted from samples taken on May 1 and 

August 26 (Frostegard et al. 1993). Methyl Palmitoleate is an unsaturated fatty acid 

(UFA), and Methyl Palmitate is a saturated fatty acid (SFA). These two compounds were 

identified and their concentrations were quantified. The ratio of Methyl Palmitoleate to 

Methyl Palmitate was then determined. These compounds were chosen as indicator 

FAME's because they are two of the most abundant in the biomass of most soils 

(Cavigelli et al. 1995). Previous research, using the same methodology and extracting 

from uncontaminated southern Alberta soil, found that the concentrations of Methyl 

Palmitate and Methyl Palmitoleate were present in substantially higher concentrations 

than all other identified FAME's (Parsons 2001). 

On the basis of this earlier study the assumption was made that changes in the 

Methyl Palmitoleate-to-Methyl Palmitate ratio are indicative of changes in the UFA 

SFA ratio of the whole microbial population. A higher ratio in the May 1 samples, as 

compared to the August 26 samples, can be interpreted as demonstrating that the biomass 
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has altered its fatty acid structure to adapt to the new temperature regime. The relative 

abundance of the FAME's in each cell is also indicative of the overall concentration of 

the microbial population. 

The FAME extraction method used is essentially a modification of the technique 

developed by Bligh and Dyer (1959). Three additional papers contributed to its 

development (White et al. 1979, Frostegard et al. 1993, and Bossio et al. 1998). 

The procedure is divided into four steps; the first being, the extraction of total 

cellular lipids from soil. The second step isolates the specific lipid of interest - in this 

case phospholipids - from the total extracted lipids. The third step chemically cleaves the 

FAME's from their respective phospholipids and extracts them from the phospholipid 

isolate. Finally a profile is prepared from the FAME extract using gas chromatography. 

All glassware was detergent-washed and rinsed with distilled water, and then 

further rinsed three times with DCM. 

3.7.2.1 Total Lipid Extraction 

A monophasic extraction mixture was prepared, containing chloroform : methanol 

phosphate buffer in a v:v (1: 2 : 0.8) ratio. The phosphate buffer was prepared to a 50 

mM concentration by adding 8.7 g of K2HPO4 to 1 L of deionized water and neutralizing 

it to a pH of 7.4 with 1 M HCl. Forty-six millilitres of this extraction mixture was added 

to 16 g of dry sample soil in a 200 mL centrifuge tube (HDPE, Nalgene) and gently 

agitated for 1 hour. The mixture was then centrifuged for 10 minutes at 2500 RPM and 

the supernatant carefully decanted into a 250 mL Kimax separatory funnel. 

To maximize lipid recovery, the soil pellet remaining in the centrifuge tube was shaken 

and re-suspended in another 46 mL of the extraction mixture, re-agitated for 30 minutes 

and again centrifuged at 2500 RPM for 10 minutes. The supernatant was again decanted 

into the separatory funnel. To the collected supernatant mixture, 24 mL of phosphate 

buffer and 24 mL of chloroform were added. The mixture was vigorously shaken and 
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phase separation was allowed to occur for 24 hours. The uppermost chloroform layer, 

which contains the total extracted lipids (TEL), was collected. Solvent was evaporated 

off under a fume hood at room temperature and the dry TEL stored at -15°C. 

3.7.2.2 Lipid Separation 

For the solid phase extractions (SPE) Whatman 500 mg silica gel columns were 

used (Cat #: 684-1705). The column was used to separate the TEL into neutral lipid, 

glycolipid and phospholipid fractions. The SPE column was conditioned with 3 mL of 

chloroform; all solvent transfer onto the column is done using a 10 mL Luer-lock syringe 

(Hamilton Co., Reno, Nevada). The extracted TEL was re-solubilized in 3 mL of. 

chloroform and transferred onto the column in two 1.5 mL aliquots. Five mL of 

chloroform was washed through the column; this fraction extracted the neutral lipids. 

Glycolipids were eluted by passing 5 mL of acetone through the column. Phospholipids, 

the target compounds, were eluted with 10 mL of methanol, which was collected. The 

methanol was evaporated off and the dry phospholipids were stored at -15°C. 

3.7.2.3 Fatty Acid Methyl Ester Recovery by Mild Alkaline Methanolysis 

The dry phospholipids were re-solubilized in 2 mL of 1:1 methanol : toluene (v:v) 

and transferred into a 20 mL vial. Two millilitres of 0.2 M potassium hydroxide was 

added and the mixture was heated for 15 minutes at 37°C. Four millilitres of water and' 

0.6 mL of 1 M acetic acid was added to neutralize the solution. Four millilitres of hexane 

was then added and the solution was vigorously mixed. Phase separation occurred for 10 

minutes, prior to the upper hexane layer (which contains the FAME's) being drawn off 

by Pasteur pipette. The hexane-FAME mixture was transferred to a 10 mL vial with a 

Teflon-lined screw cap. Four millilitres of hexane was again added to the remaining 

methanolyzed solution and the extraction procedure repeated in order to maximize 

FAME recovery. Solvent was evaporated off the collected hexane-FAME mixture under 

a nitrogen stream, leaving purified FAME's which were dry stored at -15°C. 
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3.7.2.4 Preparation of the FAME Profile 

Duplicate FAME extractions were performed on all treatment cell soils for both 

sampling dates (May 1 and August 26). FAME's were prepared for gas chromatography 

by adding 1 mL of hexane to each vial. GC-FID runs were performed as described in 

section 3.6.8. The temperature program used was as follows: Initial temperature of 80°C 

held for 1 minute; increased at 20°C/mm to 160°C, at which point the temperature 

ramping was reduced to 5'C/min until a final temp of 325°C was reached; this was held 

for 5 minutes (Frostegard et al. 1993). 

Lab standards of Methyl Palmitoleate (Supelco, Lot #: LA-83481) and Methyl 

Palmitate (Supelco, Lot #: LA-84523) were used to prepare calibration curves on the 

GC-FID. Calibration concentrations of 1 mg/kg, 10 mg/kg and 100 mg/kg were used for 

Methyl Palmitoleate; and 0.27 mg/kg, 2.70 mg/kg and 27.0 mg/kg for Methyl Palmitate. 

The standards were run through the GC as described in section 3.7.2.4. Once target fatty 

acids were identified by retention comparisons with standards, their concentrations were 

determined by interpolation into the calibration curves using Agilent Chemstation 

software. 

Confirmation that the peaks identified by GC-FID did, in fact, match the FAME 

standards was done using mass spectrometric analysis, as described in section 3.6.10. 

The same temperature program used to identify the FAME's on GC-FID was used for 

GC-MS analysis. The injector temperature was 280°C, and the detector was 300°C. One-

microlitre samples were manually injected in splitless mode. 

Initially, two replicate FAME extractions were performed on soil samples taken 

on May 1 and August 26. In the final step of the FAME extraction, the dry fatty acids 

were prepared for storage by evaporating off the solvent. In the first replicate this was 

done under a fume hood at room temperature; the process of evaporating the hexane from 

a narrow 10 ml vial took two to three days. Unfortunately FAME compounds, 

particularly those that are unsaturated, are unstable at room temperature and will 
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spontaneously oxidize over time (Wilson 2003). Thus, the Methyl Palmitoleate recovery 

in the first extraction was extremely low and the data was unusable. For the second 

extraction the hexane was rapidly evaporated off under a nitrogen stream, and the dry 

fatty acids were immediately transferred to the freezer. This technique produced much 

higher UFA recovery. As no replicates were available the sample variability is unknown. 

3.8 GENERAL LABORATORY PROCEDURES 

3.8.1 TEH and FAME Extraction Efficiency 

Surrogate spiking was not used to determine the efficiency of the Soxhlet 

extraction technique; spiked standards, analyzed on non-selective detectors such as FID, 

can interfere with the analysis of sample peaks (Vandervaart-Cook 2002). Instead, the 

concentration of residual TPH remaining in the soil after extraction was determined. 

Two dry, previously extracted, time zero soils (cell 1 & cell 2) were ground with 

mortar and pestle to an extremely fine texture and re-extracted using the procedure 

described in section 3.6.5. Extraction efficiency was determined by the following 

equation: 

Extraction Efficiency = 100 - [(Is — (I + Ii)) x 100%] 

Where: 11= Recovered TEH (mg/kg) after the initial extraction. 

= Recovered TEH (mg/kg) after the second extraction. 

No surrogate was used in the determination of FAME extraction efficiency. 

Previous work had demonstrated that FAME standards, added to sample soil before 

extraction, were destroyed at some point during the procedure (Parsons 2001). As the 

extractions were done for comparative purposes only, and both compounds investigated 

in this study were within the same soil, quantifying the extraction efficiency was not a 

critical requirement. 
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3.8.2 Silica Gel Clean-up Efficiency 

A pure sample of compost was Soxhiet extracted as described in section 3.6.6. 

The concentration of the plant-derived organics was determined gravimetrically as 

described in section 3.6.8. The dry compost extract was solubilized and subjected to 

silica-gel clean-up (as described in section 3.6.7), and its concentration re-determined. 

The efficiency with which silica-gel treatment removed plant-derived organic compounds 

was determined using the following calculation: 

Silica Gel Clean-up Efficiency = 100 - [(PDOa + PDOb) x 100%] 

Where: 

PDOb = Concentration of plant derived organics (mg/kg) before silica-gel clean-up 

PDOa = Concentration of plant derived organics (mg/kg) after silica-gel clean-up 

3.8.3 Method Blanks 

During both the TEH and FAME extraction procedures, regular method blanks (lab 

blanks) were run. Blanks were analyzed with the samples and treated identically at all 

times. 

3.8.4 GC-FID Calibration 

On a regular basis, during chromatographic analysis, the GC-FID calibration was 

checked. This was done by re-running a previously analyzed sample and comparing the 

peak areas, peak retention times and peak concentrations. No substantial variances were 

observed. 
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3.9 STATISTICAL ANALYSIS 

3.9.1 Standard Error 

When standard error for a mean was calculated, the following equation was used: 

Standard Error = Standard Deviation In 112 

Where: 

n = the number of samples in a group. 

Standard Deviation = A measure of how widely dispersed sample values are from the 

mean. This was determined using the Microsoft Excel 97 Program, which used the 

following "non-biased" or "n- I" calculation: [rj=i(x1-x)2 / n - 1] 1/2. 

3.9.2 ANOVA Comparisons 

Analysis of variance (ANOVA) was used to compare the time zero and day 136 

TEH concentrations and determine if a statistically significant reduction had occurred, 

during the low temperature treatment period, in any cells. 

ANOVA analysis determines whether the means of two or more groups of data 

are significantly different by comparing the variance within one group of data to the 

variance in another. Microsoft Excel 97 software was used to determine the ANOVA 

results. A null hypothesis stating that the mean TEH concentrations at the two sample 

dates were equal, was tested to a 95% confidence interval (a=O.05). If the null 

hypothesis was rejected (i.e. the reported P-value was less than or equal to 0.05), than 

statistically significant TEH reduction occurred. 
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CHAPTER 4: RESULTS 

For ease of reference Figure 4-1 is provided as a diagrammatic representation of 

the treatment site and the treatments applied to each cell. 

FIGURE 4-1: Treatment Site Configuration and Treatment Regimes 
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Aeration Aeration 
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Compost, 1120 
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CELL 4 CELL 5 
CELL 1 Optimized: Amended: CELL 8 
Aeration Aeration 

N-P-K, 
Compost, 1120 

N-P-K, 
Compost, H2o 

Control 

Crude Oil 
Contaminated = 
Soil (A) 

Crude Oil and 
Flare Pit Waste 
Contaminated 
Soil (B) 

4.1 CONTAMINATED SOIL PHYSICAL ANALYSIS 

4.1.1 Initial Soil pH 

All pH replicates were the same for both contaminated soils A and B. The initial 

pH of contaminated soil A was 8.69; the initial pH of contaminated soil B was 8.41. 
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4.1.2 Moisture Content 

Treatment cells that were compost-amended tended to retain more moisture for 

longer periods of time as compared to the unamended cells. The monthly moisture 

content data is found in Table A-2 of the Appendix. The benefits of compost amendment 

became more pronounced during the hot and dry periods of June, July and August. 

According to Environment Canada data, very little precipitation occurred between June 

12 and July 22 (See Table A-3 of the Appendix). During this 41-day period, daily 

temperatures exceeded 30°C on eight occasions (See Figure 4-20). The June 24 samples 

had an average moisture content, in the unamended cells ( 1, 2, 7, and 8), of 13.2%, while 

the compost-amended cells (3, 4, 5, and 6) had an average moisture content of 15.6%. 

This pattern holds true for the July 16 sampling where the unamended cells had an 

average moisture content of 11.9% and the amended cells had an average moisture 

content of 14.5%. The final sampling for the project occurred on August 26. At that 

time, cells without compost had an average moisture content of 13.5%, while the cells 

amended with compost had an average moisture content of 16.7%. 

Throughout the 233 days of treatment, moisture content levels in cells 3, 4, 5 and 

6 ranged from a low concentration of 14.3% to a high concentration of 22.3% by weight. 

During this period the moisture concentrations in cells 1, 2, 7 and 8 ranged between 7.8% 

and 18.8%. 

4.1.3 Particle Size Distribution 

Contaminated soil A contained 37% sand, 29% silt and 34% clay. Contaminated 

soil B contained 35% sand, 30% silt and 35% clay. Both soils are considered Clay 

Loams according to the United States Department of Agriculture Texture Classification 

System (Brady and Weil 1996) and the Canadian System of Soil Classification (1998). 
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4.1.4 Nutrient Concentrations 

Available nutrient concentrations of nitrate, phosphate and potassium were 

analyzed in all cells on January 5, February 5 and May 21. On all other sampling dates 

only the nutrient-amended cells (3, 4, 5 and 6) were analyzed. The May 21 analysis did 

not include available potassium. All nutrient analysis was carried out by accredited 

commercial laboratories (See Appendix Item A-13 for information on the labs used). 

During treatment urea was added to the soil as the primary source of amended nitrogen. 

Urea will, in the presence of the microbially produced enzyme urease and water, produce 

carbon dioxide and ammonia as by products. Ammonia is then rapidly oxidized by a 

series of microbially driven reactions to nitrate, which remains in the soil for a longer 

period of time. Although not the preferred source of nitrogen for aerobic 

microorganisms, nitrate is nonetheless a good general indicator of soil nitrogen 

conditions and is commonly used as the analyte in soil-nutrient analysis (Wilson 2003). 

Because of heterogeneous distributions of compost, fertilizer, hydrocarbons and 

biomass, nutrient concentrations are likely to show large variations within a treatment 

cell. The nutrient concentration data provided in Table 4-1 is, thus, only a general 

indicator of nutrient concentrations. 

During the entire treatment period, sufficient concentrations of potassium were 

available to the biomass, in all monitored cells. The cells amended with compost 

(3, 4, 5, and 6) had substantially higher concentrations of potassium relative to the 

unamended cells. At time zero, the compost-amended cells had an average potassium 

concentration of 679 mg/kg, while the unamended cells ( 1, 2, 7, and 8) had an average 

potassium concentration of 234 mg/kg. 
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Table 4-1: Available Nutrient Concentrations 

AVAILABLE AVAILABLE AVAILABLE 
TREATMENT TREATMENT DATE NITRATE-N PHOSPHATE POTASSIUM 

CELL DESCRIPTION CONCENTRATION CONCENTRATION CONCENTRATION 
(mg/kg) (mg/kg) (mg/kg) 

1 Aerated Jan-05 4.6 0.6 301 
1 Aerated Feb-05 13.5 3.4 216 
1 Aerated May-21 2 2 N/A 
2 Aerated Jan-05 9.2 0.3 230 
2 Aerated Feb-05 9.9 1 179 
2 Aerated May-21 2 2 N/A 
3 Optimized Jan-05 9.2 42.8 785 
3 Optimized Feb-05 14 35 980 
3 Optimized Mar-12 9.9 19.2 837 
3 Optimized Apr-15 16.1 87.8 1410 
3 Optimized May-21 <1 14 N/A 
3 Optimized Jun-24 6.2 5.2 592 
3 Optimized Aug-26 180 3.2 437 
4 Optimized Jan-05 6.4 18.3 638 
4 Optimized Feb-05 14 78 2240 
4 Optimized Mar-12 14 124 1490 
4 Optimized Apr-15 7.8 82 1550 
4 Optimized May-21 2 11 N/A 
4 Optimized Jun-24 3.6 3.8 676 
4 Optimized Aug-26 82.7 3 464 
5 Amended Jan-05 4.2 15.6 489 
5 Amended Feb-05 10.9 61 1290 
5 Amended Mar-12 9.4 53.4 1310 
5 Amended Apr-15 9.4 12.6 524 
5 Amended May-21 <1 15 N/A 
5 Amended Jun-24 3.6 18.2 963 
5 Amended Aug-26 157 2.2 366 
6 Amended Jan-05 7.4 36.1 804 
6 Amended Feb-05 10.4 22.4 706 
6 Amended Mar-12 13 25.6 833 
6 Amended Apr-15 12 21 698 
6 Amended May-21 <1 10 N/A 
6 Amended Jun-24 13.5 4.8 512 
6 Amended Aug-26 66.2 1.2 416 

7 Control Jan-05 4.2 0.4 197 
7 Control Feb-05 8.3 2.8 222 
7 Control May-21 <1 1 N/A 
8 Control Jan-05 4.6 <0.3 206 
8 Control Feb-05 6.8 1.4 191 
8 Control May-21 1 <1 N/A 

The concentration of available phosphate in the monitored cells, during the low 

temperature period (January 5 to May 21) ranged from 10 mg/kg to 124 mg/kg with an 
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average concentration of 39 mg/kg. These concentrations were generally within the 

range dictated by the commonly used 100:10:1 C:N:P concentration guidelines (Dibble 

and Bartha 1979). As observed with the increased available potassium concentrations, 

compost amendment substantially increased the concentration of available phosphate. At 

time zero, the compost-amended cells had an average phosphate concentration of 

28 mg/kg, while the unamended cells had an average phosphate concentration of 

0.4 mg/kg. During the warm temperature period (May 22 to August 26), the soil 

phosphate concentrations in cells 3, 4, 5 and 6 decreased, averaging only 5.2 mg/kg. 

Throughout the treatment period, available nitrate concentrations were generally 

below concentrations prescribed by the 100:10:1 rule. In the monitored cells, the 

available nitrate concentration averaged 1 1mg/kg during the low temperature period and 

64 mg/kg during the high temperature period. The addition of compost had little effect 

on soil nitrogen concentrations. At time zero, the compost-amended cells had an average 

nitrate concentration of 7 mg/kg, while the unamended cells had an average nitrate 

concentration of 6 mg/kg. 

4.1.5 Electrical Conductivity 

The average electrical conductivity of contaminated soil A was 6.76 dS/m, while 

the average electrical conductivity of contaminated soil B was 12.98 dS/m. 

4.1.6 Hexane : Acetone Extractable Hydrocarbon Concentrations 

The time zero gravimetric TEH concentrations are different for each treatment 

cell, ranging from the lowest concentration of 1427 ±64 mg/kg (in cell 7) to the highest, 

3859 ±118 mg/kg (in cell 1). Four replicate extractions were carried out on the time zero 

sample soil; three replicates were performed on the May 21 and August 26 samples; all 

other sample soils were extracted twice. Within the replicates, there was a high degree of 

variability in TEH concentration. This resulted from the heterogeneous distribution of 

the contaminant in the soil, and was expected (See Sections 3.1 and 3.2). After averaging 
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the replicate concentrations, the bioremediation trends for each treatment regime are 

observable (See Figures 4-2 to 4-5). 

On June 9 (day 155), a third party equipment operator entered the research site 

with a bulldozer and attempted to level the treatment bed. The back-blading caused 

widespread cross-contamination between treatment cells in the upper six inches of soil. 

The impact was severe enough that results taken after the event would have been invalid. 

In order to moderate the effects of the cross-cell mixing, an eight-inch lift was taken from 

the entire treatment bed on June 16. The 233 day treatment period was then divided into 

two data sets: the low temperature period ( 136 days) from January 5 to May 21; and the 

high temperature period, which included the disruption, from May 22 to August 26 (97 

days). The low temperature period is the focus of this project and the majority of data 

presented in this chapter corresponds to this period. Treatment was continued through to 

August 26, primarily to allow for the collection of high temperature microbial data. 

Figure 4-2: Change in Gravimetric TEH Concentration over Time: Cells 1 and 2 
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Figure 4-3: Change in Gravimetric TEH Concentration over Time: Cells 3 and 4 
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Figure 4-4: Change in Gravimetric TEH Concentration over Time: Cells 5 and 6 
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Figure 4-5: Change in Gravimetric TEH Concentration over Time: Cells 7 and 8 
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Owing to the site disturbance mentioned above, data collected after day 136 may 

be misleading. Apparent increases in TEH, such as that seen in cell 4 between day 136 

and day 170 (See Figure 4-3), are likely the result of the uppermost soil layer being 

removed on June 16. Surface soils receive the most intensive treatment and, 

consequently, show the most extensive biodegradation; removing them and mechanically 

aerating the newly exposed soil will cause a temporary increase in soil hydrocarbon 

concentrations. 

4.1.6.1 ANOVA Results 

According to the ANOVA statistical analysis, only cell 3 showed a significant 

change in TEH concentration between time zero and day 136, with 95% confidence. 

Statistical tools, such as ANOVA, require normally distributed data and equal variances 

among the data-sets; as such, their value in interpreting results from projects such as this 
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is limited. Heterogeneous soil conditions and small sample sizes make the findings of 

such statistical methods unreliable and, for this reason, they were not used. 

4.1.6.2 Effectiveness of Silica Gel Clean-up 

Gravimetric analysis of a sample of pure compost extract, both before and after 

silica gel clean-up, showed that 93.6% of plant-derived organic compounds were 

removed. Silica gel clean-up (as described in section 3.6.7) was therefore deemed to be 

an effective treatment for removing non-PHC organic compounds from the soil extracts. 

4.1.7 Gas Chromatographic Analysis 

Gas chromatography was performed on all TBH samples. The data was used as 

an additional line of evidence to support the gravimetric results and to quantify the extent 

of biodegradation in the various contaminant fractions. 

4.1.7.1 n-Alkane Peak Concentrations 

The effect that various treatments had on the extent of bioremediation was 

determined by quantifying the change in alkane concentrations over time. The results are 

presented graphically in Figures 4-6 to 4-13; the raw data, which includes sample means 

and standard errors, can be found in Tables A-5 to A-12 in the Appendix. 
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Figure 4-6: Percent of n-Alkane Fractions Remaining over Time: Cell 1 

Figure 4-7: Percent of n-Alkane Fractions Remaining over Time: Cell 2 
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Figure 4-8: Percent of n-Alkane Fractions Remaining over Time: Cell 3 

Figure 4-9: Percent of n-Alkane Fractions Remaining over Time: Cell 4 
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Figure 4-10: Percent of n-Alkane Fractions Remaining over Time: Cell 5 

Figure 4-11: Percent of n-Alkane Fractions Remaining over Time: Cell 6 
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Figure 4-12: Percent of n-Alkane fractions Remaining over Time: Cell 7 
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Figure 4-13: Percent of n-Alkane Fractions Remaining over Time: Cell 8 
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During treatment, the most extensive alkane degradation occurred in 

contaminated soil A. In cell 3, the Group 1 (C16 - C20) alkane concentrations were 

reduced by 56.4% in the first 136 days of treatment. By contrast, the Group 1 alkanes in 

cell 4, which contained soil B, showed only a 29.6% concentration reduction. All soil B 

treatment cells showed relatively small reductions when compared with their 

corresponding soil A treatment cells. The heavy alkane fraction, in all soil B cells, 

showed little bioremediation during the low temperature period (less than 10%). By 

comparison, the nutrient-amended cells of contaminated soil A showed extensive 

reductions in their heavy alkane fraction. Cells 3 and 6, saw 39.3% and 28.8% reductions, 

respectively, during the low temperature period. 

4.1.7.2 Total Area under the Chromatogram C16 - C34 

The peak area of the contaminant, between C16 and C34, was quantified from 

GC-FID chromatograms at time zero and on day 136. The decrease in peak area within 

this time was converted to a percent TEH reduction. This data was used to corroborate 

the gravimetric TEH results. Table 4-2 shows the reduction, in total peak area from C16 

to C34, for all cells. The area responses are expressed as picoAmps (NA) per gram of dry 

soil. 

Table 4-2: Reduction of Chromatogram Peak Area in the C16 to C34 Range 

Treatment 

Cell 

Day 0 TEH 

Concentration (1,A/g) 

± Standard Error 

Day 136 TEH 

Concentration (pA/g) 

± Standard Error 

Reduction in TEH 

Concentration (%) 

1 2795.6 ±267.1 2638.5 ±95.6 5.6 

2 1321.2 ±272.5 1144.8 ±123.9 13.4 

3 2070.6 ±257.0 1150.3 ±64.3 44.5 

4 2190.9±347.8 1837.6±33.0 16.1 

5 2150.9 ±254.9 1994.6 ±214.3 7.3 

6 1465.7 ±47.2 1026.5 ±69.6 30.0 

7 1450.7 ±35.0 1383.6 ±33.3 4.6 

8 2648.5 ±27.8 2349.0 ±198.1 11.3 
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4.1.8 Contaminant Characterization 

The chromatographic profiles of the two soils are similar, supporting the 

assumption that they have certain contaminant compounds in common (see Figures 4-14 

and 4-16). There are also some important differences between the two soils, suggesting 

that each contains a distinct contaminant mixture. Table 4-3 lists some of the similarities 

and differences in the soil A and soil B contaminants, determined by GC-FID and 

GC-MS. 

Table 4-3: Similarities and Differences in the Chromatographic 

Profiles of the Soil A and Soil B Contaminants 

Similarities Differences 

The majority of the contaminant peaks in 

both soils elute between the retention times 

of 12.3 and 25 minutes. 

The pattern of the alkane peak 

concentrations is different for both 

contaminants. 

The most prominent peaks in 

chromatograms of both contaminants are 

alkanes. 

The concentration of the UCM* hump in the 

chromatogram of both contaminants is 

different. 

The chromatograms for both contaminants 

show the same number of n-alkane peaks 

between C16 and C34. 

In the soil A contaminant, between C16 and 

C34, 5 PAH compounds were identified. In 

the soil B contaminant, 11 PAH compounds 

were identified. 

Neither chromatogram shows substantial 

hydrocarbon contamination below C16. 

The largest peak in the soil A contaminant 

is an alkane. In the soil B contaminant the 

largest peak is a PAH (this peak elutes at 

the same time as a C18 alkane). 

Many of the less prominent non-alkane 

peaks are the same for both contaminants, 

In the C16 to C34 range, the chromatographic 

software can distinguish 55 peaks from the 

baseline in the soil A contaminant, and 61 

in the soil B contaminant. 

* UCM = Unresolved Complex Mixture 
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Figure 4-14 and 4-16 give examples of time zero GC-FID chromatograms for 

contaminated soil A and B. Figure 4-14 was prepared from an extraction of cell 3 soil 

and Figure 4-16 from an extraction of cell 4 soil. Figure 4-15 and 4-17 are 

chromatograms of cell 3 and 4 soils after 136 days of treatment. 

Figure 4-14: Soil A TEll Chromatogram, Cell 3 at Time Zero 
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Figure 4-15: Soil A TEll Chromatogram, Cell 3 after 136 Days of Treatment 
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Figure 4-16: Soil B TEll Chromatogram, Cell 4 at Time Zero 
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4.2 MICROBIAL ENUMERATIONS 

4.2.1 MPNAnalysis 

The results of the MPN analysis are presented in Table 4-4. All 96-well 

microtiter plates showed no formazan deposition in the negative control wells. In 

general, the MPN data shows that there were healthy heterotrophic populations in all soils 

at all sampling dates. On the first sample date (April 15) cell 3 had the largest 

concentration of heterotrophic bacteria and it was maintained until the final sampling date 

(July 16). The other nutrient and compost amended cells (4, 5 and 6) showed substantial 

increases in the size of their heterotrophic populations between April 15 and May 1. 

From May 1 to July 16, the concentration of total heterotrophs stayed fairly constant 

across all cells; cell 6 being the exception, and showing an order of magnitude decrease 

in the size of its heterotrophic population during this period. 

All treatment cells showed increases in the size their oil-degrading populations 

between April 15 and May 1. The increase was most pronounced in cells 3 and 4 whose 

population of 20°C oil-degraders grew by roughly two orders of magnitude, and whose 

population of 4°C oil-degraders grew by roughly three orders of magnitude. From May 1 

to July 16, all cells showed a decline in the size of their 20°C oil-degrading populations. 

All MPN results in Table 4-4 are presented as whole numbers expressed in 

millions of bacteria per gram of soil. 
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Table 4-4: MPN Enumeration Results (x 106) Cells per Gram 

April 15 

Cell 

May 1 July 16 April 15 

Cell2 

May 1 July 16 

Total 
Heterotrophs 

(20°C) 

* 

* 

* 

43000 

16 

0.084 

51000 

2.7 

0.059 

* 

0.38 

0.0029 

43000 

1.4 

0.084 

51000 

0.11 

0.036 

Oil-degraders 
(20°C) 

Oil-degraders 
(4°C) 

April 15 

Cell3 

May 1 July 16 April 15 

Cell4 

May 1 July 16 

Total 
Heterotrophs 

(20°C) 
210000 

0.84 

0.0047 

210000 

19 

2.3 

210000 

11 

0.24 

29000 

0.25 

0.036 

210000 

31 

2.3 

210000 

22 

0.25 

Oil-degraders 
(20-C) 

Oil-degraders 
(4°C) 

April 15 

Cell 

May 1 July 16 April 15 

Cell6 

May 1 July 16 

Total 
Heterotrophs 

(20°C) 
51000 

0.27 

0.0031 

210000 

19 

0.11 

210000 

2.5 

1.2 

140000 

0.025 

0.0062 

210000 

2.2 

0.0084 

14000 

0.094 

0.011 

Oil-degraders 
(20°C) 

Oil-degraders 
(4°C) 

April 15 

Cell7 

May 1 July 16 April 15 

Cell  

May 1 July 16 

Total 
Heterotrophs 

(20°C) 
29000 

0.12 

0.0023 

43000 

5.5 

0.0084 

25000 

0.1 

0.023 

25000 

0.0084 

0.0023 

19000 

1.9 

0.0023 

19000 

0.22 

0.084 

Oil-degraders 
(20°C) 

Oil-degraders 
(4°C) 

* Laboratory error while preparing the April 15 plates invalidated all the cell 1 results and the total 
heterotroph enumerations for cell 2. 
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4.2.2 FAME Analysis 

The concentrations of Methyl Palmitoleate ( 16:1) and Methyl Palmitate ( 16:0) 

extracted from the May 1 and August 26 soil samples are provided in Figure 4-18. 

Figure: 4-18 Extracted FAME Concentrations 

EJC16:1 May  

12 016:0 May 1 

EC16:1 Aug. 26 

El C16:0 Aug. 26 

On both sampling dates all treatment cells had a greater microbial biomass than 

their controls. On May 1, the optimized cells (3 and 4) had the largest biomass. In all 

cells, excluding the optimized cells (3 and 4), the biomass concentration increased from 

May 1 to August 26. Of the controls, cell 8 had the larger biomass at both sampling 

dates. 

The ratio of Methyl Palmitoleate-to-Methyl Palmitate, in the low temperature and 

high temperature periods, is presented in Figure 4-19. 
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Figure 4-19: Ratio of UFA : SFA FAME Compounds 

In all cells, with the exception of cell 6, there was a higher ratio of the UFA, 

Methyl Palmitoleate, to the SFA, Methyl Palmitate in the low temperature period (May 1) 

than in the high temperature period (August 26). The most pronounced difference 

between the low temperature and high temperature ratios occurred in the control cells. 

4.3 TEH EXTRACTION EFFICIENCY 

The initial hexane : acetone extraction of sample soil from cell 1 yielded 3839 

mg/kg of TEH. After re-extraction, only 50 mg/kg was recovered. Thus a 98.7% 

extraction efficiency was achieved on the initial Soxhlet extraction of soil B. The 

procedure was repeated on sample soil from cell 2. The initial extraction recovered 1192 

mg/kg of TEH. After re-extraction only 34 mg/kg was recovered. Thus a 97.2% 

extraction efficiency was achieved on the initial Soxhiet extraction of soil A. 
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4.4 AIR TEMPERATURE OVER THE TREATMENT PERIOD 

Figure 4-20 presents data on the daily range of air temperatures near the project 

site during treatment; additional data on temperatures during the treatment period can be 

found in Table A-3 of the Appendix. 

Figure 4-20: Temperatures at the Calgary International Airport during Treatment 

(Source: Environment Canada) 
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CHAPTER 5: DISCUSSION 

When interpreting the results of this project, it is important that the reader see it in 

the correct context. This was a large-scale field project carried out over eight months, 

through three distinct seasons. As such, there is variability in the conditions and results 

which exceeds those seen in traditional laboratory research. The goal of the project was 

not to recreate laboratory results in the field but, rather, to apply the knowledge gained 

from the laboratory and to determine whether the bioremediation of hydrocarbon 

contaminated soils is feasible on a large-scale at low temperatures. Landfarming, which 

is an existing treatment methodology, known to be affordable and effective, was used for 

this study. The project layout and treatment regimes were designed to be practical, from 

an implementation perspective, and to be applicable in an industrial setting. The effect 

that various low temperature landfamiing treatments had on the rate and extent of 

hydrocarbon degradation was investigated over 233 days. The effect of the landfarm 

treatments and temperature change on the structure and composition of soil microbial 

communities was also studied. 

5.1 FIELD CONSIDERATIONS FOR LANDFARMING 

As a result of the large volumes of soil used in ex situ bioremediation treatments, 

there is no practical way to mix and homogenize the soil. Soil is generally excavated 

from the contaminated site in a manner that is logistically most efficient; it is not sorted 

by degree and/or type of contamination. One truckload of material can contain highly 

contaminated soil from the centre of a spill, while the next could be relatively clean soil 

from an adjacent unaffected area. The issue of contaminant sorting becomes more 

difficult when there are multiple excavations taking place simultaneously on a single site. 

As a result, landfarms are often a patchwork of relatively clean soils, moderately 

contaminated soils, and highly contaminated "hot" soils. This makes it difficult to get an 

accurate sense of the soil's true éontamination level. Listed below are other common 

problems, encountered when constructing and operating a field scale bioremediation site, 

that will affect the consistency and interpretability of results. 
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1) The cross-contamination of soil due to equipment carry-over from one treatment area 

to the next. 

2) Unequal soil compaction resulting from heavy equipment traffic. 

3) Inconsistent treatment over time as a result of changing climatic conditions. 

4) The non-homogenous distribution of soil amendments such as compost and nutrients. 

5) Extreme variability in the water concentration of the treatment soils; and 

6) Interference by non-involved third parties; this can include unauthorized soil or 

contaminant dumping on the treatment site; the removal of marker stakes, flagging 

and monitoring equipment; and the use of inappropriate heavy equipment on the site. 

These considerations (among others) highlight why it is normal for analytical 

data, taken from field sites, to be subject to higher variability than laboratory-derived 

data. In order for reliable and reproducible results to be generated from field-scale 

research, efforts must be made to mitigate the above-mentioned problems. One of the 

most effective means of achieving this is by good sampling protocol. This would include 

the use of multiple sampling points and multiple sample replicates; sampling in a 

consistent pattern at regular depth intervals; and the avoidance, while sampling, of areas 

that are atypically contaminated. 

5.2 CONTAMINANT WEATHERING 

The soil used in this research had been contaminated for over thirty years. Thus, 

natural attenuation and abiotic mechanisms such as photolysis, oxidation-reduction and 

volatilization had removed most of the lower molecular weight compounds (Hatzingef 

and Alexander 1995, Wang et al. 1998). This is observable in the GC-FID 

chromatograms of the contaminants, extracted from soil A and soil B, which show little 

remaining hydrocarbon below the C16 range (See Figures 4-14 and 4-16). 



88 

5.3 TREATMENT TEMPERATURE 

In this project, the term "low temperature" was not meant to represent a specific 

set of temperatures; rather, it was intended to represent a period of time during the year 

when temperatures would typically fall within a feasible but sub-optimal range for 

bioremediation. The lower limit of this range would be the freezing point of water and 

the upper limit would be the start of the mesophilic temperatures (roughly 15 - 20°C). 

The low temperature treatment period began with the start of treatment on January 5 and 

ended on May 21. 

Relatively little bioremediation was expected during the first two months of 

treatment, during which period it was assumed that soil temperatures would be below 

0°C. Research has shown that negligible hydrocarbon bioremediation occurs in soils 

when temperatures are consistently at or below 0°C (Eriksson et al. 2001). The 

temperature conditions encountered during the first months of treatment were 

substantially different from those anticipated. According to Environment Canada, 

temperatures recorded during January and February of 2002 were highly atypical. In 

Calgary, the average temperatures for January and February are -8.9°C, and -6.1°C, 

respectively (Environment Canada 2003). Table 5-1 shows the daily maximum, 

minimum and mean temperatures encountered in the Calgary area during the first month 

of treatment. A poignant example of the unseasonably warm temperatures is seen 

between the dates of January 10 and January 22, when the average of the daily maximum 

temperatures was 13°C, almost 22°C warmer than the monthly average. 

In addition to the uncharacteristically warm weather encountered in January and 

February, the majority of days were clear and sunny. Since the treatment cells had no 

snow cover, the exposed soil likely experienced additional warming as a result of solar 

energy absorption (Spiro and Stigliani 1996). 
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Table 5-1: Calgary Temperatures During the First Month of Treatment 

Date (2002) 

Max. Mm. Mean 
Temp. Temp. Temp. 
(9C) (9C) (9C) 

January 5 
January 6 
January 7 
January 8 
January 9 
January 10 
January 11 
January 12 
January 13 
January 14 
January 15 
January 16 
January 17 
January 18 
January 19 
January 20 

January 21 
January 22 
January 23 
January 24 
January 25 
January 26 
January 27 

January 28 
January 29 
January 30 
January 31 
February 1 
February 2 
February 3 
February 4 
February 5 

-1.7 
4.2 
-0.9 
7.2 
-0.4 
14.6 
16.4 
16.9 
19.7 
17.3 
9.1 
9.0 
3.9 
5.3 
9.9 
14.1 

16.9 
15.8 
2.6 
3.5 
6.8 
2.4 
7.7 
15.0 

9.6 
6.8 
0.3 
0.4 
1.4 
6.2 
5.9 
9.8 

-7.3 
-3.6 
-6.2 
-5.1 
-3.5 
-1.1 
0.6 
1.7 
3.7 
0.7 
-3.2 
-2.2 
-5.7 
-6.0 
-7.9 
-5.3 
1.9 
-0.4 
-6.7 
-7.7 
-6.7 
-4.7 
-4.8 
-0.2 
1.3 
0.8 

-14.2 
-12.7 
-14.5 
-14.1 
-2.2 
-11.6 

-4.5 
0.3 
-3.6 
1.1 
-2.0 
6.8 
8.5 
9.3 
11.7 
9.0 
3.0 
3.4 
-0.9 
-0.4 
1.0 
4.4 
9.4 
7.7 
-2.1 
-2.1 
0.0 
-1.2 
1.5 
7.4 
5.5 
3.8 
-7.0 
-6.2 

-6.6 
-4.0 
1.9 
-0.9 

(Source: Environment Canada, Calgary International Airport Weather Station) 

5.4 TEH REDUCTION 

Contaminated soils A and B responded differently to the various landfarming 

treatments. Under all treatment regimes, soil A showed more rapid and more extensive 

TEH reductions than soil B. Table 5-2 compares the percent TEH reductions achieved in 
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each treatment cell during the low temperature period. Data from all three analytical 

methods performed on the extracted TEH is included. 

Table 5-2: Percent Contaminant Reduction Achieved During the Low Temperature 

Treatment Period, as Assessed by Three Different Analytical Methods 

Treatment 

Cell 

Soil 

Type 

Treatment 

Regime 

Reduction in 

Gravimetric TEH 

Concentration 

Reduction in 

Total Peak 

Area C16-C34 

Reduction in 

Combined 

Alkane Peak 

Concentrations 
(%) (%) 

(%) 

1 B Aerated 2.9 5.6 13.5 

2 A Aerated 24.4 13.4 19.3 

3 A Optimized 43.2 44.5 45.8 

4 B Optimized 13.4 16.1 18.9 

5 B Amended 12.2 7.3 17.7 

6 A Amended 38 30.0 38.5 

7 A Control 5.3 4.6 17.3 

8 B Control 12 11.1 16.9 

Soil A and soil B were treated identically and subject to the same environmental 

conditions; their particle size distribution was also confirmed to be the same. It is 

therefore reasonable to assume that differences in the rate and extent of TEH removal 

between the two soils are the result of differences in their contaminant mixtures. 

Soil A responded to the optimized treatment (cell 3) in a manner consistent with 

other research regarding the low temperature bioremediation of hydrocarbons. Using 

nutrient amendment alone, Tumeo and Gawde (1997) recorded a 43% reduction in the 

TEH concentration of diesel range hydrocarbons in an Antarctic pilot-scale landfarm. 

This result was achieved after only five weeks of treatment. The rate and extent of TEH 

reduction seen in the soil B optimized treatment (cell 4) was substantially less, although, 

it too is consistent with previous research. Kvicala (2001) treated heavily contaminated 
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flare pit soil in a nutrient and oxygen-optimized bioslurry reactor at 5°C. After 121 days 

of treatment she reported a 19.0% reduction in the TEH concentration. 

The exact source of the hydrocarbon contamination in this project's treatment 

soils is not known. Some assumptions based on the excavation locations have been 

made. It was assumed that a large component of the contamination in both soils was 

produced crude oil. Soil A was believed to have been further contaminated by diesel oil 

and soil B by flare pit waste. It should be noted that the concentration and mixture of 

contaminants encountered in flare pits is often highly variable. Earthen flare pits were 

not only used as sites for gas flaring, but also as convenient storage areas for many liquid 

wastes generated from the drilling and production operations. These wastes could 

include: brine from the formation, crude oils, refined oils, drilling mud and any of the 

various chemicals and lubricants required to maintain and operate a drilling rig (Shield 

1995, Vandervaart-Cook 2002). Given this variability it is difficult to generalize about' 

soil conditions encountered in flare pits. Nonetheless, there are some characteristics 

common to most flare pit soils, including the presence of medium to heavy weight 

hydrocarbon residues, pyrolyzed hydrocarbon compounds and high salt concentrations 

(Jordan 1999, Vandervaart-Cooke 2002). 

The electrical conductivity of soil B is approximately double that of soil A, 

suggesting that it contains a significantly higher dissolved salt concentration. These 

higher salinities may have contributed to the limited effectiveness of the bioremediation 

treatments on the flare pit impacted soil. Salt-affected soils put osmotic stress on their 

biomass. While the concentrations required to completely inhibit bioremediation are 

high, moderate salt contamination could partially retard the growth and metabolic 

performance of less halotolerant species (Villee et al. 1989). 

The distinct PAH profiles of the two soils are perhaps the strongest evidence that 

soil B is contaminated with flare pit waste. GC-MS analysis of both soils, at time zero, 

shows that 18% of the discernable peaks in soil B were identifiable PAH's, compared 

with only 9% in soil A. Flare pit wastes generally have greater numbers and a greater 
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concentration of aromatic compounds than do crude oils from the same production 

location (Vandervaart-Cook 2002). 

The prospect that soil B was contaminated with flare pit waste would explain its 

modest responses to the bioremediation treatments. Soils excavated from flare pits often 

respond poorly to bioremediation because of their high concentration of aromatic, polar 

and asphaltenic compounds (Vandevaart-Cook 2002), all of which are known to be 

resistant to biodegradation (Leahy and Colwell 1990, Chino et al. 1999). The 

uncontrolled burning of hydrocarbon mixtures preferentially removes compounds with 

lower ignition points, generally those with fewer carbons and lower molecular weights 

(Jordan 1999). Incomplete combustion of hydrocarbons produces compounds that have 

undergone various structural alterations at the molecular level; these compounds are 

described as having been pyrolyzed. Pyrolyzed hydrocarbons are known to be highly 

resistant to biodegradation (Wilson 2003). 

Analysis of the TEH data provided the following order of overall treatment 

effectiveness: optimized cells (3&4) > amended cells (5&6) > aerated cells (1&2) > 

control cells. Effective treatment involved both the rapid reduction in gravimetric TEH 

concentration and the biodegradation of compounds in all the contaminants' constituent 

fractions. 

Aeration alone was the least effective of the three treatment regimes, FAME and 

MPN data show that cells 1 and 2 generally had the lowest microbial concentrations of all 

treatments at all sampling dates although a slow and steady decline in contaminant 

concentration was observed in these cells over the entire 233 day treatment period. The 

rate of bioremediation was likely limited by the concentration of nutrients, particularly 

nitrogen and phosphorus. 

Mechanical aeration does have a number of beneficial effects on landfarm 

bioremediation: it more evenly distributes and homogenizes the nutrients, contaminants 

and microorganisms in the soil matrix; it opens fine pore spaces in soil aggregates that 
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were formerly inaccessible to microorganisms and it increases the penetration of oxygen 

into the treatment pile (Schulz et al. 1999). 

The next most effective treatment regime was the addition of nutrient, compost 

and water without mechanical aeration. The concentration of total heterotrophs in cells 5 

and 6 was roughly an order of magnitude greater than that seen in the aerated and control 

cells on May 1 (near the end of the low temperature treatment period). The rate and 

extent of biodegradation and the size of the microbial population in these cells indicates 

that the soil was not severely oxygen-limited. During excavation and site construction all 

soil was thoroughly aerated; however this would not sustain such a large and active 

heterotrophic population for 116 days of treatment. Some form of passive aeration must 

have been occurring during the low temperature period in order to sustain the respiratory 

demands of the biomass. Research has shown that oxygen can passively diffuse into a 

standard subsoil biopile to depths of up to 2 m (Koning et al. 1999). Between May 1 and 

July 16, there was a significant decrease in the concentration of 20°C oil-degrading 

microorganisms in cells 5 and 6; prolonged sub-optimal oxygen concentrations during 

this warm temperature period, when metabolic rates and oxygen demand is increasing, 

may have contributed to this population decrease. 

The most rapid and extensive contaminant reductions at all sampling dates were 

observed in those cells where mechanical aeration, nutrient addition, compost addition 

and moisture addition were combined (cells 3 and 4). These cells also had the highest 

concentrations of 20°C oil-degraders and total heterotrophs at all sampling dates. 

Of the eight cells, cell 3 responded most effectively to treatment, showing a 

61.4% TEH reduction over the 233 day treatment period (See Appendix Table A-4), 

43.2% of this degradation occurring in the low temperature period. Much of this early 

biodegradation occurred in the alkane fraction; 88.6% of all alkane removal occurred in 

the first 31 days (Parsons 2002). This rapid initial biodegradation of alkanes is common 

when bioremediating diesel and crude oils. It is well established that the easily 
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degradable alkane fraction is removed within the first three to eight weeks of ex situ 

treatment (Cookson 1995, Tumeo and Gawde 1997, Eriksson et al. 2001). 

The effects of flare pit contamination can be seen in cell 4 which showed a more 

moderate response to treatment; only 18.9 % TEH reduction was recorded over the 233 

day treatment period, 13.4% of which occurred during the low temperature period. 

In cells 3 and 4, the contaminant fractions remaining after the first month of 

treatment proved to be considerably less susceptible to biological breakdown. This effect 

may have been exacerbated by the low temperatures, which tend to limit the quantity and 

variability of the heterotrophic microbial population and, thereby, reduce the 

biodegradation of complex hydrocarbons. Research has demonstrated that many semi-

recalcitrant compounds such as isoprenoids, branched alkanes and multi-ring aromatics 

are more efficiently degraded by mesophilic populations at warmer temperatures than by 

psychrotrophic populations at temperatures below 10°C (Westlake et al. 1974, Eriksson et 

al. 1999). The mineralization of higher molecular weight alkanes (C28 - C34) has also 

been shown to be less efficient at lower temperature than the mineralization of lower 

molecular weight alkanes (C16 - C24) (Whyte et al. 1998). 

The relatively high level of biodegradation seen in the first 31 days of treatment in 

cells 3, 4, 5 and 6 suggests that there was already a cold-adapted, hydrocarbon-degrading 

population in the soil. This population would have become metabolically adapted to the 

contaminant over the years since the spill, but its size would have been limited by low 

oxygen and nutrient concentrations. Analysis of the pre-treatment soil confirms this, 

particularly in the case of available phosphate, the concentration of which was less than 

0.6 mg/kg. In soils that have not been pre-exposed to hydrocarbon contamination, the lag 

phase before meaningful bioremediation occurs can last up to 50 days (Gibb 1999). 
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Between April 15 (day 100) and May 1 (dayll6) the concentration of oil-

degraders increased substantially in all cells*. During this period in cells 3, 4, 5 and 6, 

the oil-degrading population was being sustained (and possibly growing) when very little 

hydrocarbon degradation was occurring (See Table 4-4 and Figures 4-3 and 4-4). This 

suggests the possibility that an alternate carbon source was being utilized. After the 

easily degradable hydrocarbon fraction was largely degraded, the heterotrophic 

population in these nutrient-amended cells may have begun preferentially degrading 

compost as a primary food source. Heterotrophic microorganisms will always 

preferentially degrade those organic compounds that are most available, most easily 

degradable and will yield the greatest energy (Cookson 1995, Providenti et al. 1993). It 

is plausible that the biomass found compost to be the next most available and 

thermodynamically favourable energy source in the soil matrix. It is interesting to note 

that, as temperature began rising after May 21 (day 136), TEH biodegradation had 

resumed in cell 3 (See Appendix Tables A-3 and A-4). These increasing temperatures 

would increase the vapour pressure and solubility of the contaminant compounds while 

decreasing their viscosity. The net result being increased contaminant desorption from 

soil particles and the enhanced diffusive movement of compounds through the soil 

matrix. Therefore, it is conceivable that, as temperatures warmed after May 21, new 

fractions of the contaminant became bioavailable and these may have again become the 

favoured food source. 

Cells 1 and 2 were not compost-amended and they alone, according to the 

gravimetric and GC data, showed fairly consistent contaminant reduction during the 

entire treatment period (See Figures 4-2, 4-6 and 4-7). If, under low-temperature 

conditions, oil-degrading microorganisms preferentially degrade compost over 

hydrocarbon compounds, the benefits of compost amendment (See sections 3.3 and 4.1.2) 

maybe outweighed by the detrimental effect it has on the rate of TEH reduction. 

* MPN data for cell 1 was not available for April 15; thus it is assumed that this cell responded in the same 
manner as the others. 
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The net effect of compost amendment on the rate and extent of bioremediation is 

not known. All cells treated with compost (cells 3, 4, 5 and 6) showed TEH reductions; 

however, these cells were also nutrient-amended. It was not possible to ascertain the 

portion of bioremediation that was due to the compost amendment and that which is due 

to the nutrient amendment. Based on existing research, it is likely that the majority of the 

biostimulation resulted from the addition of nutrients (Huesemann 1997, Mohn and 

Stewart 2000). The effect of compost amendment on the concentration of heterotrophic 

microbes in the soil is also not known. Again, these cells were also treated with 

nutrients, so attributing the response to one treatment or the other is not possible given 

the design of the current experiment. However, the addition of compost was beneficial to 

the bioremediation treatment in two measurable ways: it caused a substantial increase in 

the soil concentrations of available phosphate and potassium and it helped the soil retain 

moisture. 

Analysis by GC-FID on the extent of hydrocarbon degradation in the various 

treatment cells shows that the majority of the alkane removal occurred in the C16 - C24 

fraction. Within this range, all cells showed slightly more extensive degradation of the 

C16 - C20 fraction than the C21 - C24 fraction. During the low temperature treatment 

period, the least biodegradation occurred in the C26 - C34 fraction of soil B. This is 

consistent with Kvicala's (2001) findings that the majority of biodegradation in flare pit 

contaminated soil, at 5 °C, occurred in the C16 - C24 fraction. 

Conventional wisdom suggests that a carbon to nitrogen ratio of between 10 and 

100 to 1 be maintained in soil to facilitate effective bioremediation (Dibble and Bartha 

1979, Margesin and Schinner 1999, Wilson 2000). However, findings from this research 

suggest that maintaining C:N concentrations in this range may be unnecessary; cell 3 had 

a time zero TEH concentration of 2528 mg/kg which, accordingly, should require an 

available nitrogen concentration somewhat greater than 20 mg/kg. The time zero soil 

nitrate concentration was 9.2 mg/kg, yet a 44.5% TEH reduction still occurred in the first 

31 days of treatment, without additional nutrient amendment. Research by Morgan and 

Watkinson (1989) and Zhou and Crawford (1995) supports these findings, they found 
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that the degradation of a number of hydrocarbon mixtures can be stimulated to near 

optimal levels by carbon-to-nitrogen ratios in the range of 200:1 to 300:1. 

The level of contaminant reduction in cell 8 appeared anomalously high for a 

control cell, actually outperforming the TEH reduction seen in cell 1 during the low 

temperature treatment period. This result was counterintuitive given that untreated cells 

will rarely outperform treated cells, especially when that treatment is known to stimulate 

bioremediation. The most likely explanation is that the soils in cell 8 were impacted by 

the inflow of surface and subsurface water from adjacent cells. After the site was 

constructed, compaction relieved and shaped, cell 8 was slightly lower than the 

surrounding cells. Water migrating from cells 5 and 6 would likely have contained 

soluble nutrients (ammonia, nitrate, phosphates etc.), which would have unintentionally 

stimulated the rate and extent of biodegradation in this control cell. 

5.5 MICROBIAL ENUMERATION 

5.5.1 Bacterial Enumeration by MPN 

The MPN enumerations are subject to a high degree of variability based on 

laboratory technique and the specific environmental conditions when sampling occurred. 

Nonetheless, MPN provides good general information on the effects that the various 

landfann treatments had on heterotrophic and oil-degrading microbial concentrations. 

The MPN data is generally consistent with the TBH biodegradation results. The 

highest heterotrophic and oil-degrading microbial concentrations were observed in the 

optimized and amended cells. Cells 3 and 4 showed the highest concentration of oil-

degraders at all sampling dates. The highest concentration of oil-degraders in both the 

low temperature and high temperature periods occurred in the 20°C incubations. This 

suggests that a substantial proportion of the hydrocarbon-degrading population in both 

contaminated soils are psychrotrophic. The low concentrations of 4°C oil-degraders 

enumerated from the April 15 and May 1 sample soils further suggest that few 
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psychrophilic oil-degraders are present in these soils. This is consistent with other 

hydrocarbon bioremediation research using Alberta soils (Gibb 1999, Kvicala 2001) and 

research with contaminated soils from the Canadian Arctic (Mohn and Stewart 2000). 

A decline in the concentration of 20°C incubated hydrocarbon-degraders was 

observed from May 1 to July 16 in all treatment cells. Drought conditions at the time of 

sampling may have been partially responsible; moisture stress can limit the size of 

heterotrophic populations, and in turn the rate and extent of biodegradation that occurs. 

However, the high concentrations of total heterotrophs enumerated would suggest that 

either oil-degraders are more susceptible to desiccation or another factor is involved. In 

the contaminated A soils, in particular, it may be that low hydrocarbon concentrations in 

the soil by July was limiting the size of the oil-degrading population. Even if a sufficient 

concentration of the contaminant was bio available at the time, if it was not biodegradable 

by the microorganisms that were present, the population would stop growing and 

eventually enter the death phase of growth. It may be that, in both soils, a rapid period of 

contaminant utilization occurred during the low temperature period where the easily 

degradable hydrocarbon fraction was removed; then, at some point after May 1, the 

concentration of bioavailable and/or biodegradable hydrocarbons was reduced to a point 

where it could no longer sustain the population. The continued hydrocarbon degradation 

in cells 1, 2, 3 and 4, after May 1, when the oil-degrading populations were on the 

decline, also suggests that substantial biodegradation occurs after populations enter the 

death phase of their growth curve. 

5.5.2 FAME Analysis 

The FAME data provides two levels of information regarding the microbial 

population: the first is data on the relative biomass concentrations in each treatment cell. 

The concentration of the two extracted FAME compounds is consistent with the MPN 

data; it shows that the highest biomass concentrations are found in the optimized 

treatment cells. The amended cells have the next greatest microbial concentrations and 

the aerated cells show the smallest biomass of all the treatments. Cell 8 appears to have 
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the larger biomass of the two controls; as discussed previously this is the likely result of 

unintended nutrient enrichment. 

The second level of information provided by FAME analysis is the ratio of one 

extracted FAME to another. One of the main strategies a microorganism uses to adapt to 

colder climates is to increase the proportion of UFA compounds in its cell wall at the 

expense of SFA compounds (Herbert 1986). It was hypothesized, therefore, that the 

microbial population in the May 1 sample soil would have a higher concentration of 

Methyl Palmitoleate relative to Methyl Palmitate, than would the population in the 

August 26 sample. In all cells, except cell 6, this was in fact the case; higher UFA-to-

SFA ratios were observed in the low temperature period supporting the theory that 

microbial populations do, in fact, initiate changes in fatty acid structure to adapt to lower 

temperatures (Margesin and Schinner 1994). The cell 6 ratios are not consistent with the 

pattern observed in the other cells; this may be an artefact of laboratory error or inherent 

sample variability. The difference between winter and summer UFA: SFA ratios is most 

pronounced in the non-nutrient-amended cells and in cell 3. The control cells, in 

particular, show a substantially higher UFA ratio on May 1 compared to August 26. As 

the control soils most closely represent the pre-disturbance conditions, their responses 

most accurately represent the response of contaminated soils in nature. In cells amended 

with compost and nutrients, the microbial community structure that had been established 

over the past thirty years was disrupted. Compost would introduce foreign, mesophilic 

and thermophilic, bacteria that would have high SFA concentrations, artificially altering 

the UFA SFA ratio. Even if the introduced microorganisms were dead or non-viable, 

their SFA compounds might still be extracted. UFA compounds on the other hand are 

more prone to denaturation and would likely not be extractable from dead organisms. 

5.6 SUMMARY 

In summary, the bioremediation of hydrocarbon contaminated soils is viable at 

low temperatures when landfarming is used as the treatment methodology. Specifically, 

the combined use of nutrient amendment, compost amendment, moisture control and 
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monthly aeration will stimulate the rate and extent of bioremediation to a greater degree 

than would any of the treatments individually. The results of this project suggest that 

nutrient amendment is likely the most effective treatment for stimulating hydrocarbon 

biodegradation; and that the nutrients most required are nitrogen and phosphorous. The 

addition of compost, while it has some beneficial effects on soil nutrient levels and 

moisture retention, may have a net negative effect on low temperature bioremediation. 

Its potential as an alternative carbon source may remove an unacceptably large 

component of the oil-degrading population from the task of metabolizing petroleum 

hydrocarbons. 

Temperature fluctuations at a field site make it difficult to determine the lower 

temperature limit for ex situ bioremediation; it appears likely that a sustained period 

where daytime temperatures exceed 5°C is required in order to achieve substantial 

contaminant reduction levels. That temperatures fall below 0°C overnight seems to not 

have an overly detrimental effect on bioremediation. Research by Eriksson et al. (2001) 

found that freeze-thaw cycling (7°C and -5°C), in soil microcosms, actually enhanced the 

rate of alkane degradation over that of a 7°C treatment alone. The atypically warm 

January and February temperatures encountered during this research allowed for 

significant bioremediation of contaminated soil A to occur. These temperatures, 

however, were more representative of early spring conditions in Alberta than those 

encountered in mid-winter. A suitable time to begin landfarming crude oil in the Calgary 

area would be early March, when the daily maximum temperatures average about 3.3°C 

(Environment Canada 2003). 

The biodegradability and bioavailability of the contaminant played a major role 

in the effectiveness of all the bioremediation treatments. Soil contaminated with flare pit 

waste cannot be extensively biodegraded at low temperatures by landfarming. However, 

when treating hydrocarbons that are resistant to bioremediation there are some important 

benefits to beginning treatment early, during the low temperature period. Having a 

treatment site fully operational by early spring allows for oxygen, nutrient and other 

enhancements to take effect well in advance of the optimal bioremediation period. Thus, 
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as temperatures warm no bioremediation days are lost to lag phase and the site can 

quickly reach its maximum potential. In low temperature conditions, hydrocarbon-

utilizing microorganisms will preferentially degrade the saturated alkane fraction of a 

contaminant - in particular, those alkanes with molecular weights less than C26. Thus, by 

beginning bioremediation early, the easily degradable fraction is removed by the time the 

warm weather arrives and the biomass can focus its biologic energy on degrading the 

more recalcitrant hydrocarbon fractions. 

The MPN data demonstrated that all landfarm treatments increased the 

concentration of oil-degrading microorganisms. The MPN data was also consistent with 

the TBH reduction results, in that the optimized treatment cell, which showed the largest 

contaminant reductions also had the largest hetérotrophic population. The MPN data 

further suggests that the majority of the hydrocarbon-degrading population are 

psychrotrophic and not psychrophilic. 

FAME analysis supports the MPN data, showing that the optimized treatment 

cells had the largest biomass, followed by the amended cells and then the aerated cells. 

The FAME results also support the assumption that the microbial population increases its 

concentration of unsaturated fatty acids in response to cooling temperatures. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

During the course of this research, a modified landfarm was constructed to treat 

hydrocarbon contaminated soil. Two differentially contaminated soils were treated: one 

containing a mixture of diesel and crude oil (soil A), the other, a mixture of crude oil and 

flare pit waste (soil B). Various treatment regimes were applied to both soils over a 233-

day period. The first 136 days of treatment constituted the low temperature period and 

the remaining 97 days the warm temperature period. Based on the results of this 

research, the following conclusions can be made: 

1) Landfarming is a viable treatment option for remediating hydrocarbon contaminants 

at low temperatures (5°C - 15°C). Contaminants that are primarily diesel and crude 

oil-based respond well to this mode of treatment, while contaminants that contain 

flare pit waste do not. 

2) The following list presents the extent of TEH loss observed in each cell during the 

low temperature treatment period (first 136 days): 

Cell 1 (Aeration alone; Flare pit-impacted soil) 2.9% 

Cell 2 (Aeration alone, Crude oil-impacted soil) 24.4% 

Cell 3 (Optimized treatment, Crude oil-impacted soil) 43.2% 

Cell 4 (Optimized treatment, Flare pit-impacted soil) 13.4% 

Cell 5 (Amended treatment, Flare pit-impacted soil) 12.2% 

Cell 6 (Amended treatment, Crude oil-impacted soil) 38.0% 

Cell 7 (Control, Crude oil-impacted soil) 5.3% 

Cell 8 (Control, Flare pit-impacted soil) 12.0% 
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After the full 233-day treatment period the extent of TEH loss in each cell was: 

Cell 1 (Aeration alone, Flare pit-impacted soil) 20.2% 

Cell 2 (Aeration alone, Crude oil-impacted soil) 38.8% 

Cell 3 (Optimized treatment, Crude oil-impacted soil) 61.4% 

Cell 4 (Optimized treatment, Flare pit-impacted soil) 18.9% 

Cell 5 (Amended treatment, Flare pit-impacted soil) 10.7% 

Cell 6 (Amended treatment, Crude oil-impacted soil) 39.9% * 

Cell 7 (Control, Crude oil-impacted soil) 2.0% * 

Cell 8 (Control, Flare pit-impacted soil) 18.9% 

Thus, the order of bioremediation effectiveness from greatest to least, for each 

treatment regimes is: optimized treatment (compost, nutrients, water and aeration)> 

amended treatment (compost, nutrients and water) > aeration alone > untreated 

control. 

3) Because of the microbial communities' prolonged exposure to the soil contaminants,' 

in the range of 30 to 40 years, the biomass had become acclimated to the 

hydrocarbons; thus, a lengthy lag phase did not occur. In the optimized treatment 

cells, the most extensive biodegradation occurred during the first 31 days of 

treatment. 

4) In all cells, during the low temperature period, the percent reduction in alkane 

concentration surpassed the percent concentration reduction of the total contaminant. 

5) The MPN enumeration and FAME analysis data both show that the combination of 

compost and nutrient amendment had a pronounced stimulatory effect on the 

concentration of soil microorganisms in both contaminated soil A and contaminated 

soil B. 

* The apparent increase in TEH concentration in these cells at day 233 compared with day 136 was likely 
caused by the unintended soil mixing incident described in section 4.1.6. 
+ The degree of TEH reduction observed in the cell 8 control maybe artificially elevated as a result of the 
presence of nutrient amended water from adjacent cells. 
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6) The most extensive biodegradation of alkanes in contaminated soils A and B occurred 

in the C16 - C20 fraction. Substantial biodegradation also occurred in the 

C21 - C24 Fraction. 

7) Based on microbial enumerations, it was determined that the majority of the 

heterotrophic microorganisms in both contaminated soils were psychrotrophic and not 

psychrophilic. 

8) Based on FAME analysis of treatment soils, during the low temperature and high 

temperature periods, it appears that the microbial biomass adapts to lowering seasonal 

temperatures by increasing the level of unsaturation in its cellular fatty acids. 

6.2 Recommendations 

A growing body of laboratory evidence has demonstrated that the low 

temperature bioremediation of hydrocarbon compounds is feasible. However, in order 

for it to gain widespread acceptance by environmental practitioners, more research 

carried out at the field scale is required. These field scale projects must occur in 

conditions similar to those encountered at remote cold-climate sites. In this way, 

practical remediation techniques, such as landfarming can shown to be robust enough 

under "real world" conditions to replace the conventional "dig and dump" option. 

Implementation of the following recommendations will help to achieve this objective: 

A research project of similar scale and design to the one presented in this 

document should be carried out. The goal of such a study would be to test the 

reproducibility of these results and to allow for the following improvements to be 

implemented: 

1) The start date for any future low temperature bioremediation field study in the 

Calgary area should be moved from early January to early March. It is unlikely that 

the unseasonably high temperatures encountered in early 2002 will be regularly 

repeated in the future; therefore a start date that more closely recreates these 

temperatures should be used. For research carried out in different climatic regions the 
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targeted temperature range should largely fall between 0°C and 15°C. The 

temperature patterns in the area should be studied in advance so the experiment can 

be timed in such a way that during the first month of treatment the daily maximum 

temperatures will regularly exceed 5°C. 

2) To better determine the efficacy of individual treatments, only one treatment per test 

cell should be used. This research combined a number of treatments into a single 

cell, making it difficult to determine the net contribution of each. Nevertheless, a 

negative control cell and an optimized cell should be included in the project's design; 

this will establish a comparative range of treatment effectiveness. 

3) By altering the sampling protocol, a more accurate characterization of the source soil 

could be achieved. Sub-samples taken during a single sampling event should not be 

combined; this eliminates the possibility of a single "hot" sample skewing the 

analytical results of an entire batch of composited soil. These individual samples 

would be analysed separately and each treated as a replicate; in this way highly 

atypical replicates can be identified and removed from the data set, as outliers. 

4) A more detailed analysis of microbial community structure should be undertaken that 

specifically investigates the effects that various bioremediation treatments and 

climate change have on the quantity and distribution of heterotrophic 

microorganisms. FAME profiling is an excellent tool for such a study; however, 

multiple sample replication would be required to accurately characterize the biomass. 

5) A range of C:N:P ratios should be tested during treatment to determine the best 

balance between fertilizer input costs and bioremediation performance. C:N:P ratios 

ranging from 300:1:0.1 to 50:1:0.5 should be investigated. 

6) Additional chemical characterizations of the contaminant before, during and after. 

treatment would be useful. Of particular value would be research identifying the 

specific hydrocarbon compounds that are resistant to biodegradation at low 

temperatures. 

7) Research comparing the effect that different aeration frequencies have on soil oxygen 

concentration and the rate of bioremediation would contribute much toward 

optimizing treatment performance and minimizing input costs. Aeration frequencies 

ranging from once a week to once every three months could be tested while soil 
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oxygen concentrations are constantly monitored using embedded 02 sensors. During 

these treatments, implementing a method that quantifies the proportions of TEH 

reduction that are due to volatilization and biodegradation, respectively, would also 

be worthwhile. 

8) MPN enumeration and FAME analysis should be carried out on the various test and 

control cells prior to treatment. This would allow for more meaningful comparisons 

with later data to be drawn. 

The following additional research topics are suggested, as they would likely 

contribute valuable information towards the eventual improvement of low temperature 

bioremediation: 

9) A study investigating the warming effect of solar radiation on surficial soils in the 

winter and spring. 

10) A cost analysis of the various low temperature bioremediation treatments used in this 

research would be extremely useful in convincing environmental practitioners that 

there is a valid and affordable option to conventional "dig and dump" remediation. 

11) A study investigating the maximum concentration of heterotrophic and oil-degrading 

microorganisms that can be achieved in various soil types. Soils ranging from coarse 

sandy soils to fine clay-based soils could be investigated. 

12) Finally, a research project investigating the effects of commercially available 

surfactants on the rate and extent of hydrocarbon degradation would also be valuable. 

This work could focus on developing a treatment that improves the bioavailability of 

recalcitrant compounds that are known to adsorb tightly into the soil matrix. 
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APPENDIX A-i: Compost Analytical Data 

NoRwEsT 
LABS 

Agri-Food & Environmental Group 
Calgary Edmonton Winnipeg Lethbridge Sunny 

Analytical Report 

9938-67 Avenue 
Edmonton, AB. T6E 0P5 

Phone: (780) 438-5522 
Fax: (780) 438-0396 

Bill to: City of Calgary Project ID: NWL Lot ID: 119375 
Report to: City of Calgary Name: Control Number. SF 68082 

Box 2100 Location: Date Received: May 15, 2001 

Stn. M LSD: Date Reported: May 29, 2001 
Calgary, AB, Canada P.O.: 6060411 Report Number: 176734 
T2P 2M5 Acct. Code: 
Attn: Molly Miranda 

Sampled By: 

Page: I of 4 

Analyte 

NWL Number: 119375-1 

Sample Date: 

Sample Description: Sheppard Compost 

Units Results Results Results Detection Limit 

Aggregate Organic Constituents 

Organic Matter % 50.2 

Available Nutrients 
Nitrate - N ppm 8 

Phosphorus ppm 150 

Potassium ppm 6540 

Potassium Base Saturation 33.0 

Sulphate-S ppm >200 

Copper FS Micro-nutrients ppm 0.91 

Iron FS Micro-nutrients ppm 9 

Manganese FS Micro-nutrients ppm 18.2 

Zinc FS Micro-nutrients ppm 21 .0 

Base saturation Base Saturation % 100 

Calcium Base Saturation 39.6 
Magnesium Base Saturation 26 .4 

Sodium Base Saturation 1.0 
TEC Base Saturation meq/lOOg 50 .9 

Calcium FS Macro-nutrients ppm 4040 

Magnesium FS Macro-nutrients ppm 1640 

Sodium ES Macro-nutrients ppm 113 

Classification 

C:N Ratio 

Organic Matter 

Nitrogen Total % 

Carbon Total Organic 

Hot Water Soluble 
Boron FS Micro-nutrients ppm 

Metals Strong Acid Extractable 
Mercury Strong Acid Extractable ugfg 

Antimony Strong Acid Extractable ug/g 

Arsenic Strong Acid Extractable uglg 

17.1 

53.9 

1.58 

27.0 

20.2 

01 

1 

5 

10 

1 

0.02 

0.04 

0.006 

0.01 

1 

1 

6 

0.09 

0.01 

0.05 

0.1 

0.05 0.01 

<3 0.5 

<6 0.5 

Accredited by the Standards Council of Canada (SCC) and by the Canadian Association for Environmental Analytical Laboratories 
CIIIIC5 (CAEAL) for specific tests registered with the Council and the Association 
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NoRwEsT 
LABS 

Agri-Food & Environmental Group 
Calgary Edmonton Winnipeg Lethbridge Sunny 

Analytical Report 

9938-67 Avenue 
Edmonton, AB. T6E 0P5 

Phone: (780) 438-5522 
Fax: (780) 438-0396 

Bill to: City of Calgary Project ID: NWL Lot ID: 119375 
Report to: City of Calgary Name: Control Number: SF 68082 

Box 2100 Location: Date Received: May 15, 2001 

Stn. M LSD: Date Reported: May 29, 2001 
Calgary, AB, Canada P.O.: 6060411 Report Number: 176734 
T2P 2M5 Acct. Code: 
Attn: Molly Miranda 

Sampled By: 

Page: 2of4 

NWL Number: 119375-1 

Sample Date: 

Sample Description: Sheppard Compost 

Analyte Units Results Results Results Detection Limit 

Metals Strong Acid Extractable - Continued 
Barium Strong Acid Extractable uglg 185 0.02 

Beryllium Strong Acid Extractable ug/g <0. 3 0.05 

Cadmium Strong Acid Extractable ug/g 1.2 0. 05 

Chromium Strong Acid Extractable ug!g 11.6 0. 08 

Cobalt Strong Acid Extractable uglg 2.6 0. 07 

Copper Strong Acid Extractable uglg 26.0 0.1 

Lead Strong Acid Extractable ug!g 12 .9 0.2 

Molybdenum Strong Acid Extractable ug/g 1.4  0.1 

Nickel Strong Acid Extractable ug!g 10 .3 0.1 

Selenium Strong Acid Extractable ug/g 0.4  0.4 

Silver Strong Acid Extractable ugfg <0. 6 0.1 

Thallium Strong Acid Extractable ug!g <2 0. 4 

Tin Strong Acid Extractable ug/g <2 0.3 

Vanadium Strong Acid Extractable ug/g 8.13 0.1 

Zinc Strong Acid Extractable uglg 190 0. 06 

Salinity 
Conductivity dS/m 6.04 0.01 

Soil Acidity 
pH 1:2 Soil:CaCl2 sol. pH 8.2 

pH 1:2 Soil:Water pH 8.6 

Conductivity based on 1:2 soil:water dS/m 7. 90  0.01 
reading 

Lime Requirement 

pH SMP pH Not Required 

Additional A2, A24 & CL41and repeat Selenium on sample 1, requested by Molly. Due May 30/01 MY(LS) 24/5/01 cm 

Supplement to original report 175655. 24/5/01 cm 

Approved by: 

Accredited by the Standards Council of Canada (SCC) and by the Canadian Association for Environmental Analytical Laboratories 
(CAEAL) for specific tests registered with the Council and the Association 
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NOR WEST 
LABS 

Agri-Food & Environmental Group 
Calgary Edmonton Winnipeg Lethbridge Surrey 

Bill to: City of Calgary 

Report to: City of Calgary 

Box 2100 
Stn.M 
Calgary, AB, Canada 
T2P 2M5 
Attn: Molly Miranda 

Sampled By: 

Methodology and Notes 

Project ID: 

Name: 

Location: 

LSD: 

P.O.: 6060411 
Acct. Code: 

9938-67 Avenue 
Edmonton, AB. T6E 0P5 
Phone: (780) 438-5522 
Fax: (780) 438-0396 

NWL Lot ID: 
Control Number: 

Date Received: 

Date Reported: 

Report Number: 

Page: 3of4 

119375 
SF 68082 

May 15, 2001 

May 29, 2001 

176734 

Method of Analysis: 

Test Reference Method Date of 
Analysis 

Location Analyst 

Boron in farm soil APHA 

Carbon, Nitrogen, Agronomy No 9, Part 2 
Sulfur in soil 
Chloride in farmsoil APHA 

Macronutrients in APHA 
Farm Soils 
Mercury in Soil SW-846 

Metals Trace in soil APHA 

Micronutrients in APHA 
Farm Soil 
Nutrients in Farm Soil APHA 
-D 

Organic Matter by 
Ignition 
p1-I and Conductivity 
in farm soil 
pH by CaCl2 (1:2 
ratio) in soil 
Saturated Paste in 
General Soil 
Sulfate in Farm Soil - 
D 

Agronomy No 9, Part 2 

McKcague 

Agronomy No 9, Part I 

McKeague 

APHA 

Inductively Coupled Plasma 
(ICP) Method, 3120 B 
Organic Matter, 29-4 
Total Nitrogen, 22.4 
Automated Ferricyanide Method, 
4500-Cl- E 
Inductively Coupled Plasma 
(ICP) Method, 3120 B 
Microwave Ass. Acid Digest. of 
Sed., Sludges, Soils and Oils, 
EPA 3051 
Inductively Coupled Plasma 
(ICP) Method, 3120 B 

Inductively Coupled Plasma 
(ICP) Method, 3120 B 
Automated Cadmium Reduction 
Method, 4500-NO3- F 
Flame Photometric Method, 
3500-K B 
Stannous Chloride Method, 
4500-P D 
Organic Matter, 29-4 

1:2 Soil: Water Ratio, 4.12 

pH, 12-2.6.5 

Soluble Salts in Saturation 
Extract, 3.21 
Turbidimetric Method, 
4500-S042- E 

May 22, 2001 Norwest Edmonton To Thong 

May 28, 2001 
May 28, 2001 
May 22,2001 

Norwest Lethbridge 
Norwest Lethbridge 
Norwest Edmonton 

Rob Flynn 
Rob Flynn 
Jesse Dang 

May 23, 2001 Norwest Edmonton Jodi Johnston 

May 22, 2001 Norwest Edmonton StefPavlyshyn 

May 23, 2001 Norwest Edmonton Jodi Johnston 

May 29, 2001 
May 22, 2001 

May 23, 200) 

May 23, 200) 

May 23, 2001 

May 22, 200) 

May 22, 2001 

May 25, 2001 

May 29,2001 

May 22,2001 

Norwest Edmonton 
Norwest Edmonton 

Norwest Edmonton 

Norwest Edmonton 

Norwest Edmonton 

Norwest Edmonton 

Norwest Edmonton 

Norwest Edmonton 

Norwest Edmonton 

Not-west Edmonton 

Jodi Johnston 
To Thong 

Jodi Johnston 

Jodi Johnston 

Jodi Johnston 

ToNuLuong 

Trcssa Olson 

Tressa Olson 

Jodi Johnston 

Jesse Dang 

Accredited by the Standards Council of Canada (SCC) and by the Canadian Association for Environmental Analytical Laboratories (CAEAL) for 
specific tests registered with the Council and the Association 



NOR WEST 
LABS 

Agri-Food & Environmental Group 
Calgary Edmonton Winnipeg Lethbridge Sunny 

Bill to: City of Calgary 

Report to: City of Calgary 

Box 2100 
Stn. M 
Calgary, AB, Canada 
T2P 2M5 

Attn: Molly Miranda 
Sampled By: 

Methodology and Notes 

Project ID: 

Name: 

Location: 

LSD: 

P.O.: 6060411 
Acct. Code: 

9938-67 Avenue 118 
Edmonton, AB. T6E 0135 

Phone: (780) 438-5522 
Fax: (780) 438-0396 

NWL Lot ID: 
Control Number: 

Date Received: 

Date Reported: 
Report Number: 

Page: 4of4 

119375 
SF 68082 

May 15, 2001 

May 29, 2001 
176734 

References: 

Agronomy No 9, Part 1 Methods Of Soil Analysis, Part I 
Agronomy No 9, Part 2 Methods Of Soil Analysis, Part 2 
APHA Standard Methods for the Examination of Water and Wastewater 
Carter Soil Sampling and Methods of Analysis 
Mckeague Manual on Soil Sampling and Methods of Analysis 
SW-846 Test Methods for Evaluating Solid Waste 

Comments: 
Additional A2, A24 & CL41and repeat Selenium on sample 1, requested by Molly. Due May 30/01 MY(LS) 24/5/01 cm 
Supplement to original report 175655. 24/5101 cm 

Norwest Labs strongly recommends that this report is not reproduced except in full. 

Accredited by the Standards Council of Canada (8CC) and by the Canadian Association for Environmental Analytical Laboratories (CAEAL) for 
specific tests registered with the Council and the Association 
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APPENDIX A-2: Monthly Moisture Content 

Date Cell 
Wet Soil 
Weight 

(g) 

Dry Soil 
Weight 

(g) 

Moisture 
Content 

(%) 
Date Cell 

Wet Soil 
Weight 

(g) 

Dry Soil 
Weight 

(g) 

Moisture 
Content 

(%) 

5-Jan-02 1 10.11 8.72 13.75 21-May-02 1 15.65 13.42 14.25 
5-Jan-02 2 10.11 8.74 13.55 21-May-02 2 14.21 11.91 16.19 
5-Jan-02 3 10.73 9.20 14.26 21-May-02 3 14.68 11.85 19.28 
5-Jan-02 4 10.80 9.29 13.98 21-May-02 4 14.76 11.60 21.41 
5-Jan-02 5 11.12 9.37 15.74 21-May-02 5 14.41 11.80 18.11 
5-Jan-02 6 10.60 9.05 14.62 21-May-02 6 15.44 13.16 14.77 
5-Jan-02 7 10.61 9.04 14.80 21-May-02 7 15.48 13.28 14.21 
5-Jan-02 8 11.82 9.96 15.74 21-May-02 8 16.85 14.45 14.24 
5-Feb-02 1 11.85 9.70 18.14 24-Jun-02 1 19.91 17.23 13.46 

5-Feb-02 2 12.22 10.25 16.12 24-Jun-02 2 17.09 14.62 14.45 
5-Feb-02 3 11.73 9.57 18.41 24-Jun-02 3 16.95 14.18 16.34 
5-Feb-02 4 11.37 8.83 22.34 24-Jun-02 4 21.22 17.87 15.79 
5-Feb-02 5 11.10 8.73 21.35 24-Jun-02 5 21.32 18.08 15.20 

5-Feb-02 6 12.94 10.51 18.78 24-Jun-02 6 22.27 18.91 15.09 
5-Feb-02 7 12.96 10.56 18.52 24-Jun-02 7 17.64 15.25 13.55 

5-Feb-02 8 12.37 10.04 18.84 24-Jun-02 8 26.44 23.49 11.16 

12-Mar-02 1 12.19 10.02 17.80 16-Jul-02 1 15.35 13.47 12.25 

12-Mar-02 2 13.73 11.61 15.44 16-Jul-02 2 16.68 15.37 7.85 

12-Mar-02 3 17.40 13.95 19.83 16-Jul-02 3 16.51 14.13 14.42 

12-Mar-02 4 13.12 10.89 17.00 16-Jul-02 4 22.60 19.25 14.82 

12-Mar-02 5 13.13 10.99 16.30 16-Jul-02 5 22.24 19.02 14.48 

12-Mar-02 6 14.43 12.06 16.42 16-Jul-02 6 15.66 13.42 14.30 

12-Mar-02 7 12.80 10.84 15.31 16-Jul-02 7 16.91 14.63 13.48 

12-Mar-02 8 14.55 11.91 18.14 . 16-Jul-02 8 16.07 13.85 13.81 

15-Apr-02 1 12.86 10.87 15.47 26-Aug-02 1 17.44 14.98 14.11 

15-Apr-02 2 13.03 11.04 15.27 26-Aug-02 2 19.87 17.10 13.94 

15-Apr-02 3 13.52 11.15 17.53 26-Aug-02 3 19.02 15.90 16.40 

15-Apr-02 4 12.96 10.13 21.84 26-Aug-02 4 19.58 15.94 18.59 
15-Apr-02 5 15.33 12.79 16.57 26-Aug-02 5 21.28 17.75 16.59 

15-Apr-02 6 15.28 13.09 14.33 26-Aug-02 6 26.79 22.68 15.34 

15-Apr-02 7 14.48 12.54 13.40 26-Aug-02 7 20.50 17.85 12.93 

15-Apr-02 8 13.85 11.81 14.73 26-Aug-02 8 21.74 18.90 13.06 
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APPENDIX A-3: Temperature and Precipitation Data during Treatment 

Date 
Maximum Minimum Mean Total 

Temperature Temperature Temperature Precipitation 
(C) (C) ( C) (mm) 

January 1, 2002 -6.8 -15.6 -11.2 0.0 
January 2, 2002 -9.2 -20.4 -14.8 0.0 
January 3, 2002 -2.4 -17.0 -9.7 0.0 
January 4, 2002 -3.2 -11.8 -7.5 0.0 
January 5, 2002 -1.7 -7.3 -4.5 0.0 
January 6, 2002 4.2 -3.6 0.3 0.0 
January 7, 2002 -0.9 -6.2 -3.6 0.0 
January 8, 2002 7.2 -5.1 1.1 TR 
January 9, 2002 -0.4 -3.5 -2.0 2.0 

January 10, 2002 14.6 -1.1 6.8 0.0 
January 11, 2002 16.4 0.6 8.5 0.0 
January 12, 2002 16.9 1.7 9.3 0.0 
January 13, 2002 19.7 3.7 11.7 0.0 
January 14, 2002 17.3 0.7 9.0 0.0 
January 15, 2002 9.1 -3.2 3.0 TR 
January 16, 2002 9.0 -2.2 3.4 TR 
January 17, 2002 3.9 -5.7 -0.9 TR 

January 18, 2002 5.3 -6.0 -0.4 TR 
January 19, 2002 9.9 -7.9 1.0 0.0 
January 20, 2002 14.1 -5.3 4.4 0.0 
January 21, 2002 16.9 1.9 9.4 0.0 
January 22, 2002 15.8 -0.4 7.7 0.2 
January 23, 2002 2.6 -6.7 -2.1 0.0 
January 24, 2002 3.5 -7.7 -2.1 TR 
January 25, 2002 6.8 -6.7 0.0 7.0 
January 26, 2002 2.4 -4.7 -1.2 2.2 
January 27, 2002 7.7 -4.8 1.5 TR 
January 28, 2002 15.0 -0.2 7.4 0.0 
January 29, 2002 9.6 1.3 5.5 0.0 
January 30, 2002 6.8 0.8 3.8 0.0 
January 31, 2002 0.3 -14.2 -7.0 0.0 
February 1, 2002 0.4 -12.7 -6.2 0.0 
February 2, 2002 1.4 -14.5 -6.6 0.0 
February 3, 2002 6.2 -14.1 -4.0 0.0 
February 4, 2002 5.9 -2.2 1.9 0.0 
February 5, 2002 9.8 -11.6 -0.9 0.0 
February 6, 2002 3.7 -6.7 -1.5 0.0 

February 7, 2002 4.3 -8.6 -2.2 0.0 
February 8, 2002 -2.6 -10.4 -6.5 0.0 
February 9, 2002 4.8 -11.9 -3.6 0.0 
February 10, 2002 10.2 -2.7 3.8 0.0 
February 11, 2002 2.4 -5.9 -1.8 0.6 
February 12, 2002 7.2 -8.7 -0.8 0.0 
February 13, 2002 4.9 -4.3 0.3 TR 
February 14, 2002 6.9 -8.5 -0.8 0.0 



121 

Date 
Maximum Minimum Mean Total 

Temperature Temperature Temperature Precipitation 
(2C) (2C) (2C) (mm)  

February 16, 2002 14.1 -5.6 4.3 0.0 
February 17, 2002 9.3 -1.2 4.1 0.0 
February 18, 2002 2.7 -5.3 -1.3 TR 
February 19, 2002 8.8 -7.7 0.6 TR 
February 20, 2002 7.9 -6.4 0.8 0.0 
February 21, 2002 9.6 -7.3 1.2 0.0 
February 22, 2002 -1.3 -9.6 -5.5 1.4 
February 23, 2002 -9.4 -17.6 -13.5 2.6 
February 24, 2002 -12.2 -19.3 -15.8 TR 
February 25, 2002 -9.3 -22.6 -16.0 TR 
February 26, 2002 0.0 -16.7 -8.4 1.0 
February 27, 2002 -1.3 -13.6 -7.5 1.2 

February 28, 2002 -7.5 -15.0 -11.3 2.6 
March 1, 2002 -12.1 -17.4 -14.8 0.8 
March 2, 2002 -2.2 -18.4 -10.3 TR 
March 3, 2002 7.3 -12.7 -2.7 0.0 
March 4, 2002 -0.9 -15.1 -8.0 2.1 
March 5, 2002 -15.1 -28.4 -21.8 3.6 

March 6, 2002 -22.0 -28.8 -25.4 TR 
March 7, 2002 -22.4 -28.9 -25.7 TR 
March 8, 2002 -19.8 -31.0 -25.4 0.0 
March 9, 2002 -16.3 -30.5 -23.4 0.0 
March 10, 2002 -16.7 -20.6 -18.7 0.0 
March 11, 2002 4.9 -21.3 -8.2 TR 
March 12, 2002 1.9 -13.0 -5.6 0.6 
March 13, 2002 -9.7 -13.9 -11.8 0.6 
March 14, 2002 -1.4 -17.2 -9.3 0.2 
March 15, 2002 -10.0 -17.0 -13.5 0.6 
March 16, 2002 -15.6 -20.0 -17.8 0.7 
March 17, 2002 -16.0 -23.8 -19.9 1.0 
March 18, 2002 -16.4 -22.2 -19.3 TR 
March 19, 2002 -18.0 -21.1 -19.6 2.6 
March 20, 2002 -17.7 -28.0 -22.9 TR 
March 21, 2002 -11.8 -27.4 -19.6 0.0 
March 22, 2002 -3.6 -19.3 -11.5 0.0 
March 23, 2002 -6.6 -15.6 -11.1 TR 
March 24, 2002 -6.4 -14.9 -10.7 0.0 
March 25, 2002 1.1 -9.5 -4.2 TR 
March 26, 2002 9.0 -8.8 0.1 0.0 
March 27, 2002 4.8 -0.7 2.1 TR 
March 28, 2002 5.6 -2.6 1.5 TR 
March 29, 2002 0.0 -3.6 -1.8 0.0 
March 30, 2002 -2.3 -5.7 -4.0 2.0 
March 31, 2002 14.0 -6.7 3.7 1.8 
April 1, 2002 -6.8 -15.6 -11.2 0.4 
April 2, 2002 -9.2 -20.4 -14.8 TR 
April 3, 2002 -2.4 -17.0 -9.7 0.0 
April 4, 2002 -3.2 -11.8 -7.5 0.6 
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Date 
Maximum Minimum Mean Total 

Temperature Temperature Temperature Precipitation 
(C) (C) (2C) (mm)  

April 6, 2002 4.2 -3.6 0.3 0.4 

April 7, 2002 -0.9 -6.2 -3.6 7.4 
April 8, 2002 7.2 -5.1 1.1 TR 
April 9, 2002 -0.4 -3.5 -2.0 1.0 
April 10, 2002 14.6 -1.1 6.8 TR 
April 11, 2002 16.4 0.6 8.5 0.0 
April 12, 2002 16.9 1.7 9.3 0.0 
April 13, 2002 19.7 3.7 11.7 0.0 
April 14, 2002 17.3 0.7 9.0 0.0 
April 15, 2002 9.1 -3.2 3.0 0.0 
April 16, 2002 9.0 -2.2 3.4 TR 
April 17, 2002 3.9 -5.7 -0.9 0.9 
April 18, 2002 5.3 -6.0 -0.4 TR 
April 19, 2002 9.9 -7.9 1.0 0.0 
April 20, 2002 14.1 -5.3 4.4 0.0 
April 21, 2002 16.9 1.9 9.4 TR 
April 22, 2002 15.8 -0.4 7.7 TR 
April 23, 2002 2.6 -6.7 -2.1 0.2 
April 24, 2002 3.5 -7.7 -2.1 TR 
April 25, 2002 6.8 -6.7 0.0 0.0 
April 26, 2002 2.4 -4.7 -1.2 4.8 
April 27, 2002 7.7 -4.8 1.5 TR 
April 28, 2002 15.0 -0.2 7.4 0.0 

April 29, 2002 9.6 1.3 5.5 1.8 
April 30, 2002 6.8 0.8 3.8 3.0 
May 1, 2002 14.9 -1.8 6.6 TR 
May 2, 2002 19.0 -3.0 8.0 2.2 
May 3, 2002 -2.1 -7.2 -4.7 0.6 
May 4, 2002 2.5 -4.8 -1.2 TR 
May 5, 2002 1.6 -2.1 -0.3 5.7 
May 6, 2002 -1.0 -5.9 -3.5 9.0 
May 7, 2002 1.1 -5.0 -2.0 2.2 
May 8, 2002 5.5 -7.4 -1.0 0.0 
May 9, 2002 7.7 -5.9 0.9 0.0 
May 10, 2002 12.7 -3.3 4.7 0.0 
May 11, 2002 13.8 1.6 7.7 0.0 
May 12, 2002 18.4 0.1 9.3 0.0 
May 13, 2002 22.2 1.6 11.9 0.0 
May 14, 2002 17.5 2.9 10.2 4.9 
May 15, 2002 8.1 0.3 4.2 0.8 
May 16, 2002 12.5 -2.6 5.0 0.0 
May 17, 2002 10.8 0.6 5.7 0.6 
May 18, 2002 14.6 1.5 8.1 0.6 
May 19, 2002 22.2 5.6 13.9 0.8 
May 20, 2002 20.0 6.3 13.2 0.0 
May 21, 2002 13.3 -0.2 6.6 TR 
May 22, 2002 1.7 -1.5 0.1 3.8 

May 23, 2002 8.1 -3.1 2.5 0.0 
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Date 
Maximum Minimum Mean Total 

Temperature Temperature Temperature Precipitation 
(C) (2C) (2C) (mm) 

May 25, 2002 14.6 1.3 8.0 TR 

May 26, 2002 21.0 2.3 11.7 0.0 
May 27, 2002 22.9 8.5 15.7 0.0 

May 28, 2002 22.9 4.4 13.7 0.0 

May 29, 2002 22.3 11.4 16.9 0.0 

May 30, 2002 23.4 7.1 15.3 0.0 
May 31, 2002 18.4 7.5 13.0 0.0 

June 1, 2002 16.9 8.8 12.9 TR 
June 2, 2002 13.6 6.8 10.2 26.0 

June 3, 2002 17.1 6.0 11.6 2.2 

June 4, 2002 22.2 6.7 14.5 0.0 

June 5, 2002 23.0 9.9 16.5 TR 

June 6, 2002 15.6 6.7 11.2 TR 

June 7, 2002 16.0 0.4 8.2 TR 
June 8, 2002 9.8 5.1 7.5 7.0 

June 9, 2002 11.3 5.9 8.6 15.6 
June 10, 2002 13.5 6.4 10.0 6.8 

June 11, 2002 16.3 6.7 11.5 0.0 
June 12, 2002 21.5 2.1 11.8 0.0 

June 13, 2002 24.0 4.6 14.3 0.0 

June 14, 2002 24.0 6.7 15.4 0.0 

June 15, 2002 25.7 6.8 16.3 TR 
June 16, 2002 25.6 9.8 17.7 0.0 

June 17, 2002 23.5 9.4 16.5 TR 

June 18, 2002 9.7 7.4 8.6 0.6 

June 19, 2002 19.0 2.4 10.7 TR 
June 20,2002 21.0 4.0 12.5 0.0 

June 21, 2002 24.6 5.1 14.9 0.0 
June 22, 2002 26.6 6.6 16.6 0.0 

June 23, 2002 27.3 9.6 18.5 TR 
June 24, 2002 26.6 11.5 19.1 0.0 

June 25, 2002 27.5 9.1 18.3 0.0 

June 26, 2002 31.6 12.5 22.1 0.0 
June 27, 2002 33.5 15.1 24.3 0.4 

June 28, 2002 26.7 14.8 20.8 0.0 

June 29, 2002 24.0 12.6 18.3 0.0 
June 30, 2002 18.4 7.5 13.0 0.0 

July 1, 2002 20.2 6.8 13.5 0.0 
July 2, 2002 22.9 4.2 13.6 0.0 

July 3, 2002 22.7 5.7 14.2 0.0 

July 4, 2002 23.5 7.0 15.3 0.0 
July 5, 2002 20.9 7.8 14.4 0.0 
July 6, 2002 25.4 3.4 14.4 0.0 

July 7, 2002 29.0 8.6 18.8 2.6 

July 8, 2002 20.0 12.6 16.3 12.8 
July 9, 2002 22.3 12.9 17.6 1.4 

July 10, 2002 27.1 11.6 19.4 0.0 

July 11, 2002 32.1 14.3 23.2 0.0  
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Date 
Maximum Minimum Mean Total 

Temperature Temperature Temperature Precipitation 
(C) (2C) (9C) (mm)  

July 13, 2002 34.2 14.3 24.3 0.0 
July 14, 2002 31.8 14.0 22.9 0.0 
July 15, 2002 29.3 11.5 20.4 0.0 
July 16, 2002 29.3 13.4 21.4 0.0 
July 17, 2002 33.4 13.2 23.3 0.0 
July 18, 2002 30.1 14.8 22.5 0.0 
July 19, 2002 29.5 14.2 21.9 TR 
July 20, 2002 21.9 9.6 15.8 1.2 
July 21, 2002 21.6 8.6 15.1 0.0 
July 22, 2002 24.9 4.8 14.9 0.0 
July 23, 2002 29.9 10.6 20.3 0.0 
July 24, 2002 29.8 13.5 21.7 0.4 
July 25, 2002 32.1 12.8 22.5 2.6 

July 26, 2002 23.3 14.7 19.0 4.2 
July 27, 2002 24.3 9.5 16.9 2.2 
July 28, 2002 27.1 8.9 18.0 0.0 
July 29, 2002 23.8 10.0 16.9 TR 
July 30, 2002 20.8 8.3 14.6 0.4 
July 31, 2002 12.7 5.8 9.3 6.8 
August 1, 2002 12.2 5.1 8.7 0.2 

August 2, 2002 12.3 2.0 7.2 11.4 
August 3, 2002 7.9 1.9 4.9 TR 
August 4, 2002 7.8 5.5 6.7 3.4 
August 5, 2002 20.4 7.8 14.1 2.4 
August 6, 2002 19.5 7.8 13.7 TR  
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APPENDIX A-4: Gravimetric TEH Results (mg/kg) 

Days of Treatment 

0 31 66 100 136 170 192 233 

Cell 1 Replicate 1 3807 4042 3682 3689 3905 3552 3400 2924 
Replicate 2 3893 3680 4325 3784 3679 3138 3401 3467 
Replicate 3 3448 3657 2851 

Replicate 4 4289 

Average 3859 3861 4004 3737 3747 3345 3401 3081 

Std. Deviation 345 137 337 

Std. Error 173 181 322 48 79 207 1 194 

Coeff. of Variance 9 4 11 

Cell  Replicate 1 2275 1302 1619 1467 1100 1101 1041 725 

Replicate 2 1211 1679 1561 1273 1034 1050 1173 942 

Replicate 3 1192 1272 1086 

Replicate 4 1324 

Average 1501 1491 1590 1370 1135 1076 1107 918 

Std. Deviation 520 123 182 

Std Error 260 178 29 97 71 26 66 105 

Coeff. of Variance 35 11 20 

Cell  Replicate 1 2020 1338 1305 1229 1258 592 1196 346 

Replicate 2 3074 1465 1483 1580 1527 1435 1600 1170 

Replicate 3 3130 1527 1410 

Replicate 4 1888 

Average 2528 1402 1394 1405 1437 1014 1398 975 

Std. Deviation 665 155 558 

Std. Error 333 64 89 175 90 421 202 322 

Coeff. of Variance 26 11 57 

Cell 4 Replicate 1 2986 2933 2967 2890 2491 3039 2988 2635 

Replicate 2 2909 2950 2759 2872 2494 3387 3018 2508 

Replicate 3 2355 2451 3106 2435 

Replicate 4 4210 

Average 3115 2778 2863 2881 2697 3213 3003 2526 

Std. Deviation 782 283 354 101 

Std. Error 391 142 104 9 205 174 15 58 

Coeff. of Variance 25 10 13 4 

Cell 5 Replicate 1 2139 2009 1720 1869 2051 2146 2231 2186 

Replicate 2 2077 2686 1966 2229 1750 1668 2087 1927 

Replicate 3 2978 2588 2384 

Replicate 4 2509 

Average 2426 2348 1843 2049 2130 1907 2159 2166 

Std. Deviation 415 425 229 

Std. Error 207 338 123 180 245 239 72 132 

Coeff. of Variance 17 20 11 
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Cell  

Average 

Std. Deviation 

Std. Error 

Coeff. of Variance 

Replicate 1 

Replicate 2 

Replicate 3 

Replicate 4 

1486 

1322 

1304 

3311 

1856 

974 

487 

52 

1100 

1779 

1440 

339 

1100 

1597 

1349 

248 

1178 

1417 

1298 

81 

904 

1323 

1223 

1150 

219 

126 

19 

829 

1460 

1145 

315 

984 

1046 

1015 

31 

910 

1543 

891 

1115 

371 

214 

33 
Cell  Replicate 1 1440 1212 1208 1273 1325 1247 1360 1675 

Replicate 2 1548 1269 1607 1435 1299 1208 1301 1126 

Replicate 3 1294 1431 1395 

Average 1427 1241 1408 1354 1352 1228 1331 1399 

Std. Deviation 127 70 275 

Std. Error 74 29 199 81 40 20 30 158 

Coeff. of Variance 9 5 20 

Cell 8 Replicate 1 2905 2759 2116 2756 2563 2916 1863 1799 

Replicate 2 2751 2862 2755 2665 2302 2495 1884 3040 

Replicate 3 3052 2798 2223 

Average 2903 2811 2436 2711 2554 2706 1874 2354 

Std. Deviation 151 248 631 

Std. Error 87 51 319 46 143 211 11 364 

Coeff. of Variance 5 10 27 
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Appendix A-5: n -Alkane Peak Concentration Data, Cell 1 
Normalized Peak Normalized Normalized 

5-Jan Dry Soil concentration 21-May Dry Soil Peak 26-Aug Dry Soil Peak 
weight (g) concentration weight (g) concentration weight (g) (mg/kg) (mg/kg) (mg/kg) 

C-16 Replicate 1 58.2 21.96 26.5 33.3 13.42 24.8 109.3 14.98 73.0 

Replicate 2 103.2 20.07 51.4 136.4 19.76 69.0 122.6 19.43 63.1 

Replicate 3 32.8 8.72 37.6 91.1 12.55 72.6 70.8 14.14 50.1 

Replicate 4 196.8 9.7 202.9 

Mean 79.6 55.5 62.0 
Standard 

82.8 26.6 11.5 
Deviation 
Standard 

41.4 15.4 6.6 
Error 

0-18 Replicate 1 657 21.96 299.2 594.6 13.42 443.1 399.3 14.98 266.6 

Replicate 2 557.3 20.07 277.7 232.3 19.76 117.6 375.8 19.43 193.4 

Replicate 3 387.5 8.72 444.4 506.3 12.55 403.4 226.1 14.14 159.9 

Replicate 4 544 9.7 560.8 

Mean 395.5 321.4 206.6 
Standard 

132.8 177.6 54.5 
Deviation 
Standard 66.4 102.5 31.5 

Error 

0-20 Replicate 1 875.9 21.96 171.2 250.5 18.42 186.7 230.3 14.98 153.7 

Replicate 2 384.5 20.07 191.6 324.9 19.76 164.4 243.8 19.43 125.5 

Replicate  218.1 8.72 244.4 237.6 12.55 189.3 230.3 14.14 162.9 

Replicate 4 203.5 9.7 209.8 

Mean 204.2 180.1 147.4 
Standard 31.1 13.7 19.5 
Deviation 
Standard 15.5 7.9 11.3 

Error 

0-21 Replicate 1 431.8 21.96 196.6 260.8 13.42 194.3 296.4 14.98 197.9 

Replicate 2 421.3 20.07 209.9 355 19.76 179.7 278.6 19.43 143.4 

Replicate 3 216.7 8.72 248.5 280.5 12.55 223.5 181.3 14.14 128.2 

Replicate 4 235.2 9.7 242.5 

Mean 224.4 199.2 156.5 
Standard 

25.1 22.3 36.6 
Deviation 
Standard 

12.5 12.9 21.1 
Error 

0-22 Replicate 1 437.8 21.96 199.4 272.5 13.42 203.1 252.1 14.98 168.3 

Replicate 2 426.3 20.07 212.4 353.6 19.76 178.9 219 19.43 112.7 

Replicate 3 211.9 8.72 243.0 253.5 12.55 202.0 292.1 14.14 206.6 

Replicate 4 291.5 9.7 300.5 

Mean 238.8 194.7 162.5 
Standard 45.0 13.6 47.2 
Deviation 
Standard 22.5 7.9 27.2 

Error 
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C-24 Replicate 1 474.6 21.96 216.1 269.8 13.42 201.0 275.5 14.98 183.9 

Replicate 2 455.2 20.07 226.8 384.8 19.76 194.7 340 19.43 175.0 

Replicate 3 221.7 8.72 254.2 308.5 12,55 245.8 215.7 14.14 152.5 

Replicate 4 228 97 235.1 

Mean 233.1 213.9 170.5 
Standard 

16.1 27.8 16.2 
Deviation 

Standard 
8.1 16.1 9.3 

Error 

Normalized Peak Normalized Normalized 
5-Jan Dry Soil concentration 21-May Dry Soil Peak 26-Aug Dry Soil Peak 

weight (g) concentration weight (g) concentration 
weight (g) (mg/kg) (mg/kg) (mg/kg) 

C-26 Replicate 1 461 21.96 209.9 332.4 13.42 247.7 273.6 14.98 182.6 

Replicate 2 450.6 20.07 224.5 398.8 19.76 201.8 385.3 19.43 198.3 

Replicate 3 245.7 8.72 281.8 329.6 12.55 262.6 263.7 14.14 186.5 

Replicate 4 304.9 9.7 314.3 

Mean 257.6 237.4 189.1 
Standard 

48.9 31.7 8.2 
Deviation 
Standard 

24.4 18.3 4.7 
Error 

0-28 Replicate 1 248.2 21.96 113.0 208.8 13.42 155.6 197 14.98 131.5 

Replicate 2 263.3 20.07 131.2 241.1 19.76 122.0 187 19.43 96.2 

Replicate 3 132.4 8.72 151.8 185.1 12.55 147.5 149.5 14.14 105.7 

Replicate 4 167.6 9.7 172.8 

Mean 142.2 141.7 111.2 
Standard 

25.8 17.5 18.2 
Deviation 
Standard 

12.9 10.1 10.5 
Error 

0-34 Replicate 1 206 21.96 93.8 109 13.42 81.2 242.7 14.98 162.0 

Replicate 2 192.7 20.07 96.0 200.9 19.76 101.7 238.3 19.43 122.6 

Replicate 3 127.6 8.72 146.3 148.4 12.55 118.2 143.4 14.14 101.4 

Replicate  161.5 9.7 166.5 

Mean 125.7 100.4 128.7 
Standard 

36.5 18.5 30.7 
Deviation 
Standard 

18.2 10.7 17.8 
Error 
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Appendix A-6: n -Alkane Peak Concentration Data, Cell 2 

C-16 

Mean 
Standard 
Deviation 
Standard 

Error 

C-18 

Mean 
Standard 
Deviation 
Standard 

Error 

0-20 

Mean 
Standard 
Deviation 
Standard 

Error 

C-21 

Mean 
Standard 
Deviation 
Standard 

Error 

0-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Normalized 
Normalized Peak Normalized Peak 

5-Jan Dry Soil Peak 21-May Dry Soil concentration 26-Aug Dry Soil concentration 
(g) weight (g) concentration weight (g) (mg) weight (mg/kg) 

(mg/kg) 

6.8 19.74 3.4 7.4 11.91 6.2 22 17.10 12.9 

22.2 10.46 21.2 32.7 19.24 17.0 4 19.52 2.0 

19.2 12.42 15.5 5.4 14.72 3.7 

19.3 10.25 18.8 

14.5 12.9 6.2 

9.6 5.8 5.8 

4.8 3.4 3.4 

63.7 19.74 32.3 61.4 11.91 51.6 90.4 17.10 52.9 

124.7 10.46 119.2 78.5 19.24 40.8 34.9 19.52 17.9 

50.5 19.88 25.4 88,8 12.42 71.5 31.7 14.72 21.5 

172.8 10.25 168.6 

86.4 54.6 30.8 

69.5 15.6 19.2 

34.7 9.0 11.1 

118 19.74 59.8 71.4 11.91 59.9 99.1 17.10 58.0 

134.1 10.46 128.2 118.6 19.24 61.6 82.4 19.52 42.2 

133.1 19.88 67.0 98.4 12.42 79.2 75.4 14.72 51.2 

128.6 10.25 125.5 

95.1 66.9 50.5 

36.8 10.7 7.9 

18.4 6.2 4.6 

125.2 19.74 63.4 76.4 11.91 64.1 86.5 17.10 50.6 

130.8 10.46 125.0 102.9 19.24 53.5 74.4 19.52 38.1 

119.9 19.88 60.3 105.4 12.42 84.9 60.3 14.72 41.0 

118.3 10.25 115.4 

91.0 67.5 43.2 

33.9 16.0 6.5 

17.0 9.2 3.8 

124.2 19.74 62.9 65.5 11.91 55.0 95.6 17.10 55.9 

131.3 10.46 125.5 99.5 19.24 51.7 76.3 19.52 39.1 

124.3 19.88 62.5 96.1 12.42 77.4 67.2 14.72 45.7 

127.2 10.25 124.1 

93.8 61.4 46.9 

35.9 14.0 8.5 

17.9 8.1 4.9 
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C-24 Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Mean 
Standard 
Deviation 
Standard 

Error 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

C-34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

123.8 

104.2 

128.2 

101.6 

5-Jan 

129.8 

138.7 

130 

127.9 

19.74 

10.46 

19.88 

10.25 

Dry Soil 
weight (g) 

19.74 

10.46 

19.88 

10.25 

95 19.74 

116.9 10.46 

134.9 19.88 

147.6 10.25 

185.3 

96.4 

192.6 

36.7 

19.74 

10.46 

19.88 

10.25 

62.7 

99.6 

64.5 

99.1 

81.5 

20.7 

10.3 

Normalized 
Peak 

concentration 
(mg/kg) 

65.8 

132.6 

65.4 

124.8 

97.1 

36.6 

18.3 

48.1 

111.8 

67.9 

144.0 

92.9 

43.2 

21.6 

93.9 

92.2 

96.9 

35.8 

79.7 

29.3 

14.7 

72.3 11.91 

105.4 19.24 

101.2 12.42 

60.7 

54.8 

81.5 

65.7 

14.0 

8.1 

Normalized Peak 
21 -  Dry Soil concentration 

May weight (g) (mg/kg) 

74.9 11.91 

103.4 19.24 

197.6 12.42 

68 11.91 

108 18.24 

111.8 1242 

78.2 11.91 

177.4 19.24 

172.6 12.42 

62.9 

53.7 

159.1 

91.9 

58.4 

33.7 

57.1 

58.1 

90.0 

67.7 

19.3 

65.7 

92.2 

139.0 

98.9 

37.1 

21.4 

94.8 17.10 

75.2 19.52 

87.3 14.72 

26-Aug 

166.6 

93.2 

79.1 

55.4 

38.5 

59.3 

51.1 

6.4 

Normalized Peak 
Dry Soil concentration 

weight (g) (mg/kg) 

17.10 

19.52 

14.72 

89.6 17.10 

92.1 19.52 

82.2 14.72 

172.8 17.10 

125.2 19.52 

133.7 14.72 

97.4 

47.7 

53.7 

66.3 

27.1 

15.7 

52.4 

47.2 

55.8 

51.8 

4.4 

2.5 

101.1 

64.1 

90.8 

85.3 

19.1 

11.0 
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Appendix A-7: n-Alkane Peak Concentration Data, Cell 3 

C-is 

Mean 
Standard 
Deviation 
Standard 

Error 

C-iS 

Mean 
Standard 
Deviation 
Standard 

Error 

C-20 

Mean 
Standard 
Deviation 
Standard 

Error 

C-21 

Mean 
Standard 
Deviation 
Standard 

Error 

C-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

5-Jan 

Normalized 

Dry Soil Peak 21-May Dry Soil Dry Soil 
weight (g) concentration weight (g) weight (g) 

(mg/kg) 

39.1 9.57 40.9 12.7 11.85 10.7 4.8 15.90 3.0 

28.6 9 31.8 19.7 13.51 14.6 4.8 13.51 3.6 

60 12.23 49.1 7.5 9.76 77 31.6 19.50 16.2 

Normalized Peak 
concentration 26-Aug 

(mg/kg) 

Normalized Peak 
concentration 

(mg/kg) 

80.3 17.9 44.9 

41.6 11.0 7.6 

7.4 3.5 7.5 

3.7 2.0 4.3 

154 9.57 1609 75 11.85 63.3 76.6 15.90 48.2 

103.7 9 115.2 99.3 13.51 73.5 58.8 13.51 43.5 

278.7 1223 227.9 72.5 9.76 74.3 70.6 19.50 36.2 

79.6 17.9 44.5 

1371 70.4 42.6 

77.2 6.1 6.0 

38.6 3.5 3.5 

216.9 9.57 226.6 72.7 11.85 61.4 86.4 15.90 54.3 

91.3 9 101.4 81.5 13.51 60.3 73.7 13.51 546 

191.8 12.23 156.8 68.4 976 57.8 124.1 19.50 63.6 

1729 17.9 96.6 

145.4 59.8 57.5 

60.7 1.8 5.3 

30.3 1.1 3.1 

63.5 957 66.4 78.6 11.85 66.3 104.1 15.90 65.5 

101.8 9 113.1 69.7 13.51 51.6 61.6 13.51 45.6 

1866 1223 152.6 59.1 9.76 60.6 98.8 1950 50.7 

160.2 179 895 

105.4 59.5 53.9 

36.8 7.4 10.3 

18.4 4.3 6.0 

64.3 9.57 67.2 79.4 11.85 67.0 90.4 15.90 56.9 

99.2 9 110.2 71.6 13.51 53.0 69.5 13.51 51.4 

181.7 12.23 148.6 74.7 9.76 76.5 114.5 19.50 58.7 

163.4 17.9 91.3 

104.3 65.5 55.7 

34.4 itS 3.8 

17.2 6.8 2.2 
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C-24 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 

Mean 
Standard 
Deviation 
Standard 

Error 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

C.34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
8 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

248.4 9.57 259.6 74 11.85 62.4 88.8 15.90 55.8 

80.2 13,51 59.4 73.6 13.51 54.5 

176.4 12.23 144.2 65.4 9.76 67.0 102 19.50 52.3 

152.9 17.9 85.4 

163.1 62.9 54.2 

88.6 3.8 1.8 

51.1 2.2 1.0 

Normalized 
Normalized Peak Normalized Peak Dry Soil concentration 

weight (g) concentration weight (g) (mg/kg) 
5-Jan Dry Soil Peak 21-May Dry  concentration 26-Aug weight (g) 

(mg/kg) 
(mg/kg) 

99 9.57 103.4 90.1 11.85 76.0 207.5 15.90 130.5 

144.9 9 161.0 76.1 13.51 56.3 84.3 13.51 62.4 

251.6 12.23 205.7 132.3 9.76 135.6 132.5 19.50 67.9 

195.2 17.9 109.1 

144.8 89.3 87.0 

48.2 41.2 37.8 

24.1 23.8 21.8 

108.4 9.57 113.3 72.8 11.85 61.4 131.4 15.90 82.6 

94.5 9 105.0 83.5 13.51 61.8 88.6 13.51 65.6 

133.4 12.23 109.1 71.9 9.76 78.7 123.5 19.50 63.3 

189.5 17.9 105.9 

108.8 65.6 70.5 

3.7 7.0 10.6 

1.9 4.0 6.1 

212.3 9.57 221.8 99 11.85 83.5 96.9 15.90 60.9 

99.2 9 110.2 110.9 13.51 82.1 139.1 13.51 103.0 

146.5 12.23 119.8 112.3 9.76 115.1 181.4 19.50 93.0 

308.2 17.9 172.2 

156.0 93.6 85.6 

51.7 18.6 22.0 

25.8 10.8 12.7 
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Appendix A-8: n -Alkane Peak Concentration Data, Cell 4 

C-16 

Mean 
Standard 
Deviation 
Standard 

Error 

C-la 

Mean 
Standard 
Deviation 
Standard 

Error 

C-20 

Mean 
Standard 
Deviation 
Standard 

Error 

C-21 

Mean 
Standard 
Deviation 
Standard 

Error 

C-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Normalized Normalized 
Normalized Peak 

5-Jan Dry Soil Peak 21-May Dry Sol] Peak 26-Aug Dry Soil concentration 
weight (g) concentration weight (g) concentration weight (g) (mg/kg) 

(mg/kg) (mg/kg) 

20.2 20.3 10.0 29.2 11.6 25.2 29 19.63 14.8 

10.3 8.92 11.5 17.9 17.86 10.0 16.9 15.94 106 

41.7 11.71 35.6 22 966 228 5.4 12.41 4.4 

29.3 11.16 26.3 

20.8 19.3 9.9 

12.3 8.1 5.2 

6.1 4.7 30 

300.9 20.3 148.2 372.2 11.6 320.9 3994 1963 203.5 

1698 8.92 190.4 1556 1786 87.1 287.6 1594 180.4 

538.8 11.71 4601 88.2 9.66 913 90.5 12.41 72.9 

300.2 11.16 269.0 

266.9 166.4 1523 

138.2 133.8 69.7 

69.1 77.2 40.2 

226.2 20.3 111.4 1262 11.6 1083 176.5 19.63 89.9 

135.6 8.92 152.0 231.2 17.86 129.5 135.8 15.94 85.2 

212.8 11.71 181.7 93.7 9.66 97.0 177.3 12.41 142.9 

105.7 11.16 94.7 

135.0 111.7 106.0 

39.4 16.4 32.0 

19.7 9.5 18.5 

350.7 20.3 172,8 1373 11.6 118.4 210.8 1933 107.4 

139.2 8.92 156.1 2553 17.86 143.1 149.7 1594 93.9 

255.5 11.71 2182 105 936 108.7 207.1 12.41 166.9 

150 11.16 134.4 

170.4 123.4 122.7 

35.5 17.8 38.8 

17.8 10.2 22.4 

360.2 20.3 177.4 142 11.6 122.4 323.2 19.63 164.6 

136.6 8.92 153.1 268.1 17.86 150.1 169.8 15.94 106.5 

243.1 11.71 207.6 145.9 9.66 151.0 217.7 12.41 175.4 

163.5 11.16 146.5 

171.2 141.2 148.9 

27.7 16.3 37.1 

13.8 9.4 21.4 
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C-24 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 

Mean 
Standard 
Deviation 
Standard 

Error 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

C-34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

312.7 20.3 154.0 146.5 11.6 126.3 236.5 19.63 120.5 

128.8 8.92 144.4 302 17.86 169.1 185.6 15.94 116.4 

222.8 11.71 190.3 130.9 9.66 135.5 204.7 12.41 164.9 

149.3 11.16 133.8 

155.6 143.6 134.0 

24.5 22.5 26.9 

12.3 13.0 15.5 

Normalized Normalized 
Normalized Peak 

5-jan Dry Soil Peak 21-May Dry Soil Peak 26-Aug Dry Soil concentration 
weight (g) concentration weight (g) concentration weight (g) (mg/kg) 

(mg/kg) (mg/kg) 

351 20.3 172.9 192.6 11.6 166.0 351.5 19.63 179.1 

172.9 8.92 193.8 330.5 17.86 185.1 242 15.94 151.8 

300.9 11.71 257.0 156.4 9.66 161.9 257 12.41 207.1 

157.9 11.16 141.5 

191.3 171.0 179.3 

48.8 12.3 27.6 

24.4 7.1 16.0 

197.8 20.3 97.4 96.5 11.6 83.2 155.3 19.63 79.1 

96.4 8.92 108.1 187.1 17.86 104.8 147.2 15.94 92.3 

178.1 11.71 152.1 105 9.66 108.7 163 12.41 131.3 

118 11.16 105.7 

115.8 98.9 100.9 

24.6 13.7 27.2 

12.3 7.9 15.7 

169.4 20.3 83.4 90.9 11.6 78.4 243.1 19.63 123.8 

74.9 8.92 84.0 161.7 17.86 90.5 126 15.94 79.0 

131 11.71 111.9 101.7 9.66 105.3 117.6 12.41 94.8 

85.7 11.16 76.8 

89.0 91.4 99.2 

15.6 13.5 22.7 

7.8 7.8 13.1 
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Appendix A-9: n -Alkane Peak Concentration Data, Cell 5 

0-16 

Mean 
Standard 
Deviation 
Standard 

Error 

0-18 

Mean 
Standard 
Deviation 
Standard 

Error 

C-20 

Mean 
Standard 
Deviation 
Standard 

Error 

0-21 

Mean 
Standard 
Deviation 
Standard 

Error 

0-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Normalized Peak Normalized Normalized Peak 
5-Jan Dry Soil concentration 21-May Dry Soil Peak 26-Aug Dry Soil concentration 

weight (g) (mg/kg) weight (g) concentration weight (g) (mg/kg) 
(mg/kg) 

49.5 8.81 56.2 42.8 11.8 36.3 43.7 17.75 24.6 

38.4 9.37 41.0 40.3 20 20.2 18.4 13.16 14.0 

54.6 10.66 51.2 81.9 13.6 60.2 132.3 20.18 65.6 

17.8 8.73 20.4 

42.2 38.9 34.7 

15.9 20.2 27.2 

7.9 10.1 15.7 

403.8 8.81 458.3 507.1 11.8 429.7 150.5 17.75 84.8 

355.5 9.37 379.4 116.8 20 58.4 112.5 13.16 85.5 

236.5 10.66 221.9 136.6 13.6 100.4 159.4 2.0.18 79.0 

160.5 8.73 183.8 

310.9 196.2 83.1 

129.7 203.3 3.6 

64.9 101.7 2.1 

178.2 8.81 202.3 174.8 11.8 148.1 197.8 17.75 111.4 

157.9 9.37 168.5 186.4 20 93.2 130.6 13.16 99.2 

123.4 10.66 115.8 183.9 13.6 135.2 254.9 20.18 126.3 

93.1 8.73 106.6 

148.3 125.5 112.3 

45.2 28.7 13.6 

22.6 14.4 7.8 

158.4 8.81 179.8 186.8 11.8 158.3 236.5 17.75 133.2 

176.3 9.37 188.2 195.4 20 97.7 123.3 13.16 93.7 

130.6 10.66 122.5 199.3 13.6 146.5 269.7 20.18 133.6 

132.9 8.73 152.2 

160.7 134.2 120.2 

29.7 32.1 23.0 

14.9 16.1 13.3 

169.6 8.81 192.5 193.9 11.8 164.3 247.8 17.75 139.6 

190.8 9.37 203.6 210.3 20 105.2 147.5 13.16 112.1 

176.2 10.66 165.3 272.5 13.6 200.4 289.4 20.18 143.4 

146.4 8.73 167.7 

182.3 156.6 131.7 

18.8 48.1 17.1 

9.4 24.0 9.9 
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C-24 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 

Mean 
Standard 
Deviation 
Standard 

Error 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

C-34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

178 8.81 202.0 191.5 11.8 162.3 299.8 17.75 168.9 

171.8 9.37 183.4 212.4 20 106.2 158.7 13.16 120.6 

158.2 10.66 148.4 219.1 13.6 161.1 302.3 20.18 149.8 

113.1 8.73 129.6 

165.8 143.2 146.4 

32.9 32.0 24.3 

16.4 16.0 14.0 

Normalized Peak Normalized Normalized Peak 
5-Jan Dry Soil concentration 21-May Dry Soil Peak 26-Aug Dry Soil concentration 

weight (g) (mg/kg) weight (g) concentration weight (g) (mg/kg) 
(mg/kg) 

212.2 8.81 240.9 219.6 11.8 186.1 320.5 17.75 180.6 

231.3 9.37 246.9 274.8 20 137.4 223.4 13.16 169.8 

154.8 10.66 145.2 283.8 13.6 208.7 382.6 20.18 189.6 

156.5 8.73 179.3 

203.0 177.4 180.0 

49.2 36.4 9.9 

24.6 18.2 5.7 

115.6 8.81 131.2 159.6 11.8 135.3 231.9 17.75 130.6 

120.4 9.37 128.5 165.3 20 82.7 120.4 13.16 91.5 

113.5 10.66 106.5 155 13.6 114.0 191.6 20.18 84.9 

79.4 8.73 91.0 

114.3 110.8 105.7 

19.1 26.5 21.7 

9.5 13.2 12.5 

92.5 8.81 105.0 106.2 11.8 90.0 238.8 17.75 134.5 

82.2 9.37 87.7 139.4 20 69.7 134.3 13.16 102.1 

112.2 10.66 105.3 145.4 13.6 106.9 215.8 20.18 106.9 

74.7 8.73 85.6 

95.9 88.9 114.5 

10.7 18.6 17.5 

5.4 9.3 10.1 
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Appendix A-1O: n -Alkane Peak Concentration Data, Cell 6 

C-16 

Mean 
Standard 
Deviation 
Standard 

Error 

C-18 

Mean 
Standard 
Deviation 
Standard 

Error 

C-20 

Mean 
Standard 
Deviation 
Standard 

Error 

C-21 

Mean 
Standard 
Deviation 
Standard 

Error 

C-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 

Replicate 
2 

Replicate 
3 

Normalized Peak Normalized Peak Normalized 
5-Jan Dry Soil concentration 21-May Dry Soil concentration 26-Aug Dr, Soil Peak 

weight (g) (mg/kg) weight (g) (mg/kg) weight (g) concentration 
(mg/kg) 

0.8 9.05 0.9 1 13.16 0.8 5.4 18.99 2.8 

12.3 13.5 9.1 19.2 19.43 9.9 9.48 19.89 4.8 

23.2 10.66 21.8 10.2 18.91 5.4 5.8 13.45 4.3 

10.6 5.3 4.0 

10.5 4.6 1.0 

5.3 2.3 0.6 

44.9 9.05 49.6 35 13.16 26.6 64.8 18.99 34.1 

184.6 13.5 136.7 77.8 19.43 40.0 48.4 19.89 24.3 

63.6 10.66 59.7 46.8 18.91 24.7 28.6 13.45 21.3 

82.0 30.5 26.6 

47.7 8.3 6.7 

23.8 4.2 3.9 

74 9.05 81.8 67.2 13.16 51.1 116.8 18.99 61.5 

148.3 13.5 109.9 112.1 19.43 57.7 98.1 19.89 49.3 

101.6 10.66 95.3 101.6 18.91 53.7 56.2 13.45 41.8 

95.6 54.2 50.9 

14.0 3.3 10.0 

7.0 1.7 5.7 

87.9 9.05 97.1 71.6 13.16 54.4 136 18.99 71.6 

141.9 13.5 105.1 138.1 19.43 71.1 93.3 19.89 46.9 

118.3 10.66 111.0 93.6 18.91 49.5 46.7 13.45 34.7 

104.4 58.3 51.1 

7.0 11.3 18.8 

3.5 5.7 10.9 

84 9.05 92.8 79.3 13.16 60.3 142.9 18.99 75.3 

131 13.5 97.0 112.2 19.43 57.7 93.9 19.89 47.2 

115.7 10.66 108.5 100.1 18.91 52.9 55.9 13.45 41.6 

99.5 57.0 54.7 

8.1 18.0 

4.1 10.4 



138 

C-24 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 

Mean 
Standard 
Deviation 
Standard 

Error 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

0-34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 

Replicate 
2 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 

Replicate 
2 

Replicate 
3 

82.7 9.05 91.4 81.3 13.16 61.8 138 18.99 72.7 

117.6 13.5 87.1 136.3 19.43 70.1 94.2 19.89 47.4 

91.4 10.66 85.7 101 18.91 53.4 51.2 13.45 38.1 

88.1 61.8 52.7 

2.9 8.4 17.9 

1.5 4.2 10.3 

Normalized Peak Normalized Peak Normalized 
Dry Soil 

5-Jan weight (g) concentration 21-May Dry Soil concentration 26-Aug Dr ' Soil Peak 
weight (g) concentration weight (g) 

(mg/kg) (mg/kg) (mg/kg) 

85 9.05 93.9 156.9 13.16 119.2 141.1 18.99 74.3 

130.5 13.5 96.7 107 19.43 55.1 96.7 19.89 48.6 

90.4 10.66 84.8 105.7 18.91 55.9 61.2 13.45 45.5 

91.8 76.7 56.1 

6.2 36.8 15.8 

3.1 18.4 9.1 

85.2 9.05 94.1 118 13.16 89.7 150.1 18.99 79.0 

119.8 13.5 88.7 114.3 19.43 58.8 104 19.89 52.3 

84.5 10.66 79.3 117 18.91 61.9 60.4 13.45 44.9 

87.4 70.1 58.7 

7.5 17.0 18.0 

3.8 8.5 10.4 

110.5 9.05 122.1 24.3 13.16 18.5 136.6 18.99 71.9 

104.4 13.5 77.3 170.4 19.43 87.7 116.3 19.89 58.5 

129.3 10.66 121.3 122.5 18.91 64.8 93.8 13.45 69.7 

106.9 57.0 66.7 

25.6 35.3 7.2 

12.8 17.6 4.2 
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Appendix A-il: ii -Alkane Peak Concentration Data, Cell 7 

C-16 

Mean 
Standard 
Deviation 
Standard 

Error 

C-18 

Mean 
Standard 
Deviation 
Standard 

Error 

C-20 

Mean 
Standard 
Deviation 
Standard 

Error 

C-21 

Mean 
Standard 
Deviation 
Standard 

Error 

C-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Normalized Normalized Normalized 
5-Jan Dry Soil Peak 21-May Dry Soil Peak 26-Aug Dry Soil Peak 

weight (g) concentration weight (g) concentration weight (g) concentration 
(mg/kg) (mg/kg) (mg/kg) 

1.4 9.04 1.5 30.8 14.93 20.6 5.8 19.64 3.0 

61.1 13.5 45.3 7.6 19.32 3.9 4.7 14.63 3.2 

5 19.03 2.6 3.6 10.76 3.3 14.9 14.56 10.2 

16.5 

24.9 

12.5 

9.3 5.5 

9.8 4.1 

4.9 2.4 

31.4 9.04 34.7 133.5 14.93 89.4 78.1 19.64 39.8 

156.8 13.5 116.1 64.3 19.32 33.3 72.2 14.63 49.4 

87.7 19.03 46.1 57.2 10.76 53.2 58.6 14.56 40.2 

65.7 

411 

22.0 

58.6 43.1 

28.5 5.4 

14,2 3.1 

95.9 9.04 106.1 124.8 14.93 83.6 147.6 19.64 75.2 

124.5 13.5 92.2 136.9 19.32 70.9 104.2 14.63 71.2 

173.2 19.03 91.0 91.9 10.76 85.4 99.5 14.56 68.3 

96.4 80.0 71.6 

8.4 7.9 3.4 

4.2 4.0 2.0 

106.2 9.04 117.5 111.7 14.93 74.8 208 19.64 105.9 

149.1 13.5 110.4 120 19.32 62.1 102.1 14.63 69.8 

161.7 19.03 85.0 104.4 10.76 97.0 82 14.56 56.3 

104.3 78.0 77.3 

17.1 17.7 25.6 

8.6 8.8 14.8 

97.5 9.04 107.9 109.2 14.93 73.1 171.3 19.64 87.2 

112.8 13.5 83.6 119.6 19.32 61.9 107.8 14.63 73.7 

165.8 19.03 87.1 98.5 10.76 91.5 96.3 14.56 66.1 

92.8 75.5 75.7 

13.1 15.0 10.7 

6.6 7.5 6.2 
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C-24 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

C-34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

114.1 9.04 126.2 108.5 14.93 72.7 166.1 19.64 84.6 

108.7 13.5 80.5 127.8 19.32 66.1 108.8 14.63 74.4 

159.3 19.03 83.7 105.5 10.76 98.0 80 14.56 54.9 

96.8 79.0 71.3 

25.5 16.9 15.1 

12.8 8.4 8.7 

Normalized Normalized Normalized 

5-Jan Dry Soil Peak 21-May Dry Soil Peak 26-Aug Dry Soil Peak 
weight (g) concentration weight (g) concentration weight (g) concentration 

(mg/kg) (mg/kg) (mg/kg) 

86.6 9.04 95.8 109.2 14.93 73.1 176.5 19.64 89.9 

113.1 13.5 83.8 125.1 19.32 64.8 121.7 14.63 83.2 

184.9 19.03 97.2 112 10.76 104.1 96.6 14.56 66.3 

92.2 80.7 79.8 
7.4 20.7 12.1 
3.7 10.4 7.0 

80.9 9.04 89.5 84.1 14.93 56.3 143.7 19.64 73.2 

102.5 13.5 75.9 113.4 19.32 58.7 89.6 14.63 61.2 

180.1 19.03 94.6 100.4 10.76 93.3 94.3 14.56 64.8 

86.7 69.4 66.4 

9.7 20.7 6.1 

4.8 10.4 3.5 

109.6 9.04 121.2 114.9 14.93 77.0 205.3 19.64 104.5 

127.7 13.5 94.6 206.1 19.32 106.7 102.4 14.63 70.0 

252.7 19.03 132.8 139.2 10.76 129.4 114.1 14.56 78.4 

116.2 104.3 84.3 

19.6 26.3 18.0 

9.8 13.1 10.4 
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Appendix A-12: n -Alkane Peak Concentration Data, Cell 8 

C-16 

Mean 
Standard 
Deviation 
Standard 

Error 

C-18 

Mean 
Standard 
Deviation 
Standard 

Error 

C-20 

Mean 
Standard 
Deviation 
Standard 

Error 

C-21 

C-22 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Normalized Normalized Normalized 

5-Jan Dry Soil Peak 21-May Dry Soil Peak 26-Aug Dry Soil Peak 
weight (g) concentration weight (g) concentration weight (g) concentration 

(mg/kg) (mg/kg) (mg/kg) 

62.3 9.96 62.6 59.3 20.4 29.1 33.9 20.65 16.4 

62.3 19.89 31.3 42 14.42 29.1 140.4 18.90 74.3 

44.5 18.21 24.4 89.9 23.49 38.3 26.2 13.85 18.9 

39.3 14.42 27.3 

39.4 32.2 34.2 

20.3 5.3 27.1 

11.7 3.1 13.6 

302.1 9.96 303.3 456.5 20.4 223.8 274.2 20.65 132.8 

454.2 19.89 228.4 248.3 14.42 172.2 366.1 18.90 193.7 

430.3 18.21 236.3 767.9 23.49 326.9 232.6 13.85 167.9 

492.6 14.42 341.6 

256.0 241.0 209.0 

41.2 78.8 91.9 

23.8 45.5 45.9 

216.9 9.96 217.8 251 20.4 123.0 195.7 20.65 94.8 

397.5 19.89 199.8 203.3 14.42 141.0 172.7 18.90 91.4 

364.1 18.21 199.9 369.5 23.49 157.3 189.8 13.85 137.0 

233.3 14.42 161.8 

205.9 140.4 121.2 

10.3 17.1 34.1 

6.0 9.9 17.0 

217.9 9.96 218,8 279.3 20.4 136.9 324.6 20.65 157.2 

409.3 19.89 205.8 277.3 14.42 192.3 193.6 18.90 102.4 

378.8 18.21 208.0 391.9 23.49 166.8 172.5 13.85 124.5 

254.1 14.42 176.2 

210.9 165.4 140.1 
6.9 27.7 32.9 
4.0 16.0 16.5 

187.2 9.96 188.0 299.1 20.4 146.6 267.7 20.65 129.6 

425.3 19.89 213.8 289.1 14.42 200.5 274.6 18.90 145.3 

389.2 18.21 213.7 394.1 23.49 167.8 178 13.85 128.5 

222.9 14.42 154.6 

205.2 171.6 139.5 

14.9 27.1 12.6 

8.6 15.7 6.3 
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C-24 

Mean 
Standard 
Deviation 
Standard 

Error 

C-26 

Mean 
Standard 
Deviation 
Standard 

Error 

C-28 

Mean 
Standard 
Deviation 
Standard 

Error 

C-34 

Mean 
Standard 
Deviation 
Standard 

Error 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

Replicate 

Replicate 
2 

Replicate 
3 

Replicate 
4 

230.8 9.96 231.7 340.1 20.4 166.7 275 20.65 133.2 

406.3 19.89 204.3 312.1 14.42 216.4 240.5 18.90 127.2 

383.6 18.21 210.7 444 23.49 189.0 163.6 13.85 118.1 

225.4 14.42 156.3 

215.6 190.7 133.7 

14.4 24.9 16.3 

8.3 14.4 8.1 

Normalized Normalized Normalized 

5-Jan Dry Soil Peak 21-May Dry Soil Peak 26-Aug Dry Soil Peak 
weight (g) concentration weight (g) concentration weight (g) concentration 

(mg/kg) (mg/kg) (mg/kg) 

177.2 9.96 177.9 377.7 20.4 185.1 297.4 20.65 144.0 

361.9 19.89 182.0 279.7 14.42 194.0 283.7 18.90 150.1 

465 18.21 255.4 477.9 23.49 203.4 197.2 13.85 142.4 

403.6 14.42 279.9 

205.1 194.2 179.1 

43.6 9.2 67.3 

25.2 5.3 33.6 

124.7 9.96 125.2 190.2 20.4 93.2 171.4 20.65 83.0 

318 19.89 159.9 126 14.42 87.4 186.5 18.90 88.1 

293.5 18.21 161.2 274.6 23.49 116.9 144.1 13.85 104.0 

146 14.42 101.2 

148.8 99.2 94.1 

20.4 15.6 10.2 

11.8 9.0 5.1 

145.7 9.96 146.3 361 20.4 177.0 129.7 20.65 62.8 

350.2 19.89 176.1 172.7 14.42 119.8 190.2 18.90 100.6 

276.8 18.21 152.0 236.4 23.49 100.6 149.3 13.85 107.8 

320.3 14.42 222.1 

158.1 132.5 123.3 

15.8 39.7 68.7 

9.1 22.9 34.4 
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APPENDIX A-13: List of Accredited Commercial Laboratories used for Analysis 

Note: All three of the laboratories that performed analysis for this project were accredited 
by the Standards Council of Canada (S CC) and by the Canadian Association for 
Environmental Analytical Laboratories (CAEAL). 

Access Analytical Laboratories Inc. 
#3,2616- 16th Street N.E. 

Calgary, Alberta 
T2E 7J8 

Phone: (403) 2914682 
Web address: www.accesslabs.ca 

Enviro-Test Laboratories 
#3, 1313 44th Avenue NE 

Calgary, Alberta 
T2E 6L5 

Phone: (403) 2919897 
Web address: www.envirotest.com 

Norwest Labs: 
Agri-Food and Environmental Group 

9938 - 67'hAvenue 
Edmonton, Alberta 

TO 0P5 
Phone: (780) 438 5522 

Web address: www.norwestlabs.com 
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