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ABSTRACT 
Cold-climate bioremediation: a support document for cold-climate applications 
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September 2001 
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Supervisors: Dr. Grant Ross and Dr. Angus Chu 

The remediation of petroleum hydrocarbon-contaminated sites in cold climates 

presents us with challenges that may be absent in more temperate climates. With 

laboratory and field evidence demonstrating that the remediation of such sites can occur 

using biological methods despite the colder temperatures and the indication of increasing 

oil exploration and production in cold-climate areas, it was deemed important to examine 

the application of bioremediation at these sites. The influences of cold temperatures on 

contaminant behaviour and bioremediation processes are described. A review of the 

relevant regulations and cleanup criteria for the defined area, including the attitudes of 

regulators towards bioremediation, was conducted. Site and risk assessment are 

discussed, along with how they can be geared toward cold climates. This discussion 

includes an identification of the information required to ensure appropriate technology 

selection and successful operation of bioremediation applications. A thorough review of 

successful bioremediation attempts in field and laboratory applications was conducted 

with the aim of consolidating information regarding cold-climate applications. Several 

observations are made based on this consolidation. A decision tree was designed for the 

appropriate application of bioremediation technologies at petroleum hydrocarbon-

contaminated sites in cold climates. Finally, recommendations for successful cold-

climate bioremediation that ranged from technological and logistical to institutional and 

research-oriented are made based on the gathered information. 

Key words: bioremediation, decision tree, cold climates, petroleum hydrocarbon 
contamination, contaminated soil 
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CHAPTER 1: INTRODUCTION 

1.1 Purpose Statement 

The purpose of this Master's Degree Project is to create a support document for cold-

climate bioremediation applications. Thus far only scattered information is available to 

bioremediation researchers and professionals. A compilation of this information would 

prove useful to those working in the bioremediation field by providing a single source of 

effective approaches and technologies and an outline of limitations for cold-climate 

applications. 

1.2 Rationale 

The impetus behind this project has several facets. The nature of cold-climate sites, 

the significance of these sites, and previous assumptions regarding cold temperature 

biodegradation have provided the rationale for this research. 

1.2.1 Nature of sites 

Many of the hydrocarbon-contaminated sites in cold regions1 are remote and isolated. 

In addition, these sites have other restricting factors such as an extreme climate, short 

operating season for remediation implementation, and accessibility restrictions. These 

factors limit the alternatives with respect to remediation options. These characteristics 

have typically posed the greatest barrier to the remediation of these remote contaminated 

1 Cold regions are defined here as having less than 1250 growing degree-days (see section 1.3 for 

further definition). 
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sites. Selection of the most appropriate remediation option for sites of this nature would 

involve meeting the following general criteria: 

• minimal impact on the landscape 

• practical design 

• feasible implementation 

• social acceptability 

The application of bioremediation can significantly reduce the costs associated with 

remediation and can facilitate implementation compared to physical and chemical 

methods. For example, the application of technologies such as thermal desorption 

involve the transportation of large machinery and equipment, require significant energy 

input, and necessitate specialized manpower. A comparison of costs for various 

remediation technologies is provided in Table 1.1 and Figure 1.1. 
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Table 1.1 - Cost comparison of remediation technologies appropriate for crude oil or diesel 

contaminated sites (FRTR 2001b). 

Technology 

Biological in situ 
Bioventing 
Enhanced bioremediation 
Land treatment 
Natural attenuation 
Phytoremediation 

Biological ex situ 
Biopiles 
Composting 
Landfarming 
Slurry phase remediation 

Physical/chemical in situ 
Soil vapour extraction 
Thermally enhanced soil vapour 
extraction 

Physical/chemical ex situ 
Incineration 
Thermal desorption 

Off-site disposal 

Soil vapour extraction 
Chemical reduction/oxidation 

Estimated cost (US dollars) 

$10-70/mJ 

$30-100/m3 

$30-70/m3 

Not available 
$150,000-247,000/ha (50cm 
contamination depth) 

$130-260/m3 

$210-320/m3 

<$100/m3 

$130-200/m3 

$10-50/m3 

$30-130/m3 

$220-l,000/T 
S45-330/T plus $3.50-5.50AT for 
mobilization 
$300-510/T including excavation, 
transportation and disposal 
$110/T including excavation 
$190-660/m3 

Cost estimations do not include excavation, mobilization, demobilization, pre- and 

post-treatment costs unless otherwise indicated. Excavation costs are assumed to average 

$55.00/metric ton. Estimations also ignore costs for pilot testing and bench-scale studies. 

It is important to note that Table 1.1 does not account for increased costs related to 

remote sites. In addition, the cost will depend on site-specific factors and economy of 

scale. 
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High input Low input 

Dig and haul 
Incineration 
Low temperature thermal 

Soil washing 
U) 
o 
o 

Bioslurry reactors 
Composting 

Air sparging and bioventing 
Landfarming 

Rhizosphere enhancement 
Freeze-thaw stimulated activity 

Natural attenuation 

> 
Time 

Figure 1.1 - Relative times and costs for various remediation technologies (Reynolds, Bhunia, and 

Koenen 1997). 

Some advantages of bioremediation are: 

• suitable for on-site implementation 

• permanent elimination of waste 

• lower cost (generally) 

• positive public acceptance 

• minimal site disruption 

Since bioremediation possesses desirable characteristics and significant 

biodegradation rates have been demonstrated at lower temperatures (Bradley and 

Chapelle 1995; Gibb 1999; Margesin and Schinner 1997a), an examination of cold 

temperature bioremediation would be valuable. 

1.2.2 Significance of cold-climate sites 

There are many ethical and aesthetic implications, as well as economic and social 

costs, when dealing with environmental degradation due to contamination. In the interest 

of sustainable development and the protection of biodiversity, it is necessary to ensure the 
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integrity of Northern and cold-climate ecosystems. Sustainable development has been 

defined in several ways but generally revolves around fostering an interrelationship 

between environmental protection and economic development such that the needs of both 

present and future generations are met. Protection of biodiversity ensures that the 

activities of a healthy ecosystem, such as nutrient cycling, watershed protection, and soil 

erosion prevention, continue to benefit communities, nations, and future generations. 

Due to the importance of these features within the ecology of Northern and other cold-

climate sites, effort should be made to mitigate disturbance. 

Cold-climates although characterized by their cold temperatures also exhibit a low 

natural environmental and biological energy flow and extreme environmental fluctuations 

(Rapport, Hilden, and Roots 1997). These characteristics have produced short food 

chains with few competing species at each trophic level, preventing selection of an 

alternative food source should the primary food source become contaminated. Thus, the 

'extreme' conditions present in cold-climates generate an ecosystem with lower 

productivity and minimal ecological resilience (Miller 1989). These ecosystems, which 

are already pressured by climatic conditions, can be affected by additional stress, such as 

pollution. Bioaccumulation and exposure effects in cold-climates are more serious due to 

the different uptake, food chain, and behavioural activities, which occur in cold regions. 

Exposure is increased through elevated food uptake. Linear food chains, as compared to 

food webs, are more sensitive to the effects of contamination. Further, the increased fat 

deposits in many cold region animals increases the accumulation of lipid-soluble 

contaminating compounds (Miller 1989). When the animal is forced to use its lipid 

reserves, it becomes exposed to elevated levels of contaminant. Thus, what would be a 

low-level chronic exposure is converted into an acute dose. Through these mechanisms, 

the toxic effect of contaminants is elevated at cold temperatures. 

Simulated oil spills on tundra have demonstrated a detrimental effect on higher plants 

due to a loss of frost hardiness (Sexstone and Atlas 1977). The persistence of 
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hydrocarbon contaminants in arctic and subarctic soils is greater than in temperate 

climates. Some researchers (for example, Sexstone (1977)) have found that refined 

hydrocarbons can persist for up to 28 years after spillage in a subarctic taiga ecosystem. 

The significance of cold climates with respect to ecology and the potential of the 

detrimental effects of contamination on these ecosystems indicate the need to outline the 

best approach to remediation. 

1.2.3 Previous assumptions 

Conventionally, bioremediation has been assumed to decrease to insignificant levels 

at low temperatures. This assumption is based on growth-linked biodegradation and the 

Arrhenius equation. In general, the mineralization of organic contaminants is a 

characteristic of growth-linked biodegradation, where the compound is converted to 

carbon dioxide, cell components, and water (Alexander 1999). Thus, those parameters 

that are able to affect growth rate are also able to affect biodegradation rate. In the case 

of cold climates, the low temperature is assumed to decrease the biodegradation rate since 

it presumably decreases the growth rate of bacteria. 

The growth of bacteria involves a complex series of biochemical reactions, upon 

which the effects of temperature have been expressed by the Arrhenius equation (Gounot 

1991) and an empirical rule of thumb. The Arrhenius relationship is presented as 

follows: 

k = Ae~EalRT 

k = reaction rate constant (growth rate) 

Ea = energy of activation (analogous to temperature characteristic u.) 

A = a constant (related to steric factors and collision frequency) 

R = universal gas constant 

T = absolute temperature (K) 
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This equation implies that the reaction rate constant increases exponentially with 

temperature. Many assumptions regarding the effect of temperature on bacterial growth 

have also been based on an empirical rule of thumb in which reaction rates approximately 

double for every 10°C rise in temperature (Radel and Navidi 1994). 

Although the activation energy is a constant within any given reaction, its value 

varies among different reactions. Using the Arrhenius equation, the activation energy for 

a reaction whose rate constant doubles with a 10°C increase in temperature can be 

calculated (Masterton, Slowinski, and Stanitski 1985). If k2/ki = 2, then logio k2/ki = 

logio 2 = 0.301. The application of the following equation allows the description of the 

relation between two rate constants: 

l o g ^ = ^ 
it, (2.30)(8.31) 

fT2-Tl ^ 
T T 

0.301 
Ea (298 -288) 

(2.30)(8.31)(298)(288) 

E„ = 49 AkJ 

Thus, if the activation energy is 49.4kJ, the rule of thumb applies. However, with an 

activation energy greater than 50kJ the reaction rate will more than double for a 10°C 

increase in temperature, and with an activation energy less than 50kJ the reaction rate 

would increase by less than a factor of two. This mathematical representation indicates 

that the empirical rule of thumb is only an approximation and does not apply with 

different activation energies (Masterton, Slowinski, and Stanitski 1985). 
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Generation of Qio values is an alternate method often used to describe the response of 

a biological system or process to temperature (Yeung, Johnson, and Xu 1997). These Qjo 

values can be calculated as follows: 

_ v(7/ + 10°C) 
v(T) 

v(T+10°C) = velocity at temperature T + 10°C 

v(T) = velocity at temperature T 

The thermodynamic approach and the empirical rule of thumb are based on chemical 

reactions and observations, not on complex biological systems that are capable of 

adaptation and, therefore, fail to explain the ability of many microorganisms to grow 

effectively at lower temperatures. Thus, biodegradation and bioremediation should not 

be assumed insignificant at lower temperatures. 

The presence of cold temperature-adapted microorganisms (psychrotrophs and 

psychrophiles) is not surprising since much of the planet is either subject to a 

permanently cold climate or undergoes wide seasonal or diurnal temperature fluctuations 

(Berry and Foegeding 1997). Due to various adaptations and higher activities at lower 

temperatures, these microbes could be employed in the biodegradation of contaminants in 

cold-climate sites. 

1.2.4 Support for a new approach 

Supporting evidence for the success and potential of cold-climate application comes 

from both laboratory and field studies. Bradley and Chapelle (1995) examined toluene 

mineralization rates in low temperature and temperate sediments and found that both 

were comparable. The results indicated that significant bioremediation could occur at in 

situ temperatures of 5°C and that estimations of biodegradation rates using the Arrhenius 

equation are erroneous. Margesin and Schinner (1997a) evaluated bioremediation of 

diesel-contaminated alpine soils at low temperatures. Results indicated a 
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decontamination rate at 10°C similar to that at 28°C, implying the importance of 

indigenous adapted microorganisms in bioremediation of cold temperature sites. Similar 

results were obtained in a separate study by Margesin and Schinner (1997a), 

demonstrating the importance of cold-adapted microorganisms in cold-climate 

bioremediation applications. There have been a relatively large number of studies 

performed on hydrocarbon-degrading microorganisms in arctic and subarctic 

environments (reviewed by Atlas (1981)), indicating bioremediation. Field studies 

(primarily in Alaska) have also shown that bioremediation can be successful in cold-

climates. One the most significant applications of bioremediation in a cold-climate was 

the remediation of the Exxon Valdez crude oil spill in Prince William Sound. The United 

States Environmental Protection Agency estimated that the remediation time was 

decreased by at least 50% through the application of bioremediation (Travis 1990). 

1.3 Scope 

To simplify the discussion on cold-climate bioremediation, the focus will be restricted 

to soil contaminated with crude oil and diesel fuel. It is assumed that similar concepts 

can be extended to other types of contaminants in other types of media. 

The area to be discussed will be constrained to the regions of Alberta and the 

Northwest Territories that are considered 'cold-climate', but it is important to note that 

the concepts discussed here can also apply to deep soil horizons and winter 

bioremediation projects. In order to accurately define this cold-climate area, the concept 

of 'cold-climate' must be further defined. The most definitive method of defining 'cold-

climate' is to examine climatology maps displaying growing degree-days. Growing 

degree-days are defined as the number of degree-days per year in which the temperature 
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is above 5°C . In comparing growing degree-days to ecozonal maps, the polar and 

subpolar zones (as defined by Schulz (1995)) are analogous to zones displaying less than 

or equal to 500 growing degree-days, while the boreal zone is analogous to zones 

displaying between 500 and 1250 growing degree-days. These zones have also been 

referred to as subarctic and taiga, respectively. Figure 1.2 depicts the cold-climate area. 

Table 1.2 describes these two zones. 

2 A growing degree-day is calculated by taking an accumulation of differences between 5°C and the 

mean daily temperature for each day of the year when the mean daily temperature is above 5°C. Each 

degree Celsius above 5°C is equal to one growing degree-day (Cartography and Toponymy Division 1981). 
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approximate boundary 
1 Inuvialuit Settlement Region 
2 Gwich'in Settlement Area 
3 Sahtu Settlement Area 
4 Deh Cho Region 
5 North Slave Region 
6 South Slave Region 

Polar and Subpolar (<500 
growing degree days) 
Boreal (500-1250 growing 
degree days) 

Norman Wdl^ - ^ £ / 

A-

Yellowknife ., 

Figure 1.2 - Cold-climate area indicated in green and light blue (modified from (Energy, Mines and 

Resources Canada Cartography and Toponymy Division 1981)). 



12 

Table 1.2 - Brief description of the polar-subpolar and boreal zones (Schultz 1995) 

Characteristic Polar and Subpolar Boreal 

Climate Annual average air temperature 
below 0°C 
3-4 months above 5°C 
Annual precipitation <300mm 

3-6 months above 5°C 
Annual precipitation 250-
500mm 

Relief and 
Hydrology 

Glacial and periglacial regions Large areas of ancient 
shields and platforms 
High density of rivers 

Soils Gelic leptosols, cambisols, and 
gleysols 

Podzols 

Canadian Ecozone Arctic Cordillera 
Northern Arctic 
Southern Arctic 

Taiga Plains 
Taiga Shield 
Taiga Cordillera 
Boreal Plains 
Montane Cordillera 
Prairie 

The type of bioremediation to be examined will focus on the use of bacteria only. It 

is recognized that bioremediation involves many different microbes, including bacteria, 

fungi, and yeasts, however this would significantly increase the complexity of the 

discussion. Thus, only bacteria will be examined. 

1.4 Objectives 

1) Identify the nature of crude oil- and diesel fuel-contaminated sites in cold-

climates (from an examination of the types of activities occurring). 

2) Describe contaminant behaviour processes and how they are affected by cold 

temperatures. 

3) Describe bioremediation processes and how they are affected by cold 

temperatures. 
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4) Review the relevant regulations and cleanup criteria for the defined area, 

including the attitudes of regulators towards bioremediation. 

5) Discuss site and risk assessment and how it can be geared towards cold climates. 

Identify the kind of information required to ensure appropriate technology 

selection and successful operation of the bioremediation application. 

6) Review successful bioremediation attempts in field and laboratory applications. 

7) Consolidate information regarding cold-climate applications. 

8) Design a decision tree for the appropriate application of bioremediation 

technologies. 

9) Generate recommendations for successful cold-climate bioremediation based on 

the gathered information. 

1.5 Methods 

The majority of the information gathered is from an extensive literature review. 

Literature examined included relevant books, journal articles, and technical reports. In 

addition, current information was obtained from the Internet through the websites of 

governments, environmental organizations, industry, and academic institutions. 

The material gathered during the literature review was used to generate a list of 

individuals who could provide supplemental information and additional insight. These 

individuals were used as key informants to represent professionals in the field of cold-

climate bioremediation. Informal interviews were conducted in a semi-structured fashion 

based on the key topics generated during the literature review. 

The construction of a decision tree was carried out by creating a list of important 

factors for successful bioremediation. Questions and steps were then generated and 

organized into a decision tree. This process is further described in Chapter 8. 
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1.6 Organization 

This introduction to the topic of biodegradation in cold climates and has provided the 

reader with some of the rationale behind the project. Chapter 2 will discuss the history of 

cold-climate contamination, including the nature and level of petroleum activities 

occurring in the designated area. Chapters 3 and 4 will present the reader with 

background on the behaviour of hydrocarbons in soil and on biodegradation processes, 

respectively. Regulatory considerations, as they apply to the designated area, and the 

attitudes of regulators and operators towards bioremediation will be briefly outlined in 

Chapter 5. Chapter 6 will provide a discussion of site and risk assessment, with 

particular emphasis on the appropriate strategies to reduce costs and maintain accuracy of 

information with remote and cold-climate sites. Design considerations will be the focus 

of Chapter 7, along with a compilation of applications and techniques used in laboratory 

and field bioremediation studies. Chapter 8 will involve the development of a decision 

tree for the appropriate application of bioremediation at a petroleum hydrocarbon-

contaminated site. Finally, Chapter 9 will present a list of recommendations for 

researchers and professionals working in the bioremediation field to help ensure 

successful cleanup of a contaminated site. 
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CHAPTER 2: COLD-CLIMATE CONTAMINATION 

2.1 Introduction 

The purpose of this chapter is to provide the reader with information on the history of 

contamination in the defined area and the nature of oil activities occurring in this area. 

This will indicate the need for the management of petroleum-contaminated sites that 

currently exist and that are anticipated. 

2.2 Chemical Spills in Canada 

The number and volume of chemical spills increased in Canada from 1984 to 1990 

and then remained relatively constant from 1990 to 1995 (Environment Canada 1998). 

This has primarily been due to an improvement in spill reporting since 1984, caused by 

more stringent legislation and increased awareness. The environmental medium most 

affected by spills is land, with approximately 70% of the contaminated land affected by 

spills of oil and hydrocarbons (Environment Canada 1998). Fifty-eight percent of the 

total number of reported spills involves oil and petroleum products. Crude oil accounts 

for 9% of the spills, other oils and hydrocarbons for 19%, and fuels and gasoline for 30% 

(Environment Canada 1998). 

Alberta, along with Ontario, has shown the largest number (>8000) of reported spills 

over this period (1990-1995) due to high activity in the petroleum industry. Large 

volumes of product are handled and transported within this industry, resulting in more 

frequent spills. Thirty-three percent of spills in the petroleum sector are attributed to pipe 

leaks, while 24% are due to equipment failure, 24% to corrosion, and 18% to human error 

(Environment Canada 1998). Most major spills in the Prairie and Northern region (this 
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includes Alberta and the Northwest Territories) are either from pipelines or the 

production field. Other petroleum spills are a result of the transport and storage of fuels 

for community and industrial needs (GNWT 1998). 

It is estimated that over 250 000 actual or potential petroleum hydrocarbon release 

sites exist in Canada (CCME 1997). However since mandatory reporting requirements 

are recent, the nature and extent of contaminated sites is relatively unknown. Specific 

remediation priorities have not been set for contaminated sites in Canada due to this lack 

of site characterization information. The environmental liabilities of these sites are 

estimated at $10B C D N (CCME 2000b). 

2.3 Contamination in Cold Climates 

Prior to 1972, there were no regulations to govern land use in the Arctic, resulting in 

the production of contaminated exploration sites and former government facilities 

(GNWT 1998). For example, the abandonment of Distant Early Warning (DEW) Line 

stations and other military-related sites in the Arctic has left a number of contaminated 

sites. In the mid 1960s, 21 DEW Line sites were abandoned 'as is' and are now being 

assessed for cleanup; the remaining 21 are being phased out and cleaned up. Elevated 

concentrations of petroleum, with relatively unknown nature and extent, have been found 

adjacent to some of these abandoned sites. The decommissioning of military operations 

and presence of oil production have caused contamination of areas that are quite 

extensive, sometimes on the order of hundreds of hectares. 

Due to the existence of natural oil seeps, or continuous emissions of gases or liquids 

from terrestrial sources such as springs and tar pits, and the presence of natural petroleum 

hydrocarbon-like compounds in the soil, the occurrence of hydrocarbon-degrading 

bacteria in cold climates is not unexpected. Therefore, there arises the concept of 

enhancing the natural capacity of the soil for remediation of petroleum contamination 
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rather than introducing more radical and perhaps invasive methods (Stonehouse 1999). It 

is this concept that forms the basis for bioremediation. 

2.4 Oil Activities in Cold Climates 

The potential for increased oil activity in Alberta and the Northwest Territories is 

recognized since the Western Canada Sedimentary Basin extends from Alberta and 

British Columbia across the 60 t h parallel to the Beaufort Sea. In the past, exploration in 

the Northwest Territories has been lower than in the provinces due to unsettled 

Aboriginal land claims (GNWT 2000a). Other reasons for the lack of exploration include 

the significant distance to market and lack of a viable pipeline transportation system. The 

Northwest Territories could be on the verge of an upswing in petroleum activity as 

companies look to find more conventional light crude oil reserves and as Aboriginal land 

claims are settled. Currently, there are 116 outstanding Significant Discovery Licences in 

the NWT, indicating the production potential. Northern Canada is estimated to have 25% 

of the country's remaining discovered resources of conventional petroleum and 33-50% 

of the country's estimated potential (INAC 2001). 

Oil and gas activities focus primarily around exploration. Over 140 exploratory wells 

have been drilled in the Mackenzie Delta-Beaufort Sea region with 49 significant 

discoveries. In addition, considerable exploration continues in the Sahtu and Deh Cho 

regions of the NWT (GNWT 1998). Currently oil production in the NWT occurs only at 

Norman Wells. The Norman Wells pipeline extends 860km to Zama Lake, Alberta and is 

regulated by the National Energy Board (NEB). Norman Wells oil field production has 

occurred since 1943 and has a production lease until 2020. The facility is owned and 

operated by Imperial Oil Limited and produces 11-12 million barrels/yr ($250-300M/yr 

@ 1996 oil prices), making it the 4 t h largest producing oil field in Canada (GNWT 2000a). 

Refer to Figure 2.1 for a map of this activity. 
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Figure 2.1 - Existing pipelines, processing plants, and discoveries in the cold-climate area. 
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Past exploration has led to the discovery of 1.75B barrels of oil in the NWT; however 

the estimated total recoverable oil reserves are much larger (GNWT 2000a). Petroleum-

bearing areas are located in (but are not restricted to) western NWT from the Deh Cho 

region to the Mackenzie Delta/Beaufort Sea region (GNWT 2000a). The central 

Mackenzie Valley (Sahtu and Gwich'in regions) is also considered a highly prospective 

area for oil development (includes Norman Wells). Production of arctic island crude oil 

is restricted due to transportation issues; shipment is on a seasonal basis via tankers. 

Oil activities in the defined area include both upstream and downstream operations. 

Upstream refers to oil exploration and development; this includes exploration, drilling, 

producing, and transporting petroleum. Downstream refers to such operations as 

refineries and gas stations. 
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CHAPTER 3: CONTAMINANT AND SUBSURFACE 

PARAMETERS 

3.1 Introduction 

Contaminant behaviour in the subsurface is an interdisciplinary science, involving 

aspects of geology, fluid mechanics, chemistry, physics, hydrogeology, earth science, and 

biology. The purpose of this chapter is to introduce the various processes and parameters 

(biological, geochemical, and physical), which could occur at a crude oil- or diesel fuel-

contaminated site. Discussion will focus on the effects of these hydrocarbons on the 

subsurface and vice versa, including specific considerations when dealing with cold-

climate contamination. It is important to consider these processes and incorporate them 

into the remediation plan for optimal biodegradation. 

3.2 Contaminant Properties 

Before discussing contaminant properties, it is important to note that the contaminant 

can be present in four phases in the subsurface: 

• Free product or non-aqueous phase liquid (NAPL), 

• Adsorbed phase, 

• Dissolved phase, and 

• Vapour phase. 

Due to the presence of multiple phases, there is a requirement to consider the parameters 

that pertain to each phase. Each of these phases will be presented as they become 

relevant in the discussion. 
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3.2.1 Physical/chemical 

These parameters can provide an indication of the potential impact of the 

hydrocarbons on the environment. They also aid in determining contaminant fate and 

transport (i.e. how the contaminant moves and where it resides in the subsurface). For 

NAPLs, if no impermeable layer is encountered in the unsaturated (vadose) zone, the 

N A P L continues its downward motion, displacing soil air. The N A P L will , therefore, 1) 

coat the solid matrix, 2) partially dissolve in soil moisture, 3) partially volatilize, and 4) 

become trapped in pore spaces (LaGrega, Buckingham, and Evans 1994). The amount 

that becomes trapped in the pore spaces is known as the residual saturation. The physical 

and chemical parameters presented in this section are capable of affecting the N A P L 

distribution among these various phases. Values will be given, when possible, based on 

those crude oils that could potentially be found in the designated area (see Table 3.1). 

Table 3.1 - List of crude oils originating in Alberta, Northwest Territories, and Alaska (Bobra and 

Callaghan 1990). 

Adgo Federated Nektoralik K-59 Tarsuit A-25 
Alaska North Federated Light & Nektoralik K-59A Tarsuit 
Slope Medium 
Alberta Granite Point Nerlerk M-98A Trading Bay 
Alberta Sweet Gulf Alberta Light Nerlerk M-98B Transmountain 
Mixed Blend & Medium Blend 
Amauligak Issungnak Nerlerk M-98C Ukalerk 2C-50 
Atkinson Kaokoak 0-22 Norman Wells Uviluk P-66 
Bent Horn A-02 Kaokoak 0-22A North Slope Uviluk 
Bent Horn Kopanoar Prudhoe Bay Wainwright-

Kinsella 
Bow River Kopanoar 21-44 Rainbow Light & 
Blended Medium 
Bow River Heavy Kopanoar M-13 Rangeland - South 

Light & Medium 
Cold Lake Kopanoar M-13A Sour Blend 
Cook Inlet Kuparuk Swanson River 
Endicott Lloydminster Sweet Blend 



22 

3.2.1.1 Water solubility 

The solubility of a compound will control the amount of contaminant that can 

partition into the aqueous environmental compartment (i.e. the amount of dissolution). 

With organic mixtures, such as crude oil and diesel fuel, the solubility is a function of the 

mole fraction of the individual constituents (Suthersan 1997). This can be calculated by 

applying the following equation: 

c;=c»xi7i 

* 

Ci =equilibrium solute concentration for component i in the mixture 

C,°=equilibrium solute concentration for / as a pure compound 

X,=mole fraction of i in the hydrocarbon mixture 

7J=activity coefficient of i in the hydrocarbon mixture 

Solubility is significantly reduced by weathering (see later section) in the following 

way (Bobra and Callaghan 1990): 

S = S0 exp(-C 1 0 F) 

S=solubility at F (mg/L) 

5o=solubility of fresh oil (mg/L) 

C/o=constant 

F=fraction of oil weathered 

Due to their immiscibility in water, NAPLs move downward through the vadose 

zone, producing a system with three fluid phases: air, water, and N A P L (LaGrega, 

Buckingham, and Evans 1994). Any remediation design must acknowledge this 

distribution and provide a plan for the removal of each phase. Solubility of crude oils is 

highly dependent on their composition. Values for solubility can range from 2mg/L to 

30mg/L (Bobra and Callaghan 1990). However, on average, the hydrocarbons in crude 

oils are quite insoluble in water. Low temperatures will decrease the solubility even 
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further, however the water solubility of the toxic short chain alkanes is increased (Atlas 

1991). 

3.2.1.2 Vapour pressure 

Vapour pressure is a parameter that measures a compound's affinity to volatilize and 

partition into the gaseous phase. This parameter is influenced primarily by temperature 

and the nature of the compound (Suthersan 1997). For example, benzene has a vapour 

pressure of 12.7kPa at 25°C while that of naphthalene is 0.03kPa, indicating that benzene 

has a much higher tendency to volatilize than does naphthalene. With mixtures, the 

composition of the mixture affects the vapour pressure in the following way (Suthersan 

1997): 

p; = xfftf 
/^equi l ibr ium partial pressure of component i 

X,=mole fraction of compound /' in the hydrocarbon mixture 

)5=activity coefficient of compound i in hydrocarbon mixture 

/V^vapour pressure of pure compound / 

With crude oil, the vapour pressure will vary according to the composition of the oil. 

In general, the range is 18kPa to 40kPa (Bobra and Callaghan 1990). 

3.2.1.3 Henry's Law constant 

This constant is also known as the air-water partition coefficient and it describes the 

relative escaping tendency of a compound to exist as a vapour as opposed to being 

dissolved in water (Suthersan 1997). The value of this constant is used to evaluate the 

partitioning of a compound from groundwater and soil water to soil air. In comparing 
3 3 

benzene and naphthalene, the respective Henry's Law constants are 5.5x10"' atm.m/mol 
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and 4.6xl0"4atm.m3/mol at 25°C. These values indicate that naphthalene has a higher 

tendency to partition into air rather than water. 

3.2.1.4 Density 

Density is a measure of mass per unit volume and is used to determine if a compound 

is heavier or lighter than air or water and, therefore, where it will reside in the subsurface 

(Suthersan 1997). The density for crude oils depends on its hydrocarbon mixture. With 

weathered crude oil, the hydrocarbons are less volatile and have higher boiling points, 

increasing the density. Temperature is also able to affect density. The relationship 

between temperature and weathering is expressed in the following way (Bobra and 

Callaghan 1990): 

P = P0+C]F-C2(T-TS) 

/^density at T and F (g/mL) 

fo=density of fresh oil at T s (g/mL) 

Cy, C2=constants 

F=fraction of oil weathered 

r=temperature of oil (°C) 

7?=standard temperature (°C) 

Thus, as the fraction of weathered oil (F) increases and temperature (T) decreases, the 

density (P) increases. The densities of the crude oils listed in Table 3.1 are less than that 

of water and, therefore, will float on a groundwater table. This makes crude oil an 

L N A P L , or light non-aqueous phase liquid. 

3.2.1.5 Liquid viscosity 

This parameter is a measure of a fluid's resistance to flow; of forces that oppose 

movement or flow when a shearing stress is applied (Suthersan 1997). Units of 
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measurement are in millipascal seconds (mPa.s) or centipoises (cP). As with other 

parameters, liquid viscosity is also subject to change with temperature and degree of 

weathering (Bobra and Callaghan 1990): 

«=viscosity at TK and F (mPa.s) 

«o=viscosity of fresh oil at TKS (mPA.s) 

Cj, Q=constants 

F=fraction of oil weathered 

7V=temperature of oil (K=°C+273) 

r^=standard temperature (K) 

Low temperatures will increase the viscosity of the oil. 

This particular parameter will indicate the degree of spreading of the N A P L and the 

ease at which the N A P L can be pumped. This is useful when determining the rate of 

plume spreading and the feasibility of pumping free product from the contaminated site. 

This parameter is highly dependent on the molecular nature of crude oils and their 

physical interactions. 

3.2.1.6 Interfacial tension with water 

Interfacial tension with water influences the attraction between molecules at the 

interface of a liquid (Bobra and Callaghan 1990). This parameter affects the formation of 

stable emulsions and the dispersion of droplets within the subsurface (Suthersan 1997). 

Again, this parameter is affected by weathering (Bobra and Callaghan 1990): 

Sovv=oil-water interfacial tension at F (mN/m) 

lS,

ovvo=oil-water interfacial tension of fresh oil (mN/m) 

Cg=constant 

infraction of oil weathered 
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Low interfacial tension between a N A P L and water facilitates the movement of the 

N A P L into small fractures and pore spaces in the subsurface (Suthersan 1997). Values 

for interfacial tension range from 15 to 50 dynes/cm for the cold-climate crude oils. 

3.2.1.7 Polarity 

This parameter indicates the degree to which electrical charge is distributed 

throughout the molecule (Suthersan 1997). Polarity will determine a compound's level 

of hydrophobicity or hydrophilicity and will, therefore, indicate where the majority of 

partitioning will take place (i.e. to polar or non-polar phases). Crude oil components are 

relatively non-polar compared to compounds such as water. Polar compounds (see 

section 3.2.1.9 for definition) within the crude oil are more likely to partition into polar 

phases, making them more bioavailable (see section 4.2.2). 

3.2.1.8 API gravity 

API (American Petroleum Institute) gravity is described by the following equation 

(Bobra and Callaghan 1990): 

141.5 
API gravity = —— 131.5 

specific gravity{byeQO p) 

specific gravity(60/60°F) = oil density at 60°F (15.6°C) divided by the density of 

water at 60°F 

Values for this parameter range from 16 to 46. API gravity has been used to 

determine the potential for biodegradation (McMillen et al. 1995). Crude oils of 

varying API gravities were evaluated for extent of biodegradation by conducting 

microcosm experiments and measuring oxygen uptake and total extractable material. The 

data gathered led to the development of a predictive model: 
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(API grav/fy2)(0.03358) = % biodegraded 

API gravity is the industry standard method of expressing specific gravity of crude 

oils. Higher API gravities indicate lower specific gravity and lighter oils. 

3.2.1.9 Hydrocarbon group analysis 

Constituents of oil are grouped into four broad classes (Bobra and Callaghan 1990). 

Saturates are saturated alkanes with structures C n H n + 2 or C n H 2 n (also called paraffins, 

alkanes, and aliphatics). Aromatics are compounds having a benzoid ring as part of their 

structure. Polars are polar compounds containing oxygen, nitrogen, and sulphur atoms 

and having strong adsorption tendencies (also called resins). Asphaltenes are compounds 

defined by their solubility in various solvents; they are soluble in aromatic solvents and 

insoluble in alkane solvents. These compounds generally have condensed aromatic 

nuclei, which may have alkyl and alicyclic systems with heteroatoms such as N , S, O, 

and traces of nickel, vanadium, and sodium. The proportion of asphaltene content 

increases with weathering as follows: 

ASPH = asphaltene content at F 

ASPHo = asphaltene content of fresh oil 

F = fraction of weathered oil 

The composition of crude oil will affect its partitioning and biodegradability. 

3.2.1.10 Weathering 

Weathering refers to the physical and chemical changes brought about by contact 

with the environment. Of the various processes that can occur, the most important is 

volatilization, where the lighter and generally more toxic compounds are lost (Mac Kay, 

Charles, and Phillips 1974). It is estimated that immediately after the release of crude oil 
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into the environment, between 15 and 50% is removed by volatilization (Prince 1992). 

Oxidation and polymerization reactions also take place and are catalyzed by solar 

radiation or other chemical species (Mac Kay, Charles, and Phillips 1974). Weathering 

also includes biodegradation of the contaminant, particularly those that are easily 

degraded. This process is able to change the chemical composition of the original 

contaminant, making its consideration important to remediation design. The effect of 

temperature on weathering depends on its effect on the processes causing weathering. 

Chemical reactions will likely follow the Arrhenius equation, while biological reactions 

will depend upon the microbial communities present and on the subsurface conditions. 

3.2.1.11 Other 

Other parameters, such as long-chain saturated hydrocarbons (waxes), sulphur, and 

metal content, are also measured to provide an indication of crude oil behaviour. The 

chemical nature of the crude oil, particularly the extent and nature of sulphur containing 

compounds, salt content, heavy metal (especially vanadium and nickel) content, is 

important to assess because it can affect biodegradation. These aspects are discussed 

further in Chapter 4. 

3.3 Subsurface Properties, Fate, and Transport 

There are many subsurface properties and processes that are able to affect the 

introduced contaminant and that, therefore, influence biodegradation. In this section, 

subsurface properties have been divided into three categories for discussion: partitioning, 

abiotic factors, and biotic factors. Properties will be introduced and defined, and their 

effect on subsurface processes will be outlined. The physical and chemical properties of 

soil will influence the function of the soil in the ecosystem as well as the fate and 

transport of contaminants. 
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Subsurface fate and transport processes affecting organic compounds have also been 

classified. The following table lists a number of specific processes that can occur 

(LaGrega, Buckingham, and Evans 1994). 

Table 3.2 - Processes that can occur in the subsurface. 

Process Classification 

Sorption Retardation 
Filtration Retardation 
Biological uptake Retardation 
Chemical oxidation/reduction Transformation/retardation 
Biodegradation Transformation 
Hydrolysis Transformation 
Volatilization Elimination by intermedia transfer 
Dissolution Mobility enhancement 
Co-solvation Mobility enhancement 
Ionization Mobility enhancement 
Diffusion Mobility enhancement 
Advection Mobility enhancement 
Immiscible phase Various partitioning 

Retardation is defined as a process that impedes the transport by removing or 

immobilizing contaminants from a free state. Mobility enhancement refers to processes 

that increase contaminant mobility in the subsurface. Transformation and elimination by 

intermedia transfer are attenuation processes, which reduce the mass of the substance by 

functioning as a sink. Various partitioning relates to the four phases (free product, 

adsorbed, dissolved, and vapour) that can be found in the subsurface. These processes 

will be presented as they become relevant in the discussion on subsurface properties. 
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3.3.1 Partitioning and transport 

3.3.1.1 Hydrodynamic processes 

Hydrodynamic processes apply to those contaminants that are dissolved in soil water 

and groundwater. These processes include advection, dispersion, and diffusion. 

Advection refers to the process of bulk movement of solute in aquifer water (Suthersan 

1997). This type of process is generally limited to those constituents of crude oil and 

diesel that are soluble in water. However, if dissolved macromolecules or colloidal 

particles are present in the groundwater, the contaminant could become sorbed to these 

constituents and become more mobile in the subsurface (Magee, Lemley, and Lion 1989). 

This "facilitated transport" indicates the possibility of the transport of hydrophobic 

compounds in soil and ground water. Advection occurs in the direction of the hydraulic 

gradient, from high groundwater levels to low groundwater levels. Due to the 

immiscibility of most crude oil and diesel constituents in water, this process is unlikely to 

play a major role. Dispersion involves the spreading of a dissolved contaminant as it 

moves through porous media (Suthersan 1997). This movement is a result of molecular 

diffusion (random movement of molecules due to concentration gradients) and 

mechanical dispersion (movement due to velocity variations in pore channels) (Riser-

Roberts 1998; Suthersan 1997). Movement by mass flow is affected by the rate of 

diffusion into and out of soil aggregates and other units in the soil structure. Diffusion is 

attenuated by sorption and tortuosity in the soil (Nicholls 1991). Organic molecules 

move relatively slowly by diffusion (Nicholls 1991). 

In soils with high permeability contaminant transport is governed primarily by 

dispersion, while in soils with low permeability it is governed primarily by molecular 

diffusion (Suthersan 1997). 
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3.3.1.2 Sorption 

Sorption processes (absorption and adsorption) are able to affect the fate, transport, 

and availability of a contaminating compound. Absorption refers to the retention of a 

solute within the solid matrix, while adsorption involves an interaction between the solute 

and the surfaces of the soil matrix. Adsorption, which is the primary concern in 

bioremediation, can be sorbent- or solvent-induced. Sorbent-induced adsorption refers to 

the affinity of the soil particle surfaces for the contaminant, while solvent-induced 

adsorption refers to the preference of a contaminant to partition onto a non-polar phase 

rather than remain in the water phase (Suthersan 1997). Forces such as van der Waals 

forces, hydrogen bonding, ion exchange, and chemisorption can be involved in the 

sorption process. The particular forces present are determined by the properties of the 

solid surfaces and the compound itself. It must be noted that sorption is a reversible 

process, which is known as desorption. More time and energy is required for the 

desorption process than is for the sorption process, a phenomenon known as hysteresis 

(Suthersan 1997). 

Several factors have the ability to influence the sorption of organic compounds 

(Alexander 1999): 

• type and quantity of clay minerals, 

• amount of organic matter, 

• pH, 

• temperature, and/or 

• nature of the compound. 

Of these influencing factors, clay minerals and humic substances are particularly 

important because of their large surface area-to-mass ratios (Alexander 1999). 

Expanding clays have much larger surface areas, making them more conducive to 

sorption than non-expanding clays (Alexander 1999). Hydrophobic organics can 

partition onto clay surfaces, particularly when the organic content is less than one 
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percent. In these cases, sorption is best correlated with the cation exchange capacity 

(CEC) or specific surface area. Interactions between clay surfaces and contaminants are 

discussed further in section 3.3.2.1. 

In the soil subsurface, the partitioning of organic contaminant molecules to humus in 

the soil is a major consideration. Partitioning is dependant upon specific properties of the 

contaminant and the soil matrix, such as the affinity of the contaminant toward the solid 

matrix compared to that toward the liquid medium. This affinity is a molecular 

phenomenon based on chemical, physical, and electrostatic mechanisms (LaGrega, 

Buckingham, and Evans 1994). Large organic molecules and those with polar functional 

groups adsorb to mineral surfaces via hydrogen bonding and ion-dipole forces, 

respectively (LaGrega, Buckingham, and Evans 1994). It must also be noted that a 

certain fraction of contaminants may adsorb irreversibly due to covalent binding with the 

soil organic matter (Providenti, Lee, and Trevors 1993). 

When dealing with non-polar organic contaminants, such as crude oil, a linear 

isotherm can be used to determine the degree of partitioning that occurs. The extent of 

retention relates to the Ko W

3 value of the compound and the percentage of organic carbon 

in the soil (Alexander 1999). The following expression can be applied to estimate the 

sorption: 

Kd = Kfxfoc 

Kd = partition or distribution coefficient 

Koc = organic carbon partition coefficient for the compound 

foc = organic carbon fraction 

3 KoW is the octanol-water partition coefficient. This is a dimensionless constant defined by K o w =C(/C, 

where C 0 is the concentration in octanol (mg/L) and C is the concentration in water (mg/L) (LaGrega, 

Buckingham, and Evans 1994). 
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This linear model is appropriate for many hydrophobic organic compounds where the 

contact time is on the order of days to months (LaGrega, Buckingham, and Evans 1994). 

With respect to the effect of temperature, generally, sorption increases with 

decreasing temperature (Providenti, Lee, and Trevors 1993). Please refer to Table 3.3 for 

a summary of factors affecting sorption. 

Table 3.3 - Factors affecting sorption (Providenti, Lee, and Trevors 1993). 

Parameter Effect on sorption 

Soil type 
Organic matter 
Clay 
Sand 

Sorption increasing with increasing organic matter 
Sorption increasing with increasing clay content 
Sorption decreasing with increasing sand content 

Soil properties 
Surface area and cation 
exchange capacity (CEC) 

The greater the surface area and CEC, the greater 
the adsorption 

Environmental parameters 
Temperature 
Soil moisture 

Sorption decreasing with increasing temperature 
Sorption decreasing with increasing hydration 
Sorption can vary with pH, often showing a plateau 
within a certain range 

pH 

Nature of contaminant Sorption increasing with increasing hydrophobicity 

A graphical summary of contaminant fate and transport is provided in Figure 3.1. 



34 

VADOSE ZONE 

CAPILLARY ZONE 

SMEAR ZONE 
7 

' * * • GROUNDWATER 
4,6 

1- volatilization 2-diffusion and dispersion 
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5-adsorption 6-biodegradatiorr 7-free product on groundwater 

Figure 3.1 - Schematic of contaminant fate and transport in the subsurface 

3.3.2 Abiotic factors 

3.3.2.1 Inorganic compounds 

Inorganic compounds, such as those found on solid surfaces, are able to affect the 

contaminating compound. The mineralogical composition of soil particles can affect the 

fate and transport of contaminants. For example, the type of clay present can affect ion 

exchange reactions, thereby affecting the contaminant. Electrostatic attraction can occur 

between solid surfaces and the contaminant if the surface and the contaminant functional 

group possess opposite charges (Suthersan 1997). This results in a thin layer of 

contaminant around the particles. Conversely, if the charges are of the same sign, then 

repulsive forces will occur. In addition, chemical bonds can be formed between the 

contaminant and the solid phase. This may involve the displacement of ions at the solid 

surface (Suthersan 1997). 
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The degree to which ion exchange will occur depends on both the contaminant 

characteristics and the clay minerals present. Although the surface charge of clays is 

predominantly negative, it is affected by pH. Lower pH conditions harbour clays with 

positive charges, while higher pH conditions yield clays with negative charges. 

The presence of hydrocarbon residues causes a significant decrease in the availability 

of exchangeable cations due to a physical blockage of the exchange sites on the organic 

and clay mineral fractions (Everett 1978). It has been postulated that this blockage will 

continue for a considerable period of time in the soil due to the hydrophobicity of the 

hydrocarbon residues. 

3.3.2.2 Organics present 

Particulate natural organic matter (humus) also contributes to the presence of surface 

charges in the subsurface. Negative charges are produced from partially dissociated 

enolic (-OH), carboxyl (-COOH), and phenolic (aromatic ring-OH) groups (Brady and 

Weil 1996). These charges are able to attract or repulse various contaminants based on 

electrostatic forces. 

Organic matter is the main parameter affecting partitioning in the subsurface 

(Suthersan 1997). The presence of humus also affects the degree of sorption that will 

occur at the site (see section 4.3.2.6). 

3.3.2.3 pH 

As indicated previously, the pH can affect the surface charge of soil colloids, thereby 

affecting contaminant fate and transport within the subsurface. Soil with high carbonate 

content has been found to be capable of more adsorption of diesel (Margesin and 

Schinner 1997a). Other studies by Margesin and Schinner have indicated a higher 
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increase in indigenous biodegradation activity in carbonate-rich soils than in carbonate-

free soils. 

The presence of hydrocarbons in soil has been found to cause a pH shift towards 

neutrality (Everett 1978), which is likely to favour bacteria. 

3.3.2.4 Hydrolysing conditions 

Chemical hydrolysis is represented by the following equation: 

R X (organic molecule) + H 2 0 -> ROH + H + + X" 

This process has been known to occur when biologically mediated hydrolysis cannot, but 

it can result in the production of by-products that are more amenable to biodegradation 

(Suthersan 1997). Environmental factors, such as pH, temperature, dissolved organic 

matter, and dissolved metal ions, can affect hydrolysis. For example, a 10°C change in 

temperature affects hydrolysis by a factor of 2.5 (Suthersan 1997). It is important to note 

that this trend relates to chemical reaction rates, and likely does not apply to biological 

hydrolysis rates, Because of this correlation to temperature, chemical reactions may play 

less of a role in cold climates while biological reactions may take a more prominent role. 

It is also important to note that biotic and abiotic hydrolysis are not mutually exclusive. 

3.3.2.5 Redox conditions 

Redox conditions relate to the electrical state in the soil that influences a group of 

reactions known as redox (reduction and oxidation) reactions. An oxidation reaction is 

that which involves the loss of electrons, while a reduction reaction is that which involves 

the gain of electrons. In any given electron transfer reaction, one reactant undergoes 

oxidation while the other undergoes reduction. 

Many reducing environments exist in nature. With soils, this can occur when oxygen 

is depleted in the subsurface, creating conditions that are conducive of reductive 
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transformations. Although the reduction of various contaminants has been demonstrated 

under laboratory conditions, it is unlikely to occur in the natural environment due to 

unfavourable kinetic and thermodynamic factors (Suthersan 1997). 

In the subsurface, there exist a number of compounds that are capable of facilitating 

oxidation reactions. Oxidants such as molecular oxygen, ozone, peroxy radicals, clays, 

silicon oxides, aluminum oxides, iron oxides, and manganese oxides can be found 

naturally (Suthersan 1997). The probability that a redox reaction will occur is indicated 

by the redox potential (Eh) of the site. Eh indicates the tendency of a substance to 

undergo oxidation or reduction (Brady and Weil 1996). High Eh values are indicative of 

an oxidizing environment while low values indicate a reducing environment. 

Redox reactions are primarily biologically facilitated for organic compounds, such as 

crude oil. Please refer to Chapter 4 for a discussion on biodegradation. 

3.3.2.6 Soil type and structure 

Soil type and structure are able to affect a myriad of subsurface processes, including 

the fate and transport of contaminants. Aspects such as soil texture and particle 

aggregation will be addressed, including how they are affected by various parameters. 

Soil texture refers to the distribution of soil particles. The U.S. Department of 

Agriculture classifies soil particles according to size as follows (Brady and Weil 1996): 

• Sand (0.05-2mm) 

• Silt (0.002-0.05mm) 

• Clay (<0.002mm) 
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The relative proportions of these particles will determine the soil textural class (see 

Figure 3.2). Table 3.4 outlines some of the characteristics of various soils (Brady and 

Weil 1996). 

percent clay 

Figure 3.2 - Soil textural class triangle 
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Table 3.4 - Characteristics of various soils (Brady and Weil 1996). 

Sandy soils Silty soils Clayey soils 
Drainage 
Aeration 
Water holding capacity 
Spring warm-up 
Organic fraction 
Nutrients 
Ease of pH alteration 
Ease of tillage 

rapid slow-medium 
good moderate 
low medium-high 
rapid moderate 
low medium-high 
low good 
easy moderate 
easy moderate 

very slow 
poor 
high 
slow 
medium-high 
good-excellent 
difficult 
difficult 

Clearly, the texture of the soil will affect the fate and transport of the contaminant. 

For example, sandy soils will provide better aeration for biodegradation and will be easy 

to till, but they also allow greater spreading of the contaminant and have low nutrient 

levels. Using these basic soil properties, an appropriate approach may be taken for 

bioremediation. The permeability also affects the retention capacity of the soil. For oil, 

the retention capacity in the vadose zone is 3-5L/m3 in high permeability soils and 30-

50L/m 3 in low permeability soils (Suthersan 1997). A high retention capacity can allow a 

spill to be completely immobilized before it reaches the water table. Thus, residual 

saturation will increase as the permeability of the subsurface decreases. However, this 

effect will be influenced by water content where the presence of water can inhibit the 

movement of hydrocarbons into the lower material. 

Overall soil structure relates to the arrangement of soil particles into aggregates. The 

structure of soil includes all phases found within the subsurface, that is the soil (solid 

phase), air (gas phase), and the water (liquid phase). This soil structure and 

microstructure is able to affect water movement, heat transfer, aeration, and permeability 

(Brady and Weil 1996). Macropores created by fissures, cracks, and channels provide 

preferred pathways for contaminant movement within the subsurface (Hillel 1989). Soil 

bulk density and porosity will affect the contaminant by influencing the availability of 

water and air, and by inhibiting or enhancing contaminant movement in the subsurface. 

The most active areas of the subsurface matrix are found within the aggregates on the 
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colloidal inorganic and organic surfaces. This is where most of the transformation 

processes, such as retardation and attenuation, will occur (LaGrega, Buckingham, and 

Evans 1994). For example, filtration of the contaminant is a physical form of retardation 

caused by clogged pore spaces. The surface area of soil particles and aggregates, as well 

as the pore space geometry, define the environment in which biodegradation occurs and 

is, therefore, highly important to consider (White and Williams 1999). In addition, 

layered soils (compared to homogeneous soils) are more likely to retard migration (Hillel 

1989). Configuration of soil layers will also determine the presence of perched 

collections of contaminant. For example, concave troughs in the soil layer will collect 

contaminant. 

High salinity can affect soil structure since a high sodium content relative to calcium 

and magnesium contents can lead to dispersion of soil clay particles. This causes 

swelling and blocking of soil pores. Swelling clay soils with a S A R 4 (sodium adsorption 

ratio) of greater than 8 or 9 are likely to develop this problem (Wilson 1999). 

The organic fraction in soil is composed of a myriad of organic substances. Dead and 

living biomass and decomposition products are examples of the organic material found in 

soil. This fraction is a relatively small (1-6%) portion of the soil mass, but it has a 

dramatic influence on soil structure, water holding capacity, microbial community, and 

the fate of contaminants. 

Alternate freezing and thawing alters the physical structure of the soil and, therefore, 

has the potential to affect the transport and fate of contaminants. In a study involving the 

examination of the physical effects of Arctic diesel fuel on silt soil subjected to freeze-

4 SAR is a value that provides information on the comparative concentrations of Na + , C a 2 + , and M g 2 + 

(Brady and Weil 1996). It is calculated as follows: SAR = , = 



41 

thaw cycles, contamination was found to produce a granoidic morphology (White and 

Coutard 1999). This morphology displayed an increase in inter-particle aggregation 

between silt and clay minerals, along with a decrease in intra-particle porosity due to silt 

grains and platey clay minerals forming tightly packed and smaller aggregates. This 

close packing of particles within aggregates was attributed to cryogenic processes and a 

reduction in effective surface area (on clay minerals), caused by the presence of 

hydrocarbons (White and Coutard 1999). This reduction produced a decrease in unfrozen 

water content. Results of the study also indicated that the clay lattice becomes clogged 

with a hydrocarbon film, confirming that the cation exchange sites have become occupied 

by the hydrocarbon. Thus, there is a cumulative effect of continuous water translocation, 

immiscible hydrocarbon compounds, ice associated with freeze-thaw cycles, and sorption 

and retention of hydrocarbons by clay minerals, resulting in changes to soil aggregation 

and soil structure (White and Coutard 1999). This is important to remediation design 

since it will affect aeration and moisture levels. 

Further research has postulated that these changes in soil structure upon release of 

hydrocarbons into fine-grained soil can be attributed to the number of freeze-thaw cycles 

and the concentration of the contaminant (White and Williams 1999). "When an organic 

liquid of low dielectric constant enters the pore spaces of a soil containing clay, the 

organic molecules begin to replace the water molecules in the double layers that surround 

clay minerals (...). There is then a tendency for the particles to move closer together and 

form soil aggregates. Macropores begin to open up as the displaced water freezes, 

between the aggregates, with the result that there will be an increase in the permeability 

following thaw." (White and Williams 1999). However, it is important to recognize that 

with higher contaminant concentrations, the soil would consolidate as a whole, the double 

layers would shrink, and the overall permeability of the soil would be reduced (White and 

Williams 1999). The effect of hydrocarbons on the soil is, therefore, a decrease in 

micropore space and an increase in macropore space. Since micropore volume has a 
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greater influence on soil permeability than does macropore space, the overall 

permeability is decreased. 

Soil types found in Alberta and the Northwest Territories are listed in Table 3.5. Soil 

maps are presented in Appendix A. 
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Table 3.5 - Soil classifications of Alberta and Northwest Territories soils (CanSIS 2000; Department 

of Agriculture 1984). 

Soil classification 
(Order) 

Characteristics Location 

Chernozemic Well to imperfectly drained soils of the steppe-
grassland-forest transition. Accumulation of organic 
matter in surface horizons. Most frozen during some 
winter months with soil-moisture deficits in summer. 
Mean annual temperature >0°C and usually <5.5°C. 

AB 

Solonetzic Saline or alkaline soils. Well to imperfectly drained 
mineral soils developed under grasses in semiarid to 
subhumid climates. 

AB 

Luvisolic Soils of mixed deciduous-coniferous forests. 
Permafrost within lm of surface and 2m if soils are 
cryoturbated. 

AB/NWT 

Crysolic Permafrost close to the surface of mineral and organic 
soil deposits. Generally found north of the tree line, or 
in fine-textured soils in subarctic forest, or in some 
organic soils in boreal forests. 

AB/NWT 

Brunisolic Well to imperfectly drained soils under forest cover. AB/NWT 

Organic (Fibrisol 
and Mesisol) 

Peat, bog, and muck soils largely composed of organic 
material. Most water-saturated for prolonged periods. 
Exceed 17% organic carbon and 30% organic matter 
overall. 

AB/NWT 

Gleysolic Subjected to chronic reducing conditions due to poorly 
drained mineral soils and wet conditions. High water 
table and long periods of water saturation. 

AB/NWT 

Podzolic Soils of coniferous forests. Leaching of overlying 
horizons occurs in moist, cool-to-cold climates. Iron, 
aluminum, and organic matter deposited lower in the 
soil profile. 

AB 

Regosolic Weakly developed limited soils. AB/NWT 



44 

3.3.3 Biotic factors 

Biological processes that affect crude oil primarily involve the biodegradation, or 

mineralization, of the crude oil. Although it has been assumed that biodegradation is 

insignificant at cold-climate contaminated sites, several laboratory and field studies have 

provided evidence to the contrary. The incorporation of cold-adapted microorganism 

activity into the remediation design for these sites is important for successful and cost-

effective remediation. Specific biological processes will not be discussed further in this 

chapter, but they are addressed in more detail in Chapter 4. 

3.4 Climatic Conditions 

The physical and chemical characteristics of the subsurface environment vary with 

respect to many overlying factors. For example, location, parent material, and climate 

have the potential to affect other parameters. 

3.4.1 Climate 

Parameters such as precipitation, temperature, and physical location can all affect the 

transport, fate, and biodegradation of contaminants in the subsurface. These influencing 

factors are discussed here. 

3.4.1.1 Precipitation and moisture 

The transport of contaminants in the subsurface is essentially based on the hydrologic 

cycle (LaGrega, Buckingham, and Evans 1994). The movement of water in the 

atmosphere, subsurface, and water bodies can produce variation in the spatial and 

temporal distribution of groundwater, thereby affecting contaminant movement. The 

amount of precipitation at a site will determine the infiltration rate through the soil. 

Infiltrating water and any dissolved contaminants will encounter the unsaturated zone 
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first and may migrate further into the saturated zone or undergo evapotranspiration via 

plant and animal activity (LaGrega, Buckingham, and Evans 1994). The importance of 

this rate applies primarily to the transport and mobility of water-soluble contaminants. 

Since crude oil is highly insoluble in water, this infiltration rate is of less importance, but 

should not be overlooked (since some of the compounds in crude oil will be somewhat 

water-soluble). 

The soil moisture content is important for biological activity and soil aeration, which 

affects aerobic degradation. High precipitation ensures sufficient moisture for 

biodegradation, but also produces anaerobic conditions. On the other hand, low 

precipitation allows for good soil aeration, but limits biological activity. Study has 

shown that crude oil decreases water infiltration, which is likely due to the decrease in 

wetability caused by the formation of hydrophobic films on the soil particles (Everett 

1978). In addition, the presence of hydrocarbon causes a physical blockage of soil pores, 

reducing the relative permeability of the water phase. 

Due to capillarity and mineral surface adsorption forces, significant amounts of water 

in soils remain unfrozen at temperatures several degrees below 0°C (White and Williams 

1999). The amount of this unfrozen water depends on lithology and grain size 

distribution. 

Soil moisture and drainage characteristics affect both the biodegradation of crude oil 

and the degree of penetration of the oil into the soil column. It has been found that crude 

oil penetrates to a greater extent in drier soils (Sexstone et al. 1978). It is known that 

immiscible hydrophobic liquids can alter the solid-water interactions and the pore-size 

distribution (Mironenko et al. 2000). Hydrophobic liquids with higher viscosities (ex 

188.1 mm2/s at 25°C) were found to be incapable of penetrating into fine (water-

retaining) soil pores (Mironenko et al. 2000). In addition, lower viscosity hydrophobic 

liquids applied at a low rate were able to increase the water-retention capacity via 
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aggregation of soil particles, while higher viscosity hydrophobic liquids applied at the 

same rate retarded water from entering the pore spaces and, therefore, decreased the 

water-retention capacity (Mironenko et al. 2000). If the hydrophobic liquid was added to 

a soil wetted with water to 0.22g/g, there was no effect on the water retention, indicating 

that water can retard the penetration of hydrophobic compounds into the soil pores. 

3.4.1.2 Temperature 

Soil temperature can be directly or indirectly affected by (Brady and Weil 1996): 

• the net amount of heat the soil absorbs, 

• the heat released through biological reactions, 

• the heat energy required to bring about a given change in the temperature of a 

soil, and 

• the energy required for processes such as evaporation. 

It has been determined that the primary source of heat for soils is solar energy, however 

only approximately 10% of the solar energy reaching the earth can be used to warm the 

soil (Brady and Weil 1996). Several other factors have the potential to influence the 

energy absorption by soils (Brady and Weil 1996). A darker soil colour can lead to a 

warmer soil, unless the darker colour is due to high organic matter (in this case the 

moisture level will be high, causing the temperature to be lower). Slope or aspect of the 

site will affect the angle at which solar rays hit the soil, with perpendicular rays being the 

most efficient at warming. The amount of vegetative cover can affect the rate at which 

the soil warms, with high vegetation producing an insulating layer and impeding the 

warming of the soil. Low soil moisture content accelerates soil warming. 

The presence of crude oil can increase thaw depth by increasing the soil temperature 

(Everett 1978). This effect diminishes once the vegetation re-establishes and as the oil 

degrades. 
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Certain soil classes are defined based on soil temperature regimes, which are 

characterized by mean annual soil temperature, mean summer temperature, and the 

difference between mean summer and winter temperatures (Brady and Weil 1996). 

Table 3.6 presents these soil temperature classes. 

Table 3.6 - Soil temperature classes (adapted from (Brady and Weil 1996)) 

Mean 
annual 
temperature 

Difference between summer and 
winter temperatures 

% of 
world 
total 

Other characteristics 

°C Greater than 
5°C 

Less than 5°C 

% of 
world 
total 

Other characteristics 

<0 Pergelic 10.9 Permafrost present if moist 
Ice lenses common 

0-8 Cryic 13.5 Summer temperature is 13-15°C 
without an organic horizon; 6-
8°C with an organic horizon 

<8 Frigid Thermic 1.2/0.1 Slightly warmer than cryic 
8-15 12.5/0.3 None 
15-22 Isofrigid Isothermic 11.4/2.4 None 
>22 Mesic Hyperthermic 18.5/26.0 None 

Isomesic Isohyperthermic 

3.4.1.3 Location 

The physical location of the contaminated site will affect soil conditions such as 

moisture content, temperature, and organic matter content. Low-lying areas will retain 

more moisture, south-facing slopes will attain higher temperatures, and highly vegetated 

sites will possess higher organic matter contents. 
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3.4.2 Ecozones 

An ecozone is an area in which organisms and their environment endure as a system. 

Each ecozone has a certain combination of characteristics relating to climate, landform, 

soil, and biota. 

3.4.2.1 Boreal zone 

The Boreal zone covers the majority of Alberta and the Northwest Territories (refer to 

Figure 1.2). This zone is characterized by 1) thick litter layers (raw humus), due to the 

acidic organic matter and cold/wet conditions for most of the year, and 2) podzolization, 

where chemical and biological degradation of litter forms humic substances (Schultz 

1995). Common soil types in this zone are podzols (boreal zone), cambisols (Canadian 

Rocky Mountains), and leptosols (mountainous areas). 

3.4.2.2 Polar/subpolar zone 

The Polar/subpolar zone occurs in the northernmost region of the Northwest 

Territories (refer to Figure 1.2). This zone contains permafrost when the mean annual 

temperature is 1-2°C below freezing and continuous permafrost when the mean annual 

temperature is -6 to -8°C. The term "seasonally-frozen ground" is a characteristic of 

subpolar regions and is defined as the superficial layer that forms only in winter and is 

underlain by unfrozen subsoil (Stonehouse 1999). On the other hand, "permanently-

frozen ground" (or permafrost) refers to ground that is frozen for more than a year, often 

with a superficial 'active' layer that thaws in the summer (Stonehouse 1999). Permafrost 

is able to impede the infiltration and percolation of meltwater and rainwater (Schultz 

1995). Precipitation is greater than evaporation almost all year, producing almost 

continuous humid conditions. An abundance of low gradient slopes causes minimal 

lateral runoff. Waterlogging is produced during the thaw phase due to the above-

mentioned factors, resulting in less than optimal oxygen supply for biodegradation. 
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Further, organic matter degradation occurs slowly, allowing accumulation of 

undecomposed detritus. 

The common tundra soil types are gelic leptosol and gelic cambisol(Schultz 1995). 

These soils have organic carbon contents between 0.9 and 3.4% and pH levels of 5.8 to 

7.1. With respect to soil organic content, the litter and humus layer accumulates due to a 

lower biological activity, causing the nutrients to be unavailable. 

It is estimated that oil would persist in tundra soils for more than a decade, if left 

undisturbed (Sexstone et al. 1978). 

3.5 Computer Models 

To adequately mathematically define or simulate a contaminated site two models are 

generally needed; a vadose zone model and a hydrodynamic model. The criteria for an 

effective and comprehensive vadose zone model are as follows (Odencrantz, Fair, and 

Ribinson 1992): 

• A one-dimensional vertical model in which a minimum of three layers can be 

distinguished, along with their individual soil properties and chemical loading 

concentrations 

• Capability to represent one mobile chemical component in three phases 

(adsorbed, dissolved, and volatilized) 

• Capacity to incorporate biodegradation, volatilization, and gaseous diffusion 

• Ability to consider the variable effects of local climate (precipitation, temperature, 

etc.) 
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Mass flux rates estimated by the vadose zone model must then be incorporated into a 

hydrodynamic model to approximate contaminant concentrations in the groundwater. 

Hydrodynamic models should include the following criteria (Odencrantz, Farr, and 

Ribinson 1992): 

• Biodegradation, adsorption, and advective-dispersive transport processes 

• Interface with the vadose zone model 

Numerous computer software packages are available to model hydrodynamic 

processes in the subsurface. Many of these are coupled with natural attenuation and 

biodegradation models. Some software packages include a suite of programs to enable 

assessment of various components of a contaminated site. 

Table 3.7 presents a partial list of available software for vadose zone transport and 

hydrodynamic processes. This list is included to provide the reader with an indication of 

the variety of options available. 
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Table 3.7 - Some available groundwater and environmental software (AGWES 2001; Odencrantz, 

Farr, and Ribinson 1992; SENES Consultants Limited 1993; SSG 2001). 

Software Package Description 

BIOF&T 2-D/3-D 

BIOPLUME III 

F L O W P A T H II 

F R A C T R A N 

MOFAT 

MT3D 99 

Models biodegradation, flow and transport in the 
saturated and unsaturated zones. Simulation 
incorporates convection, dispersion, diffusion, 
adsorption, and desorption. 

Natural attenuation model for transport of 
dissolved hydrocarbons under the influence of 
oxygen-limited biodegradation. Simulation of 
aerobic and anaerobic biodegradation along with 
advection, dispersion, sorption, and ion exchange. 

2-D groundwater flow, pathline and contaminant 
transport model. Applications include 
determination of remediation well capture zones 
and determination of contaminant fate and 
exposure pathways for risk assessment. 

2- D finite-element model for simulating 
groundwater flow and contaminant transport in 
discretely-fractured porous media. 

Multiphase Organic Flow and Transport model 
for contaminant behaviour in the vadose zone. 
Considers biodegradation, volatilization, 
diffusion, and local climate. Allows separation of 
ten soil layers with differing properties. 

3- D mass transport model for simulating 
advection, dispersion, and chemical reactions. 
Simulates the advection, dispersion, sorption, and 
chemical reactions of a single species 
contaminant in a groundwater system. 
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Table 3.7 (conf) 

Software Package Description 

POSSM 

RAFT 

Contaminant transport model for prediction of 
environmental concentrations associated with a 
spill. Model includes percolation, infiltration, 
runoff, evapotranspiration, volatilization, and 
degradation. Originally developed for PCB 
contamination but can be modified to accept 
petroleum hydrocarbons. 

Risk Assessment/ Fate and Transport model. 

R B C A Tier 2 
Analyzer 

2-D groundwater flow and contaminant transport 
modeling featuring built-in reaction for natural 
attenuation and biodegradation. Applications 
include simulation of natural attenuation, 
evaluation of pump-and-treat remediation, and 
prediction of downstream impacts for risk 
assessment. 

SESOIL Seasonal flow and transport model for the 
unsaturated zone. Model for long-term pollutant 
fate and migration in the unsaturated soil zone, 
including chemical exposure assessments. 
Allows separation of four soil layers with 
differing properties. Includes consideration of 
local climate. 

V L E A C H Vadose zone leaching model. A one-dimensional 
finite difference model for simulating the vertical 
mobilization and migration of dissolved organic 
contaminants through the vadose zone. This 
model is commonly used to evaluate potential 
groundwater impacts, and to predict volatilization 
or VOCs. 
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Application of these models allows for site-specific evaluation and risk assessment, 

reducing remediation costs. 

It is important to recognize that these models were developed for use in a temperate 

setting. Since all computer models are mathematical representations of the contaminant 

transport system in the subsurface, it should be noted that models that are applicable in 

cold climates will differ from those in warmer climates because the system being 

simulated is different (Grant 2000). Aspects that render cold climate models distinctive 

are (Grant 2000): 

• Most of the knowledge and understanding of the physical, chemical, and 

biological processes affecting contaminant hydrology is qualitative 

• Differences occur with respect to energy flow and aqueous-solution phase 

transitions 

• The dominant processes affecting liquid water vary: hydrostatic gradients 

dominate in unfrozen porous media while osmotic or thermal gradients dominate 

in frozen porous media 

• Minimal physicochemical data are available for electrolyte solutions in porous 

media below 0°C 

• Areas with permafrost have a significant portion of brackish and impotable 

groundwater, making contamination of potable sources of water particularly 

problematic. 

As knowledge of physical, chemical, and biological processes within a contaminated 

site increases, more accurate models of contaminant hydrology can be formulated 

specifically for cold climates. 
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3.6 Summary 

As presented in this chapter, contaminant behaviour in the subsurface involves a 

myriad of factors, many of which can of influence each other. By examining various 

physical and chemical properties of a contaminant, its fate and transport can be estimated. 

For crude oil the predominant characteristics are its low solubility and high tendency to 

adsorb onto soil particles, causing the majority of negative effects to be associated with 

the physical disruption of the soil. Such a disruption affects plant-water relationships and 

produces anaerobic and hydrophobic conditions. These aspects are important to consider 

when designing a remediation program. In addition to contaminant characteristics, 

several influencing factors that pertain to subsurface and climatic conditions were 

presented. Aspects such as soil type and structure, organic carbon content, and moisture 

levels are also highly significant to incorporate into any remedial program. The high 

surface area and absorbent properties of organic soils and peat moss in addition to the 

impermeable frost layer result in little lateral or vertical movement of contamination with 

the subsurface. 
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CHAPTER 4: BIODEGRADATION PROCESSES 

4.1 Introduction 

Toxic environmental contaminants pose a threat to ecosystem and human health. 

This threat can be reduced if the contaminant is altered from its original form by one or 

more processes. Chemical and physical processes exist which are capable of 

transforming compounds and rendering them less toxic. With the exception of 

photochemical reactions, these processes generally do not completely destroy the 

contaminating compounds. Many of these reactions only slightly modify the compound, 

leaving the toxicological properties similar to the original compound (Alexander 1999). 

Biological transformations, on the other hand, rely on enzymes that act as catalysts 

and can produce extensive modifications to the structures and toxicological properties of 

contaminants. Although a variety of definitions for biodegradation exist, it generally 

involves the biologically catalyzed reduction of organic compounds into less complex 

compounds with the production of cell biomass (Alexander 1999; Hurst et al. 1997). 

Ultimate biodegradation, or mineralization, results in the production of water, carbon 

dioxide or methane, and inorganic forms of nitrogen, phosphorus, and sulphur. 

Mineralization is the most effective way to rid the environment of harmful (or potentially 

harmful) compounds (Alexander 1999). 

Biodegradation occurs in many different habitats and is carried out by many different 

bacteria. There exists a high level of physiological versatility that is spread out across the 

bacterial communities within these habitats. For example, in soils contaminated with 

crude oil, there exist a number of bacteria within the soil community that are able to 
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degrade various compounds within the crude oil. The following table presents a partial 

list of bacterial genera known to degrade hydrocarbons (Britton 1984; Rowsell 2000): 

Table 4.1 - List of some crude oil-degrading bacterial genera 

Achromobacter 
Acinetobacter 
Actinomyces 
Aeromonas 
Alcaligenes 
Arthrobacter 

Aureobacterium 
Bacillus 
Beneckea 
Brevibacterium 
Brevundimonas 
Comamonas 

Corynebacterium 
Flavobacterium 
Micromonospora 
Mycobacterium 
Nocardia 
Pseudomonas 

Rhodococcus 
Sphingobacterium 
Sphingomonas 
Spirillum 
Vibrio 

In order for biodegradation to take place effectively, a number of conditions must be 

satisfied (Alexander 1999): 

• Species possessing the enzymes and other mechanisms required for degradation 

of the contaminant must be present, 

• The contaminant must be available to the microorganisms, and 

• Environmental conditions must be conducive to the proliferation of that portion of 

the microbial community that is active in the degradation process. 

The remainder of this chapter deals with these conditions needed for biodegradation 

and with microbial kinetics. Included in this discussion will be the effect of cold 

temperatures on these phenomena. It is important to note that the factors involved in 

biodegradation are very much inter-related. Although certain conditions are optimal for 

maximum biodegradation, the lack of a particular factor can be, in part, compensated for 

by the presence of another factor. In addition, a discussion of psychrotrophs and 

psychrophiles, and some key cases of demonstrated cold temperature biodegradation will 

be included. 
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4.2 Conditions 

Although a compound may be biodegradable, the disappearance of this compound 

through biological activity depends on the conditions present at the contaminated site. 

These site-specific factors can pertain to the microbial community, the particular 

compound in question, and the environmental parameters of the site. This section 

presents a discussion of these influencing conditions. 

4.2.1 Enzymes and other mechanisms 

It has been estimated that the number of genetically different bacteria in fertile soil is 

at least 10,000 microorganisms per gram (Jacobsen and Gayazo 1997), indicating a broad 

heterotrophic capacity. Given this high diversity, it is assumed that the potential exists 

for the degradation of many contaminants, particularly those that are, or are derived from, 

naturally occurring compounds. With respect to crude oil, the degradation of long-chain 

hydrocarbons is widespread among bacteria and fungi, with n-alkanes of 10-18 carbons 

the most susceptible (Gottschalk 1986). Although this diversity exists, there are 

compounds that are recalcitrant, or persistent, at some sites. This recalcitrance is 

generally attributed to one of two things: 1) the degradative capability is not present at 

the site, or 2) the site conditions are not favourable for degradation to occur (Jacobsen 

and Gayazo 1997). This section deals with the first condition, while the following two 

sections are devoted to the second condition. 

Prior to addressing degradative capacity, a brief discussion of biochemical processes 

relating to biodegradation will be provided. The reader is referred to Alexander (1999) 

for more information. 

Hydrocarbon biodegradation is initiated by uptake into the cell. This is mediated by 

trehalolipids, rhamnolipids, or analogous structures within the bacterial cell walls. 
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Aliphatic hydrocarbons are dissolved in these structures and then transported to the 

cytoplasmic membrane (Gottschalk 1986). Thus, these structures act as emulsifiers to 

enable biodegradation. 

The primary reactions in contaminant biodegradation are hydrolysis, oxidation, and 

dehalogenation (Golovleva 1997). Hydrolysis refers to the cleavage of a bond (often 

amide and ester bonds) by the addition of water and is carried out by a variety of 

enzymes (Alexander 1999; Golovleva 1997). Oxidation is a highly important process for 

the inactivation of organic compounds. Mono- and dioxygenases incorporate one or two 

atoms of oxygen, respectively, into the substrate. Dehalogenation involves the removal 

of halogen atoms by dehalogenases, thereby converting the compound into a much less 

toxic form. Once these enzymes inactivate the compound, the product enters the 

metabolic sequences within the microorganism. Figure 4.1 displays these reactions. 

Hydrolysis 

RCOOR 1 + H zO -» RCOOH + HOR1 

Oxidation 

R-CH 2-CH 3 + 0 2 ^ R-CH 2-COOH + H 2 0 

Figure 4.1 - Types of biodegradation reactions 

Within the cytoplasmic membrane, monooxygenases catalyze the oxidation of an 

aliphatic hydrocarbon with the aid of an oxidizable co-substrate (rubredoxin) (Gottschalk 

1986). The resulting fatty acid (substrate-OH) enters (3-oxidation, which is a fundamental 

biochemical pathway. Other mechanisms of hydrocarbon degradation have been 

observed, including 1) diterminal attack producing a dicarboxylic acid that also enters (3-

oxidation and 2) subterminal oxidation producing a secondary alcohol that is sequentially 

Dehalogenation 

RCI -» RH 
or 

RCI -> ROH 
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degraded to eventually produce acetate, which enters the tricarboxylic acid cycle as 

acetyl-CoA (Gottschalk 1986). 

In the case of aromatic compounds, a conversion to catechol and protocatechuate 

(refer to Figure 4.2) is required. These compounds are the "starting substrates" for 

subsequent oxidative cleavage reactions (Gottschalk 1986). Oxidative cleavage can be 

one of two types: or//zocleavage or meta-cleavage. Ortho-cleavage involves 

dioxygenase reactions and does not require a co-substrate as with aliphatic degradation. 

Meta-cleavage follows a different pathway (refer to Figure 4.3). Both pathways can 

occur in a single organism, depending on the starting substrate (Gottschalk 1986). 

CATECHOL PROTOCATECHULATE 

Figure 4.2 - Structures of catechol and protocatechulate 

. T ' c=o 
\ 

OH 
ORTHO CLEAVAGE 

N j / V ^ O H H O O C v / % ^ -

MET A CLEAVAGE 

Figure 4.3 - Ortho- and meta-cleavage in oxidative pathway 
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Clearly these enzymes and other cellular structures, such as emulsifiers, must be 

present and active for biodegradation to occur. 

4.2.2 Bioavailability 

Much of the success of biodegradation depends on whether the contaminant and other 

necessary factors are available to the microbial community. If the microbes are unable to 

come into contact with these compounds, then there is very little chance that the 

contaminant will be degraded. The bioavailability of compounds involves numerous 

facets, which are discussed below. 

4.2.2.1 Sorption 

Sorption was previously described in section 3.3.1.2. Although both absorption and 

adsorption are important, the latter is the phenomenon of primary interest in 

bioremediation. Many organic compounds can adsorb to clay particles or organic matter 

in the soil. If the sorption process is reversible (desorption), the compound can be made 

available to the microbial community. However, irreversible sorption causes 

recalcitrance of the compound. 
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Sorption can dramatically affect the availability of substrates to microorganisms 

depending on the particular compound, the mechanism by which the compound is bound, 

the strength of the interaction, and the ability of the indigenous microbes to utilize sorbed 

compounds (Alexander 1999). This process can affect biodegradation in a number of 

ways: 

• Sorption of extracellular biodegradation enzymes, 

• Sorption of inorganic nutrients and growth factors, making them unavailable, 

• Alteration of pH in the subsurface, 

• Concentration of nutrients at surfaces, stimulating microbial activity, and 

• Sorption of the microbes, forming biofilms which may, or may not, function more 

efficiently in contaminant biodegradation. 

It has been shown that some bacterial strains are able to metabolize sorbed 

compounds. In order to do this, the bacterium must possess both the catabolic enzymes 

that carry out the transformation and the capacity to render the sorbed compound 

available (Alexander 1999). Desorption-resistant compounds are of importance since 

they will affect the reclamation of the site. This introduces the environmental relevance 

of studying microbes with the capacity to degrade sorbed compounds rather than focusing 

on those that act solely upon non-sorbed compounds. 
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Several mechanisms for the utilization of sorbed compounds have been proposed 

(Alexander 1999): 

• An equilibrium shift occurs between the sorbed compound and the compound in 

solution. Once the compound in solution has been biodegraded, there is a shift 

towards desorption, making the compound more available to microbes. 

• Metabolites (such as surfactants) are produced by the microbes, promoting 

desorption of bound compounds. 

• There is direct utilization of the sorbed compounds by the microbes. This may 

occur through passage of the sorbed compound into the cell through a 

hydrophobic cell surface. 

Desorption can be enhanced by washing the soil with surfactants, however there is 

then a risk of groundwater contamination (Providenti, Lee, and Trevors 1993). In 

addition, desorption can occur through the presence of biosurfactants (see section 

4.2.2.2). 

After a compound has been exposed to physical, chemical, and biological processes 

for a considerable period of time, it becomes aged, or weathered. This weathered 

compound, although still intact, has become inaccessible to microbial attack and strongly 

sorbed (Alexander 1999; Providenti, Lee, and Trevors 1993). For this reason, it is often 

termed sequestered. Sequestered compounds may be trapped in soil micropores or 

nanopores, or complexed with humic materials (Alexander 1999). Molecules occurring 

within micropores become protected from biodegradation since bacteria are generally 

present as biofilms or cell aggregates and cannot access the contaminant. Contaminant 

diffusion or movement through the soil is highly tortuous, increasing the time until it 

reaches the active bacterial cells. 

Sequestration will vary depending on soil type and the nature of the contaminant. 

Other factors such as temperature, rainfall, and other environmental conditions also have 
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an effect. For example, repeated wetting and drying of a soil can increase sequestration 

(Alexander 1999). 

Complexed substrates are those that have undergone reactions with subsurface 

constituents, producing compounds that are different from the original. This process 

generally occurs with the organic or humus fractions in the soil, yielding compounds with 

very high molecular weights (Alexander 1999). The resulting products are less readily 

degraded than the free compound. 

The presence of solid surfaces in the environment can also affect the availability of 

organic and inorganic nutrients, pH and oxygen relationships, compound toxicity, 

microbe transport, and extracellular enzyme activity (Alexander 1999). The components 

of these solid surfaces can be: 

• Clay minerals, 

• Organic matter (humic substances), 

• Carbonaceous matter, and/or 

• Amorphous Fe or A l oxides or hydroxides. 

These chemical and physical aspects of sorption were discussed previously in 

Chapter 3. 

4.2.2.2 Solubility 

The degradation of large (at least 44 carbon atoms) aliphatic hydrocarbons has been 

observed (Alexander 1999). However, an alkane of this length has a solubility of less 

than lng/litre, allowing development of a microbial community of less than 1 cell/mL of 

water (Alexander 1999). The microbes must be able to utilize the insoluble phase if they 

are to generate sufficient numbers for effective biodegradation. It has been observed that 

aromatic compounds with low water solubilities are similarly degraded. 
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There have been several mechanisms stated in the literature by which microbes can 

utilize compounds with low solubilities (Alexander 1999): 

• Use of water soluble phase - In this case, the microbes utilize the portion of the 

contaminant that is dissolved in the water phase. Once, this portion becomes 

limiting, the biodegradation occurs according to the rate of spontaneous 

partitioning (into the water phase). 

• Excreted products - Microbes excrete products that convert the contaminant into 

small (<luxn) droplets, which are more easily managed and assimilated. The 

excretion products are often referred to as biosurfactants. These surface active 

agents serve to increase the surface of the interface between the N A P L and the 

water. Surfactant molecules have hydrophobic and hydrophilic portions and 

associate with each other to form micelles (refer to Figure 4.4). The N A P L can 

be found within the micelle, making it pseudosoluble in water. Smaller micelles 

generally lead to more rapid biodegradation. Many species able to utilize oils 

produce these biosurfactants. Commercial surfactants can also improve 

biodegradation, but those that are microbiologically produced are preferred due to 

their biodegradability and lower toxicity (Providenti, Lee, and Trevors 1993). 

NAPL 

HYDROPHILIC HEAD 

HYDROPHOBIC TAIL 

Figure 4.4 - Schematic of a micelle 
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• Direct utilization - Some microbes are capable of directly utilizing an insoluble 

contaminant by growing at the N A P L surface. Generally, these microbes are 

either part of agglomerates that also contain hydrocarbon or members of a 

biofilm. One of the mechanisms of direct utilization is the production of cell-

associated biosurfactants. These compounds have been found to be effective in 

the desorption and solubilization of low concentrations of hydrocarbons (Shreve, 

Inguva, and Gunnam 1995). Figure 4.5 shows a model of how cell-associated 

biosurfactants form an amphipathic channel through which alkane droplets can 

pass. Adherence to hydrocarbons allows increased cellular uptake and 

degradation. 

Cell wall fOOOOOO 
oooooo 

Surfactant/ 
alkane 

Amphipathic 
receptor/ 
channel kxx>ood 

Phospholipid bilayer 

Alkane 
droplet 

Figure 4.5 - Model of cell-associated biosurfactants (modified from (Shreve, Inguva, and Gunnam 

1995)) 

As can be seen, these mechanisms are similar to those presented with regards to 

sorption. It is important to note that temperature can affect the mode of hydrocarbon 

transport into bacterial cells through its effect on substrate solubility and membrane 

fluidity (Husain et al. 1997). Solubility was discussed earlier, along with other 

parameters in Chapter 3. 
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4.2.2.3 Molecular weight 

Large molecules may not be easily transported across the cell membrane (Providenti, 

Lee, and Trevors 1993). There is little information in this area, indicating that a better 

knowledge of degradative mechanisms at subcellular and molecular levels is needed. 

The solidification of some hydrocarbons due to a decrease in temperature will also 

decrease bioavailability (Atlas and Bartha 1992). 

4.2.2.4 Restricted microbial movement 

Microbial movement is affected by soil type, water activity, water flow, ionic strength 

of the carrying fluid, and cell number/size/surface characteristics. Microorganisms need 

to reach interfaces where nutrients, other microbes, and the contaminant aggregate. This 

can be facilitated through tilling and mixing of soils, which are often used for aeration. 

4.2.3 Environmental parameters 

The biodegradation of organic contaminants is dependent upon a myriad of abiotic 

and biotic environmental parameters in the subsurface. If these parameters are optimal, 

then biodegradation may take place rapidly. However, very often certain environmental 

factors may be lacking or inhibitory to biodegradation and it is important to identify these 

to properly address them in bioremediation. 
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4.2.3.1 Abiotic factors 

The following is a list of the major abiotic factors influencing biodegradation: 

• electron acceptors 

• temperature 

• pH 

• moisture level 

• osmotic potential 

• toxins 

Electron acceptors must be readily available to bacteria for biodegradation to occur. 

Although hydrocarbon degradation can take place under anaerobic conditions (Grbic-

Gallic and Vogel 1987; Ward and Brock 1978), the preferred electron acceptor for crude 

oil degradation is O2 since its use yields the most energy for the microbes to harness. 

Aerobic metabolism requires at least 0.2mg/l of dissolved oxygen in water and 10% by 

volume of air-filled pore spaces in the soil (Wilson 1999). The proportion of various 

electron acceptors constitutes a soil's redox potential (Eh). Figure 4.6 displays an 

electron tower. Obviously the terminal electron acceptors yielding the most energy, such 

as oxygen, will be consumed first. 
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E h (volts) 

C02/glucose (-0.43) 

C02/methanol (-0.38) 

S°/H2S (-0.28) 

S04

2VH2S (-0.22) 

N037N02" (+0.42) 

N037N2 (+0.74) 

Fe 3 +/Fe 2 + (+0.76) 

1/2 02/H20 (+0.82) 

-0.50 

-0.40 

-0.30 

-0.20 

-0.10 

0.0 

+0.10 

+0.20 

+0.30 

+0.40 

+0.50 

+0.60 

+0.70 

+0.80 

+0.90 

Figure 4.6 - Electron tower (modified from Brock and Madigan (1991)) 

The importance of changes in temperature varies with the compound in question and 

with the individual microbial populations at the site (Alexander 1999). The expected 

increases and decreases in biodegradation rates during summer and winter are 

presumptions that are becoming challenged with recent field and laboratory observations. 

For example, a lack of increase in biodegradation activity in the summer months can be 

attributed to low nutrient concentrations or some other deficiency. Similarly, the 

maintenance of higher biodegradation activities during the winter can be attributed to the 

presence of abundant microbial colonization sites from the introduction of fallen plant 

matter in the fall (Alexander 1999). 

The bioremediation of hydrocarbons is effective at temperatures as low as 5°C, as 

evidenced by successful bioremediation of marine oil spills. Microbial growth and 
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activity still occurs at low temperatures as long as free (not frozen) water is available 

(Wilson 1999). 

The degree of alkalinity or acidity of a site also affects biodegradation by influencing 

the microbial community. Fungal communities typically thrive under slightly acidic 

conditions, while bacterial communities are better suited to more neutral (pH 6.0-8.5) 

soils. However, with high species and genetic diversity within the total soil microbial 

community, the range of acceptable pH values is widened (Alexander 1999). pH is also 

able to affect soil nutrient status, redox potential, sorption, and cation exchange capacity 

(Brady and Weil 1996). For example, the availability of phosphorus is much lower under 

alkaline conditions due to the formation of insoluble compounds (Brady and Weil 1996). 

Moisture level in contaminated soils is extremely important to the success of 

biodegradation. Bacterial cells are composed of 70-90% water and many biochemical 

reactions within the cell involve water (Brock and Madigan 1991), indicating the 

significance of water in microbial activity and, therefore, biodegradation. The optimum 

amount of water in a contaminated soil will depend on the soil type, the nature of the 

contaminant, and whether biodegradation takes place aerobically or anaerobically 

(Alexander 1999). It is important to examine water availability rather than simply 

percent moisture content in the soil (Wilson 1999). Water availability can be indicated 

by matric potential and water holding capacity (WHC). Matric potential refers to the 

portion of the soil water potential that is attributed to the attractive forces between the 

water and the soil solids (Brady and Weil 1996). Generally, values of -0.03 to -1.5MPa 

and 50-80% for matric potential and WHC, respectively, are needed for bacterial 

metabolism (Wilson 1999). Since the biodegradation of crude oil takes place 

aerobically, it is important that the water content not be too high. Excessive moisture 

causes displacement of soil air and renders the soil anaerobic. 
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The osmotic potential of the contaminated soil will also have a profound effect on the 

biodegradation rate. High salinity can disrupt the osmotic balance between a bacterial 

cell and its environment. With a high concentration of salt outside the cell, water flows 

out of the cell and the cell becomes dehydrated (Brock and Madigan 1991). This process 

is known as plasmolysis and is clearly detrimental to cell physiology and, therefore, 

biodegradation activity. A concentration of more than 10,000mg/l of NaCl is toxic to 

non-halotolerant bacteria (Wilson 1999). Salinity can be of concern at crude oil 

contaminated sites since some salt water is contained within the oil. 

4.2.3.2 Nutrients 

In uncontaminated, pristine soils, the amount of available carbon is relatively low, 

causing the demand for nutrients to be similarly low. Once excessive carbon is 

introduced (as is the case with a crude oil spill), the demand for nutrients increases. 

Deficiencies in nitrogen and phosphorus are of primary concern, while the supply of 

potassium, sulphur, magnesium, calcium, iron, and micronutrient elements is generally 

sufficient (Alexander 1999). This is evidenced by a stimulation of biodegradation upon 

addition of N and P (in the form of fertilizer) to soil. The amounts of N and P required 

for the biodegradation of crude oil and other contaminants are often determined by 

extrapolating from the fraction that these elements represent within microbial cells. The 

chemical composition of cells indicates C:N and C:P ratios of 10:1 and 50:1, respectively 

(Alexander 1999). However, it has been indicated that the amount of N and P required 

for total contaminant biodegradation differs from that required for the highest 

biodegradation rate (Alexander 1999). For example, high N and P concentrations are 

required for the biodegradation of organic molecules found in low concentrations. 

Growth factors, such as amino acids and vitamins, are also required for successful 

biodegradation. In environments with high microbial diversities, the absence of these 

essential growth factors is generally not a concern since they are excreted by other 
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members of the microbial community. However, with sites containing only a few species 

these growth factors may be limiting (Alexander 1999). 

4.2.3.3 Biotic factors 

Factors influencing biodegradation that are biological in nature include: 

• microbial community 

• synergism 

• predation 

• vegetation 

The influence of the microbial community on biodegradation has already been 

discussed earlier in this chapter. Clearly, it is imperative that the appropriate species and 

genes be present for biodegradation to occur. 

The presence of a diverse community allows for a greater number of interactions 

among different species of bacteria. These interactions may increase the biodegradation 

rate beyond the level that would have been achieved with no interactions. Such 

interactions can be either beneficial to both populations (synergism) or beneficial to one 

population while the other remains relatively unaffected (commensalism) (Poindexter and 

Leadbetter 1986). Possible modes for these interactions are given below: 

• production and release of essential growth factors by one (or both) species which 

are required by the other species (cross feeding of nutrients or syntrophy) 

• initial degradation phase(s) of a compound is carried out by one species and the 

remainder of the degradation is carried out by another species 

• synthesis of extracellular enzymes or of biosurfactants by one or more species that 

render the compound more bioavailable to other species 

• removal of a toxin or inhibitory substance by one species, enabling other species 

to grow and biodegrade the contaminant 
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The following is an example of this type of synergistic interaction. Two bacterial 

isolates, Alcaligenes faecalis type II BPSI-2 and Sphingomonas paucimobilis strain 

BPSI-3, were obtained from an aerobic bacterial consortium growing on biphenyl as the 

sole carbon and energy source (Davison et al. 1994). These isolates, when grown 

together, displayed a growth rate 2-4 times higher than that when they were grown 

separately. The combined metabolic attack of these isolates on biphenyl indicates that 

mixed communities and co-cultures are more capable of biodegradation. This may be 

due to a higher biomass produced, an increased specific growth rate, and/or the lack of 

accumulation of degradation intermediates (Davison et al. 1994). 

Predation of bacterial communities can be carried out by a number of 

microorganisms, including protozoa, viruses, and fungi. Of these, protozoa are known to 

affect biodegradation (Alexander 1999). Grazing by protozoa on bacteria requires a 

bacterial density of 10 to 10 cells per cubic centimetre or greater. Depending upon the 

specific conditions of the site, predation can have either a negative or a positive effect. 

For example, if the predation rate is rapid and the bacterial growth is slow, then there will 

be a large negative impact on the rate of biodegradation (Alexander 1999). This is 

simply because the bacterial community will no longer be high enough to result in 

sufficient biodegradation and it will require a longer period of time to rebound to 

acceptable numbers. Conversely, predation has been shown to have a positive effect on 

the biodegradation of crude oil (Alexander 1999). This may be due to the release of 

nutrients, excretion of growth factors, and/or the continuation of the bacterial community 

in an exponential phase. 

The presence of vegetation at a contaminated site can improve the biodegradation 

rate. The area surrounding the plant roots, known as the rhizosphere, is rich in nutrients 

and organic carbon that are exuded by the plants. Due to this concentration of desirable 

compounds, the rhizosphere becomes a zone of intense microbial activity. Degradation 
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of aliphatic hydrocarbons, naphthalene, and benzo(a)pyrene has been stimulated in soils 

supporting ryegrass (Lolium perenne), buffalo grass (Buchloe dactyloides), and tall 

fescue (Festuca arundinaced), respectively (Alexander 1999). 

4.3 Kinetics 

The kinetics of biodegradation are important to consider when evaluating the 

persistence of organic contaminants and assessing exposure to humans and the ecosystem 

(Alexander 1999). The rate at which a contaminant disappears is related to several 

factors: nature and concentration of the contaminant, microbes present, physiological 

state of the microbes, and environmental factors. The importance of this aspect of 

biodegradation relates to the ability to predict the contaminant concentration remaining at 

a given time and to assess whether the contaminant will be eliminated prior to off-site 

migration (Alexander 1999). This section will present general microbial kinetics, 

followed by biodegradation kinetics. 

One aspect to keep in mind when addressing kinetics is that contaminant alteration 

can be brought about through a variety of biological processes (Hurst et al. 1997): 

• Intra- or extracellular attack that is required for microbial growth, 

• Enzymatic attack that is required for detoxication of the medium, 

• Enzymatic attack that is incidental (i.e. of no detectable benefit), and/or 

• Nonenzymatic reactions produced as a result of microbial physiological by

products. 

These processes affect the type of growth that is exhibited by the microbial 

community, thereby influencing the kinetic pattern of biodegradation. This is because the 
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density of degrading microorganisms plays a role in the rate and extent of biodegradation 

(Providenti, Lee, and Trevors 1993). 

Prior to further discussion regarding kinetics, it is important to distinguish between 

populations and communities. Microbial populations refer to groups of microbes of the 

same species, while microbial communities refer to multiple genera and species. 

Biodegradation almost exclusively involves microbial communities. 

A second aspect to address is the acclimation phase. Following exposure of the 

microbial community to a contaminant, there is a period in which very little or no 

biodegradation occurs. This is known as the acclimation phase or lag period and is a time 

of adaptation for the microbial community. The duration of this phase depends greatly 

on a variety of factors, including the microbial community, the nature and concentration 

of the contaminant, the process of adaptation, and environmental conditions (pH, 

aeration, and nutrient status, etc.). Acclimation has been shown to be longer with lower 

temperatures and higher contaminant concentrations (Alexander 1999). It has also been 

observed that successive introductions of contaminant produces larger microbial 

populations and, therefore, shorter acclimation phases and faster biodegradation. 

The presence of an acclimation phase has been attributed to several theories 

(Alexander 1999): 

• Proliferation of sub-communities - This theory is based on the assumption that 

the microbial community capable of degrading the contaminant forms a small 

percentage of the total community and that there is a selective growth of a sub-

community. Once this community becomes sufficiently large, the contaminant 

begins to decline. If this is the only reason for the acclimation, then any factor 

that increases the growth rate will decrease the acclimation period (ex. nutrients N 

and P). 
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• Presence of toxins - If the contaminant concentration is too high, very few of the 

microorganisms will be tolerant enough to proceed with degradation. Also, if 

there is a mixture of contaminants, there may be an inhibitory substance. Once 

this substance disappears, biodegradation will readily occur. 

• Predation by protozoa - Predatory activities lengthen the acclimation period. 

• Appearance of new genotypes - New genotypes can arise through mutation or 

gene transfer between species. Although this occurrence gives rise to a selective 

advantage, its frequency is low. 

• Enzyme induction - It is important to note that many of the enzymes required for 

degradation of contaminants are not constitutively expressed, that is they are not 

expressed at all times. The induction of appropriate enzymes is responsible for 

only the initial portion of the acclimation phase. 

The acclimation phase may be due to one or more of these theories and has the ability to 

alter the kinetic pattern observed during biodegradation. 

Kinetics can vary based on the dynamics of bioremediation. Microbial kinetics can 

be a description of (Varfolomeyev, Spivak, and Zavialova 1997): 

• Biodegradation by non-growing microbes, 

• Biodegradation by growing microbes, 

• Multi-step processes, or 

• Biodegradation by microbial consortia. 

The last two of these scenarios are particularly important in bioremediation, but have not 

been studied extensively. 

Microbial kinetics are generally described as zero-, first-, or second-order. Zero-

order kinetics describe linear biodegradation where there is a limiting factor that causes 

either logistic growth or no growth of the population or community. This type of kinetics 

can be used to describe a situation in which initial bacterial growth is rapid as the 

aqueous (readily bioavailable) compounds are utilized, but slows as the substrate 
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becomes limiting. Biodegradation of carbon compounds with low water solubilities has 

been found to exhibit zero-order kinetics. First-order kinetics occur when the substrate 

concentration is less than the substrate concentration at which growth is half of the 

maximum growth rate (K s). Here, the cell number remains relatively constant. If the 

logarithm of the concentration of the remaining chemical as a function of time generates 

a straight line, then the degradation can be considered first-order. This type of kinetics is 

often used in biodegradation models because it is easily incorporated. However, 

incorrect application of this relationship can lead to inaccurate predictions regarding 

contaminant persistence and biodegradation. Second-order kinetics occur when the rate 

is proportional to both substrate concentration and microbial biomass. Refer to Figure 

4.7 for a graphical representation of these kinetics. 

TME > 

Figure 4.7 - Various patterns of biodegradation kinetics (Alexander 1999). 
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Simple mathematical expressions exist that represent kinetics of non-growing and 

growing microbes. In the case with non-growing microbes, the concentrations of 

bacterial cells and enzymes remain relatively constant. Here, the kinetics are expressed 

as (Varfolomeyev, Spivak, and Zavialova 1997): 

S(t) = S0e~kobs' 

S(t) = substrate concentration at time t 

So = initial substrate concentration 

-Jcnbs = reaction rate constant 

t = time 

For growing microbes, the Monod equation is applied. The Monod equation, stated 

below, is used to represent a bacterial population using one organic compound for carbon 

and energy where there are no limiting factors other than substrate concentration 

(Alexander 1999). 

a S 
. . "max 

" Ks + S 

fi = specific growth rate 

£tmax = maximum specific growth rate 

5 = substrate concentration 
Ks = substrate concentration at half the maximum growth rate 

K s indicates the affinity of the organism for the substrate, with a lower value 

indicating a higher affinity. For mixed cultures or environmental samples, more than one 

K s may be observed due to heterogeneity. 
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With a substrate concentration much greater than K s , a decrease in substrate does not 

significantly affect the growth rate because much of the growth occurs with sufficient 

substrate. The rate begins to decrease only once the substrate is nearly gone. With a 

substrate concentration less than K s , the growth rate declines at progressively lower 

substrate concentrations, producing longer doubling times. This is known as logistic 

growth. With this low substrate concentration, appreciable increases in cell numbers can 

only occur with a small initial population size, therefore this pattern of biodegradation 

requires low substrate and few cells. The maximum growth rate depends on the 

organisms present and will decrease with increased substrate complexity (Crueger and 

Crueger 1989). 

Biodegradation is generally non-linear (although some linear relationships have been 

observed) and the shape of the curve is primarily due to changes in substrate and biomass 

concentration (Brunner and Focht 1984). Thus, biodegradation curves can have one of 

two patterns: negative exponential and sigmoidal. The negative exponential pattern 

occurs with labile substrates and a high initial cell density that does not increase 

appreciably, producing first-order kinetics. Sigmoidal patterns occur with more refractile 

substrates, such as hydrocarbons with low water solubilities. 

Although a number of models have been developed to describe biodegradation 

kinetics, it is important to recognize their limitations. It is crucial to balance simplicity 

with the requirement to fit the data in order to have a biologically meaningful 

interpretation of the data (Jacobsen and Gayazo 1997). Due to the complexity and 

heterogeneity of natural systems, the application of existing kinetic models is 

questionable for many reasons (Alexander 1999). Disadvantages of the logistic equation 

are that it is not applicable when growth does not occur, it is not deterministic so rate 

constants have no intrinsic meaning, and the biomass must be measured (Brunner and 

Focht 1984). Bacterial growth is difficult to measure, with each method having its own 

limitations, and can therefore remain an unknown variable in biodegradation kinetics 
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(Schwartz and Scow 1999). Criticisms of Monod (first-order) kinetics are that they are 

more suitable to continuous systems than to batch culture systems, including soils. Also, 

the linear approximation of the change in substrate concentration over time becomes very 

inaccurate as the time intervals increase (Brunner and Focht 1984). Monod kinetics 

cannot be applied for long-term studies since the substrate concentration cannot be 

expressed as an explicit function of time. Second-order kinetics ignore metabolism 

without growth and do not include a lag phase. 

Other criticisms of conventional kinetics deal with aspects that are generally not 

considered in these models. Diffusional barriers may inhibit contact between bacterial 

cells and contaminants, reducing biodegradation rates. Sorption of contaminants to soil 

particles and organic matter can affect bioavailability, again reducing biodegradation 

rates. The presence of alternate substrates, such as organic matter, can redirect microbial 

degradation activities away from the contaminants. The supply of nutrients, electron 

acceptors, and growth factors can also play a role in determining biodegradation rates. 

Microbial communities have various genera and species, with differing kinetic 

parameters (ex. Kg). Thus, the composition of the microbial community at a given time 

will affect biodegradation kinetics. Predation, as described in section 4.2.3.3, has the 

potential affect the microbial community in a number of ways that are not yet fully 

understood. Compounds with low water solubilities may be utilized in a different fashion 

than aqueous compounds (as described in section 4.2.2.2). Attachment and sorption of 

microbes to soil surfaces can affect microbial growth patterns. The metabolism of these 

microbes is of significance since most microorganisms in the subsurface exhibit attached 

growth (Zhang et al. 1995). Acclimation periods can affect kinetics and are not yet well 

understood since their length and properties can vary. Mixtures of compounds can be 

degraded with different kinetics than single compounds due to substrate interactions 

(Guha, Peters, and Jaffe 1999). For example, the presence of one compound can inhibit 

the degradation of another compound (competitive inhibition), resulting in longer half-

lives than those found in single-substrate systems. In addition, co-metabolism can 
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override the effects of competitive inhibition. Substrate interactions are expected to be 

significant in the environment. Finally, toxicity can play a role in microbial kinetics by 

affecting the growth and survival of microbes. As can be seen, there are many 

influencing factors when dealing with biodegradation kinetics. Recent literature has 

presented attempts to overcome some of these deficiencies when applying conventional 

kinetic models to biodegradation of contaminants. These are discussed below. 

With persistent compounds, different kinetics are observed. Currently, there is no 

mathematical formulation for the kinetics of persistent compounds and most of the 

information has been obtained from long-term field evaluations. The pattern of kinetics 

observed is best described as "hockey stick-shaped" kinetics (Alexander 1999). Within 

this pattern, the initial phase decline is rapid followed by a phase of no or low decline. 

Unlike other kinetic patterns, the "hockey stick" relies on a time-dependent change in 

bioavailability and the portion of remaining compound can vary significantly (Alexander 

1999). 

Ghoshal and Luthy (1998) developed a model to describe the dissolution of 

naphthalene from a NAPL, in this case coal tar, and its subsequent biodegradation in 

completely mixed batch reactors. This model is based on Monod growth kinetics, but 

includes modifications to account for equilibrium partitioning, mass transfer, and 

inhibition by toxic by-products. Guha et al (1999) looked at a multi-substrate Monod 

kinetic model to describe biodegradation kinetics using a liquid-phase bioreactor. 

Due to the ability of some bacteria to access the non-aqueous and sorbed phases of 

contaminants, biodegradation models cannot be solely based on aqueous phase 

concentrations (Poeton, Stensel, and Strand 1999). This is demonstrated by Poeton et al 

(1999) who found higher degradation rates of phenanthrene and fluoranthene in the 

presence of sediment than in its absence, despite equal aqueous concentrations in both 
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cases. This phenomenon was attributed to bacterial attachment to sediment particles, 

facilitating access of the bacteria to the contaminants. 

Models are typically based on the Monod equation, but this approach assumes that the 

bacterial numbers are known and that the substrate is depleted (Jacobsen and Gayazo 

1997). Obviously, this is an incorrect assumption for soil environments. For this reason, 

the three-half-order kinetics model is proposed for the mineralization of organic 

compounds in soil. The benefits of this model are that it includes the acclimation phase, 

is applicable under various microbial growth conditions, and incorporates the slow 

mineralization phase often observed in the latter portion of biodegradation curves 

(Alexander 1999). Also, this model is not based on enzyme kinetics, as are the Monod-

based models, and it allows the growth of the microbial populations on substrates other 

than the contaminant (Jacobsen and Gayazo 1997). 

Two forms of the three-half-order model can be applied depending on whether 

growth is linear or exponential. The linear growth form is used for little or no growth and 

is represented by the following equation: 

P = concentration of product 

ki = proportionality constant per unit time 

&2 = constant in units of reciprocal time squared 

ko = zero-order rate constant 

The exponential growth form of the model is represented by a separate equation: 

The three-half-order model has been fit to curves of biphenyl mineralization in soil 

(Brunner and Focht 1984). The reader is referred to Brunner and Focht (1984) for a more 

detailed description of this model and its derivation. 

-MexpGuO-l) \ + k0t 
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With multiple substrates, the Monod equation can simply be expanded (Crueger and 

Crueger 1989): 

( \ 

Jc \ S i Jc 1 S1 k • S • 
+ —2-^— + + k:+S 

1 

With an excess of all substrates p = and the culture exhibits logarithmic growth. 

With pollutants, there is a ceiling substrate concentration, above which the conditions 

become toxic. For this reason, a modified Monod equation (Haldane modification) can 

be used (Alexander 1999): 

K+S + s ' K, 

Ki = inhibition constant 

The Haldane modification has been used to describe the biodegradation of phenol and 

pentachlorophenol by bacteria (Alexander 1999). 

Tabak and fellow researchers (Tabak and Govind 1997; Tabak et al. 1997; Tabak et 

al. 1998) proposed a protocol for determining biodegradation kinetics. It is summarized 

in Figure 4.8. 
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AEROBIC BIODEGRADATION IN SURFACE 

DETERMINE SOIL CHARACTERISTICS (ORGANIC 
CARBON, PARTICLE SIZE, etc.) 

ABIOTIC 
MECHANISMS 

DETERMINE PRIMARY 
DEGRDATION RATES 
USING MICROCOSMS 

KINETICS AND i 1  

EQUILIBRIA FOR DETERMINE BIOKINETICS USING 
ADSORPTION AND SOIL SLURRY, WAFER, AND 

DESORPTION COLUMN REACTORS 
- T - 1 (RESPIROMETRY) 

DERIVE DIFFUSIVITIES IN 
SOIL - QUANTITATIVE 

BIOAVAILABILITY 

RADIOLABELED COMPOUND TO 
VERIFY BIO-MINERALIZATION 

(RADIORESPIROMETRY) 

OBTAIN BIOREMEDIATION RATES AND TREATMENT 
END-POINTS 

Figure 4.8 - Protocol for determining biodegradation kinetics and attainable end-points (Tabak et al. 

1997). 

Although this model includes adsorption/desorption effects, they are evaluated under 

sterile conditions and, therefore, do not account for the presence of biosurfactant-

producing microbes that can alter desorption processes. 

Biodegradation rates for crude oils vary with respect to differences in composition, 

which is indicated by the hydrocarbon class distribution (percent saturates, aromatics, and 

polars, etc.) and the amount of n-alkanes versus branched and cyclic alkanes within the 

saturated hydrocarbon class (McMillen et al. 1995). For example, API gravity has been 

found to be a reliable indicator of the relative biodegradability of crude oils, with a high 
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API gravity indicating a high percent crude oil loss (McMillen et al. 1995). API gravity 

is a standard measurement of specific gravity of a crude oil at 16°C. Crude oil with an 

API gravity greater than 30° is readily degraded, while crude oil with an API gravity less 

than 20° is slow to degrade (McMillen et al. 1995). Positive correlations have also been 

found between biodegradation and amount of n-alkanes, total saturates, total resolved and 

unresolved saturates and aromatics detected by GC/FID, and ratio of saturates to 

aromatics. Negative correlations have been found with total aromatics, NSOs, 

asphaltenes, and sulphur content. It is important to note that this study does not account 

for weathered oil. Biodegradation rates also vary with soil type and salinity. For 

example, sandy soils have lower microbial activity and, therefore, lower biodegradation. 

Also, high salinity (measured as electrical conductivity ~12-30mmhos/cm) significantly 

reduces (by 60-80%) microbial activity (McMillen et al. 1995). 

There are a number of conclusions that can be drawn from this discussion on kinetics. 

1) Substrate interactions exist, but there is no simple rule to predict them (Guha, 

Peters, and Jaffe 1999). 

2) Bioavailability affects biodegradation and, therefore, must be included in models. 

3) Substrate availability is affected by the microbial community (i.e. the presence of 

biosurfactant-producing microbes). The bioavailable fraction will differ 

according to the microbial community and its abilities (direct utilization, 

solubilization via biosurfactants, etc.). 

4) Bioremediation kinetics involve mass transport, bacterial transport, and 

biodegradation rates for both aqueous and soil phases (Tabak and Govind 1997). 

5) The removal of readily available fractions is primarily governed by 

biodegradation kinetics while that of less available (sorbed) fractions is primarily 

governed by desorption rates (Poeton, Stensel, and Strand 1999). 

6) The interplay between desorption and biodegradation is important and site-

specific. Knowledge of this will affect bioremediation predictions. 
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7) Current attempts to generate biodegradation models seem to focus on one aspect, 

such as the effect of multiple substrates or bioavailability. Further research is 

needed for these models to evolve into more comprehensive entities. 

8) The question remains of how to model complex systems with multiple metabolic 

pathways (Reardon, Mosteller, and Rogers 2000). 

9) It is unlikely that any ubiquitous model for biodegradation exists. 

4.4 Psychrophiles/psychrotrophs 

Since this document focuses on cold temperature bioremediation, it is necessary to 

provide a brief discussion of cold-climate microbes. These microbes can be divided into 

two groups: psychrophiles and psychrotrophs. Psychrophilic and psychrotrophic bacteria 

are very widespread in the environment due to the abundance of low temperature habitats 

(more than 80% of the biosphere has temperatures below 5°C) (Margesin and Schinner 

1994). Psychrophiles have an optimum temperature of ~15°C or lower with a maximum 

growth temperature of 20°C or less. These bacteria are restricted to permanently cold 

habitats. Psychrotrophs (previously known as facultative psychrophiles) are cold tolerant 

bacteria with a maximum growth temperature of 20°C or more. This group is widespread 

in natural environments and can withstand thermal fluctuations. Because of their ability 

to withstand diurnal and seasonal temperature fluctuations, cold-adapted bacteria have an 

ecological advantage over mesophilic bacteria (Margesin and Schinner 1994). It is 

important to distinguish between psychrophiles and psychrotrophs, as they can be found 

under different conditions and require different conditions to grow. 

Some common cold-adapted bacterial genera are given in Table 4.2. 
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Table 4.2 - List of some cold-adapted bacterial genera (Margesin and Schinner 1994) 

Pseudomonas 
Achromobacter 
Alcaligenes 
Flavobacterium 

Aeromonas 
Xanthomonas 
Escherichia 
Serratia 

Proteus 
Arthrobacter 
Micrococcus 
Bacillus 

The following is a discussion of bacterial adaptations to cold temperatures. It appears 

from the literature that these adaptations are an overall cellular phenomenon (i.e. there is 

no single determinant of cold temperature adaptation) (Berry and Foegeding 1997). 

Knowledge of these adaptations could provide insight into mechanisms to control 

psychrotrophic and psychrophilic bacterial growth. 

With a decrease in temperature, there is inhibition of membrane function due to lack 

of fluidity. By improving the fluidity of the lipids within the cell, bacteria are more able 

to function at lower temperatures. Maintaining membrane fluidity is important at lower 

temperatures to preserve the efficiencies to electron transport, ion pumping, and nutrient 

uptake (Gounot 1991; Margesin and Schinner 1994). This is accomplished by 

incorporating more low melting point fatty acids into the membrane lipids (Berry and 

Foegeding 1997). For example, higher levels of unsaturated fatty acids are found in 

many cold tolerant bacteria (Berry and Foegeding 1997; Jay 1996). 

The cell components most susceptible to temperature are proteins, since their 

configurations can be altered such that they are inactivated (Berger et al. 1996). Protein 

adaptations are therefore needed such that key regulatory proteins and metabolic enzymes 

maintain their functionality. Proteins that have looser, more flexible conformations 

exhibit higher specific activities at lower temperatures and are not prone to cold 

denaturation (Berry and Foegeding 1997; Margesin and Schinner 1994). Initially, cold-

active enzyme activity was thought to contradict the Arrhenius rule where activity 

decreases by one half with each 10°C decrease in temperature. However, these enzymes 
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are able to shift their peak activities to a lower temperature range to achieve greater 

functionality (Brenchley 1996). In addition, enzyme concentration could be increased to 

elevate enzyme activity (Margesin and Schinner 1994). 

Growth rate alterations also enable bacteria to function and grow under cold 

temperatures. The Arrhenius range is that range of temperatures in which the growth rate 

varies (in a linear fashion) as a simple function of temperature. The growth rate then 

decreases rapidly outside of this range. However, there is evidence that a psychrotrophic 

P. fluorescens exhibits two linear regions or domains of growth rate within its growth 

temperature range between 0°C and 30°C (Berry and Foegeding 1997). Two different 

rates are clearly visible above and below 17°C, indicating a growth adaptation at lower 

temperatures and that the relationship between growth rate and temperature is not simply 

linear. 

A cold shock response has also been observed in cold temperature bacteria (Berger et 

al. 1996). Several functions for these cold shock and cold adaptation proteins have been 

postulated (Berger et al. 1996; Berry and Foegeding 1997): 

• Assistance in gene expression through function in transcription and translation 

• Elimination of denatured proteins (whose build-up could become toxic) through 

action as cold-specific proteases 

• Maintenance of membrane fluidity 

• Action as antifreeze proteins or as enzymes which produce antifreeze substances 

As can be seen from this discussion, a number of mechanisms exist that can assist 

bacteria in functioning under cold temperature conditions. Future research will provide 

further insight into this phenomenon and may aid in the manipulation of cold-climate 

microbial communities for more efficient bioremediation. 
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4.5 Cold temperature biodegradation cases 

The following is a discussion of several cold temperature bioremediation cases, 

providing concrete evidence of significant microbial activity at lower temperatures. 

4.5.1 Toluene degradation at Adak, Alaska 

This study (Bradley and Chapelle 1995) was conducted with the aim of re-examining 

the assumption that biodegradation rates are depressed under low temperature conditions 

as compared to ambient conditions. A comparison was drawn between the aerobic 

toluene mineralization in two shallow aquifer tables with different temperatures (5°C and 

20°C). In this case, toluene was used as a model petroleum compound. The rate 

observed in the lower temperature sediment was comparable to that observed in the 

warmer temperature sediment, indicating that biodegradation rates cannot be predicted 

using the Arrhenius equation. These results have also indicated that it is inappropriate to 

estimate biodegradation rates based on the behaviour and activity of a microbial 

community that is indigenous to more temperate environments. 

The Adak study has two implications. Firstly, microbes indigenous to cold 

temperature environments are capable of rapid aerobic degradation of petroleum 

hydrocarbons, suggesting that intrinsic bioremediation is a viable option at cold-climate 

sites. Secondly, previous assumptions with respect to biodegradation rates and the effect 

of temperature are erroneous and biodegradation should be estimated using the 

indigenous microbial community and the in situ temperature conditions. 

4.5.2 Bioremediation of dies el-contaminated soil 

A study (Margesin and Schinner 1997b) involving bioremediation experiments was 

conducted using diesel-contaminated alpine soil. Results indicated that the highest 

decontamination rates were 43% at 10°C and 55% at 25°C. Although rates were 
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somewhat slower at the lower temperature, they did not adhere to the Arrhenius equation. 

This study has also indicated that indigenous bacteria are adapted to cold temperatures 

and that the application of cold-adapted biodegradation activity would be suitable for 

reducing remediation time. Cold-adapted microbial communities are an important 

consideration during feasibility studies and evaluation of bioremediation treatments. This 

demonstrates that acknowledgement of the challenges presented at cold climate sites (ex. 

nutrient deficiencies) and mitigation of these within a remediation program can produce 

positive remediation results. 

4.5.3 Crude oil bioremediation Prudhoe Bay, Alaska 

This field study (Jorgenson et al. 1992) involved the bioremediation of a 20-year-old 

crude oil spill near Prudhoe Bay, Alaska. Challenges at the site included the remote 

location, organic and saturated soil, and cold temperatures. Biodegradation conditions 

were enhanced by increasing aeration (by tilling) and improving the nutrient status (by 

fertilizing). Since the spill was 20 years old, it was assumed that the indigenous 

microbial community had sufficiently acclimated to the contaminants, making inoculum 

addition unnecessary. Monitoring of hydrocarbons degradation and the environmental 

parameters affecting degradation took place throughout the treatment. During the first 

growing season (53 days), bioremediation was shown to reduce the residual 

contamination by 74%. 

4.6 Summary 

To summarize the biodegradation portion of this document, a table (Table 4.3) of 

factors affecting biodegradation was constructed. 
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Table 4.3 - Factors affecting biodegradation 

Factor Importance 

Microbial community Enzymes and other High 
mechanisms 

Bioavailability Sorption Medium-high 
Solubility Medium-high 
Molecular weight Medium 
Microbial movement Medium 

Environmental Abiotic Temperature Low 
parameters pH Low-medium 

Moisture High 
Salinity Medium 
Toxins Low-medium 

Nutrients High 
Biotic Microbial High 

community 
Synergism Medium 
Predation Medium 
Vegetation Medium 

A l l of these factors are able to affect, to various degrees, the kinetics of 

biodegradation and, therefore, the potential level of success for bioremediation. It is 

crucial to acknowledge these factors when applying bioremediation to a cold-climate site. 

The discussion of psychrophiles and psychrotrophs indicated the mechanisms exist to 

enable bacteria to function under cold temperatures. Finally, the application of the 

knowledge of cold-temperature biodegradation to laboratory and field studies has 

dispelled some of the myths regarding cold-climate bioremediation and has indicated the 

bioremediation should be seriously considered for the remediation of contaminated sites 

in cold climates. 
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CHAPTER 5: REGULATORY CONSIDERATIONS 

5.1 Introduction 

The completion of a remediation plan within an acceptable timeframe depends not 

only on the technical issues but also on the knowledge and ability to operate within the 

regulatory environment. Regulatory aspects affect the designation of a site as 

contaminated, the decisions required within the remediation process, and any subsequent 

monitoring that is required. This regulatory framework that governs the cleanup of 

petroleum-contaminated sites in Alberta and the Northwest Territories will be the focus 

of this chapter. In particular, the relevant acts, guidelines, and codes of practice that 

affect all levels of the remediation process will be discussed. Discussion will begin with 

regulatory frameworks in Alberta and the Northwest Territories, and follow with the 

federal framework. 

Prior to this discussion, it is necessary to define several terms. Acts refer to formal 

decisions made by government that form the basis for regulations and are enforceable 

under law. Guidelines represent an indication of possible future decisions that could be 

made by government and are generally scientifically based. Codes of practice are a 

collection of rules representing accepted professional operating practice. 

5.2 Alberta 

In Alberta, the section of governing legislation pertaining to environmental issues is 

the Environmental Protection and Enhancement Act, or EPEA, which was enacted on 

September 1, 1993. The purpose of the EPEA is to provide an integrated approach to air, 
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land, and water protection (AEP 1999). EPEA and related provincial guidelines and 

directives that pertain to contaminated soils are discussed in this section. 

5.2.1 Contamination under the Act 

EPEA specifically addresses the release of substances through several industry and 

government responsibilities (AEP 1996a). First, industry is held accountable for the 

identification and elimination of contaminant release sources (section 97). Second, there 

is an obligation for industry to engage in compulsory monitoring under Alberta 

Environmental Protection's (AEP's) regulatory program, with monitoring requirements 

specified under approvals or codes of practice that differ within industry sectors (AEP 

1997). Third, the release of substances into the environment must be reported (section 

99) and followed by identification and remediation of contamination before adverse 

affects to the environment occur (section 101). 

Under EPEA, there are three mechanisms for effecting the implementation of 

remediation of contaminated sites (Broughton 1993). "Releases of Substances" (Part 4, 

Division 1) applies to events such as leaks, spills, and permit exceedances. Examples of 

provisions within this mechanism are mandatory site cleanup through section 101 and the 

issuance of Environmental Protection Orders (EPOs). "Contaminated Sites" (Part 4, 

Division 2) applies to sites contaminated for some time, orphaned sites, and sites 

contaminated from past and current activity. The designation of a contaminated site 

(section 110) by AEP and the possible awarding of attendant powers to the Director 

(section 114) can occur when contamination has already caused an adverse affect. Other 

provisions within this mechanism include the appointment of accountability by AEP, 

assignment of cleanup costs, and the possible contribution of finances from a 

Government Fund (Broughton 1993). "Conservation and Reclamation" (Part 5) applies 

when projects reach the end of their economic life and includes issuance of Reclamation 

Certificates (AEP 1994b). Within this mechanism, on-going liability of oil and gas 

operators with respect to remediation and reclamation is assured before and after the 
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issuance of a Reclamation Certificate. Two or three of these mechanisms can be applied 

concurrently in field situations. 

Table 5.1 lists the AEP Acts, regulations, and guidance documents that could apply to 

the bioremediation of contaminated soils and sites. 

Table 5.1 - AEP Acts, Regulations, and guidance documents applicable to contaminated soils and 

sites and to bioremediation (EUB 2000) 

Act or Regulation Description 

EPEA Establishes principles and legal 
requirements for waste management, 
including release of substances, 
environmental assessment processes, and 
enforcement activities. 

Activities Designation Regulation (ADR) Identifies waste management activities 
requiring approval, registration, or 
notification. 

Waste Control Regulations (WCR) 

Approvals and Registrations Procedure 
Regulation (AR 133/93) 

Establishes administrative procedures and 
technical criteria for waste and 
management, waste importation, 
manifesting, and financial security. 

Outlines approvals (new and renewals) 
and registrations procedures. This 
includes filing of the application, 
notification of the public (if necessary), 
review of the application, decision to 
grant approval (including any terms and 
conditions), and provisions for appeal. 
Division 1 applies to Waste Management 
and Division 3 applies to Conservation 
and Reclamation. 
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Table 5.1 - (conf) 

Release Reporting Regulation (AR 
117/93) 

Environmental Assessment (Mandatory 
and Exempted Activities) Regulation (AR 
111/93) and Environmental Assessment 
Regulation (AR 112/93) 

Alberta User Guide for Waste Managers 

Code of Practice for Composting 
Facilities 

Specifies the minimum reportable 
quantities of substances as referenced in 
the Transportation of Dangerous Goods 
Act (Canada) and in the lists of toxic 
substances, prohibited substances and 
restricted substances under the Canadian 
Environmental Protection Act. Outlines 
reporting requirements. 

Outlines environmental assessment 
process, which includes a prediction of 
the environmental, social, economic and 
cultural consequences of a proposed 
activity and an assessment of plans to 
mitigate any resulting adverse impacts. 

Provides a practical outline of the 
regulatory requirements within AEP 
hazardous waste/recyclable management. 

Outlines accepted industry practice for 
composting facilities. 

Code of Practice for Land Treatment and 
Disposal of Soil Containing 
Hydrocarbons (draft) 

Outlines accepted industry practice for 
land treatment and disposal of 
hydrocarbon-contaminated soil. 

5.2.2 Standards and guidelines 

Through EPEA, the primary goal of the province is to restore contaminated sites to 

equivalent land capability (AEP 1996a). Land capability is defined as "the ability of land 

(unaltered by future management inputs, activities, or alterations) to support a given land 

use, based on an evaluation of the physical, chemical, and biological characteristics of the 

land, including topography, drainage, hydrology, soils, and vegetation" (AEP 1994c). 

Restoration to equivalent land capability means that any degradation of the land such that 
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it cannot support various land uses must be mitigated. Failure to comply restricts land-

use options (AEP 1996a). Standards and guidelines developed by various government 

agencies serve to achieve this goal and guide the process of remediation and reclamation. 

5.2.2.1 Contaminant levels 

Contamination at a given site must first be assessed before remediation can 

commence. Levels of contaminants present can be assessed by generic, modified 

generic, or site-specific standards set out by various government agencies. Likewise, 

remediation objectives can be based on either generic (or modified generic) guidelines or 

site-specific risk assessment. Before further discussion, it is important to distinguish 

between site assessment criteria and remediation criteria (Thorne and Basso 1998). 

Assessment criteria refer to the approximate background concentrations or approximate 

analytical detection limits for contaminants and are used to assess the site, while 

remediation criteria depend upon specified end land use and are used to generate and 

evaluate remediation objectives (Thorne and Basso 1998). In the case of criteria set out 

by Alberta Environment (Alberta Tier I), assessment and remediation criteria are the 

same. Other agencies, such as the Canadian Council of Ministers of the Environment 

(CCME), have separate criteria for assessment and remediation. 

The generic standards that are accepted by Alberta Environment are: 

• Alberta Tier I Criteria for Contaminated Soil Assessment and Remediation (AEP 

1994a), 

• Canadian Soil Quality Guidelines for Contaminated Sites (CCME 1999), and 

• Interim Canadian Environmental Quality Criteria for Contaminated Sites (CCME 

1991). 

The difference between Alberta Tier I criteria and C C M E criteria is that Tier I is 

designed to protect all land uses, while C C M E is directed towards particular land uses 

(AEP 1996a). Alberta Tier I criteria are used to determine the need for remediation and 
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to evaluate the success of remediation applications. These were developed by AEP in 

accordance with the National Guidelines for Decommissioning Industrial Sites (CCME 

1991) (AEP 1994a). A complete listing of these standards is provided in Appendix A. In 

the spring of 2001, a new set of C C M E criteria specifically for petroleum hydrocarbons 

was adopted and plans are now underway for its implementation (see section 5.5.2). 

Generic soil quality standards apply to sites with the following characteristics (AEP 

1996b): 

• clay content greater than 5% 

• soil pH between 6.0 and 8.5 

• seasonal water table no closer than one metre to the soil surface 

• background concentration of a given substance does not exceed the standard 

Site-specific standards are applied when the site does not possess the aforementioned 

characteristics or when it contains a contaminant not listed under the Tier I or C C M E 

criteria. In this case, the standard is based on: 

• background concentration of the substance, 

• C C M E protocol (CCME 1996. Guidance Manual for Developing Site-Specific 

Soil Quality Remediation Objectives for Contaminated Sites in Canada. C C M E . 

En 108-4/9-1996E), 

• another jurisdiction, and/or 

• site-specific risk assessment techniques. 

These site-specific standards must be approved by AEP before they can be applied to a 

site. 

Site-specific risk assessment is a means to quantify the risk of contamination at a 

particular site given the particular conditions at that site. This assessment can pertain to 

human health and/or ecosystem health and is used to determine site-specific remediation 

criteria. Risk assessment can also be used to generate and evaluate remedial alternatives. 
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The risk assessment process begins with problem formulation where a conceptual 

model is developed that relates contaminant distribution and concentration to the 

receptors on the site (AEP 1996a). A site investigation will determine the nature and 

extent of contamination and identify potentially affected populations. Following this, an 

exposure assessment is conducted to describe the pathways through which the 

contaminants travel to the receptor, allowing an estimation of contaminant uptake. Next, 

a toxicity assessment is performed to evaluate the potential effects of the particular 

contaminants upon the receptors (AEP 1996a). Finally, a risk characterization is 

conducted that compiles the results from the exposure and toxicity assessments. 

Acceptable risk is defined and remediation criteria (Tier III) are set as such. Further 

information on the risk assessment process can be found in Chapter 6 of this document 

and in the 1996 C C M E document: A Framework for Ecological Risk Assessment: 

General Guidance. Once the risk assessment is complete, a remediation plan can be 

designed and submitted to AEP for approval. The approval by AEP is required prior to 

implementation of the remediation plan. A l l stages of the risk assessment should involve 

AEP to facilitate the approval process. Monitoring and confirmatory testing are required 

to ensure that the remediation criteria have been met. 

Risk assessment can be applied to any contaminated site, however specialized criteria 

have been developed for sites with contamination from petroleum storage tanks. The 

assessment and remediation process for petroleum storage tanks follows a separate set of 

guidelines based on a screening-level risk assessment process (Remediation Guidelines 

for Petroleum Storage Tank Sites, 1994) (Thorne and Basso 1998). Petroleum storage 

tanks can be either underground or above ground tanks that hold gasoline, diesel, heating 

oil, aviation fuel, used oil, or related petroleum products (Thorne and Basso 1998). 
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Although risk assessment is site specific and allows for more flexibility, AEP expects 

that a low percentage of sites will be considered for risk assessment due to the large 

amount of information required (Howat 2001). 

5.2.2.2 Hydrocarbon assessmen t 

To properly assess a crude oil- or diesel-contaminated site and to determine the 

effectiveness of remediation, hydrocarbons at the site must be assessed. Hydrocarbon 

assessment is conducted according to standard methods such that comparisons can be 

drawn among levels found at the site, the appropriate criteria, and data from scientific 

studies. Several common terms used in hydrocarbon assessment will now be presented. 

It is important to recognize these terms and their definitions in order to accurately assess, 

monitor, and report remediation progress. 

The term "petroleum hydrocarbons" refers to a variety of organic chemicals that are 

derived from geological petroleum deposits (AEP 1993). Petroleum hydrocarbons can be 

separated into classes based on a polar separation scheme. The differences among these 

classes (saturates, aromatics, polars, and asphaltenes) were discussed in Chapter 3. 

"Total Petroleum Hydrocarbons" (or TPH) has been defined in several ways (AEP 

1993): 

1) Dichloromethane-extractable (EPA Preparation Method 3540A, EPA SW-846) 

hydrocarbons measured by gas chromatography (GC) or infrared spectrometry 

(IRS) after cleanup on silica gel to remove polar compounds (ex. fatty acids from 

biomass). 

2) Freon-113-extractable hydrocarbons measured by IRS after cleanup on silica gel 

to remove polar compounds (EPA Method 9073). 

3) Sum of extractable (GC or IRS) and purgeable (GC) petroleum hydrocarbons 

(Alberta MUST Program 1991). Purgeable hydrocarbons refers to volatile 

hydrocarbons released by EPA Preparation Method 5030 and generally quantified 
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below CIO only. Detection is normally by GC equipped with a flame ionization 

detector (GC-FID). When monoaromatics or other low molecular weight 

unsaturates are expected to dominate the volatile fraction a photoionization 

detector (GC-PID) can be used and may be preferred. 

"Oil and grease" is defined as hydrocarbons extracted by various solvents including 

hexane, hexane/acetone, hexane/methyl-t-butyl ether, freon, pentane, and 

dichloromethane. Detection may be gravimetric or by IRS. 

"Mineral oil and grease" is the same as oil and grease with the exception that the 

extract is cleaned up on a silica gel column to remove polar compounds. 

"Total extractable hydrocarbons" is the same as oil and grease, but with detection by 

GC-FID. 

Once hydrocarbons have been assessed, their levels are compared to assessment and 

remediation criteria. Exceedances indicate the need for further action. 

5.2.2.3 Soil monitoring 

The soil monitoring program in Alberta was developed under section 14(4) of EPEA. 

Soil monitoring is a tool used to assess environmental performance relating to the 

management of soil quality and is a requirement at any facility where substances may be 

released into the soil (AEP 1996a). For sites having soil contaminants that exceed the 

standards, the approval holder must implement a soil management program and provide 

periodic reports to the Director of Air and Water Approvals (AEP 1996a). For approval, 

the program must address the mitigation of contaminant releases, further assess and 

delineate the contamination, and outline remediation objectives. 
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The Soil Monitoring Directive of AEP outlines soil monitoring proposal 

requirements, monitoring procedures, soil quality standards, and soil monitoring 

summary report requirements (AEP 1996b). Proposal requirements include, but are not 

limited to: 

• soil sample collection schedule 

• description of activities occurring at the facility 

• description of changes at the site since the last soil monitoring event 

• locations for chemical handling, processing, and storage 

• sample collection locations with rationale for their selection 

• list of facility-specific substances to be analyzed 

• sampling procedures 

• analytical methods 

• summary of soil remediation activities previously undertaken 

Monitoring procedures state that areas of known soil contamination and areas at risk 

for contamination must be monitored. Examples of areas at risk are chemical storage 

areas, equipment storage areas, and unlined drainage ditches. Those areas that have been 

protected from contamination are exempt from soil monitoring. If soil monitoring is 

being carried out for the first time, background soil data is required from two 

uncontaminated sites with similar soil characteristics. Participation in a soil monitoring 

program will facilitate the remediation process by providing necessary data and 

information with respect to site conditions. 

Soil samples must be collected such that changes in contaminant concentration with 

depth can be delineated. Suggested depths are indicated in the directive and deviations 

from these guidelines must be rationalized and approved by the Contaminated Sites and 

Decommissioning Branch. Procedures pertaining to sample acquisition, transportation, 

and storage can be found in Guidance Manual on Sampling, Analysis, and Data 

Management Guidelines for Contaminated Sites: Volumes I and II (CCME 1993). 
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Analytical requirements for initial monitoring are as follows (AEP 1996b): 

• pH using the 0.01 M CaCl 2 method * 

• electrical conductivity using the saturated paste method * 

• cation exchange capacity 

• total soil organic carbon 

• particle size distribution using the hydrometer method 

• sodium adsorption ratio 

• total trace elements by strong acid digestion 

• facility-specific substances 
* 

( indicates analysis requirements for subsequent monitoring) 

Facility-specific substances are defined as those that may be present as a result of 

operations. They include: 

• strong acid digestible trace elements such as barium, mercury, cadmium, 

molybdenum, chromium, nickel, cobalt, selenium, copper, vanadium, lead, and 

zinc 

• inorganics such as arsenic, boron, cyanide, and sulphur 

• hydrocarbons such as benzene, ethyl benzene, polycyclic aromatics, toluene, and 

xylenes 

• halogenated organics such as brominated or chlorinated sterilants, dioxins and 

furans, chlorobenzenes, chlorophenols, polychlorinated biphenyls, 

perchloroethylene and vinyl chloride 

• toxic organic precursors, intermediates, products, byproducts, additives, catalysts 

or wastes such as methyl-t-butyl ether, dibenzothiophene, oxazolidone, and 

glycols 



102 

Other parameters such as total petroleum hydrocarbons, mineral oil and grease, and 

biological toxicity data may be used in lieu of more specific chemical analyses, however 

rationale must be given for the substitution in the proposal (refer to C C M E 1996. 

Application of Recommended Whole Organism Bioassays in the Assessment of 

Contaminated Sites in Canada). Test protocols for soil analysis must be obtained from 

the following sources: 

• Carter, M . (ed.) 1993. Soil Sampling and Methods of Analysis. Lewis 

Publishers. Boca Raton, Florida. 

• US EPA 1986. Test Methods for Evaluating Solid Waste. US EPA, Office of 

Solid Waste and Emergency Response. Washington, D.C. 

• C C M E 1993. Guidance Manual on Sampling, Analysis, and Data Management 

Guidelines for Contaminated Sites. Volume I: Main Report. Report No. C C M E -

EPC-NCS-62E, Winnipeg, Manitoba. 

• C C M E 1993. Guidance Manual on Sampling, Analysis, and Data Management 

Guidelines for Contaminated Sites. Volume II: Analytical Method Summaries. 

Report No. CCME-EPC-NCS-66E, Winnipeg, Manitoba. 

The following is a partial list of requirements for the summary report (AEP 1996b): 

• exact locations of sample collection 

• sampling site information (ex. slope, drainage, facility process) 

• sampling increments 

• sampling and analytical methods 

• comparison to background levels 

• tabular summary of analytical results 

• summary of Tier I (or other) exceedances 

• interpretation of analytical results, including an assessment of the need for 

mitigation for further contamination, further definition and delineation of 

contamination, and remediation 
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Quality assurance and quality control data must be collected, but need not be 

contained within the report. 

As mentioned previously, participation in a soil monitoring program will provide 

background data for site conditions and reduce the work required for a site investigation 

prior to evaluation of remediation alternatives. Data gathered in such a program will 

allow for more informed decisions with respect to remediation plans and objectives. 

5.2.2.4 Remediation and Reclamation Certificates 

Once established criteria have been met, and upon AEP inspection, Remediation and 

Reclamation Certificates are issued. The Remediation Certificate is issued once 

contamination has been addressed according to the prescribed guidelines discussed in 

section 5.2.2.1 (AEP 2000b). Complete remediation of the contaminated site is preferred 

over other options, unless it is impractical (AEP 2000b). Issuance of a Remediation 

Certificate does not relieve the party from obtaining a Reclamation Certificate. The 

Reclamation Certificate is the main document for all information on environmental site 

conditions and is required to terminate a lease agreement between the operator and 

landowner. It also indicates whether a Remediation Certificate has been issued and, if 

not, why this is so (AEP 2000b). 

There has been a framework proposed for the management of remediation and 

reclamation of oil and gas exploration and production sites in Alberta. The proposed 

framework is summarized in Table 5.2. 
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Table 5.2 - Summary of proposed management options (modified from (AEP 2000b)) 

Compliance with Criteria 

Tier I Criteria 
(generic) 

Tier II Criteria 
(modified generic) 

Tier III Criteria 
(risk-based) 

Type of Site 
Closure 

Unconditional 
Closure 

Conditional Closure Deferred Closure 

Reclamation 
Certificate 

Eligible. Eligible, if 
remediation plan 
acceptable. 

Not Eligible. 

Remediation 
Certificate 

Not eligible, if site 
found to be 
uncontaminated. 
Eligible, if site 
remediated. 

Not eligible, but 
expected to be 
eligible when 
remediation program 
complete. 

Not Eligible. 

Management 
Plan 

Acceptance 
Letter (from 

AEP) 

Not required. Remediation plan 
acceptance letter 
required. 

Risk management 
plan acceptance 
letter required. 

Landowner 
Agreement 

Not required. Required. Possible 
compensation for 
depreciated value or 
use. 

Required. 
Appropriate lease 
costs or potential 
purchase by 
operator. 

Generally with oil production sites5 and their reclamation, the focus is on soils and 

vegetation. Development and operation of oil production sites requires the incorporation 

of conservation and reclamation planning to minimize impacts on the environment. The 

objective of contaminant identification and remediation in such a plan is "to ensure levels 

s An oil production site refers to the field production facilities for recovering heavy oil (density > 

900kg/m3) and oil sands within a designated area in northern and eastern Alberta (AEP 1994c). 
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of contarninants on the site do not form a hazard to human or animal health, do not 

detrimentally affect water quality and do not impede germination, growth, survival or 

management of the vegetation used for site reclamation" (AEP 1994c). Factors that are 

to be considered in attaining this objective are (AEP 1994c): 

• immediate containment and clean-up of all spills 

• documentation and reporting of all spills to the appropriate authorities 

• remediation of chemical contamination to AEP criteria, or to the Alberta Energy 

and Utilities Board (EUB) where applicable 

• implementation of remediation on-site, unless otherwise directed 

• post-remediation monitoring to ensure adequate cleanup 

Any remediation to be carried out is done so prior to or in conjunction with an 

application for a Reclamation Certificate, or is conducted as indicated by the inspector(s) 

or Environmental Protection Order. Remediation plans under the latter case must be 

approved by AEP. Figure 5.1 indicates the application and review process for 

reclamation certificates. 
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O 
P 
E 
R 
A 
T 
O 
R 

Application for Reclamation Certificate Submitted 
to Director or Designate 

EPEA: Sec 123(1) 
CRR: Sec 12(3) 

Application Forwarded to C&R 
Inspector(s) 

Technical Review Conducted as Requested by C&R 
Inspector(s) 

Reclamation Inquiry Held by C&R Inspector(s) 
Including an Evaluation for Additional Work 

CRR: Sec 7 & 8 

Additional work required 

CRR: Sec 14 

Additional work 
identified informally or 

by environmental 
protection order 

Additional work 
conducted by operator 

No additional 
work required 

Reclamation certificate 
issued by C&R 

inspector(s) 
EPEA: SEC 123(2) I 

Security deposit refunded (when 
security is held) 
CRR: SEC 22(1) 

Figure 5.1 - Application and review process for reclamation certificates (C&R=Conservation & 

Reclamation; CRR=Conservation and Reclamation Regulation) (AEP 1994c) 
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5.2.3 Enforcement 

Enforcement of monitoring, contaminant identification, and remediation by Alberta 

Environmental Protection takes a firm, but fair approach. Points of disagreement are 

discussed prior to approval of any monitoring and remediation plans or applications for 

Remediation Certificates in order to achieve resolution in a cooperative manner. Failure 

to resolve conflicts can result in the implementation of enforcement tools, such as: 

• Environmental Protection Orders, 

• warning letters, 

• tickets, 

• administrative penalties, 

• enforcement orders, 

• prosecutions, 

• court orders, and 

• cancellation of approvals or certificates. 

It is important to note that some enforcement tools, such as Environmental Protection 

Orders (EPOs), are retrospective (i.e. the time of contamination is irrelevant) and do not 

have a "sunset clause". This indicates the importance of carrying out sufficient 

remediation of a contaminated site. EPOs can be avoided by preparing a Remedial 

Action Plan and having it approved by the Director. 

5.2.4 Current remediation practice 

AEP does not mandate one type of treatment over another, but leaves technology 

selection up to the proponent (Dinwoodie 2001). There exists a code of practice for 

hydrocarbon-contaminated soils (Code of Practice for the Land Treatment and Disposal 

of Coils Containing Hydrocarbons - draft), but there are no provisions for cold-climate 

sites. 
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Although the application of bioremediation is increasing, it is estimated that 80% of 

hydrocarbon-contaminated soil is landfilled (Howat 2001). Reasons for landfilling may 

be one or more of the following: 

• ease of contaminant removal, 

• higher knowledge of the technology, 

• potential for immediate liability reduction, and/or 

• cost (depending on time to remediate for other methods). 

Once the characteristics of cold-climate sites are considered, these reasons become 

arguable. The remote location and lack of infrastructure at many cold-climate sites 

makes the use of large machinery and transportation of soil prohibitive and increases 

costs. In addition, the liability for the contaminated soil remains with the company even 

after it is landfilled (Dinwoodie 2001). As more information becomes available with 

respect to bioremediation, concerns over factors such as cost and time should make it a 

more attractive remediation option. 

5.3 Alberta Energy and Utilities Board 

The Alberta Energy and Utilities Board (EUB) is in place to ensure that the activities 

in the energy industry occur in a fair and efficient manner, and that they are in the public 

interest. The EUB is responsible for administering two Acts pertaining to oil and gas 

activities. 

The Oil and Gas Conservation Act is administered by the EUB and plays a large role 

in the regulation of pollution in Alberta. Certain objectives of this Act relate to the 

prevention of waste from the oil and gas industry and to the control of pollution from oil 

and gas activities (Province of Alberta 1980). The Act applies to all wells in Alberta and 
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to any product obtained from them. Regulations to this Act provide reporting and 

cleanup obligations with respect to spills. 

The Pipeline Act is also administered by the Board and outlines the reporting 

requirements for leaks and spills. When a substance escapes from a pipeline, the Board 

can direct the operator or licensee to take the required steps for cleanup (EUB 1996). If 

the Board is required to enter the site, then the operator or licensee must obey the orders 

of the Board. In addition, the Board may recover, deal with, and dispose of the escaped 

substance as if it were the property of the Board (EUB 1996). 

At this point, it becomes apparent that the potential for overlap between the EUB, 

with its regulations pertaining to oil and gas activity, and AEP, with its regulations 

regarding environmental protection. This unnecessary duplication is overcome through 

the development of joint agreements, or Memoranda of Understanding. Knowledge of 

these agreements as they pertain to contaminated sites will facilitate remediation pursuits. 

In 1998, a Memorandum of Understanding (MOU) was announced indicating the 

joint responsibility of AEP and the EUB in the regulation of oil and gas industry release 

notification requirements. Jurisdictional boundaries separate AEP/EUB Approved 

Facilities, which include some compressor stations, designated and regulated (Class I) 

pipelines, waste disposal wells, and heavy oil and oil sands projects, from EUB Approved 

Facilities, which include oil and gas wells, most injection and disposal wells, various 

production facilities, Class II pipelines, and oilfield waste management facilities (EUB 

1998a). 

Release notification data for unrefined releases, such as crude oil, are collected by the 

EUB and passed on to the AEP's Pollution Control Division (PCD) within an appropriate 

time period (EUB 1998a). For any facilities and pipelines regulated by the National 

Energy Board (NEB) it is the responsibility of the operator to notify the NEB. However 
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if required by the NEB, the EUB may act as the first responder. For refined releases, 

such as diesel, the operator must orally notify the PCD. 

Management of contaminated soils following product release as well as 

decontamination of all on-lease and off-lease adverse impacts is the responsibility of the 

operator. This must be carried out to the satisfaction of AEP as described in section 5.2. 

The roles of the EUB and AEP are to ensure spill containment and free product recovery 

and to ensure site decontamination by the operator, respectively. 

A second M O U between AEP and the EUB released in 1998 applies to the 

suspension, abandonment, decontamination, and surface land reclamation of upstream oil 

and gas facilities. This M O U applies to both AEP/EUB and EUB Approved Facilities, 

but does not apply to those approved by the NEB (EUB 1998b). Table 5.3 outlines the 

division of responsibilities for the operator, the EUB, and AEP. For treatment schemes 

and facilities not directly addressed, the responsible regulatory authority is determined 

according to the principles outlined in the M O U . 
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Table 5.3 - Division of regulatory responsibility for active and inactive upstream oil and gas facilities 

(as outlined by the MOU) (EUB 1998b) 

Operator Manage in situ treatment of contaminated soils, sludges, and water 
to the satisfaction of AEP 
Manage the ex situ treatment of contaminated soils, sludges, and 
water (oilfield wastes) generated as a result of decontamination 
activities to the satisfaction of the EUB as per Guide 58 and the 
M O U 

EUB Oversee management of ex situ treatment of contaminated soils, 
sludges, and water (oilfield wastes) generated as a result of 
decontamination activities to the satisfaction of the EUB as per 
Guide 58 and the M O U 

AEP Set guidelines and provide assistance (if needed) for the assessment 
of extent and degree of contamination 
Contribute (if needed) to the development and implementation of 
remediation plan 
Oversee management of in situ treatment of oilfield wastes and 
treatment of non-oilfield wastes 
Ensure that facility owners and operators decontaminate impacted 
sites to meet remediation objectives 
Develop and maintain surface land requirements and ensure that 
facility owners and operators meet these requirements 
Review operator's report on decontamination status and conduct 
follow-up inspections to ensure decontamination 
Issue Reclamation Certificates 
Off-site land treatment and composting facilities 

A l l oilfield waste6 falls under the jurisdiction of the EUB. These wastes must be 

managed ex situ in accordance with Guide 58 and the M O U (EUB 1998b). However, if 

the operator wishes to apply an alternative method for treatment, such as in situ, an 

application may be made to the EUB Operations Group. 

6 Oilfield waste is defined as contaminated soils, sludges, and waters that are physically removed or 

excavated. 
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Guide 58 addresses the expectations of the EUB on how the upstream oil and gas 

industry in Alberta should manage oilfield wastes. This includes the applications of 

appropriate treatment and disposal practices and the presentation of the capabilities and 

limitations of treatment and disposal methods. The following is an abbreviated 

presentation of some expectations outlined in Guide 58. 

Oilfield waste is first physically, chemically, and toxicologically characterized by the 

waste generator prior to being classified as a dangerous oilfield waste (DOW) or non-

dangerous oilfield waste (non-DOW). Guide 58 includes a description of the 

recommended test methods along with the specific properties of a DOW. A waste 

management table in the guide lists wastes that have been previously characterized and 

classified based on historical knowledge, previous resting, and known origin of waste 

streams. This provides a starting point for waste characterization and classification as 

well as potential treatment and disposal methods. Unlisted wastes must be classified 

using the procedures listed in the Guide. 

According to Guide 58, facilities employing biodegradation are included in the 

designation "Oilfield Waste Management Facility". General requirements pertaining to 

siting, safety, design and operation, etc. are outlined to protect public health and the 

environment. These requirements also apply to waste management components 

integrated into an EUB-approved oil and gas or oil sands facility. Siting provisions serve 

to: 

• minimize risk to surface water, groundwater, and human, animal and plant health, 

• avoid drainage areas and locations with seasonal flooding, 

• ensure locations are outside 100m of the normal high water mark of any water 

body, and 

• avoid environmentally sensitive areas. 
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Safety requirements are such that compliance must occur with existing laws and 

regulations. Design and operation parameters include such provisions as surface water 

run-on and run-off control systems and groundwater monitoring programs. 

If biodegradation is the selected management strategy, several requirements must be 

met: 

• ensure effective treatment rather than dilution, 

• ensure that the potential for transfer of the contaminant to another medium is 

minimal, and 

• prevent the need for extensive cleanup of the facility and/or treatment site at the 

time of closure. 

According to Guide 58, biodegradation is best suited when contaminants are low 

molecular weight aromatics and aliphatics. Hydrocarbons with high asphaltene content 

and high nitrogen- and/or sulphur-rich heterocyclic compounds may take a long time to 

biodegrade and could generate toxic intermediates. Specific technologies that are 

affected by Guide 58 are on-site land treatment of a single application of hydrocarbon-

contaminated soil and sludge, and biocell or biopile treatment or facilities. Sites 

receiving multiple applications of oilfield wastes (designated as dedicated land treatment 

facilities) require separate approval. 

On-site land treatment is defined as a planned and controlled mixing of waste and 

surface soil to promote biodegradative soil processes. This type of technology is deemed 

appropriate for non-refined hydrocarbon-contaminated soils due to leaks and spills and 

non-refined hydrocarbon-contaminated pit or pond sludges. In this case, wastes must be 

susceptible to biodegradation and pose no threat to the groundwater. On-site land 

treatment is not suitable if more than one application is needed due to a large volume of 

soil. Approval holders and licensees are not required to apply to the EUB for this type of 

treatment on active sites, but activities must be documented to satisfy any request for 



114 

information by AEP or the EUB. Guide 58 requires that site and waste characterization 

occur with respect to certain parameters to determine if this treatment is suitable. For 

example, the maximum metal concentration must be less than the AEP Tier I Criteria and 

the maximum hydrocarbon content must be less than 2% by mass. Documentation 

requirements in addition to the assessment information are also outlined in Guide 58. 

Examples of such requirements are a description of the sampling procedure used for site 

characterization, the volume of waste land treated, the waste application rate, and a 

description of any amendments added. This type of information must be kept until a 

Reclamation Certificate has been issued. 

Biocells and biopiles are treatment methods that occur in contained and controlled 

environments through the use of impermeable cell structures or impermeable liners. This 

technology is considered applicable when: 

• the site is not suitable for land treatment, 

• the volume of waste is too high for land treatment, 

• biodegradation is used as a pre-treatment for some other option, 

• the waste is designated for fill material, and/or 

• leaching and collection of water soluble compounds (such as salt) is desired. 

As with the land treatment operations, approval is generally not needed but 

documentation of activities must occur. However, approval is required for permanent 

biocell/biopile operations on existing EUB-approved oil and gas or oil sands sites. 

Again, siting issues are addressed. For example, a seasonally high water table must be at 

least lm below the base of a biocell or biopile. Design and operation requirements 

involve such provisions as containment devices (liners), leachate collection systems, leak 

detection systems, groundwater monitoring, and analysis parameters of initial oilfield 

waste. Additional documentation includes such things as the volume of leachate 

collected and the method of its disposal, groundwater monitoring results, and 

amendments that were made. 
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Specific application information for biodegradation facilities is outlined in the Guide. 

It is important to note that Guide 58 is currently up for review. Points of clarification and 

new requirements for Guide 58 are outlined in EUB Interim Directives 2000-03 and 

2000-04. 

Enforcement involves a combination of audits and inspections to ensure compliance 

of EUB regulations and any conditions of the facility's approval. The EUB's 

enforcement ladders have various levels of non-compliance and are further outlined in the 

EUB Informational Letter (IL) 99-4: EUB Enforcement Process, Generic Enforcement 

Ladder, and Field Surveillance Enforcement Ladder and IL 99-4: Clarification. 

5.4 Northwest Territories 

The Environmental Protection Act governs environmental issues in the Northwest 

Territories. In NWT, environmental protection is a shared responsibility among federal, 

territorial, Aboriginal, and municipal agencies. Independent Boards that are established 

pursuant to land claim agreements and regional divisions of DIAND (Department of 

Indian and Northern Affairs) are responsible for environmental protection. The 

Environmental Protection Service (EPS) operates a Hazardous Substances Program to 

ensure the cleanup of contaminated sites by the polluter. The EPS is the primary contact 

for the remediation of contaminated sites on Commissioner's Land and determines the 

required level of remediation (Environmental Protection Service 2000). This government 

agency is also responsible for reviewing remediation plans and monitoring remedial 

activities. In addition, INAC (Indian and Northern Affairs Canada) operates a 

contaminated sites service where DIAND develops policies and programs for the 

management of contaminated sites in the territories (INAC 2001). 
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Remediation in the NWT is guideline based, with acceptable levels determined by the 

C C M E 1991 Interim Criteria, C C M E 1997 Recommended Canadian Soil Quality 

Guidelines, and the EPS (Environmental Protection Service 2000). Remediation criteria 

are present in three tiers (generic, modified generic, and site-specific) but are not written 

in the guidelines; incorporation into the guidelines is currently underway (Gaukel 2001). 

In the case of total petroleum hydrocarbons, the levels differ from the C C M E guidelines. 

Concentrations of 500ppm, 2500ppm, and 2500ppm for residential/parkland, commercial, 

and industrial lands, respectively, are accepted. The Canada-Wide Standards for 

petroleum hydrocarbons can be applied and seem to be preferred in the NWT (Gaukel 

2001). Full implementation of the CWS is expected within the next year. The 

recommended course of action when approaching a contaminated site on Commissioner's 

Land in the NWT is depicted in Figure 5.2. 

Regulators with the EPS are open to bioremediation to address petroleum 

hydrocarbon-contaminated sites (Gaukel 2001). Proponents approaching the EPS with a 

reasonable remediation plan that includes bioremediation will generally be accepted. 

Landfarming is the most common method of remediation for petroleum hydrocarbon-

contaminated sites in the NWT for economic reasons (Gaukel 2001). 

There are no codes of practice written specifically for contaminated sites in cold 

climates. However, there are studies and papers available for reference that focus on 

specific considerations for cold-climate remediation (see (Biggar 1999; Nahir, Biggar, 

and Cotta 2001)). 
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Determine impacts on 
people and environment 

Degree of Contamination 
(compare contaminant levels 

to background levels) 

Remediation Guidelines 
(compare contaminant levels 

to CCME Guidelines) 

Remediation Considerations 
(site assessment & development 
of preliminary remediation plan) 

/ 
Evaluation of Information 

I 
Consultation with EPS 

(selection of guidelines) 

T 
Consultation with Health, 

Fire Marshall, INAC 

Consultation with Municipality & 
Landowner 

I 
Remediation 

Post Remediation Evaluation 

Figure 5.2 - Approach to contaminated sites in NWT (Environmental Protection Service 2000) 
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The NEB is responsible for the regulation of all petroleum activities in NWT (GNWT 

2000b). Transfer of administration and management of petroleum resources from federal 

government to GNWT through the Northern Accord have not yet occurred, but is 

expected to occur in the foreseeable future (GNWT 2000b). 

5.5 National Energy Board (NEB) 

The goal of the NEB is to promote safety, environmental protection, and economic 

efficiency in the regulation of pipelines, energy development, and trade (NEB 2001). 

With respect to the petroleum industry, the NEB is responsible for the regulation of 

construction and operation of interprovincial and international pipelines, and of the 

exploration and development of oil and gas resources in non-Accord frontier areas. The 

NEB also regulates the implementation of and assesses the effectiveness of 

environmental requirements, such as mitigative measures and environmental conditions 

associated with project approvals. 

According to the NEB (NEB 2001), a pipeline abandonment plan must include 

mitigative measures for contamination resulting from abandonment activities or from pre

existing events. The cleanup must be to applicable regulatory standards. For further 

information, the reader is referred to the NEB publication: Pipeline Abandonment: A 

Discussion Paper on Technical and Environmental Issues. 

Table 5.4 indicates the jurisdictional boundaries with respect to pipelines in Alberta 

and the Northwest Territories, along with the applicable laws and regulations. 
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Table 5.4 - Jurisdictional boundaries with respect to pipelines (NEB 1996). 

Jurisdiction Agency Law Scope Action required 

Federal NEB NEB Act A l l pipelines Leave of the 
Board 

Onshore 
Pipeline 
Regulations 

A l l pipelines Specified in the 
regulations 

NWT NEB Canada Oil and 
Gas Operations 
Act (COGOA) 

A l l pipelines None specified 

A B EUB Pipeline Act A l l pipelines Consent of the 
Board 

Pipeline 
Regulations 

A l l pipelines Specified in the 
regulations 

AEP Environmental 
Protection and 
Enhancement 
Act (EPEA) 

A l l pipelines on 
private land and 
Green Area 

Reclamation 
Certificate from 
AEP 

Alberta 
Agriculture, 
Food and 
Rural 
Development 

EPEA Class I and II 
lines on White 
Area public 
lands 

Reclamation 
Certificate from 
A F R D 
(responsibility 
delegated under 
EPEA) 

5.6 Canadian Environmental Protection Act 

The Canadian Environmental Protection Act, or CEPA, is designed to respect 

"pollution prevention and the protection of the environment and human health in order to 

contribute to sustainable development" (Environment Canada 2000). The objectives, 
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guidelines and codes of practice that support CEPA "reflect a shared, national view of 

appropriate environmental limits. They are not law but may form the basis for laws and 

regulations" (Environment Canada 2000). Supporting guidelines are scientifically based 

and set a numerical concentration for a given substance in a given medium. 

5.6.1 Assessment and remediation process 

The Canadian Federal guidelines for assessment and remediation of contaminated 

sites are based on the following phased approach (Thorne and Basso 1998): 

• Phase I: Site Characterization 

• Phase II: Reconnaissance Testing 

• Phase III: Delineation Testing 

• Phase IV: Review of Remediation Options 

• Phase V: Remediation 

• Phase VI: Confirmatory Testing and Long-Term Monitoring 

The national contaminated site assessment and remediation process begins with site 

classification or characterization to determine the severity of risks and the priority for 

action (CCME 1998b). The process begins with a site rating procedure, where the goal is 

to relate the level of effort placed on site remediation to the significance of the hazard 

(Thorne and Basso 1998). The rating can then be used to allocate resources and set 

priorities. Tables 5.5 and 5.6 display the system used for the classification of 

contaminated sites. 
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Table 5.5 - Scoring System for the National Classification System for Contaminated Sites 

NATIONAL CLASSIFICATION SYSTEM SCORING TABLE 

G B S E C T I O N F A C T O R S C O R E 
< M A X > 

A * 

I. A . Degree of hazard <14> 
B. Contaminant Quantity <10> 
C. Physical State of Contaminant <9> 

Special Considerations +/-6 
I . T O T A L C O N T A M I N A N T C H A R A C T E R I S T I C S <33> 
II. A . 1. Known Groundwater Contamination <11> 

2.a Engineered Surface Containment 4 
2.b Thickness of Confining Layer 1.5 
2.c Hydraulic Conductivity of Confining Layer 1.5 
2.d Annual Rainfall 1 
2.e Hydraulic Conductivity of Aquifer 3 
3. Special Considerations +/-4 

SUBTOTAL GROUNDWATER <11> 
II. B. 1. Surface Water Observed or Measured 

Contamination 
<11> 

2.a Surface Containment 5 
2.b Distance to Perennial Surface Water 3 
2.c Topography 1.5 
2.d Run-off Potential 1 
2.e Flood Potential 0.5 
3. Special Considerations +/-4 

SUBTOTAL SURFACE WATER <11> 
II. C. 1. Known Contamination Off-site <11> 

2.a Airborne Emissions 5 
2.b Accessibility of Site 4 
2.c Hazardous Soil Gas Migration 2 
3. Special Considerations +/-4 

SUBTOTAL DIRECT CONTACT <11> 
I I . T O T A L E X P O S U R E P A T H W A Y S <33> 
III. A. 1. Known Impact on Human or Domestic 

Animals 
<18> 

2.a.i Known Contamination of Drinking Water 9 9 
2.a.ii Distance to Nearest Drinking Water Supply 6 
2.a.iii Availability of Alternate Water Supply 3 
2.b.i Known Impact on Used Water Resources 4 4 
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2.b.ii Proximity of Water Resources 2 
2.b.iii Water Uses 2 
2.c.i Known Contamination of Land Used 5 5 
2.c.ii Land Use At or Adjacent to Site 5 

5 

3. Special Considerations +/-5 
SUBTOTAL IMPACT ON HUMANS <18> 

III. B. 1. Known Impact on Environment <16> 
2.a Distance to Nearest Sensitive Environment 10 
2.b Groundwater Distance to Recharge/Discharge 

Sites 
6 

Special Considerations +1-5 
SUBTOTAL SENSITIVE 
ENVIRONMENTS 

<16> 

III. TOTAL RECEPTORS <34> 
TOTAL FACTORS 100 

Alternative scoring in this section is a combination of either/or for several factors to 

the left of this column 

Table 5.6 - CCME National Classification System for Contaminated Sites 

Classification of Contaminated Site 
(Based on Results of Scoring System) 

Score Class Degree of Risk Action Required? 
70-100 1 High Yes 
50-69.9 2 Medium Likely 
37-498.9 3 Medium Low Maybe 

<37 N Low Not Likely 

For those sites that are requiring action, further investigation involving sampling and 

chemical analysis would ensue. Contaminant concentrations would then be compared to 

the generic assessment guidelines to determine if they exceed background levels. If 

exceedances are found, the levels are compared to the generic remediation guidelines 

based on land use. If the land-use based guidelines are also exceeded, two approaches 

may be taken: remediation or further evaluation through a site-specific risk assessment. 

Regardless of whether the assessment is generic or site-specific and risk based, a site-

specific objective is developed (CCME 1998b). Figure 5.3 summarizes this process. 



Proposed Site 

National Classification System 

Generic Assessment and 
Remediation Guidelines 

(Land-use Based) 

Guidance for the Development of 
Site-specific Objectives 

V 
Guideline-based 

Approach 

Method 1: 
Adopt directly 

as Site-
specific 

Objective 

Method 2: 
Modify (within 
limits) as Site-

specific 
Objective 

Generic 

Site-specific 
Approach 

i 
Method 3: 

Develop Site-
Specific Objective 

Risk Assessment 

Figure 5.3 - National site assessment and remediation process (CCME 1998b). 
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5.6.2 Assessment and remediation criteria 

The C C M E criteria apply in any province that has not issued more stringent or 

specific criteria. Site assessment criteria are different from remediation criteria under the 

Federal framework (Thorne and Basso 1998). Assessment criteria refer to the 

approximate background concentrations or approximate analytical detection limits for 

contaminants. If concentrations within the contaminated site do not exceed these levels, 

then no further action is required unless the contaminant in question is not listed in the 

criteria. Remediation criteria indicate the contaminant levels to which remediation must 

occur and vary according to specified end land use (Thorne and Basso 1998). Limited 

modifications to the generic criteria can be made to reflect site-specific conditions, such 

as high background levels of the compound or absence of receptors or environmental 

pathways. 

C C M E Soil Quality guidelines were developed using risk-based procedures and are 

intended for "general guidance for the protection, maintenance, and improvement of 

specific uses of land and water."(Environment Canada 2000). Within these guidelines, 

four different land uses (Agricultural, Residential/Parkland, Commercial, Industrial) are 

mentioned. Agricultural land is primarily used for growing crops and/or raising 

livestock. Residential and parkland mainly supports residential and recreational 

activities. Commercial refers to land whose primary function is commercial with free 

access to all members of the public, including children. Industrial land is that which is 

used for the production, manufacture or construction of goods and which restricts public 

access. Guidelines can be applied to: 

• identify and classify sites (as contaminated), 

• assess the level of contamination, 

• determine the need for action, and 

• develop remediation objectives. 
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The Canadian Soil Quality Guidelines operate within a three-tiered system: 

1) direct adoption and application of generic Tier 1 levels designed to protect human 

health and the environment, 

2) site-specific adjustments to the Tier 1 levels to generate Tier 2 levels that 

accommodate unique site characteristics, and 

3) site-specific ecological or human health risk assessment to establish Tier 3 levels 

(when assumptions made in the Tier 1 values are not appropriate for the site) 

The C C M E risk assessment approach acknowledges source characteristics, 

environmental pathways, receptor populations, exposure routes, and toxicological effects 

(Thorne and Basso 1998). The fate and behaviour of the contaminant must be considered 

in this assessment, along with the effects on all trophic levels of organisms. The 

development of a remediation criterion for a given contaminant begins with threshold 

effects level in the most sensitive species identified (Thorne and Basso 1998). This 

concentration is determined from literature, laboratory testing, or standardized protocols. 

Factors relating to the availability of the contaminant, such as sorption, are also 

incorporated into the determination. 

Although the C C M E framework is widely applied, some limitations have been 

identified (CCME 1997). For example, petroleum hydrocarbon (PHC) composition 

depends on the source and processes such as weathering, which are not necessarily 

accounted for in the framework. Many guidelines currently in use in Canada treat PHCs 

as a homogeneous class of substances. Another criticism of the framework is that it may 

be a simplification based on limited information regarding aspects such as toxicity. To 

overcome some of these limitations, updated C C M E criteria (Canada-Wide Standards for 

Petroleum Hydrocarbons in Soil) that are risk-based and provide a more comprehensive 

approach to cleanup levels have been recently developed. Several of these risk-based 

approaches have been applied in British Columbia and the United States and already 

involve the use of discrete hydrocarbon groups that are classified according to key 
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properties such as toxicity, transport, mobility, and fate (CCME 1997). The Canada-

Wide Standards (CWS) offer a departure from the guidelines approach and were 

developed because there was no consistent approach among jurisdictions with respect to 

assessment, benchmarks, and analytical methods. A brief discussion of these criteria is 

provided below. 

The development of CWS for PHCs involved three stages: 1) the identification of 

receptors and resources to be protected, 2) the identification of pathways along which 

exposure to contamination occurs, and 3) the establishment of tolerable exposures for 

receptor and pathway scenarios. The term "petroleum hydrocarbons" within the context 

of the CWS excludes known carcinogens such as benzene and benzo(a)pyrene, which are 

addressed elsewhere as target compounds. Toluene, ethylbenzene, and xylenes are also 

excluded within this framework since they are addressed with a separate set of standards 

for B T E X . This CWS approach allows for consideration of coarse versus fine soils and 

soil versus subsoil components and provides values for various fractions of hydrocarbon. 

The fractions, which are divided based on fate and behaviour, are as follows: 

• Gasoline range (C^ - Cio) 

• Condensate range (>Cio - C i 6 ) 

• Diesel range (>Ci6 - C 3 4 ) 

• Wax range (>C34) 

This new set of criteria maintains the four different land use categories that have been 

used in the C C M E Soil Quality guidelines. The CWS has determined the key receptors 

and pathways for each of these land uses (Table 5.7). 



127 

Table 5.7 - Key receptors and pathways according to land use (CCME 2001). 

Exposure 
pathway 

Agriculture Parkland Commercial Industrial 

Soil contact Nutrient Nutrient Nutrient cycling Nutrient 
cycling cycling Invertebrates cycling 
Soil Invertebrates Plants Invertebrates 
invertebrates Plants Human (child) Plants 
Crops (plants) Human Human 
Human (child) (child) (adult) 

Soil ingestion Herbivores (Wildlife)* (Wildlife)* (Wildlife)* 
Human (child) Human Human (child) Human 

(child) (adult) 

Groundwater/ Aquatic life/ Aquatic life Aquatic life Aquatic life 
surface water Livestock Human Human (child) Human 

watering (Child) (adult) 
Human (child) 

Vapour Child, Child, indoor Child, indoor Adult, indoor 
inhalation indoor** 
(humans only) 

Produce, meat Child Child 
and milk (produce 
produced on site only) 
(humans only) 

Off-site Human/Eco 
migration of 
soil/dust 

Wildlife dermal contact and ingestion data may be particularly important for PHCs 

(e.g., oiling of feathers, etc., although this should be addressed with an initial assessment 

of the presence of NAPLs), but these are unlikely to be sufficient data to develop 

guidelines that address this exposure pathway. 

A 30m horizontal offset is assumed between the farm residence and the PHC 

contamination, consistent with oil and gas development practices. Contamination nearer 

a farm residence triggers a residential assessment. 
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CWS can be applied at any of three tiers: generic numerical levels, adjusted generic 

levels, and site-specific risk assessment levels. Management at each tier requires 

different amounts of site-specific information with environment and human health goals 

remaining the same (CCME 2000a). Tier 1 levels can be found in Appendix B of this 

document. Tier 2 and Tier 3 guidance is available in Canada-Wide Standards for 

Petroleum Hydrocarbons (PHCs) in Soil: Technical Supplement which is provided on the 

C C M E website (http://www.ccme.gc.ca). PHC management can also be driven by 

aesthetic and policy factors in addition to prevention of toxic effects. Adoption of this 

new set of criteria occurred by each province in the spring of 2001. Specific measures 

undertaken by each jurisdiction to meet the CWS are at the discretion of the jurisdiction. 

5.6.3 New Substances Notification 

Other legislation to consider when applying bioremediation to a contaminated site is 

that which relates to new substances, in particular microorganisms. If bacterial cultures 

(either indigenous or foreign to the site) are added to the site to accelerate 

bioremediation, an application known as bioaugmentation, certain regulations must be 

followed. The New Substances Notification (NSN) Regulations of the Canadian 

Environmental Protection Act address the use of these microorganisms. 

Under the Guidelines to the NSN Regulations, pure cultures and complex, 

unformulated consortia are considered substances. Consortia that are too complex or 

variable for complete characterization are treated as a single substance. Deliberate 

mixtures of microorganisms are not considered substances, but each of the constituents is 

considered a substance (Government of Canada 1997). A new substance is one that does 

not appear on the Domestic Substances List (DSL). Any substance may be included on 

the DSL if it a) was in commercial use in Canada between January 1, 1984 and December 

31, 1986 or b) has been assessed under section 26 of CEPA (Government of Canada 

1997). Care must be taken to determine whether any biochemicals, biopolymers, 

polymers, or other chemicals in a microbial formulation are classified as new. 

http://www.ccme.gc.ca
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Organisms can be either naturally occurring or genetically modified through 

recombinant D N A techniques (Government of Canada 1997). Information requirements 

pertaining to microorganisms are outlined in sections 29.11 and 29.14 of Part II. 1 of the 

Regulations. The microbe is assigned to a notification group according to sections 29.16 

and 29.19 of the Regulations. The notification groups are as follows: 

• introduction anywhere in Canada 

• introduction into an ecozone where not indigenous* 

• introduction in accordance with confinement procedures 

• introduction into an ecozone where indigenous not for introduction outside a 

contained facility 

• introduction in an experimental field study introduction at the same site where 

isolated and manufactured* 

• microorganisms first manufactured or imported during the transitional period 

(January 1, 1987 to June 30, 1994)* 

• microorganisms first manufactured or imported between July 1, 1994 and August 

31, 1997* 

Those that could apply to bioaugmentation are marked with an asterisk. A l l of these 

groups have different notification requirements. For more information on these 

notification groups, the reader is referred to the Guidelines (Government of Canada 

1997). 
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Information requirements for notification are both administrative and technical. The 

requirements are as follows: 

• information about the microorganism 

• manufacturing and import information 

• information on the site of introduction and the experimental field study 

• environmental fate information 

• ecological effects information 

• human health effects information 

• additional information 

Fulfillment of these requirements can be carried out through review of relevant 

scientific literature and from unpublished results from laboratory and field studies. If no 

or little information is available on the particular organism, then a surrogate organism 

should be used. Information must be current (search conducted within six months of 

submission of notification). For further information the reader is referred to the 

Guidelines (Government of Canada 1997). 

5.7 Environmental Harmonization 

Environmental harmonization refers to the relationships between the federal 

government and the provincial and territorial governments. To achieve this 

harmonization, an Accord was established with the following objectives (CCME 1998a): 

1) To attain consistent environmental measures (policies, standards, objectives, 

legislation, and regulations) in all jurisdictions 

2) To delineate the respective roles of federal, provincial, and territorial 

governments, with specific roles and responsibilities undertaken by one order of 

government 
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3) To review and adjust Canada's environmental management regimes to reflect 

environmental needs, innovation, expertise, and capacities, and to address gaps 

and weaknesses in environmental management 

4) To prevent overlapping activities and inter-jurisdictional disputes 

Administrative Agreements that occur between the Federal government and the 

provinces and territories generally cover inspections, enforcement, monitoring, and 

reporting. These agreements led to the development of the CWS for petroleum 

hydrocarbons. 

5.8 Summary 

The regulatory framework that exists within the defined cold-climate area has been 

outlined to provide the reader with an indication of the environment in which remediation 

efforts will occur. In Alberta, there are two agencies that govern three acts that are 

applicable to the management of a contaminated site. EPEA addresses reporting 

requirements, environmental assessment processes, and enforcement activities. Within 

this framework there are standards and guidelines that indicate acceptable remediation 

criteria for petroleum hydrocarbons. The EUB functions to prevent waste from the oil 

and gas industry, control pollution from oil and gas activities, and address leaks and spills 

from piplines. This agency also oversees the managmenet of ex situ treatment of oilfield 

waste through Guide 58. On the federal side, the NEB is concerned with interprovincial 

and international pipelines as well as oil and gas activities in non-Accord frontier areas. 

In addition, CEPA establishes assessment and remediation processes, standard criteria 

(CWS), and a procedure for new substqances notification. It is clear that a 

comprehensive knowledge of this framework will facilitate the application of 

bioremediation at contaminated sites. 
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CHAPTER 6: SITE AND RISK ASSESSMENT 

6.1 Introduction 

For appropriate and successful management of any given contaminated site there 

must be sufficient information and knowledge available regarding the site. A thorough 

site assessment will provide the physical, chemical, and biological data necessary for 

remediation design. It will also provide an indication of data gaps and/or the need for a 

risk assessment. The purpose of this chapter is to discuss site assessment as it applies to 

cold-climate sites contaminated with petroleum hydrocarbons and to introduce risk 

assessment and its role in the remedial process. 

6.2 Site Assessment 

Adequate site assessment is required to ensure sufficient information for appropriate 

technology selection and successful operation of that technology. The level of effort will 

vary from site to site depending upon the specific goals of the assessment. Variations in 

the approach will also occur, depending on factors such as soil type, water table, and type 

of facility. Site assessments are generally carried out as a phased approach. Phase I 

consists of a site reconnaissance visit and preliminary review of operations data. Phase II 

involves a more detailed review and site investigation. Phase III requires either 

conducting a risk assessment (see section 6.3) or carrying our remedial action. The 

results of these phases are used to develop remediation plans. With a thorough site 

assessment, the site and contamination can be properly defined, decreasing long-term 

costs by ensuring a suitable remediation program. A complete site assessment will also 

reduce reclamation requirements (David Bromley Engineering (1983) Ltd. 1992). 
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6.2.1 Phased approach 

The phased approach is the most cost-effective for site assessment (Thorne and Basso 

1998) since it allows flexibility in level of effort and resources. The information gathered 

from each phase is used to design and optimize subsequent phases by triggering 

formulation of hypotheses and narrowing of approach. Each phase must be very 

thorough to provide sufficient information for management decisions or for initiation of 

the next phase. 

Phase I involves collection and interpretation of information that is readily available. 

Data are generally collected by non-invasive methods, such as site inspection, review of 

historical information, review of subsurface geology and hydrogeology, and limited soil 

sampling. The primary objectives are to (David Bromley Engineering (1983) Ltd. 1992): 

• Identify and characterize any potential contamination 

• Determine if a more detailed site investigation is required 

• Characterize soils and adjacent land use to establish an appropriate re vegetation 

program 

• Establish the environmental context of the site, focusing on potential contaminant 

receptors 

These objectives can be met by in several ways. A review of site files, including lists 

of equipment, infrastructure, sumps, pits, etc., aerial photos, construction and drilling 

information, and a summary of operational history at the site, can be used to identify any 

potential sources of subsurface contamination. A site inspection can be carried out to 

identify visual signs of on- and off-site soil contamination, equipment and infrastructure 

to dismantle, surrounding land use, topography and vegetation, and nearby surface water 

and water wells. This will provide information that can be used to assess environmental 

sensitivity of the site in relation to potential receptors and to identify sources and 

locations of contamination. Visual inspection, odour detection, and portable testing 

equipment can be employed to indicate salt and/or hydrocarbon contamination. At this 
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stage it is also necessary to obtain background samples to generate baseline data for 

comparative purposes. Shallow soil sampling can take place using a shovel or hand 

auger to locate and assess the volume and quality of the topsoil and to evaluate the 

quality of the subsoil. The depth of this investigation is generally around lm. Locations 

of underground pipelines and electrical conduits must be determined prior to the 

investigation. Contacting the landowner and operations staff may be useful in the 

identification of contamination sources. This technique can also be used to get details of 

past spills and the cleanup procedures implemented. 

Phase I site assessments are evaluated by asking the following questions (David 

Bromley Engineering (1983) Ltd. 1992): 

• Is sufficient information available to determine the equipment and infrastructure 

that are on site? 

• Is sufficient information available to determine whether or not soil, groundwater 

and/or surface water contamination has resulted from the operation of the site? 

• If contamination is present, does sufficient information exist to determine the 

extent and chemical nature of any soil, groundwater, or surface water 

contamination? 

• Is sufficient information available to meet regulatory cleanup requirements? 

If the answer is no to any of these questions, then Phase II is initiated. 

The purpose of Phase II is to determine the nature and extent of subsurface 

contamination and may require several steps with increasing levels of detail. Phase II 

usually begins with a literature review to assess the potential for contaminant migration 

and to gain information about local soil and groundwater conditions. This can be 

accomplished by looking at aerial photos, geotechnical reports, environmental baseline 

studies, water well drillers records, groundwater monitoring program results, drillers 

records, regional soil survey and surficial geology reports, and hydrogeological maps and 

reports. Drilling and sampling at various depths, assessment of potential impact on the 
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environment, evaluation of remedial alternatives, and an estimation of remediation costs 

also occur. 

Phase II sampling is conducted by using Phase I information to develop programs for 

soil sampling, groundwater sampling, surface water sampling, sludge sampling, and 

geophysical surveys. It is important to outline the information that is required from a site 

assessment prior to testing the soil, as it will affect the type of analysis. With 

hydrocarbon-contaminated sites, it is useful to determine the distribution of hydrocarbons 

by carbon number. This is carried out by a GC-FID test, the results of which will affect 

the remedial strategy. 

When sampling, representative samples must be obtained. Locations must be 

selected to delineate the extent of horizontal and vertical contamination, with 

consideration of direction of groundwater and surface water flow direction, and replicates 

of samples are needed to confirm elevated levels within the site. Samples must be taken 

according to the instructions given by the analytical lab (i.e. volume, type of container, 

storage, preservation etc.) and the sampling procedure must prevent against cross-

contamination by using clean sampling equipment. Sample analysis as prescribed in the 

site investigation plan then follows. The design of the sampling program is crucial to 

contaminated site management because there is a need for accurate and reliable data upon 

which remediation plans can be based (Thorne and Basso 1998). Phase II can be 

expensive at some cold-climate sites because of remoteness, therefore use appropriate 

strategies to reduce costs and maintain accuracy of information. 

The purpose of Phase III (risk assessment) is to develop site-specific risk-based 

cleanup criteria, which involves the identification of environmental pathways, exposure 

routes and potentially exposed populations, and an estimation of dose-response. This is 

considered a site characterization with respect to potentially toxic contaminants, exposure 



136 

assessment, effects assessment, risk characterization. Phase III, or risk assessment, is 

covered further in section 6.3. 

6.2.2 Methods approach 

Methods selected to accurately assess the site need to be appropriate to the site in 

question and address the needs of the project without producing excessive costs. 

Common areas for data collection failures relate to poor plume definition, inadequate 

definition of geology, and improper collection of chemical data (Russell 1992). Any 

such shortcomings can result in incomplete remediation or incorrect technology selection. 

To avoid any deficiencies in the site assessment, it is recommended (Russell 1992) that a 

detailed site investigation program be prepared. This program should outline site health 

and personnel safety, personnel requirements, equipment to be used, sampling methods, 

sample storage/preservation, and analytical techniques. 

Given the remoteness of many cold-climate sites, it may be useful to consider those 

site assessment methods that are going to yield the most information with the least cost 

and that are going to be the best suited to the environment in which they are operating. In 

some cases this may mean employing portable instruments for field analysis. Several 

problems have been identified with respect to site characterization in cold-climate areas. 

Short field seasons, difficult access, and laterally dispersed sites cause logistical 

difficulties with personnel and equipment. The presence of permafrost and bedrock, 

along with limited hydrogeology information, results in complex groundwater flow 

patterns and difficulty in determining contaminant fate and transport (Kellett et al. 1999). 

The best strategy for site characterization includes a variety of methods for gathering 

information. This integrated approach is described in Figure 6.1. Combinations of 

remote, non-intrusive, and intrusive methods have been suggested. Examples of these 

methods are provided in the discussion that follows. 
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Figure 6.1 - Integrated approach to site characterization (Kellett et al. 1999). 

Remote methods for site assessment offer cost-effective alternatives to conventional 

sampling methods, particularly in remote, inaccessible areas. Air photos are able to 

indicate landforms, site infrastructure history, past waste disposal operations, potential 

for contaminant migration, topography, and vegetation (LaGrega, Buckingham, and 

Evans 1994). Examination of a series of air photos will allow production of a focused, 

rather than random, sampling program. Satellites can also be used to gather remotely 

sensed data. This type of imagery can provide information regarding vegetation, 

geological mapping, soil moisture, drainage pathways, and water chemistry. 

Applications for satellite imagery generally relate to large sites unless the spatial 

resolution is high enough to provide detailed information for a smaller site. Another 

method of remote sensing is the use of aerial surveying to detect oil spills. With this 

method, a sensor (Scanning Laser Environmental Airborne Fluorosensor) is mounted on a 

DC-3 aircraft and is able to collect fluorescence data from both marine and terrestrial 

surfaces (Environment Canada 1999). The sensor emits ultraviolet light and collects the 
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fluorescence given off by certain compounds, such as polyaromatic hydrocarbons. 

Different classes of oil exhibit different fluorescent properties and spectral signatures, 

allowing classification of contamination as light refined, crude, or heavy refined oil 

(Environment Canada 1999). 

A number of non-intrusive geophysical methods are available to aid in the site 

characterization process. Terrain conductivity is an electromagnetic method that is a 

function of material type, discontinuities, and groundwater chemistry (LaGrega, 

Buckingham, and Evans 1994). Direct current resistivity relies on the bulk electrical 

resistivity of soil, rock, and pore fluids in the subsurface (Syeman Associates Ltd. 1996). 

This parameter is also dependent on material type, porosity, water content, and 

concentration of dissolved contaminants in pore water (LaGrega, Buckingham, and Evans 

1994). For example, organic contamination will result in high resistivity. With this 

method, vertical resolution of three to four layers is possible. Information such as aquifer 

boundaries, depth to water table and/or bedrock, and change in soil type or contamination 

level can be determined. A magnetometer can be used to measure the magnetic 

susceptibility of ferrous metals. This is useful to locate underground storage tanks and 

pipelines. Ground penetrating radar (GPR) relies on the complex dielectric constant of 

soil, rock, pore fluids, and man-made objects (Syeman Associates Ltd. 1996). It is also 

able to locate floating hydrocarbon products (LaGrega, Buckingham, and Evans 1994). 

GPR can penetrate up to ten metres, but is limited by fluids with high electrical 

conductivity and by fine-grained materials. Seismic refraction relates to the seismic 

velocity of soil or rock, which is governed by density and elastic properties (Syeman 

Associates Ltd. 1996). Electrical and electromagnetic methods are particularly 

appropriate for permafrost terrains due to large changes in electrical properties of frozen 

and thawed sediments. These are summarized in Table 6.1. 
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Table 6.1 - Some geophysical methods for site characterization (Kellett et al. 1999). 

Geophysical Method Physical Property Targets 

Terrain Conductivity Conductivity Soil and Groundwater Salinity, Permafrost 
DC Resistivity Conductivity Soil and Groundwater Salinity, Permafrost 
Magnetometer Magnetic Metals Landfills, Pipelines 
Ground Penetrating Radar Dielectric Properties Bedrock, Ice, Pipelines 
Seismic Velocity and Density Bedrock, Ice 
Borehole Logging Conductivity, Gamma Soil and Bedrock Lithology 

The most common reconnaissance method for soil contamination is soil gas 

surveying with hand held analyzers (Einhorn et al. 1992). This type of field screening 

can be conducted to determine the real time total level of contaminants present (Driscoll, 

Hanby, and Panaro 1992). Results will help determine the level of worker protection that 

is needed and also allows for more efficient and cost-effective sampling and analysis. 

Field screening produces an identification of contaminated area and delineation of extent. 

However, if field analysis is to occur, more sophisticated instrumentation is required to 

obtain information on the specific contaminants present. To achieve this, portable gas 

chromatographs (GCs) can be used (Driscoll, Hanby, and Panaro 1992). This technique 

may require the withdrawal of an aliquot at a particular location within a short period of 

time (active) or involve the use of sorbents that absorb migrating gases moving from 

areas of high concentration to areas of lower concentration (passive). Petroflag® is a 

field test for measuring TPH as parts per million of soil wet weight. The system is 

applicable for hydrocarbons greater than or equal to Go. 

Use of portable infrared (IR) analyzers for field analysis of total petroleum 

hydrocarbons (TPH) has been found effective for crude oil detection (Litzenberg, Oliver, 

and Severns 1992). The soil hydrocarbons are first be dissolved in a solvent such as 

Freon (trichlorotrifluoroethane), and then subjected to an IR beam. Results obtained with 

this instrument were within one order of magnitude of the corresponding laboratory 

findings, which is generally acceptable for approximating the extent of contamination. 
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Field IR can be applied to soils containing diesel fuels, lubricating oils, fuel oils, asphalts, 

tars, crude oils, grease, kerosene, and other related substances, however it is not 

appropriate for hydrocarbons with less than C-6 (Litzenberg, Oliver, and Severns 1992). 

It has been suggested that this technology be used for the selection of representative 

samples. It is important to realize that IR can only be used for screening. 

One of the most valuable approaches to site assessment is the application of a 

geographic information system (GIS). GIS can facilitate characterization of soil 

contamination and generation of remediation design parameters (Chau, Comstock, and 

Keyser 1994). Generation of a GIS database containing information from the site 

assessment phases will allow production of accurate maps of the site. The database can 

then be updated as new information becomes available. By developing and 

implementing the GIS in the early stages, data can be incorporated and analyzed, 

producing information that can be used to guide further sampling and fill in data gaps. 

The system is able to relate collected data to sampling locations, allowing the creation of 

a digitized drawing, including data elements of the site. The GIS will then hold specific 

information with respect to the geographic location of environmental, ecological, and 

anthropogenic features (Jutro et al. 1998). Computer aided drafting and design (CADD) 

functions can be used to render the display more attractive and easier to understand 

(LaGrega, Buckingham, and Evans 1994). GIS can also be used to generate contouring 

models where isopleths (lines of constant value) are developed from gridded data 

(LaGrega, Buckingham, and Evans 1994). This type of modeling can be used to define 

contaminant plumes, topography, and groundwater elevation. Cross-sections can be 

produced to display topography and subsurface layers which can then be integrated with 

the data, providing a foundation for analysis, understanding and communication. It is 

important to obtain accurate spatial data with adequate resolution to produce a system 

that is effective. Such a system can be used as a basis for short- and long-term decisions 

with respect to risk-based regulatory strategy and engineering feasibility. Applications 

for GIS include data collection, numerical models of remedial system configurations, 
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development of cleanup goals from health risk assessments, and remedial design with 

C A D D capability. 

Table 6.2 presents the minimal data requirements for a typical site upon which 

bioremediation is to be employed. 
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Table 6.2 - Some data requirements for bioremediation sites (Russell 1992; Syeman Associates Ltd. 

1996). 

Parameter Purpose 

Geology Indicates depth to rock; provides foundation for other 
investigations 

Water table Indicates thickness of vadose zone 

Soil size Indicates soil properties and behaviour; Affects 
remediation design 

Boring logs Indicates soil conditions; allows for preliminary sample 
collection 

Hydrogeology Indicates permeability and water movement in the 
subsurface 

Water and soil chemistry Indicates minerals, pH, Eh, electrical conductivity that may 
affect bioremediation and contaminant behaviour 

Volatile organics Indication of toxicity 

Soil metals Indication of toxicity 

Pump tests Indicates aquifer characteristics; for appropriate equipment 
selection; to determine long-term performance of 
remediation equipment 

Contaminant analysis Indicates nature and extent of contamination 

Several documents (Table 6.3) exist that present a number of site assessment tools 

that can be employed. 
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Table 6.3 - Site assessment resources. 

US Environmental Protection Agency. 1997. Expedited Site Assessment Tools for 
Underground Storage Tank Sites: A Guide for Regulators. Solid Waste and 
Emergency Response. Washington, DC. March 1997. EPA/510-B-97-001 

Canadian Council of Ministers of the Environment (CCME). 1994. Subsurface 
Assessment Handbook for Contaminated Sites. The National Contaminated Sites 
Remediation Program, Winnipeg, Manitoba. March 1994. C C M E EPC-NCSRP-48E 

Canadian Council of Ministers of the Environment (CCME). 1993. Guidance 
Manual on Sampling, Analysis, and Data Management for Contaminated Sites, 
Volume I: Main Report. The National Contaminated Sites Remediation Program, 
Winnipeg, Manitoba. December 1993. C C M E EPC-NCS62E 

Canadian Council of Ministers of the Environment (CCME). 1993. Guidance 
Manual on Sampling, Analysis, and Data Management for Contaminated Sites, 
Volume II: Analytical Method Summaries. The National Contaminated Sites 
Remediation Program, Winnipeg, Manitoba. December 1993. C C M E EPC-NCS66E 

La Grega, M.D., P.L. Buckingham, and J.C. Evans. 1994. Hazardous Waste 
Management, Chapter 15: Site and Subsurface Characterization. McGraw-Hill, Inc., 
New York. 

6.3 Risk Assessment 

Risk assessment, as defined by the National Research Council, is "the 

characterization of the potential adverse health effects of human exposures to 

environmental hazards... Risk assessment also includes characterization of the 

uncertainties inherent in the process of inferring risk." (LaGrega, Buckingham, and Evans 

1994). This type of assessment is conducted to organize and interpret technical 

information upon which management decisions can be based. In this process, scientific 

considerations are combined with judgement that draws from both science and policy. 

Within this section, risk assessment will be presented first in a general sense and then in 
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the context of the defined cold-climate area. This section does not intend to provide a 

protocol for risk assessment, but will direct the reader to appropriate documents. 

Risk is defined as the probability of suffering harm or loss and is calculated as 

(LaGrega, Buckingham, and Evans 1994): 

risk = probability * severity of consequence 

When the undesirable consequence cannot be quantified, the risk refers to the probability 

of the harm occurring. The hazard posed by a contaminant is a function of its toxicity, 

mobility, persistence, and containment and is of concern if there has been or will be 

exposure (LaGrega, Buckingham, and Evans 1994). When dealing with a contaminated 

site, it is necessary to recognize the risk caused by the contamination (incremental risk) 

and the risk inherent at the site (background risk). The sum of these is the total risk. If 

the total risk is deemed unacceptable, it is only feasible to decrease the incremental risk 

such that the total risk becomes acceptable. It is noted that background risk is not 

relevant in comparing a set of remedial alternatives, but is necessary when determining 

cleanup levels. 

The goal of risk assessment is to formulate a risk management plan, including 

evaluation of alternative actions (including remedial options) and selection among them. 

Risk management also includes the establishment of cleanup standards. This entails 

consideration of political, social, economic, and engineering information with risk-related 

information to develop, analyze, and compare regulatory options and the select the 

appropriate regulatory response to a potential chronic health hazard (LaGrega, 

Buckingham, and Evans 1994). The selection process necessarily requires the use of 

value judgements on such issues as the acceptability of risk and the reasonableness of the 

risk control costs. Acceptable risk is determined by working back and ascertaining the 

concentration of contaminant that will produce a certain risk level (LaGrega, 

Buckingham, and Evans 1994). 
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The risk assessment process includes human health risks (for carcinogens and non-

carcinogens) and ecological risks (for both on- and off-site biota). 

6.3.1 Human health risk assessment 

Quantitative human health risk assessment involves 4 stages (LaGrega, Buckingham, 

and Evans 1994): 

1) hazard identification - identify chemicals that pose a hazard 

2) exposure assessment - characterize fate and transport of chemicals, identify who 

might be exposed and how 

3) toxicity assessment - determine numerical indices of toxicity for computing risk 

4) risk characterization - estimate the magnitude of risk, and the uncertainty of the 

estimate 

The first stage in the risk assessment process from the human health perspective is 

hazard identification. The objectives of this stage are to (LaGrega, Buckingham, and 

Evans 1994): 

• identify the chemicals of concern (i.e. those that contribute to the majority of the 

risk) 

• ascertain the nature and extent of contamination to determine if and how it may 

come into contact with potential receptors 

• gather data with respect to site history, land use, contaminant concentrations in 

various media, environmental characteristics affecting fate and transport, 

potentially affected population, and potentially affected biota 
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If a large number of contaminants are present, it is suggested that a subset of 

chemicals be selected to simplify the analysis. These will act as surrogates or indicators 

of all detected chemicals (LaGrega, Buckingham, and Evans 1994). Surrogates should 

have the following characteristics (LaGrega, Buckingham, and Evans 1994): 

• Best representation of the risk of the site 

• Most toxic, persistent, and mobile 

• Most prevalent in spatial distribution and concentration 

• Involved in significant exposures 

• Involved in carcinogenic and non-carcinogenic risk 

• Account for 99% of the risk (as indicated by the toxicity scores) 

Toxicity scores for non-carcinogens and carcinogens are determined and used to rank 

the contaminants according to their contribution to the risk. They are calculated as 

follows (LaGrega, Buckingham, and Evans 1994): 

TS^C^/RfD 

TS = toxicity score for non-carcinogens 

Cmax = maximum concentration 

RfD = chronic reference dose (an estimate of acceptable daily intake) 

TS=SF*Cmu 

TS = toxicity score for carcinogens 

SF = slope factor (carcinogen potency factor) 

Contaminants with high toxicity scores will be examined further, while those with low 

toxicity scores will be dropped to simplify the analysis. 

Exposure assessments represent the second stage of the risk assessment process and 

serve two purposes: 1) to identify receptors (general versus sensitive populations and 

current versus potential populations), and 2) to identify environmental pathways, or 
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routes that contaminants can take to reach the receptors. The latter consists of 

contaminant source, chemical release mechanism, transport mechanisms, transfer 

mechanisms, transformation mechanisms, exposure point, receptors, and exposure route. 

Receptor dose calculations incorporate life style, frequency and duration of exposure, and 

receptor body weight. Parameters are generally found in literature, although some may 

be site-specific. 

The third stage, or toxicity assessment, involves determining dose-response 

relationships. These relationships relate the frequency of a specified response in a 

population to the dose. Here, carcinogens and non-carcinogens are evaluated separately 

as slope factors and reference doses, respectively. Some of these values are still highly 

uncertain, therefore safety factors must be included to over-estimate rather than under

estimate the risk. 

Finally, the risk characterization stage involves calculating the risks for the 

maximally exposed individual and for the most probable exposed population (LaGrega, 

Buckingham, and Evans 1994). Carcinogenic risk is calculated as: 

Risk = CDI * SF 

CDI = chronic daily intake. 

Non-carcinogenic risk is calculated as: 

HI = CDI/RfD 

HI = hazard index. 

Examples of these values that are accepted by AEP are a hazard index of 0.2 and an 

incremental lifetime cancer risk of 10"5 (AEP 2000a). Although these calculations are not 

difficult, the challenge lies in the interpretation of the results. 

Sources for data needed for the assessment are listed in Table 6.4 on page 161. 
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6.3.2 Ecological risk assessment 

Ecological risk assessment is used to evaluate the ecotoxicological response to a 

contaminant (represented in Figure 6.2). 

Contaminant 
(physicochemical properties) 

Biogeochemical pathways 

Air Water Soil/sediment 

Source 

Transport, 
transformation 

and fate 

Environmental concentrations 

Organisms 

(Physiological properties of a contaminant) 

Lethal and 
sublethal 

effects 

\ 

(Biochemcial properties of a 
contaminant) 

Biotransformation 
Bioaccumulation 

Food chain transfer 

/ 
Modified population characteristics and dynamics (ex. 

reproduction, immigration, recruitment, mortalities) 

Exposure 

Organism 
response 

Modified community structure and function 
(ex. species diversity, changes in predator-prey relationships) 

Population, 
community and 

ecosystem 
response 

Change in ecosystem function 
(ex. respiration to photosynthesis ratio, nutrient cycling 

rates, patterns of nutrient flow) 

Figure 6.2 - Ecotoxicological response to a contaminant (LaGrega, Buckingham, and Evans 1994). 
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This assessment is defined by four stages: 1) characterization of the baseline ecology 

and identification of potential receptor populations, 2) ecological toxicity assessment, 3) 

evaluation of potential exposures, and 4) risk characterization (LaGrega, Buckingham, 

and Evans 1994). The baseline ecology data can come from previous site assessments 

and provide an indication of the prevailing ecology and certain indicator species that are 

valued commercially or recreationally, or are sensitive or endangered species. An 

assessment of toxicity is both qualitative (from literature) and quantitative (from 

identification of appropriate indices against which the exposure concentrations can be 

compared) and includes environmental factors that could potentially influence these 

effects. Exposure assessments combine the exposure pathway analysis and the estimation 

of exposure point concentrations (concentrations of chemicals in various media). Finally, 

risk characterization occurs, which is both quantitative (when quantitative indices are 

available) and qualitative (discussion of possible adverse effects). 

Sources for the data required for this assessment are listed in Table 6.4 on page 161. 

6.3.3 Application of results 

When using the risk-based approach, there are two fundamental questions (LaGrega, 

Buckingham, and Evans 1994): 

• To what level should the site be remediated to protect human health and the 

environment (i.e. how clean is clean)? 

• How should this level of protection be achieved (i.e. what is the best remedy)? 

Selection of a remedial alternative involves a variety of stakeholders from the local 

community, industry, environmental groups, scientific and engineering professions, and 

government. It is important to recognize and consider the differing values and concerns 

among these stakeholders. 
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Generally the selection process for a remedial option is iterative. Problem definition 

initiates the process and is followed by establishment of objectives, development of 

alternatives, selection of alternatives, implementation and monitoring. The situation is 

then re-evaluated as necessary and the process returns to problem definition. Figure 6.3 

describes this process. 

Problem definition: 
Identify releases 
Establish hazard and risk 

I 

I 
Establish objectives: 
Applicable regulations 
Risk assessment 
Background conditions 
Technology-based 

I 
Develop alternatives: 
Identify general response actions 
Select applicable response technology 
Assemble technologies into alternatives 

I 
Analysis of alternatives: 
Preliminary screening 
Detailed analysis (long-term effectiveness, 
long-term reliability, implementability, short-
term effectiveness, costs) 
Selection of remedy 

I 
Implement and monitor 

CD 
I 

CD 
< 

c 
a 5" 
ZJ 

0) 
<s> 
ZS 
CD 
O 
CD 
C/> <f> 
SB 

Figure 6.3 - Process for selecting remedy (LaGrega, Buckingham, and Evans 1994). 

Problem definition involves the identification of hazards and their relation to current 

and possible future exposure, and a summation of sources, pathways, and receptors for 
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the site. The remediation objectives must incorporate the fundamental goal of human 

health and environmental protection. The objectives should be expressed in measurable 

terms such as contaminant concentrations at points of exposure and should relate to the 

pathways identified in the assessment. As knowledge about the site, receptors, and 

remedial alternatives increases these objectives should be re-examined. Objectives can 

be based on regulatory requirements or based on risk assessment. An important step for 

any practitioner would be to obtain a comprehensive understanding of the regulatory 

framework in place along with its requirements. This knowledge may provide some 

guidance. If objectives are risk-based, there is a requirement to determine and set an 

acceptable level of risk. Those remedial actions that can achieve this by reducing the 

hazard, reducing the exposure, or both are examined at a later stage of the process. 

Acceptable risk and appropriate exposure scenarios need to consider "future land and 

resource use, the proximity of residents, the use of surrounding properties, the level of 

contamination of surrounding properties, and specific environmental issues" (LaGrega, 

Buckingham, and Evans 1994). As with human health risk assessment, this introduces a 

level of uncertainty that can hinder acceptance of risk-derived alternatives. Other 

acceptable standards are those that focus on restoration to background conditions 

(background-based) or on cleanup to levels achievable with a specified technology 

(technology-based). The remediation objective should not specify a technology or 

general class of technologies, unless it is defined by regulations. 

The development of alternatives involves identification of general response actions 

for each objective, characterization of media to be remediated, identification of potential 

technologies, screening of these technologies, and assemblage of the screened 

technologies into alternatives. A general response identifies areas where action is needed 

and indicates general actions grouped by medium. For example, treatment of 

contaminated soil would be considered a general response. Media characterization 

requires a determination of the nature and extent of contamination in the media identified 

in the general response. Identification of technologies selects those that are capable of 
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achieving the objectives given the nature and extent of contamination. Screening of 

technologies uses criteria such as suitability (technical ability to address the contaminants 

of concern), implementability (ability to construct and operate the technology), 

performance (effectiveness and reliability), environmental and health concerns, 

institutional concerns (permitting), and cost (in relative, qualitative terms) (LaGrega, 

Buckingham, and Evans 1994). Assemblage into alternatives means that those 

technologies retained after screening are developed into general remedial alternatives. 

Finally alternatives are further analyzed based on effectiveness, implementability, and 

cost. One alternative should be 'no action' to serve as a baseline for measuring the 

effectiveness of the other alternatives. Concept designs, rather than detailed designs, are 

used for determining final alternatives. The preferred alternative is selected on the 

following general criteria: long-term effectiveness, long-term reliability, 

implementability, short-term effectiveness, and cost. Other criteria may be added 

depending upon the regulatory program in place (LaGrega, Buckingham, and Evans 

1994). 

Difficulties in selecting a remedial option include complex site conditions, lengthy 

remediation times, multiple step remediation, numerous remedial options each with 

technical tradeoffs, and lack of experience with respect to the best course of action 

(LaGrega, Buckingham, and Evans 1994). These difficulties lead to the incorporation of 

a certain level of judgement and introduction of uncertainty. It is important to distinguish 

between uncertainty, which is the variation in an output function based on the collective 

variability of model inputs, and sensitivity, which refers to the changes in model response 

as a result of changes in individual model parameters (McKone and Bogen 1991). 

Analyses of sensitivity may not be meaningful since the input values are already at or 

near maximum (LaGrega, Buckingham, and Evans 1994). Uncertainty is present in each 

of the 4 stages of risk assessment. It is introduced through the reliance on models (ex. 

fate and transport), and toxicity assessment (ex. extrapolation from animal tests to human 
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exposures, exposure to a single chemical, specific environmental conditions, short-term 

to long-term extrapolations, and high-dose effects to low-dose effects extrapolations) 

(LaGrega, Buckingham, and Evans 1994). Site-specific risk assessment also requires 

assumptions regarding expected future land use and receptor characteristics. The 

uncertainty in this process also arises from stochasticity (inherent randomness of the 

system), imperfect or incomplete knowledge, and human error. Acceptable uncertainty 

levels are determined through professional judgement by the risk assessor and can be 

influenced by financial and regulatory considerations, as well as public opinion. 

Uncertainty inherent within any risk assessment can be reduced by improving the 

models upon which assessments are based and expanding the data that are employed 

during an assessment (McKone and Bogen 1991). It is noted, however, that the cost of 

reducing the uncertainty must be balanced by the value of the information that it 

produces. Assessment of uncertainty can be done using several methods (differential 

analysis, response-surface replacement, and Monte Carlo). An awareness of uncertainty 

must be reflected in decisions and in risk communication (McKone and Bogen 1991). 

An effective risk assessment method should include variables that clearly indicate 

hazard level, exposure level, and level of risk (Kostecki, Calabrese, and Horton 1989). 

These can be assessed by examining certain criteria. Hazard analysis should include a 

toxicity evaluation, with the incorporation of safety factors, long- and short-term effects, 

body weight factors, pharmacokinetic factors to account for absorption and exposure 

through different exposure routes, and a procedure for evaluation of chemical mixtures. It 

should also include a derivation of toxicity values, non-carcinogenic acute toxicity, non-

carcinogenic chronic toxicity, and carcinogenic chronic toxicity. Exposure analysis 

needs to have the capacity to include exposure through air/dust inhalation, water 

ingestion, soil ingestion, dermal absorption, and ingestion of crops, livestock, or fish that 

have been exposed. This includes environmental fate analysis with half-life factors and 

site-specific factors. Risk analysis requires a comparison of the calculated risk to the 



154 

critical toxicity value (acceptable risk) as well as a method to evaluate cumulative 

toxicity from all media. 

One method that has been used to achieve more accurate risk assessment is the 

application of GIS. The use of GIS in risk assessment is appropriate because it provides 

a solid foundation of information and it allows for complex spatial analysis (Jutro et al. 

1998). By overlaying contoured risk factors on maps of past usage and known soil 

contamination a more accurate approach to risk assessment can be achieved (Chau, 

Comstock, and Keyser 1994). Application of a GIS has facilitated decision-making and 

contributed to an accelerated understanding of contaminated sites by regulators and the 

public (Chau, Comstock, and Keyser 1994). 

6.3.4 Risk management 

Risk management uses risk assessment results integrated with other site information 

to make decisions regarding risk reduction, risk control, or prevention of exposure to 

contamination to reduce the risk to an acceptable level. Important factors identified in 

risk management are long-term feasibility, environmental protection goals, legislated 

requirements, stakeholder/societal values and expectations, remediation technology and 

options, and economics. There are three general categories within risk management: 

remediation, physical and/or chemical exposure barriers, and administrative controls. 

Remediation is the preferred management option for regulatory closure; others are 

acceptable only when remediation is restricted by economic or technical factors (AEP 

2000a). 

6.3.5 Risk under AEP 

In Alberta, risk assessment is used to develop credible risk-based remediation 

objectives based on generic land use or sensitivity, to modify generic risk-based 

remediation objectives based on some site-specific parameters, and as a scientific tool to 
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help assess site-specific management options and decisions. Alberta Environmental 

Protection has produced a document (Policy for Management of Risks at Contaminated 

Sites in Alberta) that provides general guidance for setting or modifying risk-based 

remediation objectives and applying site-specific risk assessment within AEP 

requirements. This risk assessment procedure has been applied to develop the 

remediation objectives for underground petroleum storage tank sites and for specific land 

uses (defined by the CCME). According to AEP, the intent of risk assessment is to 

maximize the practicality and cost-effectiveness of cleanup goals while protecting human 

health and the environment. Figure 6.4 offers a decision tree created by AEP for the 

application of risk-based remediation objectives to contaminated sites in Alberta. 



Phase II Environmental Site Assessment 
Delineate entire extent, nature and degree of contamination 
both on- and off-site 156 

Sources present 
Do gross sources of contamination exist 
and contribute to ongoing degradation of 
air, water or soil quality? 

no 

yes Source Remediation 
Remediate, remove or otherwise manage 
source to the greatest extent practical; confirm 
migration has stabilized, decreased or 
otherwise achieved steady state conditions 

I  

Generic Risk-based Remediation Objectives 
(GRRO) 
Does contaminant concentration exceed GRRO? 
(proceed to option 2 or 3 if no GRRO exists) 

Option 1 - Remediation 

yes 

Option 3 - site-specific risk 
, assessment/management 

Feasibility and Stakeholder Participation 
Is long-term risk management feasible on 
affected area(s) and are affected 
stakeholders (if any) willing to participate in 
the Risk Assessment process? 

Option 2 - modify generic risk-baset 
, objectives 

no 

Modify Generic Risk-based Remediation Objectives 
- apply CCME protocol 
- modify physical and chemical parameters supported by 
measure site-specific data 
- contact zoning authority 
- determine most sensitive use/activity under relevant (normally 
current) zoning and identify applicable exposure pathways 
- apply CCME recommended land-use and human receptor 
properties 
- ensure remediation objectives will not lead to future risk 
management requirements under the relevant (normally current) 
zoning 

y e s 

Initiate Risk Assessment Decision Process 
discussion with affected stakeholders 

- define Problem/Context 
- determine adequacy of existing data and 
information 
- identify and gather information to fill gaps in 
data or understanding 

Is contaminant immobile (i.e. will not affect 
off-site property) and is a suitable risk 
management plan apparent? 

no 

y e s 

Submit to AEP for review 

Remediate to 
GRRO and 
Confirm 

Accepted 

Apply Modified Generic Risk-
based Remediation Objectives 
Does contaminant concentration 
exceed Modified GRRO? 

Respond to 
deficiencies and 
reissue report 

7£ Deficiencies 
identified 

Submit remediation and/or 
confirmatory sampling report to 
AEP for review 

no 

Accepted 
Revise as 
necessary 

Closure Letter of Compliance Issued by AEP 

Figure 6.4 - Application of risk-based objectives to 

contaminated sites in Alberta (AEP 2000) 

Conduct/Modify Site-specific Risk Assessment 
- include consultation and consider views of 
affected stakeholders 
- clearly indicate assumptions related to future 
risk management 

Prepare/Modify Risk Management Plan 
- include consultation and consider views of 
affected stakeholders 
- soil management plan for future excavations 
- future development restrictions 
- administrative/institutional controls 
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- air, water and soil monitoring programs 
- contingency remedial action plans 
- program for transferring information to 
subsequent landowners 
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required Submit to AEP for review 

> f Accepted 

AEP issues letter confirming provisional acceptance of 
risk management plan 

Responsible Parties Implement Risk Management Plan 

Ongoing re-evaluation of Risk Management Plan (if GRRO 
compliance attained in future, re-evaluate on the basis of Option 1 or 
2) 
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Figure 6.4 presents three available options for the management of contaminated sites. 

Option 1 involves acceptance of a Generic Risk-based Remediation Objective (GRRO). 

This objective is defined (AEP 2000a) as "a concentration of a substance in an 

environmental medium (air, water, soil, food) intended to provide an acceptable degree of 

protection of human and ecological health for the potential uses, conditions and activities 

that can be reasonably expected on a parcel of land within a general land use category". 

Generic objectives may be modified (Option 2) if it can be shown that an alternative 

value will provide equivalent protection. For example, the objective can be reduced if the 

assumptions made in GRRO development are found to over-estimate the risk at a 

particular site (i.e. the assumptions regarding contaminants, receptors, and pathways are 

incorrect for that particular site). Modified GRROs require measured representative data 

from the site. Finally, Option 3 is selected when complete remediation is not feasible, 

making other forms of risk management more appropriate. 

Stakeholder input is important since it is expected to improve the quality of the risk 

assessment and management, and it will help determine the feasibility of certain options 

on a contaminated site. Figure 6.5 presents the AEP 6-stage iterative process, including 

stakeholder engagement. 
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Figure 6.5 - Framework for risk management decisions (AEP 2000a). 

AEP issues 'closure letters of compliance' (to be replaced by remediation certificates) 

to sites remediated according to the generic or modified risk-based remediation 

objectives. These letters are not issued to sites managed with anything other than 

remediation (instead, risk management plan acceptance letters are issued). 

6.3.6 Risk under the CCME 

In Canada, the risk-based approach used when (CCME 1996): 

• national criteria do not exist for the contaminant in question, 

• cleanup to criteria-based levels is not feasible for the targeted land use, 

• criteria-based objectives do not seem appropriate given site-specific exposure 

conditions, 

• significant or sensitive receptors have been identified, or 

• there is significant public concern. 
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When looking at ecological risk assessment (ERA), the process is much more 

complex than that with human health. This can be attributed to the effects on 

populations, communities, and ecosystems, rather than the effects on a single species. 

Several factors relating to significant ecological concerns, such as sensitive wildlife 

habitat, endangered species, lands designated as a natural area or park, and/or lands that 

are locally important for fishing/hunting/trapping, can indicate the need for an E R A 

(CCME 1996). Other triggers include unacceptable data gaps in instances with one or 

more contaminants present about which little is known, poor understanding of 

contaminant fate and transport in the ecosystem, elevated level of uncertainty regarding 

the hazard levels, or gaps in information about ecological receptors. In addition, special 

site characteristics including excessive costs of meeting existing environmental criteria, 

absence of criteria for the chemical(s) of concern, very large contaminated area, and the 

inappropriateness of applying assumptions used in the development of generic criteria 

will promote the decision to perform an ERA. 

The E R A involves 3 tiers: screening assessment, preliminary quantitative ERA, and 

detailed quantitative ERA. Each tier has receptor characterization, exposure assessment, 

hazard assessment, and risk characterization components and each is progressively more 

complex and contributes to the knowledge pertaining to a given site. ERAs can be 

conducted to different degrees on a continuum from qualitative to quantitative (see Figure 

6.6), depending on site-specific factors and ability to sufficiently demonstrate risk. For 

example, if tier 1 is unable to characterize the risk within an acceptable range of 

uncertainty then the E R A moves to tier 2. 

Figure 6.7 depicts the framework for ERAs. 
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Figure 6.6 - Characteristics of each level of ERA (CCME 1996). 

ERA planning 
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Figure 6.7 - Framework for tiered ERA (CCME 1996). 

The reader is referred to Table 6.4 for more resources. 
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Table 6.4 - Resources to support risk assessment. 

Resource Description 

Integrated Risk Information System (IRIS) 
http://www.epa.qov/iris/ 

Supplies human health effects 
that could result from exposure 
to various substances found in 
the environment. 

Exposure Factors Handbook (produced by the 
Exposure Factors Program at the National Center 
for Environmental Assessment) 
http;//www.epa.qov/ncea/exposfac.htm 

Provides a summary of 
available statistical data on 
various factors (ex. drinking 
water consumption, inhalation 
rates, etc.) used in assessing 
human exposure. 

Wildlife Exposure Factors Handbook (produced by Provides data, references, and 
the Exposure Factors Program at the National 
Center for Environmental Assessment) 
http://www.epa.aov/ncea/wefh.htm 

Canadian Council of Ministers of the Environment 
(CCME). 1996. A Framework for Ecological Risk 
Assessment: General Guidance. The National 
Contaminated Sites Program, Winnipeg, Manitoba. 

Canadian Council of Ministers of the Environment 
(CCME). 1997. A Framework for Ecological Risk 
Assessment: Technical Appendices. The National 
Contaminated Sites Program, Winnipeg, Manitoba. 

guidance for performing 
exposure assessments for 
wildlife species exposed to 
toxic chemicals in their 
environment. 

Outlines general guidance for 
utilizing the E R A framework in 
Canada. 

Provides a detailed compilation 
of methods appropriate to the 
Canadian E R A framework. 

http://www.epa.qov/iris/
http://www.epa.qov/ncea/exposfac.htm
http://www.epa.aov/ncea/wefh.htm
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Table 6.4 (conf) 

Ecotox Thresholds Offers software to calculate the 
http://www.epa.gOv/superfund/resources/ecotox/#et site- and media- specific 

contaminant concentrations 
above which there is sufficient 
concern regarding adverse 
ecological effects to warrant 
further site investigation. 
Calculations adjust for pH and 
hardness in water and total 
organic carbon in sediment. 
Concentrations are for 
screening purposes only. 

Environmental Information Management System Stores, manages, and delivers 
http://www.epa.aov/eims/eims.html descriptive information 

(metadata) for data sets, 
databases, documents, models, 
multimedia, projects, and 
spatial information. 

Benchmark Dose Software 
http://www.epa.gov/ncea/bmds.htm 

Estimates reference doses 
(RfDs) and reference 
concentrations (RfCs). 

CatReg Software http://www.epa.qov/ncea/catrea.htm Performs categorical regression 
analysis in exposure-response 
analyses on toxicity data. 

Integrated Model Evaluation System 
http://www.epa.qov/ncea/imes.htm 

Selects fate models (air, surface 
water, groundwater, and 
multimedia) most appropriate to 
the needs of an exposure 
assessor. 

Provides some software 
regarding exposure-related 
issues. 

http://www.epa.gOv/superfund/resources/ecotox/%23et
http://www.epa.aov/eims/eims.html
http://www.epa.gov/ncea/bmds.htm
http://www.epa.qov/ncea/catrea.htm
http://www.epa.qov/ncea/imes.htm
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Table 6.4 (conf) 

Quantitative Risk Assessment Models 
Risk*Assistant 
http://www.hampsriire.ora/risk01 .htm#RA risk 
CalTOX http://www.cwo.com/%7herdl/caltox.htm 
SmartRISK http://www.uspioneer.com/ 

TOXNET http://www.toxnet.nlm.nih.gov/ 

Guiding Principles for Monte Carlo Analysis, 
EPA/6307R-97/001 (March 1997) available for 
download at http://www.epa.aov/ncea/monteabs.htm 

Rubinstein, R.Y. 1981. Simulation and the Monte 
Carlo Method. Wiley. 

Bratley, P. 1983. Guide to Simulation. Springer-
Verlag. 

Kalos, M . H . and P.A. Whitlock. 1986. Monte 
Carlo Methods, Vol. I: Basics. Wiley. 

6.3.7 Cold-climate Issues 

Risk assessment in northern areas is complicated by a number of unique factors that 

have been discussed in the literature (Robins, Knafla, and Sevigny 1999). There exists a 

close inter-relationship between first nations peoples and their environment (see Figure 

6.8). The Northern Contaminants Program (http://www.ainc-inac.gc.ca/NCP/) of Indian 

and Northern Affairs Canada provides support and information regarding identification of 

contaminant sources, determination of fate and transport, contaminant distribution within 

northern ecosystems, exposure of northern peoples to contaminants, and education and 

communication with northern peoples. The presence of interconnected food webs in 

Gives links for software that 
performs site-specific risk 
assessments. 

A toxicity data network that 
provides links to databases on 
toxicology, hazardous 
chemicals, and related areas. 

Presents guidance for 
uncertainty assessment using 
the Monte Carlo method. 

Provides information on the 
Monte Carlo Method. 

Provides information on the 
Monte Carlo Method. 

Provides information on the 
Monte Carlo Method. 

http://www.hampsriire.ora/risk01
http://www.cwo.com/%257herdl/caltox.htm
http://www.uspioneer.com/
http://www.toxnet.nlm.nih.gov/
http://www.epa.aov/ncea/monteabs.htm
http://www.ainc-inac.gc.ca/NCP/
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northern environments results in an integration of human health risk assessments into the 

ecological risk assessments. 

Humans 

Piscivorous Fish 

Herbivorous and 
Insectivorous Fish 

Aquatic 
Invertebrates 

Carnivorous Birds 
and Mammals 

Herbivorous 

and Insectivorous 

Terrestrial 
Invertebrates 

Aquatic 
Plants 

Plants Aquatic 
Plants 

Figure 6.8 - Simplified northern food web (Robins, Knafla, and Sevigny 1999). 

Figure 6.8 indicates the interconnectedness of northern food webs and also shows the 

overlap between aquatic and terrestrial food webs. Elevated sensitivity to toxicants due 

to cold stress can also affect the risk assessment. This can be caused by a reduction in 

detoxifying proteins and increased energy requirements. It should be noted, however, 

that the physiological changes in cold-adapted organisms may be different. Contaminant 

exposure has been shown to induce a hypothermic response in some animals. Different 

contaminant transport will exist at northern sites due to the presence of discontinuous 

permafrost. Extreme seasonal temperature variation may also contribute to differences 

between risk assessments at cold-climate sites as compared to more temperate sites. 

Finally, the presence of ice covers on surface waters causes trapping of volatiles, 

affecting winter contaminant concentrations. Sampling is generally conducted in the 

summer months and fate and transport models ignore winter scenarios. Most risk 

assessment methods do not address these issues. Increased research and attention to these 



165 

concerns will allow development of models and methods that are more appropriate for 

cold-climate sites. 

6.4 Summary 

This chapter has presented discussions on site and risk assessment. Thorough site 

assessment and characterization is a vital component to contaminated site management. 

This is likely to be achieved through a phased approach using a variety of methods that 

range from remote to intrusive and detailed sampling. Methods need to be appropriate to 

the environment in which they will be used. There is also a need to balance the cost of 

conducting a thorough site assessment with the value of the information obtained from it. 

This assessment provides a foundation for further assessment and forms the basis for 

remediation decisions. The goal of risk assessment is to evaluate alternative actions 

(including remedial options), select the most appropriate option, and formulate a risk 

management plan. Human health and ecological risk assessments will contribute to the 

overall knowledge of a particular site and allow informed decision-making with respect 

to risk management. The risk assessment approach allows tailoring of cleanup objectives 

to the site to maximize the efficiency of expenditures for remediation. However since 

this approach tends to be more costly for the actual assessment, a combined approach that 

includes both generic and site-specific objectives may be the most appropriate. In either 

case, there must be a consideration of land use and impact to humans and the 

environment. Several additional considerations for cold-climate sites should be 

incorporated into the risk assessment. These include the nature of northern food webs, 

the effect of the cold-climate environment on fate and transport models, and altered 

exposure scenarios and responses due to cold temperatures. Limited information in the 

literature is available regarding risk assessment in cold-climates. Further research and 

attention to this area will benefit risk assessors of cold-climate sites. 



166 

CHAPTER 7: DESIGN CONSIDERATIONS IN 

BIOREMEDIATION 

7.1 Introduction 

The primary objective of this chapter is to present design considerations for 

bioremediation in cold climates. Initially the focus will be around site-specific 

environmental parameters and how they affect bioremediation success. Following this, 

methods for optimizing the conditions for bioremediation will be presented. Case studies 

from the lab and field will be used to demonstrate that bioremediation is a viable option 

in cold climates. New cases will be presented to ensure consideration of new 

technologies. Applications and techniques from these cases will be extracted to generate 

recommendations for future applications. Conclusions will be drawn regarding steps that 

should be taken in the assessment and remediation process. 

The aim of bioremediation applications is to create a favourable environment in 

which contaminant-degrading microorganisms can flourish. This involves a series of 

steps: 

1) summarize all findings and conclusions based on site analysis 

2) define design objectives based on regulations and land use 

3) determine requirements for microbial activity through biotreatability studies 

4) predict changes in chemistry and microbiology in response to bioremediation 

operations and compensate in the design 

5) design delivery and monitoring systems 

6) implement delivery and monitoring systems 

7) modify parameters if necessary 
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7.2 Environmental Parameters 

There exists a myriad of environmental parameters that are capable of affecting 

bioremediation at any given site. The bioremediation schema (Figure 7.1) is used here to 

depict these parameters and can be used to determine if all bioremediation requirements 

have been met and to identify any limiting factors. These factors were previously 

discussed in Chapter 4, but are presented here as part of an integrated approach to 

bioremediation at a site. 

MASS TRANSFER 

BIOREMEDIATION 

NO TOXICITY REMOVAL OF 
METABOLITES 

ABSENCE OF 
COMPETITION 

Figure 7.1 - Bioremediation schema. 

For bioremediation to occur, the appropriate microbes must be present within the soil. 

Bacteria that are capable of degrading the contaminants of concern can be either 

indigenous to the soil or added (bioaugmentation). Screening for indigenous 
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biodegraders can be done through culturing methods, molecular techniques, and/or 

biotreatability studies. Culturing involves separation of the bacterial cells from the soil 

matrix by mechanical mixing, serial dilution, and plating on a medium containing the 

contaminant(s) of interest as a sole carbon source. The presence of colonies after 

incubation indicates that biodegraders are present and the use of serial dilutions allows 

the enumeration of these bacteria. Molecular techniques involve the screening of D N A 

for specific genes relating to the biodegradation of the contaminant(s). Although the 

D N A method circumvents the need for cultivation of bacteria, it presumes that the 

gene(s) in question have been discovered and studied such that a technique is available 

for screening. Biotreatability studies have the advantage of offering the conditions that 

would be present during bioremediation. Environmental parameters are optimized and 

biological, chemical, and physical interactions take place, simulating the bioremediation 

conditions. These studies allow for a much more realistic assessment of the 

biodegradative capacity within a given soil. Biotreatability studies are discussed further 

in section 7.2.5. 

The energy source in the schema refers to the substrate, or contaminant. The 

important issue here is contaminant bioavailability. Aspects such as sorption, solubility, 

molecular weight, and restricted microbial movement will affect the availability of the 

contaminant. These aspects were discussed in Chapter 4. 

For strictly aerobic bacteria the electron acceptor is oxygen, but for other bacteria it 

may be nitrate, sulphate, carbon dioxide, ferric iron, or other inorganic compounds. As 

discussed in Chapter 4, electron acceptors releasing the most energy will be consumed 

first. The presence of an appropriate electron acceptor for the biodegradation of the 

contaminant(s) of concern is required for successful bioremediation. This electron 

acceptor may be already present on the site or it may be added to ensure that it is not 

limiting. Although anaerobic biodegradation of petroleum hydrocarbons can occur, the 

greatest rates are observed under aerobic conditions, making oxygen the electron acceptor 
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of choice in bioremediation applications. Oxygen is almost always a limiting factor in 

hydrocarbon bioremediation. In cold climates, oxygen solubility in water increases up to 

4-8mg/L as the water temperature decreases, providing an advantage to bacteria in these 

environments (Wilson 1999). 

As mentioned in Chapter 4, a matric potential of -0.03 to -1.5MPa and a WHC of 50-

80% are needed for bacterial metabolism. Soil water of up to -50% WHC has been found 

to accelerate biodegradation of aromatics such as toluene, naphthalene, phenanthrene and 

anthracene (Holman and Tsang 1995). Soil water content is able to affect the redox 

potential of soil, the motility and biomass of microbes, and the availability and transport 

of gases and nutrients in soil (Holman and Tsang 1995). Thus, moisture in the soil must 

be assessed, adjusted, and monitored such that bioremediation can occur optimally. The 

presence of hydrocarbons such as crude oil may render the soil hydrophobic, reducing the 

water-holding capacity of the soil and increasing the availability of the water that is 

already present (Dibble and Bartha 1979). Soil water is also important for ensuring 

bioavailability of certain compounds. One study indicated that the mineralization of 

hexadecane did not depend on soil water content (Holman and Tsang 1995). This was 

attributed to the significantly lower water solubility of hexadecane compared to the 

aromatics tested. The low solubility would hinder the flux from the oil phase to the water 

phase and reduce the importance of the presence of water (Holman and Tsang 1995). 

Low soil moisture conditions exist at many arctic sites (Braddock et al. 1997). These 

conditions are further promoted by low annual precipitation and shallow permafrost. 

Adding moisture to some sites may not be a suitable option due to a limited supply of 

freshwater and the potential for contaminant mobilization (Braddock et al. 1997). 

Extremes in pH often have negative impacts of biodegradation rates and, therefore, 

must be assessed and adjusted, if necessary. pH can also affect contaminant water 

solubility and sorption of the contaminants to soil and sediment (Providenti, Lee, and 

Trevors 1993), although this generally applies to the more polar compounds. Liming of 
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acidic soils is a common practice to raise the pH to acceptable levels. Monitoring of soil 

pH as bioremediation occurs is essential, particularly in sandy soils where microbial 

oxidation of carbohydrates and hydrocarbons can acidify the soil (Wilson 1999). A soil 

with low carbonate content was found to exhibit acidification after about 20 days of 

diesel biodegradation and the pH had to be adjusted (Margesin and Schinner 1997a). 

However, soils containing carbonates generally have good buffering capacity and may 

not need pH adjustments. Adjustments to soil pH can be hindered by large sites. 

Manipulation of nutrient levels within the contaminated soil is frequently carried out 

and is the focus of many researchers in the field of bioremediation. Evaluation of 

nutrient levels is often done through an examination of the carbon:nitrogen:phosphorus 

(C:N:P) ratio. Fertilizers can be added to alter this ratio such that optimum 

biodegradation can occur. The optimum C:N:P ratio can be determined through 

recommendations in literature (Table 7.1) or by conducting biotreatability studies. The 

suggested C:N:P ratios fall between 100:10:1 and 100:5:1 over the lifetime of the project 

(Wilson 1999). As indicated in Table 7.1, the C:N:P ratios vary according to differences 

in contaminants, biodegradation kinetics, site conditions, unamended soil nutrient 

concentrations, nitrogen cycling, and contaminant loading rate. The ratio method of 

determining nutrient requirements is likely not totally accurate, but may be considered a 

starting point. The carbon in the ratios suggested in the literature may or may not be 

totally biodegradable. The amount of N and P suggested by the ratios is based on the 

amount of biodegradable carbon, which can vary according to contaminant and site. For 

example, the amount of biodegradable carbon at a diesel-contaminated site is greater than 

that at a crude oil-contaminated site. Using C:N ratios for nitrogen application is better 

suited for predicting nitrogen requirements for complete carbon mineralization. 

Determination of the appropriate nutrient amendments often requires experimental 

assessment. Theoretical determinations based on complete mineralization of the 

contaminant(s) often overestimate the amount of nutrients required since absolute 

destruction of the contaminant(s) is not possible under natural conditions (Dibble and 
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Bartha 1979). In addition, turnover of the microbial community allows for recycling of 

nutrients. Thus, the optimum nutrient ratios are expected to be wider than the theoretical 

ratios of 10:1 (C:N) and 100:1 (C:P) (Dibble and Bartha 1979). Due to the site-specific 

nature of bioremediation, it is recommended that biotreatability studies be used, however, 

nitrogen levels should be approximately 200-500mg N/kg soil to avoid toxicity. 

Depending upon the bioremediation technology selected, nutrients can be added in liquid 

or granular form. 

Table 7.1 - Nutrient applications in literature 

C:N C:P Contaminant Bioremediation Temperature Reference 

60:1 800:1 Oil sludge Landfarming 
microcosm 

28°C Dibble and 
Bartha(1979) 

10:1 100:1 Varies Natural 
attenuation 

Friend 
(1996) 

10:1- 100:1- Varies Bio venting, Friend 
100:1 200:1 biopiles, 

landfarming, 
slurry 

(1996) 

10:1- Petroleum Bioremediation USEPA 
100:1 compounds (1995b) 
61:1 607:1 Distillate Biostimulation Antarctic Kerry (1993) 
10:1 50:1 Diesel Biostimulation 10°C Margesin 

and Schinner 
(1999b) 

9:1- Waste oils Margesin 
200:1 and sludges and Schinner 

(1999b) 
60:1 Oil sludge Margesin 

and Schinner 
(1999b) 

10:1 50:1 Diesel 10°C Margesin 
and Schinner 
(1997a) 

Any single dose should be limited to approximately 1.8kg/m of water-soluble 

nutrients to avoid osmotic shock, toxicity, or rapid losses into the groundwater system. 
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Higher doses can be achieved using slow-release fertilizers (Wilson 1999). Monitoring 

nutrient levels is of the utmost importance when conducting bioremediation so that 

optimum levels can be maintained. There are several methods available for the 

determination of nutrient levels in soil. The reader is referred to Methods of Soil Analysis 

(Sparks 1996) for detailed instruction on nutrient determination. 

Although temperature has the ability to affect bioremediation, its effects may not be 

those that have been conventionally predicted. These previous assumptions have been 

described in Chapter 1. A thermodynamic approach based on chemical reactions and 

observations rather than on biological systems is inappropriate for assessing potential for 

bioremediation. The existence of many cold temperature environments indicates that 

microorganisms exist that are adapted to these conditions. The microorganisms present 

at a contaminated site can be assessed through cultivation techniques using an incubation 

temperature equal to the temperature present at the site. The effect of temperature on 

biodegradation by a particular microbial community at a site can be assessed using 

biotreatability studies. 

Once these requirements have been met, sufficient mass transfer among the 

components must be ensured. Contact among microbes, energy source, electron 

acceptors, nutrients, and moisture is needed to optimize bioremediation rates. Section 7.3 

presents technologies that aim to do this. 

Other factors of less, but still significant, concern are toxic compounds, the build-up 

of metabolites, and competition. The presence of toxic compounds, such as heavy 

metals, and a build-up of metabolites can reduce the effectiveness of bioremediation. 

Metals may be able to interfere with proteins sulfhydryl groups, electron transport chains, 

enzyme activity, enzyme synthesis, nucleic acids, membranes, and cell division 

(Providenti, Lee, and Trevors 1993). Toxic effects caused by metals may be overcome 

by encouraging the growth of metal-resistant or tolerant species. These organisms can be 
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selected for in the laboratory. The hydrocarbons themselves may also be toxic to the 

bacterial community, particularly if they are in high concentrations. This may be 

mitigated through the addition of bacterial strains resistant to high levels of these 

compounds or through the use of a three-phase system. In the latter case, the N A P L is 

separated from the soil by using a non-toxic organic solvent, which acts as a trap 

(Alexander 1999). Some metabolites, or partial degradation products, can be produced 

and accumulate that are more toxic than the parent compound (Providenti, Lee, and 

Trevors 1993). Metabolite inhibition, where compounds produced during metabolic 

processes inhibit the enzymes involved in the process, can also occur. By encouraging 

the growth of microbial consortia, metabolic inhibition can be avoided since some 

members of the consortium may be able to utilize these inhibiting compounds 

(Providenti, Lee, and Trevors 1993). 

Competition may also influence the effectiveness of bioremediation. For example, 

the presence of organic matter within the soil could compete for the attention of bacterial 

enzymes, diverting degradation away from the contaminants of concern. This example 

introduces the principle of diauxy. This principle refers to a two-stage degradation where 

another compound (ex. natural organic matter) is preferentially degraded before the 

compound of interest (ex. crude oil) is degraded (White and Luong 1997). The 

occurrence of diauxy increases the time for successful bioremediation. White and Luong 

(1997) have devised a method to predict diauxy in an organic soil from Alaska. Natural 

organic matter (NOM) was classified into six categories: lignin, lipids, primary 

polysaccharides, secondary polysaccharides, proteins, and amino sugars. It was assumed 

that compounds in an aerobic soil environment are degraded in the following order: 

sugars and starches, proteins, cellulose, lipids, and lignin. Since crude oils can be 

analogous to lipids they are not likely to be preferentially degraded, particularly if more 

easily degraded compounds are available. Soils with high amounts of primary 

polysaccharides were found to have the highest potential for diauxic growth. The study 

concluded that it is the composition of the N O M , rather than the amount of N O M , that is 
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important to indicate diauxy (White and Luong 1997). This finding indicates the 

importance of thorough site characterization, including an assessment of N O M . 

Competition among microbes for nutrients and electron acceptors can also occur, 

affecting bioremediation. Although the possibility for these types of competition is 

recognized, any conclusions regarding mechanisms for enhancement or inhibition of 

bioremediation are premature due to the large number of compounds in a contaminated 

site, undefined microbial communities responsible for biodegradation, and complex 

interactions in the subsurface (Alexander 1999). 

7.3 Bioremediation Technologies 

The purpose of this section is to provide an overview of the various bioremediation 

technologies available. This will include a description of the technology, its advantages 

and disadvantages, when the technology can be applied, and its critical design 

parameters. Limitations do not necessarily preclude selection of a technology, but may 

affect the design and costs of its application. Cold-climate and cold-temperature 

applications will be presented when possible. 

7.3.1 In situ technologies 

In situ technologies are those that take place within the contaminated site; without 

removal of contaminated media. With these types of technologies, there is minimal 

disturbance to the site and remediation can take place alongside normal operations. Other 

advantages of the in situ approach are reduced costs and liabilities associated with off-site 

transport, and reduced contact and exposure to contamination. Also, simultaneous 

treatment of soil and groundwater can occur. In situ technologies have been applied 

primarily at sites contaminated with lighter hydrocarbons (gasoline, diesel, heating oils, 

etc.) (SENES Consultants Limited 1993). 
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In situ bioremediation does have some drawbacks, however. The time for treatment 

is higher compared to ex situ operations, there is potential for inconsistent results across a 

site due to heterogeneity, there are difficulties with its application to sites with low 

permeability, and there is potential for off-site migration. Although treatment time can 

be reduced by increasing the number of active zones in the subsurface (i.e. more 

injections wells, infiltration galleries, etc.), this increases the costs substantially (SENES 

Consultants Limited 1993). 

7.3.1.1 Biostimulation 

This approach involves the stimulation of naturally occurring microbes by altering 

environmental parameters such as pH, nutrients, and oxygen. Biostimulation can be 

applied to sites where the contamination is in both the soil and the groundwater. In this 

case, the groundwater is pumped, amended with nutrients, and re-circulated through an 

infiltration gallery (Figure 7.2). However, this has the potential of increasing 

contaminant mobility and is inefficient for soils with high clay contents because the 

nutrients will not be evenly dispersed. Infiltration galleries are also not suitable for 

shallow contamination (SENES Consultants Limited 1993). For contaminated soils, 

surface spraying of nutrients can occur as an alternative to an infiltration gallery. This 

approach, however, enhances evaporative losses and is more restricted by temperature. 

Injection wells can also be employed to allow a more precise addition of amendments. 

An alternative approach would be to add granular nutrients (fertilizer) to the soil surface 

of the site. The amount of nutrients added to the soil is highly site-specific and can be 

determined through a biotreatability study (see section 7.2.5). 
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Reagents (ex. nutrients) 

Infiltration gallery 1—1 
Groundwater 

extraction well (can 
be recycled to mix 

with reagents) 

Figure 7.2 - Biostimulation through an infiltration gallery (Suthersan 1997). 

Nutrient manipulation is employed in the majority of studies relating to 

biodegradation since nutrients are deemed the most common limiting factor, particularly 

in cold-climate soils. 

Walworth and Reynolds (1995) have studied the effects of nutrient addition and 

temperature on bioremediation in a cryic soil. The study was designed to examine the 

interactions between nitrogen and phosphorus that can occur in the soil. For example, 

adding nitrogen causes an increased phosphorus uptake in plants (and vice versa). Also 

microbial oxidation of nitrogen acidifies the soil, possibly decreasing phosphorus 

solubility. These interactions make it difficult to determine the need for each nutrient 

individually. Soil used in this study was a silty loam with 8000mg/kg of diesel, 7% 

organic matter, 30% moisture, and a pH of 5.3. Microcosms were run at 10°C and 20°C. 

The immediate nitrogen availability (inorganic forms of nitrogen) is most likely to affect 

bioremediation rates. Nutrients were added as Ca(HaP04)2 • H 2 O at 0, 60, 120, or 

180mg/kg soil (dry weight) and NH4NO3 at 0, 400, 800, or 1200mg/kg soil (dry weight). 
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The addition of nitrogen caused an immediate decline in soil pH, likely due to increased 

electrolyte concentration rather than ammonium oxidation. Nitrogen addition also 

increased the level of available potassium. Approximately 50% of the added phosphorus 

remained available, the remainder became unavailable, likely due to soil fixation. In this 

case the addition of nitrogen had no effect on hydrocarbon degradation regardless of 

phosphorus and temperature. This was attributed to a high initial inorganic nitrogen 

content (C:N=71:1). Degradation over 14 weeks was found to be significantly affected 

by soil temperature, phosphorus and their interactions. Degradation at 20°C was greater 

than that at 10°C. At 10°C, degradation was not affected by phosphorus additions, while 

at 20°C it was greatly affected by phosphorus additions of 120 or 180mg/kg. Thus, the 

affect of phosphorus concentration on degradation was affected by temperature. The 

maximum degradation occurred with an available phosphorus level of 185-215mg/kg 

(C:P of 38:1-33:1) at 20°C. The parameter with the largest effect on degradation was 

temperature. This study indicates that phosphorus additions have little effect on the 

biodegradation of diesel at 10°C. In addition, it is important to assess the natural nutrient 

content of the contaminated soil prior to nutrient amendment. 

The addition of fish bonemeal as a nutrient source has also been studied (Walworth, 

Woolard, and Harris 1997). Fish bonemeal is rich in nitrogen and phosphorus and 

contains 10-25% carbon. It has been used successfully as an agricultural fertilizer. This 

type of amendment is considered a slow-release fertilizer and has been deemed 

appropriate for remote sites where multiple applications could be costly. It also has the 

ability to prevent salt build-up that can inhibit microbes. The nitrogen mineralization rate 

indicates the rate at which readily usable nitrogen becomes available to microorganisms. 

This rate is affected by soil conditions such as pH and temperature. The dissolution of 

phosphorus minerals and formation of insoluble precipitates determine the phosphorus 

concentration. Although this is a non-biological process, it is also affected by soil 

conditions. Addition of fish bonemeal stimulated biodegradation of diesel at the same or 

slightly higher level as an agricultural fertilizer. At the time of publication, pilot studies 
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were underway. There was no discussion of the possibility for diauxy due to the presence 

of carbon in the bonemeal. 

Braddock et al (1997) studied the remediation of a gravel pad contaminated with 

gasoline, diesel, and JP-5 in Alaska. The study employed lab microcosms and field-

incubated mesocosms to examine the effects of nutrient additions. The results indicated 

that optimizing nutrient levels are crucial, particularly at dry sites. Fertilizer applications 

that are too high have been shown to decrease microbial activity. Microcosms involved 

the application of various concentrations of nitrogen (NH4NO3) and phosphorus ( K 2 H P 0 4 

and KH2PO4), Ringer solution, micronutrients, and Bushnell Haas broth. Incubation was 

at 10°C for 6 weeks. The best results were obtained when both nitrogen and phosphorus 

were added. This finding was used to design the second phase of the experiment. 

Mesocosm treatments involved the addition of 20-20-20 fertilizer at different rates: 

lOOmg N and 45mg P per kg soil, 200mg N and 90mg P per kg soil, and 300mg N and 

135mg P per kg soil. These treatments occurred in buried polyethylene containers at the 

site. The greatest stimulation in the field was with the lowest fertilizer level (lOOmg 

N/kg soil). Applications of 200-300mg/kg soil reduced the microbial activity, which was 

attributed to the dryness of the site. The low soil moisture values of 1-3% by weight 

would have caused high salt concentrations in the soil solution, which is limited. These 

low soil moisture conditions are aggravated by low annual precipitation and shallow 

permafrost. The gravel pad construction is such that there is no saturated zone beneath 

the pad, which is a common feature of gravel pads in the Arctic. The pad was elevated 

(lm) compared to the surrounding land surface, causing the permafrost table below to be 

similarly higher. Thus, an island forms in the groundwater system that develops in the 

summer. At many sites adding moisture is not feasible since freshwater is not readily 

available and adding water could increase contaminant mobility. Addition of fertilizer in 

a single application could produce toxic levels. 
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Liddell et al (1991) conducted lab experiments to characterize a diesel-contaminated 

site in Alaska with the aim of implementing a bioremediation pilot study. The following 

parameters were assessed in the lab: 

• Total microorganisms and hydrocarbon-degraders 

. pH 

• Ammonia-N 

• Nitrate-N 

• Orthophosphate 

• Sulphate 

• Water soluble iron, manganese, magnesium, calcium, potassium 

• Cation exchange capacity 

The total microbial count was 106 cells/g soil while the total hydrocarbon degrader count 

was 103-106 cells/g soil. Nitrate-N, orthophosphate, water-soluble iron and manganese 

were found in low concentrations and could be limiting. A microbially-enriched nutrient 

solution was prepared to reduce the effects of an acclimation period (since summer is 

only 8-10 weeks). Laboratory studies involved the construction of 3 foot-deep soil cells 

maintained at 5°C. This study aimed to determine the effect of applying the microbially-

enriched nutrients to the surface and injection and versus application to the surface only. 

Applications occurred at 0, 3, and 6 weeks. Nutrient additions contained 11.4L water, 

150g NH4NO3 (34-0-0), 50g superphosphate (0-20-0), lg FeCl 2 , and lg MgS0 4 . 

Microbes were supplied as 2xl0 8 colony forming units/mL in 1.5L of the 

abovementioned nutrient solution. Results indicated that the hydrocarbon-degraders 

increased and then reached a plateau in the test cells. Reductions in TPH of 76 and 71% 

over 9 weeks were observed in the surface-applied and surface- and injection-applied 

tests, respectively. These similar results in both tests led to the selection of the simpler 

surface application for the field study. Prior to initiating the field study, baseline soil 

samples were obtained to determine hydrocarbon concentration and hydrocarbon-

degraders. Application was carried out in two batches over the summer season. 
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Three site visits were required to implement and monitor the project: 

1) Equipment, supplies, and personnel were delivered by barge. Indigenous 

hydrocarbon-degraders (cultured elsewhere) were maintained during transport. A 

water source to be used for the nutrient solution and microbial formulation was 

selected. Baseline samples were obtained. Application of the formulation was 

carried out with a tank spreader bar apparatus at a rate of 28L/m 2. 

2) Personnel arrived by helicopter and carried out the second application. Soil 

samples were obtained for analysis. Equipment and personnel were demobilized 

by barge. 

3) Personnel arrived by helicopter to collect final soil samples. 

Results indicated an increase in hydrocarbon-degraders of 1-3 orders of magnitude. TPH 

results showed the majority of the degradation was occurring in locations with greater 

than lOOOppm and that little or no change in TPH concentration was observed when the 

initial concentration was less than 400ppm. The conclusion was drawn that stimulation 

of the indigenous microorganisms was successful using this method. However, it appears 

that the application of 28L/m 2 is excessive and could cause contaminant mobility 

problems. This study also indicated the use of site characterization and bench studies 

prior to field implementation. The employment of barges and helicopters introduces the 

importance of site access during remediation. The transport of equipment and personnel 

can be costly at some of these sites and, therefore, must be considered during the 

selection and implementation of a bioremediation technology. 

Jorgenson et al (1992) examined the application of bioremediation at a crude oil-

contaminated site in Alaska. Contamination at the site was 20 years old with only 

minimal weathering of the oil. Soils were saturated and organic, typical of wet tundra 

soils. First, the site was divided into zones based on level of contamination (low, 

moderate, and high). High contamination zones were selected for excavation and 

incineration while the remaining zones were slotted for bioremediation. Enhancement to 

promote biodegradation included tilling for aeration and mixing, fertilizing for adequate 
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nutrients, watering/dewatering for appropriate moisture levels, and adding nitrate for an 

alternate electron acceptor in anaerobic, saturated soils. The organic soil and length of 

time since the spill indicated that the indigenous bacterial community would be sufficient 

for biodegradation. Fertilizer (8-32-16 and 34-0-0) was applied at a rate of 440kg/ha. 

Parameters such as pH, temperature, redox potential, dissolved oxygen, electrical 

conductivity, nutrients, and microbial numbers were monitored. Early summer was 

determined to be the best time for aerobic microbial growth because groundwater levels 

were low enough, dissolved oxygen and redox conditions were not limiting, and solar 

radiation was the greatest. Late summer presented with predominantly anaerobic 

conditions. Monitoring indicated a temperature of 1-5°C in the groundwater and higher 

temperatures at the soil surface, a pH between 6.5 and 8.5, and high initial redox 

conditions that dropped to less than +50mV. Hydrocarbon degraders were initially high 

(~108 colony forming units/g), dropping to ~104cfu/g. This drop was attributed to the 

disappearance of easily degraded hydrocarbons. Over a 2-month period a 74% reduction 

in TPH due to biodegradation was observed. Bioremediation monitoring may be needed 

over several years at this site, increasing the costs. 

Criteria for fertilizer selection for the Exxon Valdez oil spill included ease of 

application and potential to retain position, nutrient release characteristics, and physical 

durability over time (Pritchard et al. 1992). Nutrient amendments should be based on 

monitoring information, not on a pre-determined dosage (Bragg et al. 1994). It is 

estimated that once the polar compounds reach 60-70% of the total hydrocarbon mass, 

nutrient availability will no longer be the limiting factor (Bragg et al. 1994). 

Wooters et al (1993) examined the biodegradation of residual hydrocarbon in tundra 

by comparing biostimulation with nutrient addition, biostimulation with nutrient addition 

and dewatering, and bioremediation by dewatering and tilling. The contamination at this 

site resulted from the discharge of pressure releases from oil/water separators into relief 

pits. The objective of the study was to remediate to below criteria (Alaska) while 
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rrunimizing the impact on the tundra. The addition of nitrogen and phosphorus resulted 

in a 36% reduction in hydrocarbons over 63 days. Dewatering of the snow meltwater in 

the pits using vacuum trucks was partially successful (i.e. some standing water 

remained). Tilling was conducted once every two weeks with a two-wheel tractor 

mounted with a rototiller. Analysis indicated that the effect of tilling was not significant; 

dewatering alone could produce about 80% removal over 50 days. This study indicates 

that the moisture component of the contaminated soil is highly important for successful 

bioremediation. 

Kerry (1993) looked at the effects of nutrient addition and soil moisture retention 

measures at an Antarctic site artificially contaminated with distillate at a rate of 5L/m . 

Five treatments were examined: 

• fertilizer plus xanthan gum 

• fertilizer only 

• fertilizer plus xanthan gum plus plastic covering 

• xanthan gum 

• no additions 

Fertilizer consisted of 60g NH4NO3 and lOg K 2 H P 0 4 in 6L of water with 1% Tween 80 

to emulsify the hydrocarbons. Low nitrogen was observed after 1 year. It was 

determined that multiple fertilizer applications or controlled-release formulations would 

be more appropriate. The use of xanthan gum and plastic covers to reduce losses of soil 

moisture were not effective. The researcher indicated that future research should focus 

on determining nutrient levels for optimum degradation while minimizing soil 

enrichment and on fertilizer application methods that ensure availability throughout the 

degradation process. Also, research into ensuring the availability of moisture is needed. 

Addition of oxygen to the subsurface can occur in one of three ways: dissolved 

oxygen in water, hydrogen peroxide, or air injection. The use of dissolved oxygen in 

water has the disadvantage of introducing oxygen limitation at some point during 
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bioremediation due to the requirement for large amounts of oxygenated water for 

complete biodegradation. The stoichiometric demand for oxygen is extremely high for 

hydrocarbons. For example, if the aerobic degradation of hexane requires 9.5 moles of 

oxygen per mole of hexane, the volume of water required (based on a dissolved oxygen 

content of 9mg/L) is 390L per gram of hexane (Wilson 1999). Another alternative is the 

use of oxygen microbubbles that are oxygen rich and are generated by mixing water with 

a biodegradable surfactant (van Cauwenberghe and Roote 1998). These bubbles are then 

introduced into the subsurface through a variety of methods. However, if hydrogen 

peroxide is employed the water requirement is much less (SENES Consultants Limited 

1993). Aqueous phase hydrogen peroxide has also been used in bioremediation, but it 

can pose a toxicity problem at high concentrations and it can cause biofouling of the 

delivery system. Oxygen can also be delivered through the use of Oxygen Release 

Compound (ORC), which contains a solid peroxide and is available in socks that insert 

into injection wells. When ORC becomes moist, oxygen is released slowly. ORC is 

generally used for wide dispersal within an aquifer (van Cauwenberghe and Roote 1998). 

The use of air as an oxygen source in the subsurface is referred to as bioventing and is 

discussed in the following section (7.2.1.2). Biostimulation is often combined with other 

technologies. 

The use of solid peroxides has been explored to oxygenate an acidic (pH 3.8) tundra 

soil for biostimulation (White, Irvine, and Woolard 1998). The application of solid 

peroxides is thought to alleviate the toxicity and biofouling problems associated with 

aqueous phase H2O2. Simple peroxides (ex. Ca0 2 and Mg0 2 ) and peroxyhydrates (ex. 

N a 2 C 0 3 • 1.5H202) combine with water to form hydrogen peroxide, which is then 

converted by microbial catalases and inorganic catalysts to oxygen and water. This 

particular study examined the biodegradation of crude oil (15,000 mg/kg) in soil with 

incubation at 12°C for 50 days. Experimental set-up involved the use of soil column 

microcosms with the solid phase oxygen provided at one end. Results showed that 

bacterial growth can be enhanced with the use of solid peroxides, with Na2C03 • 1.5H 20 2 
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being the most effective. The effect was primarily localized to less than 5cm from the 

solid phase oxygen. For field application, the affected zone must be expanded. 

Marley et al (1999) utilized bench and field studies to demonstrate the effectiveness 

of radio frequency (RF) heating on the remediation of petroleum hydrocarbon-impacted 

soils in Alaska. RF heating employs the use of antennae to deliver electromagnetic 

radiation into the soil. Heating energy can be directed laterally and vertically into the 

subsurface. The ability of a soil to absorb RF energy relates to its dielectric constant and 

electrical conductivity. Column studies indicated rapid increases in biodegradation rates 

when soil was warmed to 10-15°C and 30°C from less than 5°C. A pilot study was 

conducted involving the combination of RF with bioventing. Biodegradation rates, as 

measured by respirometry, increased by a factor of between 2.7 and 6 compared to 

unheated controls. Advantages of this approach to soil heating are that it requires no 

safety barriers, it gives a uniform, focussed heating pattern, and it can be operated 

remotely with a computer. The article, however, presented no information with respect to 

the costs of this technology and it appears that it is still in its infancy. 

Several limitations are present that can prevent biodegradation down to zero. A 

contaminant (substrate) concentration below threshold, decreased bioavailability with 

time as recalcitrant compounds accumulate, desorption and diffusion limitations, and low 

aqueous solubility have the ability to contribute to decreased biodegradation. Margesin 

and Schinner (1999a) have studied the effect of surfactants on the biodegradation of 

diesel by cold-adapted microorganisms in an attempt to explain and overcome these 

limitations. When utilizing surfactants, it must be ensured that there is no residual 

surfactant contamination. Thus, the compound should be biodegradable over a range of 

temperatures. Alkyl sulphates (ex. SDS, or sodium dodecyl sulphate) are readily 

degraded by bacteria. The effect of surfactants on bacteria with respect to toxicity 

depends on temperature. SDS was found to inhibit the biodegradation of diesel in soil, 

with higher SDS concentrations producing higher inhibition. This was attributed to 
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preferential degradation of the surfactant over the contaminant. Other explanations 

include the microorganisms losing direct access to the hydrocarbons due to the presence 

of micelles. Also, there could be a decreased aqueous-phase hydrocarbon concentration. 

Table 7.2 - Advantages and limitations for biostimulation 

Advantages Limitations 
Low disturbance 
Simultaneous soil and groundwater 
remediation 
Relatively low cost 

Soil matrix may be prohibitive 
Potential to increase contaminant 
mobility 
Clogging of nutrient injection wells due 
to microbial colonization (biofouling) 
Preferential flow paths (heterogeneity) 
Poor distribution with clay, layering, and 
heterogeneous soils 

7.3.1.2 Bioventing 

Bioventing is a process of supplying oxygen in air to the subsurface such that aerobic 

biodegradation of the contaminants can occur. It has been estimated that the delivery of 

oxygen in air is three times greater than that in water (SENES Consultants Limited 1993). 

This type of technology is applicable when the contamination is in the vadose zone 

and/or just below the water table. A soil gas permeability of greater than 10"9 cm 2 is 

sufficient for bioventing. Although bioventing can be restricted by impermeable soils, it 

has been successful in soils with greater than 80% silt/clay content (Wilson 1999). An 

82% reduction in TPH was achieved over one year at a site with a high clay and silt 

fraction (Phelps, Stanin, and Downey 1995). 

Air is delivered to the subsurface via injection through perforated pipes or via 

creation of a vacuum that draws air into the soil from the ground surface or through 

passive air intake pipes (Figure 7.3). However, it is suggested that the injection mode be 

practiced since it allows biodegradation of any volatile organic compounds to occur prior 

to reaching the surface (Wilson 1999) and it minimizes up-welling of the groundwater. 

Oxygen, carbon dioxide, and methane gases are monitored in the soil, with oxygen 
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depletion and carbon dioxide evolution indicating increased microbial activity. Oxygen 

utilization rates are expected to decline as bioremediation takes place due to the 

utilization of the easily degradable compounds, leaving the compounds that are more 

difficult to degrade. The oxygen demand can be increased with the presence of high iron 

contents in the soil due to the formation of iron oxides. To determine the oxygen radius 

of influence (ROI) it is important to look at the air delivery velocity, or soil-gas 

throughput. 

Air injection Soil gas monitoring wells 

Contaminant plume 

Figure 7.3 - Simplified bioventing schematic 

There are three design requirements for bioventing systems (Suthersan 1997). An 

appropriate oxygen flux through the soil must be achieved and maintained to support 

biodegradation. A general rule of thumb is that the soil pore volume be exchanged once 

every 1-2 days, depending on the air oxygen content. Recall that oxygen levels should be 

greater than or equal to 2%. Airflow path rather than well spacing is the most important 

factor. Well number and position is designed to achieve the most uniform air delivery as 

is possible. With low permeability soils, bioremediation depends primarily on the ability 

to provide oxygen above the biological demand (Phelps, Stanin, and Downey 1995), 
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making well spacing less of an issue than with soil vapour extraction. The radius of 

influence can be expected to increase in the long-term due to oxygen diffusion in the 

subsurface and fracturing/formation of preferential flow paths (Phelps, Stanin, and 

Downey 1995). With shallow contamination, the radius of influence can be increased by 

installing impermeable surface barriers, such as asphalt or concrete. The ROI is affected 

by microbial activity, making it important that the design be based on peak activity. Soil 

moisture content must be maintained within an acceptable range. Soil drying and 

moisture loss can be a concern with this technology, but is generally only of concern near 

the vent well or in sites where high air injection rates are applied. This can be mitigated 

by humidifying the injected air and using low airflow. Design should include a means to 

control moisture, if necessary, and a method to ensure availability of nutrients. 

Knowledge of site geology is highly important because it will allow the manipulation of 

airflow in various zones. An in situ respiration test can be carried out to assess the 

biodegradation rates that are achievable with bioventing. Air is injected and monitoring 

of oxygen and carbon dioxide takes place over 24 hours. Zero- and first-order analysis 

then ensues. 

Modifications to bioventing applications include the injection of pure oxygen instead 

of air for treatment of low permeability soils, producing larger oxygen concentrations for 

a given soil volume, soil warming techniques, and ozonation to partially oxidize more 

recalcitrant compounds, making them more biodegradable (USEPA 1995c). 

For details regarding bioventing design the reader is referred to the following 

documents: 

• Engineering Manual on SVE and Bioventing (USACE 1995) 

• Considerations in the design of in situ vapor extraction systems: radius of 

influence vs. zone of remediation (Johnson and Ettinger 1994) 

• EPA Manual: Bioventing Principals and Practice (USEPA 1995a) 
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This technology can be combined with slow-rate air sparging if contamination also 

occurs in the saturated zone. 

Table 7.3 - Advantages and limitations for bioventing 

Advantages Limitations 
Good for deep contamination 
Field-demonstrated 
Good for semi-volatile and non-volatile 
organics 
Good for large volumes of contaminated 
soil 
Cost-effective for petroleum 
hydrocarbon-contaminated soils 

High water table 
Low soil permeability 
Dries soil 
Monitor volatiles at soil surface 

Bioventing has been employed at a number of sites in Alaska with acceptable 

biodegradation rates. A diesel-contaminated site produced rates of 6.7-10.9mg/kg/d, 

which is comparable to rates in temperate and subtropical regions (Ong et al. 1994). 

Three methods of soil warming have also been compared: 

• circulation of heated groundwater through soaker hoses buried in the soil with 

Styrofoam covers on the ground surface, 

• passive solar heating with plastic sheeting with insulation in the winter, and 

• surface warming with heat tape buried at 3 feet with insulation on the ground 

surface 

Circulation of heated groundwater produced the highest rates, but it is limited to very 

permeable soils to ensure adequate drainage. These projects have demonstrated that 

bioventing is feasible in cold regions. Selection of a soil warming technique depends on 

a cost comparison and the remediation time requirements. There has been some 

indication that the application of soil warming to accelerate the biodegradation of 

petroleum hydrocarbons may only be effective in the initial stages of biodegradation 

(Kvicala 2001). 
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In remote areas, access to electricity for running a bioventing operation could be 

limited. In such a case a wind-powered bioventing system could be employed. This 

simple and inexpensive system involves the use of a stack pipe topped with a turbine to 

deliver air into the subsurface (Graves et al. 1995). Although this approach decreases the 

level of control over airflow, it does facilitate operation in very remote areas. 

7.3.1.3 Biosparging 

This technology is used when contamination is also found in the groundwater. It 

involves the injection of air into the saturated zone, stimulating biodegradation. The 

injected air strips volatiles from the groundwater and transfers them to the vadose zone 

where they are biodegraded. With biodegradation rather than volatilization being the 

primary remedial process, the technique is more applicable to contaminants such as diesel 

fuel and waste oil (van Cauwenberghe and Roote 1998). Low airflow rates are employed 

to ensure that the contaminants are not transferred to the atmosphere. 

Table 7.4 - Advantages and limitations for biosparging 

Advantages Limitations 
Same as bioventing 
Effect of geological formation less 
significant than bioventing 

Same as bioventing 
Oxygen diffusion from air to water is low 
(0.05%) 

7.3.1.4 Bioslurping 

Bioslurping involves a combination of groundwater and vadose zone remediation. 

This technique uses vacuum-assisted free-product recovery to recapture any free-product 

and bioventing to stimulate biodegradation in the vadose zone (Wilson 1999). Cycling 

between free-product removal and soil gas removal creates a slurping action. When the 

soil gas is being removed, a bioventing effect is observed. Once the free-product has 

been removed from the site, the system can be switched to the bioventing mode. 
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Table 7.5 - Advantages and limitations for bioslurping 

Advantages Limitations 
Same as bioventing Same as bioventing 

7.3.1.5 Phytoremediation or plant-enhanced bioremediation 

Phytoremediation is a technique that takes advantage of plants' abilities to take up, 

accumulate, and/or degrade constituents found in soil and water. Plants can be used to 

remediate sites contaminated with crude oil and polyaromatic hydrocarbons (USEPA 

1998). The mechanisms for remediation of organic compounds are phytodegradation 

where plants degrade the contaminants, phytovolatilization where contaminants are 

transpired and released in a modified form, and rhizodegradation (Figure 7.4) (USEPA 

1998). The ability of plants to take up organic compounds is a function of the 

hydrophobicity of the compounds (Wilson 1999). Greater root uptake is achieved with 

higher logKow values (values of 0.5 to 3.0 are considered acceptable). High molecular 

weight lipophilic compounds tend to be excluded from plant uptake in this fashion 

(USEPA 1996). Transpiration moves the compounds from the roots to the vascular tissue 

of the plants. Compounds can then be sequestered or stored through lignification, 

volatilized through the leaves, metabolized into intermediates, or mineralized into carbon 

dioxide and water (Wilson 1999). The exact mechanism that takes place will depend 

upon the type of plant that is used. These two mechanisms generally do not occur with 

petroleum hydrocarbons. 
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1 = phytodegradation 

2 = phytovolatilization 

3 = rhizodegradation 

Figure 7.4 - Phytoremediation mechanisms 

Rhizodegradation, or plant-enhanced bioremediation, is based on the microbial 

activity and degradation of organic contaminants that are enhanced by the presence of a 

root zone. The presence of plants creates a rhizosphere (Figure 7.5) where organic 

compounds, inorganic nutrients, water, oxygen, and microorganisms concentrate. The 

localization of these constituents allows for a higher level of microbial activity, including 

those microbes that are capable of degrading organic contaminants. Root exudates 

containing acetates, esters, benzene derivatives, and enzymes can be used by bacteria in 

the co-metabolism of organic contaminants (Wilson 1999). Microbes will also release 

nutrients that can be used by the plants. The root zone also increases the organic matter 

of the soil, preventing contaminant migration (Wilson 1999). Plants may also play a role 

in increasing the survival of introduced bacteria in bioaugmentation (Alexander 1999). 
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Class of 
material 

20 mm 

1. Simple exudates, which leak 
from plant cells to soil. 

2. Secretions, simple compounds 
released by metabolic 
processes. 

3. Plant mucilages, more com
plex organic compounds 
originating in root cells or 
from bacterial degradation. 

4. Mi/c/gel, a gelatinous layer 
composed of mucilages and 
soil particles intermixed. 

5. Ljiates. compounds released 
through digestion of cells by 
bacteria. 

Figure 7.5 - Rhizosphere (Brady and Weil 1996) 

The type of plant that is used will determine the microbial community that is present 

in the rhizosphere. Different plants exhibit different effects (positive, neutral, and 

negative). Also, because the rhizosphere is of limited thickness, it is desirable to use 

plants with fibrous root systems and high root mass to maximize the rhizosphere volume. 

Generally, this technique is appropriate for sites with low to medium contamination; 

high levels of contamination are usually too toxic to support plant growth. The 

degradation of compounds such as benzo(a)anthracene, chrysene, and benzo(a)pyrene has 
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been enhanced by the presence of prairie grasses (Alexander 1999). Phytoremediation 

can be used as a finishing or polishing step in a treatment train (i.e. following another 

type of treatment). This technique has mostly been applied on a pilot scale. 

Table 7.6 - Advantages and limitations for plant-enhanced bioremediation (rhizodegradation) 

Advantages Limitations 
Applicable to large area 
High public acceptance 
Minimal equipment 
Low mobilization, O & M , demobilization 
costs 
Head-start on reclamation/revegetation 

Shallow contamination 
Low-medium contaminant concentration 
(high concentrations can be toxic) 
Longer cleanup time 
Treatment depth determined by rooting 
depth 
Treatment is seasonal 
Demonstration stage 
Unfamiliar to regulators 
Collection of defensible field data is still 
needed 
Spatial variability 

Rhizosphere-enhanced bioremediation has been studied in both laboratory and field 

settings. Successful plant germination, plant growth, and root intrusion into the soil has 

been achieved in both crude oil- and diesel-contaminated soil (CRREL 1999). Some 

plants have been observed to grow in soil contaminated with 30,000 mg/kg PAHs. Plants 

that demonstrated particular use in this technology included annual rye grass and Alpine 

bluegrass. An increase in the numbers of microorganisms capable of degrading the 

contaminants occurred. Vegetated soil with nutrient amendments achieved higher 

remediation rates and lower endpoints than did unvegetated soils or untreated soils. 

Further research continues to screen more pant species, to test the technology at other 

sites, and to examine the possible synergistic effects of freeze-thaw cycles and 

rhizosphere phenomena. An evaluation of overall cost, regulatory acceptance, and 

practicality of implementation has yet to be performed. Although this technology is 

limited by the rooting depth of the plants used, it is considered acceptable for 

contaminants that are less mobile and for permafrost soils due to the restriction of 
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contaminant penetration. It is speculated that the used of plants associated with 

mycorrhiza or nitrogen-fixing bacteria could aid in overcoming nutrient limitations at a 

site. One species that has been studied displayed enhanced root growth in the presence of 

five organic compounds (2000 mg/kg) (CRREL 1999). This is significant because an 

increase in root mass and distribution would elevate mass transfer rates that are often 

limiting in bioremediation applications. 

Limitations to natural biodegradation of hydrocarbons that have been previously 

discussed include excessive or deficient water, nutrients limitations, lack of bioavailable 

carbon, temperature extremes, and heterogeneous contaminant distribution. The 

application of rhizosphere-enhanced soil microbial activity in response to root exudates 

can reduce some of these restrictions. Because of the large percentage of aromatic and 

polynulcear aromatics (PAHs), which have limited water solubility and leaching 

potential, the contamination is kept near the surface and the permafrost where it is 

accessible to plant roots (Reynolds et al. 1997b). A study by Reynolds et al (1997a) 

evaluated rhizosphere-enhanced biotreatment of diesel- and heavy oil-contaminated soils 

in Alaska. The plants examined include Annual Ryegrass (Lolium multiflorum) and 

Arctared Fescue (Festuca rubra, L.), which exhibit rapid growth and cold hardiness, 

respectively. Both grasses have extensive root distribution and tolerance to low fertility 

soils. Combinations of plants and application of nutrients were compared with respect to 

biodegradation efficiency. Soils treated with both plants and nutrients exhibited the 

highest rates (207% and 290% of controls for diesel contamination and crude oil 

contamination, respectively). Overall the rates were lower with the crude oil 

contamination due to the greater percentage of recalcitrant compounds, but the effect of 

the vegetation was greater than with the diesel-contaminated soils. This research group 

concluded that rhizosphere enhancement might be good for near-surface contamination. 

The use of native alpine plants that have been recently produced for reclamation 

efforts in the mountains and foothills of Alberta might also be of some use for plant-
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enhanced bioremediation. These include slender wheatgrass, awned wheatgrass, 

broadglummed wheatgrass, alpine bluegrass, Junegrass, and spike trisetum (Woosaree 

and Pewarchuck 2001). 

7.3.1.6 Land treatment 

This technique involves the promotion of biodegradation through tilling at regular 

intervals, providing aeration and improving substrate availability. This should be done 

when the soil is relatively dry (near the minimum soil moisture content) to prevent 

compaction. Land treatment can be limited by soils with high clay contents due to 

limitations in oxygen transfer and substrate availability (USEPA 1996). However, this 

can be overcome by adding bulking agents. Nutrients and other amendments may be 

added to improve the bioremediation efficiency. Organic amendments such as sawdust, 

wood chips, manure can add carbon to stimulate microbial activity. It must be noted that 

increasing the organic content of the soil will increase the sorptive capacity of the soil, 

decreasing contaminant mobility and lowering bioavailability. Such organic amendments 

will also improve the water holding capacity of sandy soils. 

Land treatment has been a common means of remediating petroleum compounds 

(USEPA 1996) and is encouraged by the EUB in Guide 58. If the soil is highly 

contaminated, it can be mixed with clean soil to prevent toxicity to the microbes. Soils 

with up to 25 percent by weight petroleum contamination have been reported treatable 

with this method (USEPA 1996). 

Table 7.7 - Advantages and limitations for land treatment 

Advantages Limitations 
High expertise for full-scale operations 
Appropriate for unrefined petroleum 
hydrocarbons 

Space required 
Some environmental parameters (ex. 
rainfall) not controlled 
Volatiles create problems 
Dust control 
Treatment depth limited by tilling depth 
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7.3.1.7 Monitored natural attenuation 

Monitored natural attenuation, also known as passive or intrinsic bioremediation, 

relies on organisms and conditions already present in the soil matrix. It also includes 

physical and chemical processes that aid in the reduction of mass, toxicity, mobility, 

volume, or concentration of contaminants. For this approach to be successful, the 

contaminants must readily biodegradable by the microbial community present at the site. 

In addition, site conditions such as pH, moisture, redox potential, and nutrients must be 

favourable. Natural attenuation is not appropriate when water supplies are in danger of 

being contaminated. Because it may take some time for the microbial community to 

reach sufficient levels for biodegradation, time is not of great concern with this option. 

Important factors to consider for natural attenuation are (USEPA 1996): 

• Mass, concentration, mobility, and toxicity of contaminants, 

• Proximity to receptors, 

• Current and future use of the site, and 

• Applicability and practicality of using institutional controls to reduce the risk of 

exposure. 

The relationship among site characteristics and contaminant fate and transport must 

be considered before selecting natural attenuation. Models previously discussed in 

Chapter 3 may be used to determine the contaminant mobility at a given site. 
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The following site characteristics are favourable to natural attenuation with aerobic 

bioremediation (USEPA 1996): 

• Soil oxygen levels equal to or greater than 2 percent 

• Redox potential (Eh) of at least 100 millivolts (mV); 400-800mV indicates highly 

aerated conditions 

• pH of 5 to 9 

• Soil moisture of 50 to 80 percent of field capacity 

• Nutrient levels of 150 to 200ppm for nitrogen and 25-35ppm for phosphate, or a 

C:N:P ratio of 120-300:10:1 

It must be shown that the remediation rate is sufficient to prevent impact on an 

identified receptor. Extensive monitoring programs are designed and implemented to 

assess and evaluate the progress of bioremediation. Remediation can be shown by 

monitoring compound disappearance, reduction of electron acceptors, and/or increase in 

degradation by-products such as carbon dioxide (van Cauwenberghe and Roote 1998). 

Parameters to be measured are (Suthersan 1997; Wilson 1999): 

• Dissolved oxygen • pH 

• Nitrate • Redox potential 

• Soluble manganese (Mn 2 +) • Conductivity 

• Soluble iron (Fe2 +) • C 0 2 

• Sulphate or sulphide • Chloride 

• Methane • Contaminants 

• Temperature • Microbial activity 

As the microbial community utilizes the possible electron acceptors, their distribution 

shifts. The periphery of the plume will possess a more oxidizing environment, with 

oxygen being readily available. The heart of the plume, on the other hand, will display 

more reducing conditions since the higher-energy-yielding electron acceptors have been 

utilized (refer to Figure 4.6). Monitoring must take place in each zone of the plume 
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(Figure 7.6). A point down-gradient of the contaminant source in which the natural 

degradation exceeds the mass flux rate of contaminants, or zero-line, must be defined 

(Wilson 1999). If successful, the zero-line will either remain stable or shift toward the 

contaminant source over time. The aerobic degradation that occurs at the periphery of 

the plume will limit the advancement of the plume (Wilson 1999). Since both aerobic 

and anaerobic degradation of the contaminant is occurring, it is necessary to collect 

information with respect to all potential electron acceptors at the site. Contour maps of 

biogeochemical data trends are helpful in demonstrating natural attenuation. 

Zero-line 

1 - heart of plume 
2 = anaerobic zone (denitrification, 
manganese and iron reduction, sulphate 
reduction, methanogenesis) 
3 = aerobic zone 
4 = remediated zone 

Figure 7.6 - Plume zones in natural attenuation (Wilson 1999). 

This option is particularly appropriate for those sites that are undergoing risk-based 

management. Monitored natural attenuation alone is generally not sufficient for the 

remediation of a petroleum release site (OSWER 1997). Other control measures, such as 
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institutional controls, should be undertaken to protect human health and the environment. 

The EPA considers natural attenuation most appropriate when used in conjunction with 

other active remediation technologies or as a follow-up to other remediation activities 

(OSWER 1997). A contingency remedy should be identified should natural attenuation 

fail to behave as anticipated. 

Table 7.8 - Advantages and limitations for natural attenuation 

Advantages Limitations 
Potential for application to all or part of a 
site 
Less intrusion/non-disruptive 
Potential for use in a treatment train 
Lower overall costs than active 
remediation 
Good for sites with varying volumes of 
contaminated soil 
No excavation/soil handling 

High monitoring costs 
Extensive site characterization (greater 
than with active remediation) 
Low control 
Longer timeframe (unacceptable when 
time constraints exist) 
Long-term monitoring required 
Site characteristics could change over 
time 
Low public acceptance 
Not suitable for complex geologic 
systems where adequate characterization 
and monitoring may not be possible 
Inappropriate for sites not meeting the 
requirements of the bioremediation 
schema 

7.3.2 Ex situ technologies 

Ex situ technologies are those in which the contaminated medium is removed from 

the subsurface for remedial treatment. These technologies allow increased control over 

environmental parameters, but create more disturbance and are more costly. 

Environmental parameters of concern are permeability, porosity, pH, moisture content, 

temperature, oxygen, and nutrients (SENES Consultants Limited 1993). 
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7.3.2.1 Landfarming 

This bioremediation technology involves the excavation of contaminated soil and its 

placement in lifts on a lined treatment area (Figure 7.7). Biodegradation is then promoted 

through tilling and nutrient amendments. This also facilitates volatilization. 

Contaminated soil is continuously applied to maintain ample levels of carbon for optimal 

biodegradation activity (SENES Consultants Limited 1993). Moisture content will be 

affected by the tilling process and, therefore, must be monitored and adjusted 

accordingly. A range of 30-80% has been found to be acceptable (SENES Consultants 

Limited 1993). Irrigation, drainage, soil water monitoring systems, and berms are also 

part of this design. Landfarms must be graded such that surface run-off and leachate can 

be collected and treated (SENES Consultants Limited 1993). Due to the increased 

control over certain environmental parameters, the time for treatment is reduced. 

Water and nutrient 
delivery system 

removal (leachate 
can be re-applied) 

Figure 7.7 - Landfarming schematic 

Dust and vapour generation during tilling can be problematic with this technology 

and must be managed. Another consideration is the presence of permafrost, in which 

case the potential effect of landfarming on its stability must be assessed. 
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Table 7.9 - Advantages and limitations for landfarming 

Advantages Limitations 
Full-scale technology 
Low manpower requirements 
Simple design 

Large land requirement 
Extreme weather conditions 
Excavation required 
Dust and vapour generation require 
management 
Odour production 

A bench-scale study of oil sludge biodegradation using landfarming techniques was 

employed by Dibble and Bartha (1979) to examine the effects of several environmental 

parameters. Moisture content, pH, level of inorganic fertilizer, addition of 

micronutrients, organic amendments, oil sludge loading rates, application frequencies, 

and temperature were examined. The soil was amended with sand because of its poor 

aeration capacity. The soil was seeded with agricultural soil incubated with oil sludge at 

0.5% wt/wt. The following parameter variations were also used: 

• Nitrogen fertilizer (NH 4 N0 3 ) at a C:N of 15:1, 60:1, and 300:1 

• Phosphorus and potassium (K 2 HP0 4 ) at a C:P of 200:1, 800:1, and 4000:1 and 

C:K of 100:1, 400:1, and 2000:1 

• 1:1000 dilution of Hoagland trace element solution 

• organic amendment of 7.5mg yeast extract or 1% wt/wt dried domestic sewage 

sludge 

• 5,13,20,28, and 30°C incubation 

• pH 5,6,7 and 7.8 

• moisture at 30%, 60%, and 90% water holding capacity 

• hydrocarbon loading of 0.25, 0.5, 1.0, 2.0, and 3.0g 

• 1,2, and 4 applications of contaminant 

Moisture had no observed effect on carbon dioxide evolution. The higher pH conditions 

tested displayed a positive effect on degradation. An intermediate nutrient amendment 

(C:N of 60:1, C:P of 800:1, and C:K or 400:1) was found to produce the best 
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biodegradation rate. The addition of trace micronutrients in the Hoagland solution had a 

slight positive effect on carbon dioxide evolution, but not on biodegradation. Addition of 

yeast extract produced slightly higher carbon dioxide evolution, but had no effect on 

biodegradation. Sewage sludge, however, produced a negative effect on both carbon 

dioxide evolution and biodegradation. Multiple applications of an intermediate loading 

rate produced the highest biodegradation. This was attributed to a microbial community 

being maintained in active growth phase. The application of smaller, more frequent 

loadings also favoured the degradation of saturates, while the application of larger, less 

frequent loadings decreased overall biodegradation but favoured the removal of 

asphaltenes. Temperature variation indicated that 5°C produces very little oil sludge 

biodegradation while 20°C and 28°C display much higher and almost identical 

biodegradation rates. The low rate found at 5°C was likely due to the source of the 

microbial community being a soil in a more temperate climate. 

Reynolds et al (1997) compared landfarming and ex-situ pile bioventing along with 

the effects of nutrient addition on crude oil- and diesel-contaminated soils typical of those 

in northern regions. Nutrient amendments consisted of granular 20-20-10 spread 

uniformly on the surface of the test cells. The following table compares the parameters 

for the treatments. 

Table 7.10 - Comparison of treatment parameters in Reynolds et al (1997) study. 

Treatment Design Fertilizer 
application 

Cost 

Landfarm 3m square; 60cm 
deep 

0.62kg/m2 $3.82-8.4 1/nv5 

Ex-situ bioventing 1.5x3m; 100cm 
deep; horizontal air 
extraction lines 
45cm from surface 

1.23kg/m2 $15.30-17.59/m3 

On site landfarming could be applied because heavy oils are typically less mobile. 

The initial incubation period (July-September) indicated that the landfarm with added 
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nutrients was the most effective for both crude oil- and diesel-contaminated soils. 

However, the decrease in TPH was lower with the crude oil-contaminated soil. After the 

cold season incubation the diesel-contaminated soils produced degradation rates of 

13.6mg/kg/d and 23.8mg/kg/d for landfarming and bioventing treatments, respectively. 

There were no differences between nutrient-amended and non-nutrient-amended 

treatments. The crude oil-contaminated soils indicated greater effectiveness with the 

bioventing treatment (16.2mg/kg/d) than with the landfarming treatment (5.5 mg/kg/d). 

The explanation for the elevated degradation rates for bioventing treatments over 

landfarming treatments is that the bioventing cells are deeper, allowing more soil to 

remain unfrozen longer for an extended treatment time. Following the summer 

incubation the best treatment for the diesel-contaminated soil was nutrient addition while 

that for the crude oil-contaminated soil was landfarming with nutrient addition. These 

results indicated that landfarming is a reasonable alternative to bioventing. 

For heavy oil contamination, the effect of nutrients was less evident than with diesel 

contamination. Reynolds et al (1997) concluded that the brevity of the summer season 

might determine whether bioremediation is effective because it affects how large the 

microbial community gets. If the season is too short, the microbial community will cycle 

from low numbers in the early summer to high numbers in the late summer, with very 

little degradation occurring. The phenomenon could explain the persistence of heavy oil 

fractions in cold regions. This occurrence is not as pronounced with diesel-contaminated 

soils because there is a higher amount of readily degraded compounds. This is why the 

addition of nutrients has a more significant effect. Landfarming should be considered for 

heavy oil contaminated sites in cold regions because of its lower capital, operations, and 

maintenance costs, and ability to recover from freezing and drying. 

Another study compared the effectiveness of landfarming and recirulating leachbed 

reactors for remediating petroleum hydrocarbons in Alaska. Both treatments received 

nutrient amendments. Landfarming decreased the contamination from 6200ppm to 
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280ppm over 3 months while the leachbeds decreased the contamination from 300-

47,000ppm down to 240-570ppm in 5 weeks and to less than 200ppm in 8 weeks. The 

leachbeds also provided more uniform treatment. It was concluded that recirculating 

leachbeds could be effective for treating highly contaminated soil, increasing the 

potential for landfarming the remaining soil without liner requirements, which increase 

the cost. 

The best technology for cold regions has low input and rugged design. The greatest 

operational problem with landfarming was found to be managing excessive soil moisture 

(Reynolds et al. 1998). There is a need to remove snow in the spring; high moisture 

prevents tillage and shortens the season. 

Frequent tilling during landfarming minimizes the hydrophobic effect that oil 

contamination has on soil (Travis 1990). It is recommended that moisture be maintained 

at 25-85% of field capacity. A N:P of 10:1 was found to be the best for enhancing 

bacteria. Covers of clear polyethylene can increase soil temperatures, but may only be 

needed in early spring and late fall. 

With landfarming, soil warming in the spring occurs faster because of the thin layer 

of soil. Landfarming is the most common and cheapest approach to the remediation of 

PHC-contaminated sites in the NWT (Gaukel 2001). 

7.3.2.2 Biopiles 

Biopiles involve the excavation of contaminated soil and placement in a heap or 

windrow up to several metres in height (Figure 7.8). The pile is constructed over an 

impermeable liner to protect the soil and groundwater below from adverse effects. 

Oxygen is added to the pile through the use of perforated, flexible PVC pipes. Nutrients 

can also be added in this fashion or they may be added externally via a surface sprinkler. 

Leachate is collected, treated, and then re-used in the sprinkler system. Biopiles can be 
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covered or enclosed in a greenhouse-type structure, but care must be taken to manage 

vapours so that they do not reach explosive levels (SENES Consultants Limited 1993). 

Passive air inlet piping 

Vacuum 
piping 

(2-3 layers) 

6 
Knock-put drum to remove 

water and volatiles 

Blower 

Activated carbon to 
adsorb volatiles 

(optional) 

Nutrient 
tank 

Pump 

B 

Figure 7.8 - Biopile schematic (A=top view; B=side view) (Wilson 1999). 
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Table 7.11 - Advantages and limitations for biopiles 

Advantages Limitations 
Full-scale technology 
High level of control 
Short-term technology 
Ease of design, construction, and 
maintenance 
Low space requirement 

Excavation required 
Static treatment may result in less 
uniform biodegradation due to 
preferential flow paths 
Difficult with large amounts of soil 
Treatment of volatiles may be needed 

Biopiles have been used to remediated petroleum-contaminated soils in cold climates. 

At Saviktok Point, NWT a treatability study was conducted to assess the feasibility of 

biopiles and landfarming and to test two amendments (mineral and organic) (Pouliot, 

Moreau, and Faucher 2001). A TPH reduction of 95% in 16 weeks occurred with the 

biopile with mineral amendment. Although the landfarming study displayed only slightly 

lower biodegradation rates, the biopile technology was selected for its lower space and 

equipment requirements. Implementation of the biopile achieved a 34% TPH reduction 

in 6 weeks. Since this was lower than expected, a second treatment season is needed. 

Year-round operation of biopiles can maintain temperature above freezing in the 

winter months. In addition, biopiles could be oriented to capture the most solar energy 

through passive heating. 



207 

7.3.2.3 Composting 

Treatment of contaminated soil by composting is similar to that with biopiles. 

However, composting uses higher quantities of bulking agents than biopiles and it 

requires regular turning for aeration. Excavated soil is mixed with bulking agents such as 

wood chips, straw, sawdust, corncobs, hay, alfalfa, peanut hulls, or animal manure. The 

purpose of this type of amendment is to (SENES Consultants Limited 1993): 

• provide an additional carbon source to active microbes which is good for soils 

with low contamination levels 

• increase the porosity and aeration of the soil 

• dilute the contaminant concentration 

The type of bulking agent selected depends primarily on cost and availability, but also on 

the intended use of the clean soil (SENES Consultants Limited 1993). Regular mixing 

(turning) of the compost pile or row ensures adequate contact among nutrients, microbes, 

air, and contaminants. Optimum conditions for composting are a moisture content of 40-

60%, a C:N of 20:1-30:1, and aerobic redox conditions. 

Composting runs through four microbiological phases defined by temperature: 

mesophilic (35-55°C), thermophilic (55-75°C), cooling, and maturation (USEPA 1996). 

The process can take place in rows, static piles, or vessels, however windrow composting 

is considered the most cost-effective alternative. 

Due to the heat generated by the composting process, this type of approach is less 

affected by low temperatures (SENES Consultants Limited 1993). Composting has been 

shown to occur in the thermophilic range (45-60°C) under ambient temperatures below 

freezing (Lynch and Cherry 1996). Optimization of composting parameters makes cold-

climate composting more feasible (Franke 1997). 
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The following conclusions were drawn from a cold-climate composting study (Franke 

1997): 

• sub-zero composting is successful if adequate insulation present to decrease 

conductive heat loss 

• it is difficult to begin composting under sub-zero conditions 

• operational parameters are very important for good cold-climate composting 

• low ventilation and ambient temperatures decrease the overall heat balance and 

microbial activity 

• if conductive losses are kept to a minimum (i.e. core of a large composting pile), 

heat will be removed through uniform vaporization if ventilated with cold air 

• ventilating with warm air is not necessary, provided that the compost has 

thermophilic temperatures 

• it is important to provide sufficient respiratory gas exchange 

Table 7.12 - Advantages and limitations for composting 

7.3.2.4 Bioreactors 

Bioreactor treatment includes a large variety of configurations, but generally involves 

soils being fed into a self-contained reactor where amendments are added to promote 

biodegradation. Treatment can either occur in the slurry phase or the solid phase. 

Microbial growth can be suspended (as it is with slurry reactors, aerated lagoons, and 

recirculating leachbeds) or immobilized. The latter is generally reserved for the 

treatment of groundwater and will not be discussed further. Suspended growth reactors 

are stirred mechanically or via forced aeration and operations can occur continuously or 

Advantages Limitations 
Full-scale projects demonstrated 
High level of control 

Space required 
Volatiles released 
Volumetric increase in material due to 
amendments 
Equipment for turning 
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in batches. Batch operation is good for soil treatment and long-term biodegradation, but 

it limits the volume treatable in a suitable timeframe. 

Aerated lagoon systems are common for treating petroleum hydrocarbons (Alexander 

1999). Recirculating leachbeds (a type of aerated lagoon) involve the recirculation of 

nutrient-amended water through the contaminated soil (Figure 7.9). With recirculating 

leachbeds the main limitation is the amount of soil that can be treated at one time 

(Reynolds et al. 1998). The water enters at the bottom of the reactor and flows upwards. 

Air diffusers are employed to add oxygen to the water. The design of the water 

distribution manifold should reduce preferential flow paths. In addition, the air manifold 

must be anchored to prevent floating to the surface. 

Mix tank 
Aeration system 

Figure 7.9 - Recirculating leachbed reactor (Reynolds et al. 1998). 
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Bioavailability can be increased by the addition of surfactants to the reactor vessel. 

Mixing also increases bioavailability and can be achieved through aeration or mechanical 

agitation. Important factors to consider in the design, aside from the basic environmental 

parameters, are the solids and hydraulic residence times for adequate treatment and the 

degree of mixing required to maintain sufficient contact among nutrients, microbes, and 

contaminants (SENES Consultants Limited 1993). 

Table 7.13 - Advantages and limitations for bioreactors 

Advantages Limitations 
Good mass transfer 
High treatment flexibility 
Containment of volatiles 
Small space 
Ease of transport 
Very high level of environmental control 
Bioaugmentation facilitated 
Short- to medium-term technology 
Surfactants can be easily added without 
risk of contaminant migration 
Can be used for clayey soils 

High energy consumption 
Not suitable for particles >0.5cm 
Requires soil sieving (soil pre-treatment) 
Requires dewatering 
Limited history of full-scale operations 
Treatment of wastewater 
High material handling 
Complex system 
Inappropriate for high soil volumes 

Application of the recirculating leachbed reactor has been carried out in the field. At 

a site in northern Alaska TPH levels in diesel- and waste oil-contaminated soil were 

reduced from between 300 and 47,000mg/kg to between 240 and 570mg/kg in 5 weeks 

(Reynolds et al. 1998). Hydrocarbon-degraders showed a corresponding increase in 

numbers. Recirculating leachbeds were concluded to be appropriate for a treatment train 

to reduce hydrocarbon levels in highly contaminated soil to levels more appropriate for 

another technology such as landfarming (Reynolds et al. 1998). 
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7.3.3 Combined technologies 

In some cases, it may be necessary to combine technologies to achieve efficient and 

effective cleanup to required levels. Combined technologies can reduce costs and time to 

remediation. 

7.3.3.1 Combined biotreatments 

Often times the available bioremediation technologies are combined to achieve 

increased biodegradation rates. Biostimulation is often used in conjunction with other 

technologies to make use of its advantages. 

Margesin and Schinner (1997a) studied the biodegradation of diesel at 10°C in two 

alpine subsoils using a cold-adapted nocardioform for an inoculum. Fertilizer (15-15-15) 

was added at a C:N:P:K ratio of 100:10:2:4. Water content was maintained at 60% of the 

maximum water holding capacity. After 155 days at 10°C, a decontamination of 90-95% 

was observed. The inoculum only enhanced biodegradation during the first 33 days of 

incubation. This was attributed to the inoculum not being able to compete with the 

indigenous microorganisms. It was estimated that the addition of 5xl0 2-10 5 biodegrading 

cells/g dry soil is the smallest effective amount for bioaugmentation. It was further 

discussed that bioaugmentation would be appropriate for new spills or on sites where the 

contamination has a toxic effect on the indigenous microorganisms. Biostimulation of 

the indigenous community is generally sufficient for effective biodegradation. 

Another study conducted by Margesin and Schinner (1997b) compared 

biodegradation at 10°C and 25°C for a diesel-contaminated alpine soil. The effects of 

bioaugmentation and nutrient additions were also examined. A carbonate-rich, humus-

free sand with 5580ppm diesel contamination was obtained to conduct the experiment. 

The soil was low in nutrients and had a pH of 7.7. A psychrotrophic inoculum was 

obtained from an oil-contaminated alpine soil that was shown to degrade diesel to 68% 
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after 10 days at 10°C. A mesophilic inoculum was obtained from wastewater of an oil 

refinery that displayed 64% reduction of diesel after 10 days at 25°C. Microcosm flask 

experiments with a N/P of 5:1, a P/K of 0.5:1, and a moisture content of 60% maximum 

water-holding capacity. The C/N ratio was varied from no nitrogen addition, to 50:1, to 

10:1. Results indicated that the higher nutrient addition (C/N of 10:1) produced higher 

indigenous biodegradation activities. The biodegradation at 25°C was only found to be 

10% higher than that at 10°C. Of the indigenous microorganisms approximately 23% 

were found to be diesel degraders. It was presumed that the addition of nutrients 

intensified the competition between indigenous and non-indigenous microorganisms such 

that the inocula could not compete. In this case, oil degradation was found to depend 

mainly on nitrogen concentration. This study indicated that cold-adapted biodegraders 

need to be included in feasibility studies because they can be effective in soil where low 

temperatures prevail. 

7.3.3.2 Physical and/or chemica 1 pre-treatment 

The presence of certain recalcitrant compounds, such as heavy end hydrocarbons or 

toxic compounds, may hinder biodegradation and prevent cleanup to required levels. In 

this case, it may be desirable to pretreat the soil using physical and/or chemical methods 

to render the contamination more susceptible to biodegradation. Chemical treatments 

that are able to partially oxidize hydrocarbons include (SENES Consultants Limited 

1993): 

• hydrogen peroxide (with or without ultraviolet radiation or chemical catalysts), 

• ozonation (with or without ultraviolet radiation or chemical catalysts), 

• thermal oxidation, and 

• photochemical degradation (with photocatalysts such as ferric oxide). 
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Table 7.14 - Advantages and limitations for physical/chemical pre-treatment 

Advantages Limitations 
Facilitates bioremediation 
Appropriate for high levels of 
contamination 

Increased complexity 
Requires more expertise 
Increased expense 

7.3.3.3 Soil vapour extraction 

This type of technology involves the extraction of volatile organics through forced air 

injection or some other means of generating air movement within the soil matrix. Soil 

vapour extraction (SVE) will enable the extraction of the volatile, more toxic compounds, 

providing an environmental more conducive to biodegradation. SVE can also be used ex 

situ in conjunction with a biopile system (SENES Consultants Limited 1993). 

7.3.4 Bioaugmentation 

In some cases, the indigenous microbial community is insufficient to carry out 

effective biodegradation of the contaminants. This lack of degradation capacity in the 

subsurface may be due to insufficient time for the appropriate microbial community to 

develop or to toxic effects of the contaminants on the microbial community. In instances 

such as this the addition of microbes to the subsurface, known as bioaugmentation, may 

be desired. The purpose of bioaugmentation is to increase the rate and/or extent of 

contaminant biodegradation (Atlas and Bartha 1992). 

Microbial inoculants are generally applied in a dried form on wheat or rice bran, 

cornstarch or dairy whey (Wilson 1999). Bacterial cell concentrations in these inoculants 

are 108 to 10 1 0 per gram of product. It has been noted (Atlas and Bartha 1992), however, 

that if freeze-dried or metabolically inactive bacteria are utilized, the benefit of reducing 

the lag period may be negated. This could be circumvented by maintaining the inoculum 

in active culture en route to the site and then preparing the inoculum for application. 
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Inoculation with an active community can reduce the acclimation period if the 

indigenous community is small (Providenti, Lee, and Trevors 1993). If the indigenous 

community is less than 103 bacteria per gram of soil, it may take a long time even with 

optimum biostimulation to reach the numbers required for significant biodegradation 

rates (106 bacteria per gram soil) (Wilson 1999). In such a case, the inoculated microbes 

should be grown in a medium containing the contaminant of concern at a concentration 

similar to that on site to ensure that the microbes are physiologically prepared. The 

efficacy of various inocula can be determined through treatability studies. 

Important factors to consider before applying bioaugmentation to a bioremediation 

project are (Wilson 1999): 

• size of the indigenous microbial community capable of degrading the contaminant 

• rate of biodegradation required to reach selected levels within desired timeframe 

• expected ambient temperature 

• characteristics of the inoculant 

Consideration must also be given to the time required to obtain approval under New 

Substances Notification of the Canadian Environmental Protection Act (see section 

5.6.3). 

Characteristics important to the success of bioaugmentation are (Atlas and Bartha 

1992): 

• inoculum survival in the environment 

• favourable competition with indigenous bacterial community 

• genetic stability 

• viability during storage 

• rapid growth following storage 

• high enzymatic activity in the growth environment 

• nonpathogenicity 

• inability to produce toxic metabolites 
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Issues arise when dealing with genetically modified microorganisms. Aspects 

dealing with safety, containment, and potential for ecological damage require further 

research before any conclusions regarding their use can be drawn (Atlas and Bartha 

1992). It is thought that the genetic modification of microorganisms will speed up the 

evolutionary path and produce microbes with multiple catalytic activities (Venosa et al. 

1992). For example, the introduction of desulfurization genes and rhamnolipid genes 

from Rhodococcus erythropolis into Pseodomonas aeruginosa has resulted in the 

production of a bacterium capable of rapidly degrading dibenzothiophene and increasing 

aqueous dibenzothiophene concentration (Venosa et al. 1992). Work is ongoing to 

produce microbes capable of producing biosurfactants, since commercial production of 

biosurfactants is expensive (Timmis and Pieper 1999). 

Although considerable attention has been given to bioaugmentation in research and 

literature, it is not normally required for successful bioremediation. In environments 

contaminated with oil there are many bacteria capable of growing on and destroying a 

variety of hydrocarbons. The persistence of certain oil components is not usually a 

consequence of the absence of organisms but is attributed to the absence of the 

appropriate conditions necessary for the indigenous species to function rapidly 

(Alexander 1999). 

Margesin and Schinner (1998) conducted a study to observe the biodegradation of 

diesel at low temperatures and the effect of diesel concentration and incubation time on 

biodegradation in a laboratory setting. Twenty-nine different soil samples were used to 

create enrichment cultures that were to be used as inocula. Inocula from both 

contaminated and uncontaminated samples contained cold-adapted efficient biodegraders. 

Degradation of 21-40% was observed at 4°C by most inocula and greater than 28% at 

10°C over 2 weeks. However, the hydrocarbon could not be reduced to zero; a content of 

10-30% remained. This residual could be attributed to the accumulation of recalcitrant 
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compounds, the build-up to toxics and/or inhibitory compounds, and/or decreased 

bioavailability. This study indicated that the hydrocarbon-degrading capability is 

relatively ubiquitous, that this activity can take place at lower temperatures, and that 

many such microorganisms are available for bioaugmentation efforts. 

Mueller et al (1992) examined the effect of inoculation on the biodegradation of oil in 

beach material from Prince William Sound (site of the Exxon Valdez oil spill). Research 

focussed on the activity of indigenous microorganisms and the effect on biodegradation 

of soil inoculation with mixed versus axenic (pure) cultures of oil degraders. With 

inoculation, there was an initial increase in microbial activity that decreased to a level 

equivalent to the un-inoculated soil. Possible reasons for this include the use of 

endogenous energy reserves by the inoculum, a large effect of nutrients on indigenous 

activity, and/or the inability of the inoculum to attach to beach materials. Biodegradation 

rates when mixed culture was used were greater than those with axenic cultures. 

7.3.5 Biotreatability studies 

The purpose of biotreatability studies is to determine the operational parameters of a 

bioremediation design that will yield the best biodegradation rates under the conditions of 

the site. Positive results from these studies will provide a higher level of confidence in 

the bioremediation design that is implemented, while negative results can prevent the 

inappropriate application of bioremediation (Wilson 1999). In addition, these studies can 

determine whether bioremediation can be used to achieve regulated levels of 

contaminant. 

Important characteristics of a biotreatability study include favourable economics, 

rapid results, and statistically significant and scientifically valid data (Wilson 1999). 

Several tests used alone or in combination can be employed to produce information 

required for informed decision-making. Many laboratory experiments in this field 



217 

employ the use of microcosms to study the effects of various parameters on 

biodegradation. 

Respirometry tests are used to measure the respiration rate of the bacterial community 

within the site soil. This is done by measuring carbon dioxide evolution and/or oxygen 

consumption under the environmental conditions present at the site. If nutrients are to be 

added, they should be applied at the same rate as they would be in the field. This 

constancy also applies to all other forms of biostimulation. Once the respiration rate is 

known, the bioremediation time may be roughly calculated based on first order kinetic 

models (see section 4.3). However, these models may not be representative of the actual 

kinetics occurring on-site since there are a large number of interactions occurring. This 

type of test can also be used to screen various nutrient application rates, fertilizers, and 

microbial inocula. 

A bioslurry test can be employed to determine the total potential biodegradability of 

the contaminants on-site (Wilson 1999). This test provides optimum conditions with 

respect to environmental parameters such as nutrients, aeration, bioavailability, 

temperature, and pH. If regulated levels are reached with this test, there is a good 

indication that they can be reached on-site. However, if the appropriate levels cannot be 

reached, it may be wise to re-assess the potential for bioremediation at the site or make 

adjustments to the bioremediation design such that target levels can be reached. 

A longer term soil pan test can be performed to determine both biodegradation rate 

and total biodegradability simultaneously (Wilson 1999). Again, all parameters would be 

maintained in the pan as they would on-site. 

Abiotic loss is also determined in the biotreatability study so that the loss of 

contaminant due to biodegradative processes can be separated from that due to physical 

and chemical processes. These tests are conducted alongside biotic tests by killing the 
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microbes through addition of a poison (usually mercury). This test will also indicate the 

degree of volatilization and the need for containment of volatile emissions in the 

bioremediation design (Wilson 1999). The abiotic contribution to degradation is of 

particular concern with newly contaminated soils, since they contain a higher percentage 

of volatile compounds. 

These tests are needed to test the ability of a bioremediation technology to enhance 

hydrocarbon degradation under controlled conditions (Atlas and Bartha 1992). 

7.4 Laboratory to Field Extrapolations 

Much of the success of bioremediation depends on the ability to apply laboratory 

findings and biotreatability study results to the field. To expand bioremediation 

applications to full-scale operations this lab- and bench-scale research must be conducted. 

However, building a larger version of the bench-scale model is often inadequate due to 

aspects such as kinetics and transport effects that depend upon scale (Korus 1997). 

Contact among the components of the bioremediation schema becomes more variable and 

more difficult to monitor as the scale increases. Scale-up of bioremediation applications 

is more difficult with in situ technologies because of the complex interactions in the 

subsurface that are poorly defined. Lower rates are often observed in the field than in the 

lab because of the dominance of transport effects at the larger scale. Better predictions 

are achieved when accurate scale-down is done for biotreatability studies, indicating the 

importance of representing field conditions as accurately as possible in these studies. 

Pilot-scale studies can also be conducted to increase the level of understanding of 

bioremediation at a particular site, however this increases the costs significantly, 

requiring the benefits of the studies to be high. Kinetics can be determined from 

laboratory studies while transport effects require a combination of theoretical models and 

laboratory data to be determined. 
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The initial step for scale-up is to identify the potential rate-limiting steps (Korus 

1997). Table 7.15 lists some examples of rate-limiting factors. It is the kinetic processes 

that control the rate at which a contaminant transfers into the aqueous phase, becoming 

bioavailable. However, this is only true if this rate is lower than the potential 

biodegradation rate (Ramaswami and Luthy 1997). Mass transfer and mass transport, 

rather than biodegradation kinetics, are almost always the rate-limiting steps in 

bioremediation (Korus 1997). Transfer rates are affected by hydraulic transport for in 

situ applications and by mixing and/or aeration for ex situ applications. By applying ex 

situ technologies, scale-up methods that are utilized in industrial processes can be 

employed. With the bioremediation of soil, the rate-limiting step is often contaminant 

desorption. 

Table 7.15 - Potential rate-limiting factors for biodegradation of soil contaminants (Korus 1997). 

Class of factor Measurable effect 

Kinetic Activity of indigenous microorganisms 
Presence of inhibitory or toxic compounds 

Equilibrium Partitioning of contaminants 

Transport Desorption of contaminants 
Oxygen supply 
Nutrient supply 

There are several approaches to bioremediation scale-up (Korus 1997). The rule of 

thumb approach is used when little modeling information is available. Scale-up is then 

based on performance indices or empirical data that are known to govern the dominant 

transfer rate. The dimensional analysis approach is an intermediate between 

mathematical modeling and empirical analysis and is used when a complete description 

with a mathematical model is not available, but key variables have been identified. The 

most important equations involving these variables are then used to model the dominant 
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processes in the system. Dimensionless parameters from a modeling framework are used 

to assess the influence of individual processes, such as sorption, on biodegradation rates 

(Ramaswami and Luthy 1997). For example, equilibrium models based on equilibrium 

sorption measurements can be used to describe and predict the bioavailability of sorbed 

contaminants (Korus 1997). This assumes that the microbial community is not using 

sorbed contaminants which, as discussed in Chapter 4, may be incorrect as some bacteria 

have been isolated that are capable of utilizing sorbed compounds directly. Equilibrium 

models also assume that sorption is reversible and rapid compared to biodegradation, 

however it may be that the aqueous phase concentrations are controlled by desorption 

rates (Korus 1997). Since dimensionless parameters are subject to change as 

biodegradation progresses and the contaminant ages, their impact on biodegradation rates 

will likely be altered, making it necessary to conduct laboratory experiments to determine 

the physicochemical limitations to biodegradation (Ramaswami and Luthy 1997). These 

limitations can be determined qualitatively or quantitatively. Qualitative indicators 

(assuming all other conditions are optimal) include (Ramaswami and Luthy 1997): 

• Contaminant persistence in the soil matrix despite an active microbial community 

• Rapid degradation of fresh contaminant with no degradation of aged compounds 

in a field sample 

• "Hockey stick-shaped" kinetics observed in biodegradation tests 

• Low aqueous contaminant concentrations indicated by leaching experiments 

• Biodegradation rates increased by mixing 

• Biostimulation is unsuccessful at increasing biodegradation rates 

Quantitative assessments involve measuring equilibrium partitioning and rates of mass 

transfer and biodegradation. 

Finally, the fundamental method approach is based solely on models and employs 

simulations to guide scale-up. Although this approach is the most robust, it is not yet 

available for bioremediation due to the aspects of process heterogeneity and lack of 

information regarding complex interactions in the subsurface. Subsurface heterogeneity 
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can be physical, geochemical, and microbiological. A l l three of these facets interact with 

each other in ways that are not yet understood. 

7.5 Observations from Cold Applications 

In reviewing the available literature pertaining to cold-temperature and cold-climate 

bioremediation, the following commonalities have been observed: 

• The addition of nutrients, particularly nitrogen, in appropriate amounts can have a 

significant positive impact on biodegradation rates. 

• Nutrient application rates depend on site conditions and the results of 

biotreatability studies. 

• The type of nutrient amendment can vary depending on site conditions and 

available resources. 

• Ensuring adequate oxygen is highly beneficial. 

• Soil warming in conjunction with other technologies can improve initial 

biodegradation rates, although the costs are increased. 

• Technologies with low mobilization, demobilization, operation, and maintenance 

costs are well suited to cold climates and remote areas. 

• Parameters in the bioremediation schema need to be managed for successful 

bioremediation. 

• Some technologies are less susceptible to lower temperatures (ex. composting, 

biopiles, landfarming). 

• Implementation should take place when temperatures allow for elevated microbial 

activity and, therefore, facilitated start-up. 

• Logistics of sampling, implementation, and monitoring need to be carefully 

managed to avoid excessive costs and undesirable impacts on the environment. 

• Combined technologies should be considered to reap the benefits of more than 

one technology. 



223 

aspect of cold-temperature and cold-climate bioremediation. This analysis also indicated 

research gaps. The advancement of bioremediation technologies was looked at to 

determine whether the research seems to be progressing to improve bioremediation rates 

under cold conditions or whether it simply aims to prove that bioremediation can occur 

under these conditions. Challenges that are experienced by researchers and professionals 

carrying out bioremediation are listed, along with means to overcome them. 

7.6.1 Technology gaps 

The following table indicates the available bioremediation technologies for 

petroleum-contaminated sites, along with the attention that they have received for cold-

climate applications in the literature. 

Table 7.16 - Attention to various bioremediation technologies 

Technology In situ/Ex situ Level of attention 
Biostimulation In situ and Ex situ High 

Biopiles Ex situ High 
Bioventing In situ Medium 

Landfarming Ex situ Medium 
Land treatment In situ Medium 

Plant-enhanced bioremediation In situ Low 
Natural attenuation In situ Low 

Composting Ex situ Low 
Bioreactors Ex situ Low 
Biosparging In situ None 
Bioslurping In situ None 
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In a review of bioremediation in Alaska (Kellems, Leeson, and Hinchee 1994), five 

general bioremediation technologies for pilot- and full-scale projects were found to be 

employed: 

• in situ surface bioremediation, including biostimulation with nutrients, tilling, 

watering/dewatering, bioaugmentation, and organic matter amendments 

• ex situ cell bioremediation (biopiles) 

• ex situ recirculation leach bed, with water forced up through the soil 

• ex situ composting, usually in a closed reactor to conserve the heat produced 

• in situ bioventing 

Seasonal operation was found to be the most common approach likely because active 

bioremediation is assumed to be limited to the summer months. Almost all of the full-

scale applications have been in situ under ambient conditions. 

The most common approach to cold-climate bioremediation is biostimulation, usually 

through the addition of nutrients. Biosparging and bioslurping are the only technologies 

not mentioned in the literature. However several other, more applicable technologies, 

such as plant-enhanced bioremediation, natural attenuation, composting, and bioreactors, 

have only received a small amount of attention. This may be attributed to several factors. 

There could be a lack of information dissemination; projects applying these technologies 

may be occurring without any publication. Also, these technologies may not be feasible 

in cold climates. This is likely not the case since all of the technologies listed in Table 

7.17, with the exception of biosparging and bioslurping, have been demonstrated in cold 

climates or under cold conditions. Most technologies are feasible, although the cost may 

be excessive. It then follows that the application of these technologies could be too 

expensive under cold conditions. Since cost analyses of many bioremediation 

technologies have not been done on a consistent basis, it is difficult to assess the validity 

of this reason. It is also possible that the technology is still under development, as is 

likely the case with plant-enhanced bioremediation. Finally, there may be a lack of 

expertise for these technologies. Since the research relating to some these technologies 
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seems to be conducted by one research group and does not seem to be widespread among 

the community of bioremediation professionals, this appears to be a valid reason. 

7.6.2 Research focus 

The focus of much of the research has been on nutrient additions and 

bioaugmentation. Studies have repeatedly shown that the addition of nutrients in the 

form of fertilizers has a positive effect on the microbial community and on 

biodegradation rates. C:N:P ratios have been suggested in the literature, but it is 

recommended that the nutrient application rate be determined through biotreatability 

studies and account for the soil moisture content of the site. The effect of 

bioaugmentation on biodegradation rates has been mixed. Positive effects have been 

observed when the contamination is fresh and the indigenous microbial community has 

not yet responded and grown to sufficient numbers. However, over the course of a 

bioremediation project, it has been concluded that bioaugmentation does not significantly 

improve biodegradation rates or extent. 

7.6.3 Research gaps 

Very little literature has dealt with the bioavailability and mass transfer aspects of 

cold-climate bioremediation. As mentioned in Chapter 4, bioavailability is highly 

important in the success of bioremediation efforts. If the compound is not available to 

the microbial community, it cannot be biodegraded. This is particularly an issue with 

crude oil, which contains a large number of highly insoluble, recalcitrant compounds. As 

mentioned previously, mass transfer and bioavailability are often the rate-limiting steps in 

bioremediation. Although these issues are mentioned and occasionally measured in the 

literature, little effort has been made to study the improvement of bioavailability through 

operational manipulation. If the bioremediation industry is to better understand and 

predict biodegradation in the field, more research should be carried out in this area. 
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The biodegradation of crude oil-contaminated soil is less studied than diesel-

contaminated soil because of recalcitrance and low water solubility. In addition, crude 

oil is a complex mixture with compounds displaying varying degrees of biodegradability 

and bioavailability. This aspect has not been adequately discussed in the literature. 

7.6.4 Technology advancement 

Much of the research deals with applying existing knowledge of temperate-climate 

bioremediation applications to contaminated sites in cold climates. It is already known 

that biodegradation of petroleum hydrocarbons can occur at colder temperatures and that 

there is potential for successful bioremediation at these sites. Very little research 

explores the manipulation of operational parameters at cold-climate sites such that 

bioremediation efficiencies can be improved. Some of these manipulations have been 

explored in laboratory settings, but have not yet been transferred to the field. Improved 

methods for transferring laboratory results to the field are also needed. 

7.6.5 Challenges 

Several constraints present themselves at cold-climate sites. There are difficulties in 

the mobilization of heavy equipment, complexities in the inability to effectively monitor 

biodegradation processes, excessive costs for operation, and time constraints (Reynolds et 

al. 1998). When the limitations to bioremediation are overcome, it can be a very 

effective option for cleanup. However, the most cost-effective means of applying this 

type of remediation at cold-climate sites must be identified and implemented. Achieving 

cost effectiveness at cold, remote locations is also a major concern. The main factors 

here are time constraints and monitoring difficulties. If bioremediation prevents 

contaminant transport and leaching, then time may be less of an issue because the 

contamination will not pose an immediate threat to a receptor. There is also a short 

window for the implementation of bioremediation designs in colder climates (Gaukel 

2001). Monitoring difficulties arise primarily due to heterogeneous biodegradation rates 
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even with uniform treatment. This issue of spatial variability when monitoring and 

sampling has been addressed through the use of buried nylon net bags that permit mass 

and energy fluxes and facilitate sampling. The issue of remote locations has been 

addressed through the construction of ice roads and the use of helicopters and barges to 

provide access. 

Gathering of sufficient site information to provide an indication that bioremediation is 

a suitable option can be a challenge for bioremediation professionals. A thorough site 

characterization is necessary to provide a solid foundation for remedial designs. There is 

a large amount of information needed for process design in bioremediation. Lack of this 

information makes bioremediation more difficult to apply than other technologies. 

Monitoring of various system parameters and biological activity also poses a challenge. 

The following tables indicate various data requirements for contaminated soils. These 

parameters have the ability to affect both treatment cost and performance. 
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Table 7.17 - Data requirements for petroleum-contaminated soils (FRTR 2001a). 

Parameter Definition Information gained 

Soil classification Semi-empirical 
measurement of sand, 
silt, clay, gravel, and 
loam content based on 
soil classification 
schemes. 

Gives a preliminary 
indication of the remediation 
alternatives available. For 
example, sandy soils are 
more amenable to bioventing 
treatment than are clayey 
soils. 

Particle size distribution 

Soil homogeneity 

Moisture content 

Air permeability 

Assessment of sand, 
silt, and clay content in 
percentages. 

Description of 
subsurface variability 
with respect to soil 
structure. 

A measure of the 
moisture content of a 
soil, usually through a 
standard gravimetric 
method. 

Ease of airflow 
through the soil. 

The relative proportions of 
sand, silt, and clay indicate 
the limitations of certain 
technologies and the possible 
need for additional 
manipulation of the system 
for improved bioremediation. 

The degree of homogeneity 
in the soil will indicate the 
ease of manipulation at the 
site. For example, the 
presence of channels due to 
alternating layers of clay and 
sand causes channelling of 
amendments such as 
nutrients, leading to 
inconsistent treatment. 

Adequate moisture is 
required for microbial 
activity. Assessment of this 
parameter will indicate if this 
requirement is met. 

This parameter affects the 
zone of influence of 
extraction wells, and 
therefore the number of wells 
required. Needed for any 
venting technologies. 
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Table 7.17 (conf) 

Bulk density 

PH 

Redox potential (Eh) 

Electron acceptors 

Porosity 

Humic content 

Total organic carbon 

Total petroleum hydrocarbons 

Weight of soil per unit 
volume, including 
water and voids. 

Measure of degree of 
acidity or alkalinity. 

Measure of the 
oxidation-reduction 
potential of the soil. 

Assessment of the 
electron acceptors 
present at a site. 

Volume of voids in a 
mass of soil. 

The decomposing 
portion of the naturally 
occurring organic 
content of the soil. 

A measure of the total 
organic material 
present, including both 
naturally occurring 
organic matter and 
organic contaminants. 

Measure of petroleum 
hydrocarbon 
contamination. 

Aids in the conversion of soil 
weight to volume, needed for 
materials handling 
calculations. 

pH is able to affect microbial 
activity. 

This will indicate whether 
the soil is supporting aerobic 
or anaerobic processes. The 
need for aeration can then be 
assessed. 

Indicates which microbial 
processes could be occurring. 
Particularly important for 
natural attenuation. 

Affects in situ technologies 
that rely on the transfer of 
contaminants into air- and 
water-filled pore spaces. 

This parameter affects 
adsorption processes, 
influencing contaminant 
transport and bioavailability. 

This parameter affects 
adsorption processes, 
influencing contaminant 
transport and bioavailability. 

Indicates the degree of 
contamination and affects 
technology selection and 
remediation design. 
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Table 7.17 (conf) 

Presence of LNAPLs Determination of 
presence or absence of 
LNAPLs. 

The presence of LNAPLs 
indicates a continuing source 
of contamination, which 
increases the remediation 
time and associated costs. 

Microbial enumeration Assessment of 
heterotrophic and 
hydrocarbon-degrading 
communities of 
microorganisms in the 
contaminated soil. 

Provides an indication of the 
size of the microbial 
community capable of 
biodegrading the 
contaminants on site. 
Indicates the need for 
bioaugmentation. 
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Table 7.18 - System parameters and biological activity (FRTR 2001a). 

Parameter Definition Information gained 

Airflow rate Rate of airflow. Affects volatilization rate, 
drying, and oxygen delivery 
rate in the subsurface. 

Mixing rate Rate of tilling, turning, or 
mixing. 

Affects mass transfer and 
volatilization. 

Operating pressure Air pressure used during 
operation. 

Affects volatilization rate. 

Moisture content Amount of water present in 
the soil matrix. 

Affects oxygen delivery and 
microbial activity. 

pH Measure of acidity or 
alkalinity. 

Affects biological activity. 

Residence time Amount of time a unit of 
material is processed in a 
treatment system. 

Important for ex situ 
technologies. 

System throughput Amount of material 
processed per unit time. 

Influences costs and 
timeframe. 

Temperature Measure of soil and ambient 
air temperatures. 

Can affect biological 
activity. Important when 
temperature is controlled. 

Soil loading rate Amount of soil applied to a 
unit area of a composting 
system. 

Affects biological activity 
and costs. 

Biomass concentration Measure of microbial 
numbers in the 
contaminated soil. 

Indicates success of 
biostimulation and the 
biodegradation potential. 
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Table 7.18 (conf) 

O2 uptake, C O 2 evolution, 
and hydrocarbon 
degradation 

Nutrients 

Measure of biological 
activity. 

Assessment of nitrogen, 
phosphorus, and potassium. 

Indicate biological activity 
coupled with hydrocarbon 
degradation. 

This particularly applies to 
those that are manipulated 
(to maintain optimum 
levels).  
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Table 7.19 - Suggested parameters to assess and monitor for various bioremediation technologies 

Technology 
In situ Ex situ 
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Soil type Soil homogeneity • • • Soil type 
Soil classification • • • 

Soil type 

Particle size 
distribution 

• • 

Aggregate soil 
properties 

Moisture content • • • Aggregate soil 
properties Air permeability • 
Aggregate soil 
properties 

PH • • • • 

Aggregate soil 
properties 

Eh/electron acceptors • 

Aggregate soil 
properties 

Porosity • • 
Organics Total organic carbon • Organics 

TPH • • 
Organics 

LNAPLs • 
Microbiology Microbial 

enumeration 
• • 

System 
parameters 

Airflow rate • System 
parameters Mixing rate • • • • 
System 
parameters 

Operating pressure • 

System 
parameters 

PH • • • 

System 
parameters 

Moisture content • • • 

System 
parameters 

Residence time • • 

System 
parameters 

System throughput • 

System 
parameters 

Temperature • • 

System 
parameters 

Soil loading rate • 
Biological activity Biomass 

concentration 
• Biological activity 

Microbial activity • • • • • • • • 

Biological activity 

0 2 uptake rate/C0 2 

evolution 
• • • • • • 

Biological activity 

Hydrocarbon 
degradation 

• • • • • • • • • 

Biological activity 

Nutrients and other 
amendments 

• • 
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Monitoring bioremediation effectiveness can also be a challenge, particularly at 

remote locations. A phased approach for this endeavour has been suggested (Prince et al. 

2001). First, the success of nutrient delivery must be determined, followed by 

stimulation of microbial activity. Assessment of microbial growth as a result of this 

stimulation is then conducted. Finally, contaminant degradation is monitored. The use of 

simple field kits and instruments is encouraged to minimize the need for excessive 

sample transport and to obtain results and information in a timely fashion. 

In some cases the site may be too highly contaminated to support bioremediation 

activities. To maintain cost effectiveness, combined technologies can be employed. For 

example, physical treatment such as incineration can be used to address areas of high 

contamination, while bioremediation is used for areas of medium and low contamination. 

These technologies can also be combined as a treatment train where the physical 

treatment reduces the contamination to a level that is acceptable for bioremediation. Site 

heterogeneity with hot spots of contamination can be incorporated into other, less 

contaminated soil. 

The selection of an appropriate fertilizer and its application rate has received a great 

deal of attention. In general, two types of fertilizer are applied: slow-release granular or 

liquid. The choice between the two depends on the characteristics of nutrient availability 

that are desired, the number of applications needed to provide adequate nutrients for 

contaminant degradation, the need for immediate available nutrients, initial nutrient 

concentrations at the site, and ease of application. A slow-release granular fertilizer will 

provide nutrients on a relatively consistent basis without producing osmotic shock 

(assuming that the application rate is appropriate). The application of this type of 

fertilizer is well suited to remote locations where machinery may be unavailable. A 

liquid fertilizer, on the other hand, will provide an immediate flush of nutrients, 

producing faster observable biodegradation. However, the application of this type of 

fertilizer is limited by the available equipment and access to sufficient amounts of fresh 
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water for mixing. It also has the risk of mobilizing the contaminant. A combination of 

liquid and slow-release may be applied to kick-start biodegradation and then provide a 

long-lasting nutrient supply. Oleophilic fertilizers are also available for petroleum 

hydrocarbon-contaminated soil remediation. Here, organic nitrogen and phosphorus 

sources are provided in liquid carrier that is miscible with oil. Application rates for 

fertilizers are best determined through the use of biotreatability studies. 

The moisture content is often a challenge to bioremediation efforts. Low moisture 

can inhibit microbial activity and slow biodegradation. Addition of water to the site may 

not be feasible due to potential for contaminant migration or the lack of fresh water 

sources. In these cases, the nutrient application rates must be adjusted to prevent osmotic 

shock and toxicity. High moisture can also pose a problem since it creates anaerobic 

conditions, slowing biodegradation. In cases with wet conditions and saturated soils, 

dewatering has been employed through the use of vacuum trucks. Sites with high water 

tables can impose restrictions on bioremediation design. For example, injection and 

extraction wells will be shallower, decreasing the radius of influence and producing the 

need for more wells. 

Mass transfer limitations have also posed a challenge to bioremediation efforts. 

Organic soils pose the challenge of overcoming mass transfer issues to increase 

bioavailability. Sufficient contact among microbes, nutrients, contaminants, water, and 

electron acceptors is required for successful bioremediation. This is commonly addressed 

through mechanical tilling of the contaminated soil and any amendments. Surfactants 

can also be employed to increase bioavailability. 

Care must be taken to minimize the impact on the tundra. Excavation in the tundra 

must be done after freeze-up to minimize damage. Gravel fill of sufficient thermal 

resistance must be placed over the excavation to minimize permafrost melting (Travis 

1990). Gravel with a high albeto is suggested because it reflects more solar radiation. 
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Other challenges include limited expertise and knowledge with respect to crude oil 

biodegradation compared to diesel biodegradation and cold-climate biodegradation in 

general. Research on crude oil biodegradation is increasing, but is still limited. Process 

options, such as soil heating and insulation of above-ground piping, are available to 

extend the operating season. Soil can be heated using heating elements, plastic 

coverings, or heated air and/or water injection. The active process options are generally 

used for pilot-scale studies. There is also a lack of technical expertise of northern 

contractors. 

Finally, empirical experiments are currently the only reliable way to assess 

bioremediation potential, to optimize parameters, and to predict biodegradation extent. 

Further research aimed at the development of more accurate models will aid in mitigating 

this challenge. 

7.7 Summary 

The key components in bioremediation, represented by the schema, must be met if a 

site is to be successfully remediated. It is important to recognize and consider the 

interactions among these components in bioremediation application. Effects of mass 

transfer and bioavailability on bioremediation success are significant and have not been 

adequately addressed in the literature. 

Several in situ and ex situ technologies are available for the remediation of petroleum 

hydrocarbon-contaminated soils. Some of these have been applied in cold climates at 

various scales. The potential for application of other technologies (to expand the 

repertoire) exists, but has not been observed. Reasons for this include a lack of 

information dissemination, lack of expertise, and a low degree of technology 

development. 
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Challenges at cold-climate sites range from technological and logistical to 

institutional and economic. Modifications to existing technologies, such as soil warming 

and nutrient optimization, enable more efficient bioremediation at cold temperatures and 

remote sites. Careful planning, site characterization, and monitoring facilitate 

bioremediation design, implementation, and success without compromising the 

environment. Pre-conceptions regarding cold-climate bioremediation and unfamiliarity 

with the technologies and their potential can be remedied with increased laboratory and 

field research in the appropriate areas and information dissemination. Economic factors 

may affect bioremediation design, particularly in remote areas. Excessive costs can be 

avoided through thorough project planning and management. 
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CHAPTER 8: SELECTION OF BIOREMEDIATION 

8.1 Introduction 

The purpose of this chapter is to present a method to select bioremediation as an 

appropriate technology for the remediation of a petroleum hydrocarbon-contaminated site 

in a cold climate. The decision tree that was developed for bioremediation selection will 

be presented and discussed. Relevant criteria that are useful in the selection of 

bioremediation technologies will be defined and discussed. Finally, a discussion of 

adaptive management (see section 8.4 for definition) will indicate a suitable approach to 

cold-climate bioremediation. 

8.2 Decision Tree 

The creation and application of a decision matrix, where a specific bioremediation 

technology is recommended based on a set of site characteristics, is both daunting and 

inappropriate. This task would be too complex and the end product may not be highly 

applicable given the site-specific nature of bioremediation. The Federal Remediation 

Technologies Roundtable of the USEPA has a developed a matrix for remediation 

technologies, but it is not intended to be prescriptive. Rather, the matrix presents past 

applications of specific technologies with the intention of supporting decisions on 

remediation and providing background information and references. There is no aim to 

generate a matrix to indicate the exact bioremediation approach given a certain set of 

conditions. Such a 'cookie-cutter' approach could lead to exclusion of more appropriate, 

but perhaps less developed, technologies and may prevent the flexibility of having 

several remedial options to apply. The assumptions used in constructing a matrix impose 

generalizations onto a contaminated site that may be inaccurate, leading to inappropriate 
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technology selection. In addition, since cold-climate sites vary with respect to many 

parameters and since site objectives also vary, a predictive matrix is not the appropriate 

course of action for technology selection. Unlike a decision matrix, a decision tree is not 

intended to be prescriptive and inflexible. The application of a decision tree allows for 

more flexibility with respect to the specific technologies that are eventually applied to the 

site and prevents exclusion of the less developed technologies. For these reasons a 

decision tree has been designed for the appropriate application of bioremediation in cold 

climates. 

Information that has been presented in the previous chapters has been compiled to 

generate a list of factors necessary for successful bioremediation of a contaminated site. 

This list was used to generate a series of steps to conduct and relevant questions to pose 

when presented with a contaminated site in a cold climate. These questions were then 

organized into a decision tree. The necessary factors are listed below: 

• Phase I and II site assessments, including initial hydrogeology assessment 

• Regulatory approval of criteria 

• Biodegradability of contaminant 

• Fulfillment of bioremediation conditions 

• Regulatory approval of bioremediation approach 

• Biotreatability studies 

• Bioremediation engineering design 

• Sufficient resources on site and/or easy site accessibility 

• Implementation 

• Monitoring, reporting and maintenance 

• Site closure 

Steps and questions needed to fulfill these factors are described in Table 8.1. 
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Table 8.1 - Steps and questions needed for successful bioremediation 

Step Question Comments/discussion 
Conduct Phase I site 
assessment 

Is the soil at the site 
contaminated with 
petroleum hydrocarbons? 

The focus of this 
document has been on 
petroleum hydrocarbons, 
therefore the decision tree 
applies to sites 
contaminated with these 
compounds. 

Assess for additional, non-
PHC contaminants and address 
if necessary 

Are additional 
contaminants present at 
levels that exceed criteria 
and/or that could hinder 
microbial activity? 

The presence of other 
contaminants, such as salts 
or heavy metals will affect 
the suitability of 
bioremediation as a 
cleanup option for reasons 
that were previously 
discussed (sections 4.2.3.1 
and 7.2). 

Conduct Phase II site 
assessment 

Are petroleum 
hydrocarbon levels in 
exceedance of generic 
criteria for the jurisdiction 
(as determined by 
approved analysis 
methods)? 

This will indicate the need 
for remedial action at the 
site. 

Decide among generic (Tier I), 
modified generic (Tier II), or 
site-specific (Tier III) criteria 
to be applied at the site and 
seek jurisdictional approval for 
non-generic criteria 

Do levels exceed these 
approved modified generic 
or site-specific criteria? 

As presented in Chapter 6, 
3 levels or tiers of criteria 
can be applied to a 
contaminated site. The 
AEP flow chart (Figure 
6.4) can be used to 
determine which tier to 
apply. Once the criteria 
have been chosen and 
approved (for Tiers II or 
III) the site is assessed for 
exceedances. 
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Table 8.1 (conf) 

Are criteria achievable 
using bioremediation? 

Decide on objectives with 
respect to timeframe, budget, 
and desire to participate in 
demonstration projects or 
develop new technologies 

Is bioremediation 
consistent with the site 
objectives? 

For any given 
contaminated site it is 
important to establish site 
objectives. This can affect 
remediation design and 
implementation. 

Screen for hydrocarbon 
degraders 

Is the indigenous 
community sufficient in 
size and composition? 

An assessment of the 
indigenous hydrocarbon-
degrading community will 
indicate the possibility for 
an acclimation phase 
and/or the need to explore 
bioaugmentation. 

Determine limitations of 
bioremediation technologies 

Do site conditions prevent 
applications of certain 
technologies based on 
these limitations? 

For example, ex situ 
technologies are less 
appropriate for sites with 
high volumes of 
contaminated soil. 

Exclude technologies with 
limited application at the site 
Develop a list of suitable 
alternatives 

Focus on those that can 
achieve criteria given the 
nature and extent of the 
contamination. 

Evaluate and compare 
alterntaives 

Apply the technology 
evaluation criteria (Table 
8.2) 

1 Select the technology best 
suited to the site and project 
objectives 

Do any conditions exist 
that may hinder or prevent 
sufficient microbial 
activity for 
biodegradation? 

Refer to bioremediation 
schema. Assess the 
potential for feasible 
modification of these 
conditions. 
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Table 8.1 (conf) 

Proceed with biotreatability 
studies 

What conditions in the 
biotreatability studies 
produced optimum 
biodegradation rates and 
endpoints? 

Can these conditions be 
imposed under field 
conditions? 
Is the desired timeframe 
flexible to accommodate 
biological perturbations, 
acclimation, and 
adjustments to design? 

Bioremediation is often 
more dynamic than abiotic 
methods which can cause 
variations in 
biodegradation rates. This 
must be incorporated into 
the design and it cannot 
disagree with the site 
objectives. 

Design a system to impose 
optimum conditions 

Are sufficient resources 
available at the site to 
support the design? 

Favourable systems can be 
selected through the 
application of evaluation 
criteria. The design must 
also include 
implementation, 
monitoring, and health and 
safety plans. Resources 
such as fresh water and 
electricity must be 
available if prescribed by 
the design. Otherwise the 
design must be adjusted 
accordingly. 
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Table 8.1 (conf) 

Is site access a concern? Site access affects the 
amount and size of 
equipment that can be 
employed. The design 
should be adjusted 
accordingly if site access 
is limited. 

Implement the system Implementation must take 
care to minimize 
environmental impacts. 

Monitor and adjust parameters 
as needed 

Have criteria been met? If criteria have not been 
met, then either more time 
is required or the 
conditions of 
bioremediation must be re
assessed. 

Reclaim site and apply for 
Reclamation Certificate 



Conduct Phase I site assessment 
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Is the soil at the site contaminated 
with petroleum hydrocarbons? 

NO 
Assess for other contaminants 

and address if necessary 

YES 

Assess for additional contaminants 
and address if necessary 

T 

Conduct Phase 1 site assessment 
Reclaim site and apply for 

Reclamation Certificate 

Are any non-PHC contaminants in 
sufficient levels to inhibit microbial 

activity? 

NO YES 

Are levels in exceedance of generic 
criteria for the jurisdiction (as 

determined by approved analysis 

YES I 

NO 

Explore abiotic or 
combination 
remediation 

Decide among generic, modified generic, or site-specific criteria to be applied at the site 
using the AEP flow chart (Figure 6.4) and obtain regulatory approval for non-generic criteria. 

Generic (Tier I) 

Modified generic (Tier II) or 
site-specific (Tierlll) 

Decide on objectives with respect to 
timeframe, budget, and desire to participate 

in demonstration projects for new 
technologies or new applications. 

Do levels exceed approved criteria? 

Reclaim site and apply for 
Reclamation Certificate 

Develop alternatives that could achieve the criteria. 
Consider biotic, abiotic, and combination options. 

Reject those that do not comply with site objectives. 



245 

Are criteria achievable using bioremediation? 
(determined from experience/literature and by 

conducting biotreatability studies) 

NO Could bioremediation be 
employed as part of a 

combined technology? 

Are criteria achievable using bioremediation? 
(determined from experience/literature and by 

conducting biotreatability studies) w 

Could bioremediation be 
employed as part of a 

combined technology? 

YES 

Could bioremediation be 
employed as part of a 

combined technology? 

YES 

Is the indigenous community 
sufficient in size and composition? 

How is bioremediation best 
incorporated into the combination? 

(i.e. for soils with low 
contamination or as a polishing 
step) What other technologies 

would work best as precursors to 
bioremediation? 

Explore other 
alternatives 

Do any conditions exist that may 
hinder or prevent sufficient microbial 

activity for biodegradation? 

YES 

Explore the potential for 
bioaugmentation and/or 

extending the timeframe to 
include acclimation 

NO 

Can these be modified in 
situ or ex situ to better suit 

the microbes? 

Is the modification feasible 
and economical at the site? 

YES 

NO 

Explore other 
alternatives 

Do site conditions prevent the 
applications of certain 

bioremediation technologies? (use 
technology limitations listed in 

Chapter 7) 

YES 

NO 

Exclude technologies with 
limited applications at the 

site 

Develop a list of suitable 
technology alternatives for the site. 

List those that are capable of 
achieving criteria given the nature 

and extent of contamination. 



Evaluate and compare alternatives 
based on technology evaluation 

criteria (Table 8.2) 
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Select technology that complies 
with objectives 

Proceed with 
biotreatability studies 

What conditions (refer to Figure 7.1) in the biotreatability studies 
produced optimum biodegradation rates and endpoints? And can 

these conditions be imposed under field conditions? 

YES 

Is the desired timeframe flexible 
to accommodate biological 

perturbations, acclimation, and 
adjustments to design? 

What modifications need to take 
place to impose these conditions and 

are these modifications feasible? 

YES 

Design a system to impose 
optimum conditions that is 
favourable at the site (use 

evaluation criteria). Include 
implementation, monitoring, 
and health and safety plans. 

I 

Incorporate into 
technology design 

Explore other 
alternatives 

Are sufficient resources (i.e. fresh 
water, electricity) available at the 

site to support the design? 

YES 
NO 

Is site access a 
concern? 

YES 

Adjust design and/or 
implementation plan accordingly 

NO 
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Implement the system 

Monitor and adjust parameters 
as needed 

NO 

Have criteria been met? Is biodegradation still occurring? 

YES 

Reclaim site and apply 
for Reclamation 

Certificate 
Continue to monitor 
until criteria reached 

Ensure that the 
conditions of 

bioremediation 
(Figure 7.1) are met 

Figure 8.1 - Bioremediation decision tree 

The approach to remediation and the application of bioremediation at a cold-climate 

site is similar to that at other, more temperate sites. Boxes appearing in blue in the 

decision tree require more attention and consideration when dealing with a cold-climate 

site. Inhibitory conditions may be more prevalent at a cold-climate site. For example, 

many of these sites have limited moisture and nutrient levels. Modifications to the site to 

improve bioremediation conditions, that are feasible and economical given the constraints 

of a cold-climate site, should receive considerable attention in order to achieve successful 

bioremediation. Biotreatability studies must be designed to incorporate the specific 

conditions of the cold-climate site, particularly temperature. If warmer temperatures are 

to be used in the biotreatability studies, then these temperatures must be economically 

achievable on site. Given the lower biodegradation rates that are generally found at 

colder temperatures, the potential for biodegradation rate fluctuations, and the possible 

need for an acclimation phase, the timeframe should be flexible. Finally, the issues of 

sufficient resources and site access are more of a concern when dealing with a cold-

climate site. Freshwater and electricity may not be readily available and a remote site 

may inhibit the use of large machinery. 
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8.3 Technology selection criteria 

Once it has been decided that bioremediation is to be applied at the site, several 

bioremediation technologies may be appropriate. To decide which of the available 

bioremediation technologies to apply, evaluation criteria can be employed. The 

following table presents a list of criteria for bioremediation technology selection that has 

been compiled from various sources. The criteria have been broken down into categories 

for ease of discussion. Each criterion will vary in its weight depending on the site 

characteristics and the remediation project objectives. 

Table 8.2 - Criteria for technology selection 

Category Criteria 

Technological Development status 
Harmonization 
Applicability 
Reliability/maintainability 
Contaminant removal efficiency 
Limitations 
Data requirements 
Design flexibility 
Ability to achieve targets 

Logistical Ease of logistics 
Ease of use 
Suitability for cold and northern climates 

Institutional/regulatory Regulatory acceptance 
Public acceptance 

Economic Overall cost 

Other Cleanup time 
Environmental impact 
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Development status refers to the current scale status of the technology. Three scales 

are recognized: experimental, demonstrated, and commercial. Experimental status is 

given when the technology has been proven at the lab or pilot scale, but requires pilot 

testing on site to determine feasibility. A demonstrated technology has been proven at 

full-scale, but still requires pilot testing to verify the design. Commercial status is 

awarded to those technologies with extensive full-scale application that do not require 

pilot testing. Those technologies receiving a lower status (i.e. more experimental) level 

may be less attractive for application at a contaminated site, however these technologies 

should not be discounted. Their lack of application at a commercial scale may be one of 

several reasons (see section 7.5.1), that can be overcome. A technology with 

experimental or demonstrated status can progress to demonstrated or commercial status, 

respectively, if applied appropriately. Advancement of a technology through these scales 

is the only way to improve the application of bioremediation at these sites. 

Harmonization indicates whether the technology can be used readily in combination 

with other technologies or whether it is best applied as a stand-alone option. This is 

important when a combination technology or treatment train approach is desired. 

Applicability refers to the suitability of a technology for the remediation of petroleum 

hydrocarbon-contaminated soils. Generally bioremediation is well suited to these sites, 

assuming that other, potentially toxic compounds are absent or at low levels. The 

presence of heavy metals and/or salts can be inhibitory to the bioremediation process. 

Reliability and maintainability refer to the degree of system reliability and level of 

maintenance required when using the technology. In cold, remote sites the issue of 

reliability is of particular importance since access to the site for unexpected repairs and 

adjustments is likely to be limited. In addition, maintenance of the system should be 

required at a relatively low frequency due to the potential for limited access to the site. A 
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higher number of site visits for maintenance increases the overall cost of remediation at 

any site, but can be particularly costly in cold climates. 

Contaminant removal efficiency relates to the biodegradation rates that are achievable 

with a particular technology. This is based on previous performance and biotreatability 

studies. 

Limitations of a particular technology also affect remedial options. Soil texture, 

groundwater level, and available space are examples of factors that are limiting to 

particular technologies. The details of these limitations were presented in Chapter 7. 

Data requirements can influence the decision to implement a bioremediation option at 

a contaminated site. As indicated in Chapter 7 these requirements can be quite high for 

bioremediation, however each bioremediation technology requires similar data gathering. 

The more thorough the site characterization, the more suitable the design, and the more 

effective the bioremediation process. 

Design flexibility refers to a technology's ability to treat a variety of media and a 

range of contaminant levels (Intera Kenting 1991). Greater flexibility affords increased 

efficiencies across a contaminated site and better adaptation to cold climates and remote 

sites. 

Ability to achieve targets, with an acceptable risk of residual contamination, 

addresses the degree to which the technology is able to meet remediation objectives. 

This can be determined through biotreatability or bench-scale studies. 

Ease of logistics refers to the ease of physical implementation of a technology. This 

will vary according to site geography and the infrastructure available. For example if 

access to the site is only by helicopter or small cargo aircraft, then only technologies that 
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can be transported in this manner with a reasonable number of trips should be considered. 

Technologies requiring transport of large machinery or an excessive number of trips will 

likely be limited to sites with adequate infrastructure. In addition, the set-up time for the 

technology should be short to allow for a longer period of time under more optimum 

(warmer) conditions. 

Ease of use includes the level of expertise required to implement the technology as 

well as the frequency and complexity of maintenance requirements (Intera Kenting 

1991). A technology with lower expertise requirements could be applied on a more 

widespread basis while application of a more complex technology may depend on the 

level of expertise available. 

The suitability of a technology for cold and northern climates includes the ease of 

design modifications to compensate for the effects of cold temperatures on 

bioremediation processes and the length of the operating season. Those technologies that 

are less susceptible to the effects of cold temperatures, have longer operating seasons, 

and are easily modified to compensate for cold temperatures would likely be more 

attractive remedial options. 

Regulatory acceptance is an important criterion since it affects the acceptance of a 

remedial technology as part of a remediation plan. If regulators are reluctant to support a 

particular technology, it may be less attractive than those technologies that have more 

support. Reluctance to change practices, objectives or opinions, desire for a quick 

response ('quick fix'), or a prior commitment to certain course of action may hinder the 

implementation of bioremediation in a cold climate. Remediation practitioners should be 

aware of any such barriers prior to proposing a remedial action plan. In this case more 

attention to the justification of the proposed technology could be included in the plan. 
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Public acceptance is a factor that, depending on the location of the contaminated site, 

may or may not carry much weight. If the site is located in close proximity to a 

community or has the potential to cause adverse effects on potable groundwater sources, 

then the public should be informed of the remedial actions that are to take place. There 

should also be consideration of native peoples' concerns and their environmental 

priorities. Certain technologies will be perceived to be more active and may, therefore, 

possess greater public acceptance. 

Overall cost includes design, construction, operations, and maintenance costs of the 

core process that defines each technology. Cost estimations should also include 

mobilization, demobilization, and pre- and post-treatment costs. Technologies have been 

rated as better or worse than average ($110-$330US/metric ton) for core process costs 

(FRTR 2001b). Costs should be determined on a site-specific basis for the technology 

options being considered. 

Cleanup time includes the time to closure of the site or completion of remediation. 

This criterion can be estimated by extrapolating from biotreatability studies, however it is 

important to recognize that field rates will likely be lower than laboratory rates. Cleanup 

times for various options can then be compared to determine which occur within an 

acceptable timeframe. The weight of this criterion will vary with the site; some sites will 

require more rapid remediation than others according to remediation objectives. 

Environmental impact involves consideration of any adverse effects caused by 

remediation activities. Some technologies will be more disruptive than others. Although 

these disruptions can be mitigated in the remediation design and site management, the 

costs are generally increased. 

The goal of applying these criteria is to screen out inappropriate or costly remediation 

systems. Inappropriate technologies are those that do not comply with the remediation 
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objectives of the site. Conventionally the most familiar or immediate options have been 

chosen, however these may not be the most appropriate. Selection must consider the 

constraints or limitations of the available technologies. 

It is important to note that no single treatment system is suitable for all sites, but 

bioremediation has been successful under a wide range of conditions. The best remedial 

option should be selected after complete identification and characterization of the 

contaminated site. 

8.4 Adaptive Management 

Because of the limited information available on the bioremediation of cold-climate 

sites, it is suggested that an adaptive management approach be adopted to develop a 

reliable knowledge base and strategies upon which effective bioremedial designs can be 

based. Adaptive management is "a formal, systematic, and rigorous approach to learning 

from the outcomes of management actions, accommodating change and improving 

management" (Forest Practices Branch 2000). Generally it is used to accelerate the rate 

at which we learn from experience through informational feedback loops, allowing an 

exploration of alternative actions. This approach employs a combination of scientific 

method and models to facilitate decision-making regarding environments exhibiting 

complexity, shifting conditions, and uncertainty about key relationships among system 

components (McLain and Lee 1996). With the high number of influencing factors 

relating to the success of bioremediation and the high level of complexity and 

uncertainty, the use of an adaptive management approach seems appropriate. Such an 

approach could be applied on a widespread basis to improve the understanding of 

bioremediation in cold climates or on a site-specific basis to achieve more efficient 

bioremediation. 
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For adaptive management to be effective, elements of rapid knowledge acquisition, 

effective information flow, and processes for creating shared understanding must be 

present (McLain and Lee 1996). The iterative hypothesis testing of adaptive 

management with an awareness of biodegradation and bioremediation model limitations 

and the confines of previous assumptions, allows recognition of new patterns (McLain 

and Lee 1996). 

An adaptive management scheme would need: 

• goals and objectives, 

• a model describing interactions among microorganisms, environmental 

conditions, and management alternatives, 

• an implementation program to test the model, 

• a monitoring program to evaluate the model, and 

• a procedure for assessment and modification of the model. 

Background information can be organized into thematic categories through content 

analysis, similar to what was done in Chapter 7. Goals can then be defined that are 

focussed and indicate the direction of the model. Influencing factors (biological, 

chemical, physical) and their relationships are hypothesized and then organized into 

models. Such a model will provide a starting point from which cold-climate 

bioremediation can evolve and adapt within a complex environment. Case studies can be 

used for the formulation of hypotheses, evaluation of predictions, and development of 

methodology. However, they cannot be used to make generalizations since they are 

specific to the particular case. 

Implementation with a monitoring program and means for model revision, including 

ways to overcome barriers to implementation, are important to the success of 

bioremediation in a cold climate. Monitoring indicators that reflect cause-effect 

relationships and are practical need to be selected. The information from monitoring 
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either supports or refutes the model, allowing for modification and continuous 

improvement. 

Adaptive management has been presented in six steps (Forest Practices Branch 2000). 

(1) Problem assessment involves the compilation of existing knowledge, exploration of 

management alternatives and their outcomes, and the identification of key gaps in 

understanding. This step requires an interdisciplinary approach to exploit a variety of 

perspectives, skills and areas of expertise. From this knowledge base, a model of the 

system can be developed. In addition, the scope, objectives, and indicators for the 

objectives can be defined. An exploration and prediction of the effects of alternatives on 

indicators are also conducted. (2) Design of a management plan and monitoring program 

is conducted to generate reliable feedback and information to fill in the identified gaps. 

Plans that will be the most informative are those that are specifically designed as 

management experiments. This process can be active, where all suitable alternatives are 

tested and compared, or passive, where the 'best' alternative is tested. It is imperative 

that controls be included in the design. (3) Implementation of the design then ensues, 

followed by (4) Monitoring. Adequate monitoring will enable an assessment of how 

actions affect indicators and indicate implementation compliance, effectiveness, and 

validation of model parameters and relationships. (5) Evaluation will allow a comparison 

of actual outcomes to those that were predicted. In this stage expected and unexpected 

results are explained, recommendations for future action are included, and positive and 

negative results are documented so that knowledge and experience can be passed on to 

others. (6) Adjustment of models then occurs to reflect new understanding. This final 

step verifies and updates the models, identifies where uncertainties have been reduced, 

and generates new predictions for the design of new experiments. 

The common pitfalls in adaptive management are an overreliance on rational 

comprehensive models and inattention to policy processes that promote the development 

of shared understandings among diverse stakeholders (McLain and Lee 1996). Other 
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potential barriers to adaptive management include the costs of model development and 

monitoring, the design of powerful experiments given high spatial variability and high 

variability in measurements, regulatory and institutional inflexibility whether it is real or 

perceived, and institutional inertia (Forest Practices Branch 2000). These barriers can be 

reduced or overcome by developing cheaper measurement techniques that still produce 

reliable information, using alternative methods of statistical analysis (ex. Bayesian 

statistics), and ensuring strong communication among stakeholders, respectively. 

8.5 Summary 

This chapter presented a method to determine the suitability of bioremediation for 

application at a petroleum hydrocarbon-contaminated site in a cold climate. A decision 

tree was developed using a series of factors deemed necessary for successful 

bioremediation. Although the final product could be used at sites that are not considered 

cold-climate, there are certain steps and questions that require more attention at cold-

climate sites. 

Criteria that can be applied to evaluate various bioremediation technologies for 

application at a cold-climate site were presented and defined. In addition, an approach of 

adaptive management was described and suggested for the development of cold-climate 

bioremediation in general and its application on a site-specific basis. 



257 

CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 

An integrated set of conclusions and recommendations was not possible due to the 

diversity of topics presented in this document. Instead, conclusions and 

recommendations were made on a topic-by-topic basis. 

9.1 Conclusions 

Conclusions drawn from the research conducted on cold-climate bioremediation are: 

1) Previous assumptions regarding microbial activity and biodegradation at cold 

temperatures and in cold climates fail to account for biological adaptation to the 

environment. The extensive literature review conducted indicated that substantial 

biodegradation rates have been observed at colder temperatures. This provides 

support for a new approach towards bioremediation at these cold-climate sites. 

As the knowledge base regarding cold-adapted bacteria expands, greater insight 

into the manipulation of these microbes in the subsurface will arise. 

2) Cold-climate contamination is a significant concern due to past and future 

activities. The lack of regulations and a poor understanding of contamination 

issues have contributed to the production of contaminated sites in cold climates. 

Since oil exploration and production activities in cold climates are expected to 

increase as conventional light crude oil reserves in more temperate locations 

decrease, there is the potential for increased contamination with petroleum 

hydrocarbons. 

3) The important considerations for successful bioremediation include contaminant 

and subsurface properties, biodegradation processes, regulatory framework, and 

site and risk assessment. Physical and chemical contaminant properties as well as 

factors associated with subsurface and climatic conditions are able to affect 
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contaminant behaviour in the subsurface. Contaminant fate and transport 

influences the remedial technology alternatives that are appropriate as well as 

remediation system design. These properties must be described, possibly with the 

aid of computer models, and used to assist in the design of a remediation program. 

Acknowledgement of the influence of cold temperatures on these properties 

allows for a more accurate description of fate and transport. Another important 

consideration involves the factors affecting biodegradation. These can be 

classified into three groups (microbial community, bioavailability, and 

environmental parameters) that must be described and acknowledged for 

successful bioremediation. In addition, comprehensive knowledge of the 

regulatory framework for the jurisdiction in which the contaminated site is located 

is imperative for efficient and successful application of bioremediation. This 

framework indicates acceptable remediation criteria, remediation and approval 

procedures, and site closure processes. In most jurisdictions there are no codes of 

practice directed towards remediation in cold climates. Prior to remediation, a 

thorough site assessment and characterization through a phased approach is 

fundamental. The use of an integrated site assessment program with various 

methods for information gathering and incorporation of a GIS will provide a solid 

foundation for remediation program development. The use of risk assessment is 

also a consideration for tailoring remediation objectives to the site if generic 

criteria are deemed inappropriate. The risk-based approach needs to include 

considerations specific to cold climates. 

4) Many bioremediation technologies are available, each with their own set of 

advantages and limitations. These advantages and limitations can be used to 

evaluate each technology for its suitability to the site in question. This is done 

within the context of the site and project objectives as well as the challenges faced 

at cold-climate sites, allowing selection of the most appropriate technology. 

5) Biotreatability studies are crucial for gathering information needed for 

remediation design. Although there is some difficulty in transferring (or scaling 
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up) this information to the field, these extrapolations are facilitated by accurate 

scale-down for biotreatability studies. Laboratory-to-field extrapolations can take 

place using a variety of approaches, each with different data requirements and 

levels of uncertainty. Since scale-up models are not yet available for 

bioremediation, practitioners must rely on empirical data and partial models while 

recognizing their limitations. Accurate scale-up models for bioremediation will 

not be available until the research gaps relating to aspects of bioavailability and 

mass transfer are addressed. 

6) Prior to conducting this research, it was hypothesized that the requirements of the 

bioremediation schema would be met at different levels at cold-climate sites and 

that specific guidelines could be generated for future applications. However, the 

literature has indicated that operational parameters for bioremediation 

applications in cold climates are site-specific and can only be determined through 

biotreatability studies. There are, however, certain bioremediation considerations 

and approaches that are emphasized for cold temperature applications. For 

example, application of soil warming techniques, combined technologies, and 

appropriate implementation logistics enables enhanced biodegradation rates while 

minimizing expenses in the long-term. 

7) The majority of bioremediation technologies available are theoretically suitable 

for the remediation of petroleum hydrocarbon-contaminated sites in cold climates. 

Differing levels of attention among technologies in the literature is an indication 

that some alternatives are being explored and applied on a limited basis. The 

literature on cold-climate bioremediation has indicated that various 

bioremediation technologies have received different levels of attention. This 

could be due to a lack of information dissemination, excessive cost, lack of 

technology development, or lack of expertise. If these reasons can be overcome, 

the toolbox of available technologies (i.e. those that are widely applied) could 

expand, providing additional alternatives to professionals. This would also 

increase the chance that a suitable technology will be applied at a given site since 
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each technology has different advantages and limitations. Enlarging the toolbox 

will occur by graduating technologies from experimental through demonstrated to 

commercial status. 

8) The research focus in the literature centred on biostimulation and 

bioaugmentation. Research gaps included bioavailability, mass transfer, 

manipulation of operational parameters at cold-climate sites to improve 

bioremediation efficiencies, and lab-to-field extrapolations. This unbalanced 

research indicates an inefficient use of resources in this field. Bioavailability and 

mass transfer are repeatedly referred to as key aspects of successful 

bioremediation, however they are often overlooked in research due to their 

complex nature and a poor understanding. The lack of examination with respect 

to manipulation of operational parameters contributes to stagnant development 

status of a technology. If this is not improved, a particular technology will not 

progress to commercial status where it can be added to the technology toolbox. 

Accurate extrapolations of lab-to-field results also contribute to improving 

development status thereby expanding cold-climate bioremediation application 

potential. The disregard of this aspect will impede the advancement of 

bioremediation technologies at these sites. 

9) The identification and description of challenges provides awareness for future 

endeavours and a starting point for technology improvements for researchers and 

professionals. The challenges identified in this research ranged from 

technological and logistical to institutional and economic. This broad range of 

challenges indicates that the impetus for improvement of cold-climate 

bioremediation lies with many individuals, organizations, and agencies. 

10) A decision tree was developed to aid in the selection of bioremediation as an 

appropriate option for the remediation of a petroleum hydrocarbon-contaminated 

site in a cold climate. The process in the decision tree is similar to that for 

temperate climates. There are, however, certain areas that require more attention 

and consideration when dealing with a cold-climate site. Conditions that could 
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hinder microbial activity, feasible and economical modifications, flexible 

timeframe, sufficient resources, and adequate site access are aspects requiring 

more concern. The decision tree both aids in the appropriate selection of 

bioremediation and indicates additional steps to take to ensure successful 

bioremediation. Without such a framework the possibility exists for inappropriate 

application of bioremediation, diminishing its status as an appropriate option for 

these sites. 

The use of technology evaluation criteria within the decision tree allows for the 

selection of a specific technology. Application of the criteria ensures that the 

challenges of addressing a cold-climate site and the project objectives are 

considered during technology selection. Bioremediation becomes more 

appropriate with increased remoteness, soil volume, timeframe, equipment 

limitations, and economic constraints. 

9.2 Recommendations 

The recommendations have been divided into those that are technological or logistical 

and specific to the remediation of a site and those that are institutional or research-

oriented that apply to cold-climate bioremediation in general. 

9.2.1 Specific 

1) The application of biostimulation has been found to be very effective in the 

bioremediation of petroleum hydrocarbon-contaminated sites in cold climates. It 

is therefore suggested that practitioners seriously consider the addition of 

nutrients, particularly nitrogen, in appropriate amounts. The nutrient application 

rates will depend on site conditions and the results of biotreatability studies. The 

type of nutrient amendment will vary depending on site conditions and available 
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resources. Another major focus for practitioners is to ensure an adequate supply 

of oxygen. The parameters in the bioremediation schema and their interactions 

need to be acknowledged and managed for successful bioremediation. 

2) Technologies with low mobilization, demobilization, operation, and maintenance 

costs should be promoted, as they are well suited to cold climates and remote 

areas. 

3) The promotion of technologies such as composting, biopiles, and landfarming, 

which are less susceptible to lower temperatures, is advised. 

4) Combined technologies should be considered to reap the benefits of more than 

one technology. 

5) Soil warming in conjunction with other technologies is suggested to improve 

biodegradation rates, particularly at the onset of bioremediation. It is noted, 

however, that this practice increases bioremediation costs. 

6) Bioaugmentation is not usually necessary unless the operating season is extremely 

short, the contamination is new, or toxic compounds are inhibiting the indigenous 

community. 

7) Biotreatability studies are very beneficial in reducing long-term costs and 

allowing the consideration of more technologies and parameter variations. 

8) Implementation of bioremediation designs should take place when temperatures 

allow for elevated microbial activity and, therefore, facilitated start-up. The 

logistics of sampling, implementation, and monitoring need to be carefully 

managed to avoid excessive costs and undesirable impacts on the environment. 

9.2.2 General 

1) Increased information dissemination regarding cold-climate bioremediation 

laboratory and field research would aid in the acceleration of this field. Both 

public and private sectors have promoted the decentralization of responsibilities, 

causing knowledge to be dispersed and partial. This could be mitigated through 

some sort of remediation program for cold climates. A consortium of partners 
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from industry, various levels of government, and academia would provide a 

forum for joint activity regarding remediation technology advancement, for the 

development of more effective and less costly technologies, and for the 

compilation of technical knowledge, performance and cost data. Such a multi-

stakeholder and interdisciplinary approach involves merging component 

disciplines through cooperation and is necessary for successful bioremediation. 

The design and implementation of a program should be aimed at the optimization 

of knowledge transfer and conveyance of experience among the various 

stakeholders. 

2) The creation of a government program designed to accelerate technology 

development in the field would provide the opportunity to develop cold-climate 

technologies such that they are field-ready and can be applied on a more 

widespread basis. The USEPA has such a program (CLU-IN Vendor Support) 

that is designed to direct technology developers to funding sources and technical 

support for all stages of technology development. The areas in which information 

is provided are market analysis, business plan creation, research and development, 

testing and demonstration, permitting and regulatory assistance, marketing 

assistance, and contract opportunities. 

3) The application of the evaluation criteria presented in Chapter 8 can be done to 

determine where a technology is lacking and why it is not being applied to cold-

climate sites. These deficiencies are considered barriers and research should be 

conducted such that they can be overcome. 

4) A cost analysis should be conducted on a consistent basis to provide economic 

information to professionals. The use of a hypothetical site or several 

hypothetical sites would allow the analysis to be consistent. 

5) The inconsistensies bewteen treatability studies and full-scale operations could be 

addressed by the development of more comprehensive models that consider the 

importance of mass trasnfer and mass transport in the subsurface. 
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6) The use of an adaptive management approach can be used to fill in the research 

gaps identified in Chapter 7. With the high number of influencing factors relating 

to the success of bioremediation and the high level of complexity and uncertainty, 

the use of an adaptive management approach seems appropriate. 
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Appendix A: Soil Maps for Alberta and Northwest Territories 

Figure A.l - Drainage Class for Alberta (CanSIS 2000). 

Figure A.2 - Drainage Class for Northwest Territories (CanSIS 2000). 
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Table A.l - Drainage Descriptions (CanSIS 2000). 

Excessive Water is removed from the soil very rapidly in relation to supply; 
excess water flows downward very rapidly if underlying material is 
pervious; subsurface flow may be very rapid during heavy rainfall 
provided the gradient is steep; source of water is precipitation. 

Rapid Water is removed from the soil rapidly in relation to supply; excess 
water flows downward if underlying material is pervious; subsurface 
flow may occur on steep gradients during heavy rainfall; source of 
water is precipitation. 

Well 

Moderately well 

Imperfect 

Poor 

Very poor 

Water is removed from the soil readily but not rapidly; excess water 
flows downward into underlying pervious material or laterally as 
subsurface flow. These soils commonly retain optimum amounts of 
moisture for plant growth after rains or addition of irrigation water. 

Water is removed from the soil somewhat slowly in relation to supply 
due to low perviousness, a shallow water table, lack of gradient, or a 
combination of these factors; precipitation is the dominant source of 
water in medium- to fine-textured soils; precipitation and significant 
additions by subsurface flow are necessary in coarse-textured soils. 

Water is removed from the soil sufficiently slowly in relation to 
supply leaving the soil wet for a significant part of the growing 
season; excess water moves slowly downward if precipitation is the 
major supply; if subsurface water, groundwater, or both are the main 
source the flow rate may vary. 

Water is removed so slowly in relation to supply that the soil remains 
wet for a comparatively large part of the time that the soil is not 
frozen; excess water is evident in the soil for much of the time; 
subsurface flow, groundwater flow, or both, in addition to 
precipitation, are the main sources of water; a perched water table 
may also be present. 

Water is removed from the soil so slowly that the water table remains 
at or on the surface for a majority of the time the soil is not frozen; 
groundwater flow and subsurface flow are the major sources of water; 
precipitation is less important except where these is a perched water 
table. 
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Figure A.4 - Soil Development/Classification for Northwest Territories (CanSIS 2000). 
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Figure A.5 - Surface Material for Alberta (CanSIS 2000). 

Figure A.6 - Surface Material for Northwest Territories (CanSIS 2000). 
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Table A.2 - Surface Material Descriptions (CanSIS 2000). 

Ice and Snow Glacial ice and permanent snow. 

Organic Soil Contains >30% organic matter as measured by weight. 

Hard Rock, acidic Granite. 

Hard Rock, basic Limestone. 

Hard Rock Hard rock of unspecified origin and undifferentiated properties. 

Mineral Soil Predominantly mineral particles; contains <30% organic matter 
as measured by weight. 
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Figure A.8 - Calcareous Class for Northwest Territories (CanSIS 2000). 
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Table A.3 - Calcareous Class Descriptions (CanSIS 2000). 

Noncalcareous No C a C 0 3 detectable with dilute HC1. 

Weakly 1-5% CaCC>3 equivalents (weak effervescence with dilute HC1). 

Strongly 6-40% C a C 0 3 equivalents (moderate to strong effervescence with 
dilute HC1). 

Extremely >40% CaCO} equivalents (very strong effervescence with dilute 
HC1). 

1 Non-applicable (water, rock, ice)  
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Soil Moisture Subclasses 

m Subarid severe deficit 
_ _ Semiari d moderatel y severe defi cit 
_U Subhumidsignificant deficit 
I I Humid very slight deficit 
K-1 Aquic saturated for long periods 
[>» Subaquic saturated for short periods 

Figure A.9 - Soil Moisture Subclasses for Alberta (Juma and Martin 1997a). 

Soil Temperature Classes 

r~l Moderately cool Boreal 
~?1 Cool Boreal 
gjj|jt| Moderately cold Cryoboreal 
I I Cold Cryoboreal 
_3 Subarctic 

Figure A.10 - Soil Temperature Classes for Alberta (Juma and Martin 1997b). 
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Appendix B: Tier I Levels 

Table B.l - Alberta Tier I criteria 

General 
pH (0.01M CaCl 2) 6 to 8.5 
Electrical conductivity (dSrn') 2 
Sodium adsorption ratio 6 
Inorganics, mg/kg (ppm) 
Arsenic 10 
Barium 600 
Beryllium 5 
Bromide, water soluble 20 
Boron, hot water soluble 2 
Cadmium 1 
Chromium, 6+ 5 
Chromium, total 100 
Cobalt 20 
Copper 80 
Cyanide, water-soluble .05 
Cyanide, total 5 
Fluoride, total 200 
Lead4 50 
Mercury 0.2 
Molybdenum 4 
Mickel 40 
Selenium 2 
Sulphur, elemental5 500 
Thallium 1 
Vanadium 100 
Zinc 120 
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Organics, mg/kg (ppm) 
Aliphatics 
Halogenated aliphatics, individual or total 0.1 
1,1-dichloroethane 
1,2-dichloroethane 
1,1 -dichloroethene 
1,2-dichloroethene (trans- and cis- forms) 
dichloromethane 
dichloropropane (1,2-, 1,3- and 2,2- forms) 
dichloropropene (1,3-, trans 1,2- and cis 1,2- forms) 
1,1,2,2-tetrachloroethane 
tetrachloroethene (perchloroethylene) 
thrichloroethene 
tetrachloromethane (carbon tetrachloride) 
trichloroethane (1,1,1- and 1,1,2- isomers) 
trichloromethane (chloroform) 
vinyl chloride 
dibromochloropropane 
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Aromatics 
Monocyclic aromatic hydrocarbons (MAH) 
Benzene 0.05 
Ethylbenzene 0.5 
Toluene 1.0 
Xylene (1,2-, 1,3- and 1,4- forms)4 1.0 
Styrene 0.1 

Chlorobenzenes (all congeners), individual or total 0.05 

Phthalic acid esters, individual or total 30 
Bis(2-ethylhexyl) phthalate 
Dibutylphthalate 
Dimethylphthalate 

Polycyclic aromatic hydrocarbons (PAH) 
Chlorinated PAH, individual or total 0.1 
Non-chlorinated PAH, individual 0.1 
Non-chlorinated PAH, total 1.0 
Benzo(a)anthracene (1,2-benzanthracene) 
7,12-dimethylbenzanthracene 
chrysene 
benzo(b)fluoranthene 
benzo(j )fluoranthene 
benzo(k)fluoranthene 
benzo(g,h,i)perylene 
benzo(c)phenanthrene 
pyrene 
benzo(a)pyrene 
dibenzo(a,h)pyrene 
dibenzo(a,I)pyrene 
dibenzo(a,j)pyrene 
indeno( 1,2,3-cd)pyrene 
acenaphthene 
acenaphylene 
anthracene 
fluoranthene 
naphthalene 
phenanthrene 

Polychlorinated biphenyls (PCBs) 0.5 
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Heterocylcic hydrocarbons 
Dioxins 
2,3,7,8-tetrachloro-p-dioxin equivalents 0.001 
furans 0.01 
thiophenes, including dibenzothiophene 0.1 
quinoline 0.1 

Phenolics 
Chlorinated phenolics, individual or total 0.05 
2-chlorophenol 
3-chlorophenol 
4-chlorophenol 
2,4-dichlorophenol 
2,4,6-trichlorophenol 
tetrachlorophenol, all isomers 
pentachlorophenol 
4-chloro-3-methylphenol 
Non-chlorinated phenols, individual or total 
(unless shown otherwise) 0.1 
2,4-dimethylphenol 
2,4-dinitrophenol 
2-methyl-4,6-dinitrophenol 
2-nitrophenol 
4-nitrophenol 
Phenol 0.05 
Cresol 

Other 
Pesticides and metabolites, total 0.1 
Aldrin 
Dieldrin 
Chlordane 
DDT and metabolites 
4,4-DDT 
4,4-DDE (pp'-DDX) 
4,4-DDD (pp'-TDE) 
endosulfan and metabolites 
a-endosulfan-Alpha 
b-endosulfan-Beta 
endosulfan sulphate 
endrin and metabolites 0.01 
endrin 
endrin aldehyde 
heptachlor and metabolites 0.01 
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heptachlor 
heptachlor epoxide 
hexachlorocyclohexane (all isomers) 0.01 
a-BHC-Alpha 
b-BHC-Beta 
r-BHC (lindane) Gamma 
g-BHC-Delta 

Mineral oil and grease !()()() 
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Table B.2 - CWS Tier 1 levels (mg/kg soil) for PHCs for fine-grained surface soils (CCME 2001). 

Land Use Exposure Pathways Fl F2 F3 F4 

(C6-C1 ( )) (>C|()-C|6) (>C,4) 
Agricultural Soil ingestion 15,000 8000 18,000 25,000 

Dermal contact RES RES RES RES 
Vapour inhalation (indoor, 30m offset) 2100 11,400 NA NA 
Protection of potable GW 7 180 250 NA NA 
Protection of GW for aquatic life8 TBD TBD NA NA 
Protection of GW for livestock watering9 TBD TBD NA NA 
Nutrient cycling TBD TBD TBD TBD 
Eco soil contact1" 260 900 800 5600 
Eco soil ingestion TBD TBD TBD TBD 
Produce, meat and milk NC NC NC NC 

Residential Soil ingestion 15,000 8000 18,000 25,000 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor) 940 5200 NA NA 
Protection of potable GW 1 180 250 NA NA 
Protection of GW for aquatic life2 TBD TBD NA NA 
Nutrient cycling TBD TBI) TBD TBD 
Eco soil contact4 260 900 800 5600 
Produce NC NC NC NC 

Commercial Soil ingestion RES 29,000 RES RES 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor) 4600 25,000 NA NA 
Protection of potable GW1 180 250 NA NA 
Protection of GW for aquatic life2 TBD TBD NA NA 

Nutrient cycling TBD TBD TBD TBD 
Eco soil contact4 660 1500 2500 6600 

Industrial Soil ingestion RES RES NA NA 
Dermal contact RES RES RES NA 
Vapour inhalation (indoor) 4600 25,000 NA NA 
Protection of potable GW 1 180 250 NA NA 
Protection of GW for aquatic life2 TBD TBD NA NA 
Nutrient cycling TBD TBD TBD TBD 
Eco soil contact4 660 1500 2500 6600 
Offsite migration NA NA 12,000 RES 

NA=Not Applicable. Calculated value exceeds 1,000,000 mg/kg or pathway excluded. 

RES=Residual PHC formation. Calculated value exceeds 30,000 mg/kg and solubility limit for PHC fraction. 

NC=Not calculated. Insufficient data to allow derivation. 

TBD=To be determined. 

7 Assumes site is underlain by groundwater of potable quality in sufficient yield (K of 10"4 cm/sec or 
greater). 

8 Assumes surface water body at 10m from site. 
9 Generally applicable for this land use as related to use of dugouts and wells for supply of livestock 

water. 
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Table B.3 - CWS Tier 1 levels (mg/kg soil) for PHCs for coarse-grained surface soils (CCME 2001). 

Land Use Exposure Pathways F! F2 F3 F4 
(C6-C1 ( )) (>Ci()-C16) (>CI6-C,4) (>C34) 

Agricultural Soil ingestion 15,000 8000 18,000 25,000 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor, 30m offset) 200 1100 NA NA 
Protection of potable GW 860 1200 NA NA 
Protection of GW for aquatic lifel 230 150 NA NA 
Protection of GW for livestock watering2 9000 4000 NA NA 
Nutrient cycling TBD TBD TBD TBD 
Eco soil contact3 130 450 400 2800 
Eco soil ingestion TBD TBD TBD TBD 
Produce, meat and milk NC NC NC NC 

Residential Soil ingestion 15,000 8000 18,000 25,000 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor, basement) 50 240 NA NA 
Vapour inhalation (indoor, slab-on-grade) 30 150 NA NA 
Protection of potable GW 860 1200 NA NA 
Protection of GW for aquatic life1 230 150 NA NA 
Nutrient cycling TBD TBD TBD TBD 
Eco soil contact3 130 450 400 2800 
Produce NC NC NC NC 

Commercial Soil ingestion RES 29,000 RES RES 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor) 3100 1700 NA NA 
Protection of potable GW 860 1200 NA NA 
Protection of GW for aquatic life1 230 150 NA NA 

Nutrient cycling TBD TBI) TBD TBD 
Eco soil contact3 330 760 1700 3300 

Industrial Soil ingestion RES RES NA NA 
Dermal contact RES RES RES NA 
Vapour inhalation (indoor) 310 1700 NA NA 
Protection of potable GW 860 1200 NA NA 
Protection of GW for aquatic life 230 150 NA NA 
Nutrient cycling TBD TBD TBD TBD 
Eco soil contact1 330 760 1700 3300 
Offsite migration NA NA RES RES 

NA=Not applicable. 

RES=Residual PHC formation. Calculated value exceeds 30,000mg/kg and solubility limit for PHC fraction. 

NC=Not calculated. Insufficient data to allow derivation. 

TBD=To be determined. 

1 0 Tier 1 values based primarily on laboratory bioassay response to fractions derived from fresh 
Federated Crude Oil and adjusted for textural factors. 

1 Assumes surface water body at 10m from site. 
2 Includes use of dugouts and wells for supply of livestock water. 
3 Tier 1 values based mainly on laboratory bioassay response to fractions derived from fresh Federated 

Crude Oil . 
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Table B.4 - CWS generic levels for PHCs in fine-grained subsoil (>1.5m depth) (CCME 2001). 

Land Use Exposure Pathways 

Agricultural Soil ingestion 
Dermal contact 
Vapour inhalation (indoor, 30m offset) 
Protection of potable GW1 
Protection of GW for aquatic life2 
Protection of GW for livestock watering3 
Nutrient cycling 
Eco soil contact4 
Eco soil ingestion 
Produce, meat and milk 

Residential Soil ingestion 
Dermal contact 
Vapour inhalation (indoor: basement, slab) 
Protection of potable GW1 

Protection of GW for aquatic life2 

Nutrient cycling 
Eco soil contact4 

Produce 
Commercial Soil ingestion 

Dermal contact 
Vapour inhalation (indoor) 
Protection of potable GW 1 

Protection of GW for aquatic life2 

Nutrient cycling 
Eco soil contact4 

Industrial Soil ingestion 
Dermal contact 
Vapour inhalation (indoor) 
Protection of potable GW 1 

Protection of GW for aquatic life2 

Nutrient cycling 
Eco soil contact4 

Offsite migration 
NA=Not applicable. 

RES=Residual PHC formation. Calculated value exceeds 

Fl 
(C f i-C i n) 

F2 
(>Cin-Cifi) 

F3 
(>C16-C,4) 

F4 
(>CS4) 

RES RES RES RES 
RES RES RES RES 
2100 11,400 NA NA 
180 250 NA NA 

TBD TBD NA NA 
TBD TBI) NA NA 
NA NA NA NA 
750 2200 3500 10,000 
TBI) TBD TBD TBD 
NA NA NA NA 
RES RES RES RES 
RES RES RES RES 

(940, 990) (5200, 5500) NA NA 
180 250 NA NA 

TBD TBD NA NA 
NA NA NA NA 
750 2200 3500 10,000 
NA NA NA NA 

RES RES RES RES 
NA RES NA NA 

4800 26,000 NA NA 
ISO 250 NA NA 

TBD TBD NA NA 

NA NA NA NA 
1000 3000 5000 10,000 
NA NA NA NA 
NA NA NA NA 

4800 26,000 NA NA 

180 250 NA NA 
TBD TBD NA NA 
NA NA NA NA 
1000 3000 5000 10,000 
NA NA NA NA 

30,000mg/kg and solubility limit for PHC fraction. 

NC=Not calculated. Insufficient data to allow derivation. 

TBD=To be determined. 

1 Assumes site is underlain by groundwater of potable quality in sufficient yield (K of 10"4 cm/sec or 
greater) 

2 Assumes surface water body at 10m from site. 
3 Generally applicable for this land use as related to use of dugouts and wells for supply of livestock 

water. 
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Table B.5- CWS generic levels for PHCs in coarse-grained subsoil (>1.5m depth) (CCME 2001). 

Land Use Exposure Pathways Fl 
(C6-C1(>) 

F2 
(>C l n -C 1 6 ) 

F3 
(>C16-C14) 

F4 

(>c 3 4) 
Soil ingestion RES RES RES RES 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor, 30m offset) 200 1100 NA NA 
Protection of potable GW 860 1200 NA NA 
Protection of GW for aquatic lifel 230 150 NA NA 
Protection of GW for livestock watering2 9000 4000 NA NA 
Nutrient cycling NA NA NA NA 
Eco soil contact3 350 1500 2500 10,000 
Produce, meat and milk NA NA NA NA 
Soil ingestion RES RES RES RES 
Dermal contact RES RES RES RES 
Vapour inhalation (indoor, basement) 50 240 NA NA 

Vapour inhalation (indoor, slab-on-grade) 40 190 NA NA 

Protection of potable GW 860 1200 NA i\A 
Protection of GW for aquatic life' 230 150 NA NA 

Nutrient cycling NA NA NA NA 
Eco soil contact3 350 1500 2500 10,000 
Produce NA NA NA NA 
Soil ingestion RES RES RES RES 
Dermal contact NA RES NA NA 
Vapour inhalation (indoor) 340 1800 NA NA 
Protection of potable GW 860 1200 NA NA 

Protection of GW for aquatic life1 230 150 NA NA 

Nutrient cycling NA NA NA NA 

Eco soil contact3 700 2000 3500 10,000 
Soil ingestion NA NA NA NA 
Dermal contact NA NA NA NA 
Vapour inhalation (indoor) 340 1800 NA NA 

Protection of potable GW 860 1200 NA NA 
Protection of GW for aquatic life1 230 150 NA NA 
Nutrient cycling NA NA NA NA 

Eco soil contact3 700 2000 3500 10,000 

Offsite migration NA NA NA NA 

Agricultural 

Residential 

Commercial 

Industrial 

NA=Not applicable. 

RES=Residual PHC formation. Calculated value exceeds 30,000mg/kg and solubility limit for PHC fraction. 

NC=Not calculated. Insufficient data to allow derivation. 

TBD=To be determined. 

4 Tier 1 values based mainly on laboratory bioassay response to fractions derived from fresh Federated 
Crude Oil and adjusted for texture, depth factors and other physical hazard considerations. 

1 Assumes surface water body at 10m from site. 
2 Generally applicable for this land use as related to use of dugouts and wells for supply of livestock 

water. 
3 Tier 1 values based mainly on laboratory bioassay response to fractions derived from fresh Federated 

Crude Oil and adjusted for texture, depth factors and other physical hazard considerations. 
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Table B.6 - Summary of CWS Tier I levels (mg/kg) for surface soil (CCME 2000a). 

Land Use Soil Texture Fraction 1 Fraction 2 Fraction 3 Fraction 4 1 
Agricultural Coarse-grained 

soil" 
130 450 (90a) 400 2800 Agricultural 

Fine-grained 
soil 1 2 

260(180") 900 (250b) 800 5600 

Residential/ 
Parkland 

Coarse-grained 
soil 

30c 150c(90a) 400 2800 Residential/ 
Parkland 

Fine-grained soil 260(180b) 900 (250b) 800 5600 
Commercial Coarse-grained 

soil 
310(300a) 760 (90a) 1700 3300 Commercial 

Fine-grained soil 660(180b) 1500 
(250b) 

2500 6600 

Industrial Coarse-grained 
soil 

310(300a) 760 (90a) 1700 3300 Industrial 

Fine-grained soil 660(180b) 1500 
(250b) 

2500 6600 

a=where applicable, for protection against contaminated groundwater discharge to an 

adjacent surface water body 
b=where applicable, for protection of potable groundwater 
c=assumes contamination near residence with slab-on-grade construction 

" "coarse" refers to coarse-textured soil having a median grain size of >75um 
1 2 "fine" refers to fine-textured soil having a median grain size of ? 75um 




