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Abstract 

Alberta, Canada is well-known as a major producer of oil and gas resources and these 

activities are significant contributors towards the province’s economic growth. Currently, in the 

area of Lloydminster, Alberta, heavy oil is produced through an increasing number of oil wells 

managed under the Alberta Government’s directives and regulations. However, as oil wells 

gradually decline in oil production, operators are obligated to begin reclamation and remediation 

activities to ensure the land can be returned to a state for future use. Alberta is experiencing an 

increasing number of inactive wells with a portion of them located in Lloydminster, and many of 

them are remaining stagnant because they lack a fiscally and legally responsible party to manage 

their abandonment and reclamation process. Stagnant inactive wells can be an environmental, 

economic and social liability. The lack of management or monitoring in some cases fails to 

prevent any infrastructure failure that may leak heavy petroleum hydrocarbons and brine into the 

surrounding environment. 

The various remediation processes to reduce the heavy petroleum hydrocarbon contaminants 

found in soils is limited when considering the high levels of salinity from brine exposure. 

However, phytoremediation and bioremediation using halophytes and halophiles are investigated 

as potential tools as a less invasive and more sustainable approach than certain costly ex-situ 

remediation techniques and to overcome the complication of high salinity. In addition, the 

integration of natural tools in an enhanced system known as multi-process phytoremediation 

system (MPPS) using rhizosphere and endophyte bacteria in a symbiotic relationship with plant 

species is an important consideration when approaching remediation of several co-existing 

contaminants and multiple stress factors. Lastly, several mechanisms to describe heavy metal 

pollutant remediation will be considered because they are commonly found in conjunction with 

oil well contamination in saline soils.   

It is important to remediate the land as soon as possible to mitigate the adverse 

environmental and economic impacts on Alberta’s growth towards a global leader in 

environmental efforts.  
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Introduction 

 As a mixture of minerals, organic and inorganic matter, moisture, and gases, soil houses 

microorganisms and plants that contribute to ecosystem services to support human life and 

sustainability. Systems that contribute to Earth's well being must be in good health and in 

balance with each other for growth of the organisms that sustain them. However, there is an 

inevitable imbalance in Earth’s ecological systems as a result of natural forces that form various 

environmental features all over the world, in combination with human disturbance of mass waste 

production and consistent use of unrenewable resources. This imbalance is causing some of the 

world’s largest interconnected ecological issues such as soil contamination. As a result of soil 

contamination, the significant damage must be addressed using a sustainable approach that 

prioritizes mitigating economic loss, and preventing negative impacts on human health, 

agriculture and forestry. 

 Lloydminster, Alberta, also known as the "Heavy Oil Capital of Canada", has thousands 

of inactive heavy oil wells that are targeted for reclamation. Soils several meters deep of 

approximately 10% of these wells are contaminated with petroleum hydrocarbons and are 

exposed to saline waters from oil drilling activities. Major salt species found include sulphate 

(SO4
2-

), sodium (Na
+
) and chlorine ions (Cl

-
), in order from highest to lowest concentration. 

Other common salt species such as calcium (Ca
2+

) and magnesium (Mg
2+

) may be present and 

should be noted for future remediation plans. The high concentration of these salts in soil and 

dissolved in soil solution pose a challenge for hydrocarbon remediation because of their harmful 

impacts on native plant and microbial communities that have the ability to degrade or uptake 

hydrocarbon contaminants and support soil health (Jesus et al., 2015; Martins & Peixoto, 2012; 

Purdy et al., 2005; Zhuang et al., 2010). 
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 It is important to consider different methods of remediation when multiple contaminants 

co-exist. In-situ remedies are advantageous due to their lower operating costs and their direct, 

non-invasive, aesthetically pleasing aspects. For example, phytoremediation is an in-situ 

technique that utilizes the ability of plant species to remove, degrade and store contaminants 

such as petroleum hydrocarbons, salts and metals in soil, water and air. Similarly, bioremediation 

is a common in-situ application used in a variety of remediation processes with the benefit of 

having a wide range of microorganisms that can degrade a variety of compounds, but require a 

particular set of conditions for optimal activity. In several situations, plants can function and 

have a symbiotic relationship with compatible microorganisms that protect the plant by 

degrading contaminants near and within it (Abioye, 2011; Jesus et al., 2015; Khan et al., 2013; 

Manousaki & Kalogerakis, 2011; Peng et al., 2009; Wang et al., 2014). As well, ex-situ 

techniques should not be overlooked completely as they may provide integrative opportunities 

for the overall remediation process. 

 Remediation of heavy petroleum hydrocarbons in a saline environment requires 

appropriate plant and microbial species that can tolerate higher levels of salinity, known as 

halophytes, halophiles and halotolerant species. Certain factors such as the concentration of 

contaminants found in the soil around the wells, the physical and chemical properties of the 

contaminants, the humid to semi-arid climate of the Lloydminster region, the length of winters 

and relatively short summers as well as the extent of salinity must be considered to choose 

suitable species for the remediation process. The overall process must be sustainable and 

prioritize ecosystem health. The aim of this study is to assess potential remediation approaches 

that involve phytoremediation and bioremediation to biodegrade heavy oil contaminants in soils 

impacted by high salinity utilizing halophytes and halophiles.  
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 As a Canadian environmental studies student, the relationship between Alberta’s success 

in the oil industry and the environmental consequences that follow is important and relevant for 

investigation. These consequences can potentially have a local and global impact on our future 

lifestyles, ecosystem health, and human health; therefore, it is crucial to remediate these sites. In 

addition, as a student interested in public and environmental policy, it is imperative to put this 

issue into practical context by investigating Alberta’s existing regulations regarding oil well 

management and soil remediation.  

 

Methods 

 This report contains information gathered from a literature review of academic journal 

articles, government policy documents and guidelines, and a few primary sources. Information 

relevant to the details of the issue of contaminated soil near oil wells within the Lloydminster 

area was obtained from Dr. Juliana A. Ramsay. Google and Google Scholar were the main 

search engines used for the majority of journal article searches. The Alberta Energy Regulator 

website (https://www.aer.ca) and the Alberta Environment and Parks website 

(http://aep.alberta.ca) were used to search outlines of policies, directives and guidelines. 

 The direction of this project was guided throughout the year from discussions with Dr. 

Juliana A. Ramsay and Dr. Daniel Lefebvre.  

 

Alberta Energy Regulator and Relevant Regulations 

 Established in 2013, the Alberta Energy Regulator (AER) is responsible for managing 

tasks previously administered by the Environment and Sustainable Resource Development 

(ESRD). The AER aims to ensure safe, efficient, and sustainable management of oil and gas 
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resources and also enforces techniques to conserve water resources and protect public lands 

(Unger, 2013). The AER is the single regulator of energy resources in Alberta, and is governed 

by the Responsible Energy Development Act (REDA) to perform regulatory and administrative 

functions related to energy resources and development (Unger, 2013). Administration of six 

provincial statutes promote environmental protection and economic benefit for all Albertans, 

including the Oil and Gas Conservation Act, which regulates the full life cycle of activities that 

involve oil and gas resources, from the construction of oil well sites to the abandonment, 

remediation and reclamation of the oil well infrastructure and the well sites (Alberta 

Environment & Sustainable Resource Development (ESRD), 2012).  

 There is always a demand for oil and gas products. Due to the existing resource reservoirs 

and the industry’s role in supporting Alberta’s economic stability, there are many site 

developments that attend to oil extraction and processing. In 2014 alone, 2,808 new wells were 

drilled to contribute to economic productivity (Alberta Energy, 2015). However, as productivity 

decreases over time, wells become liabilities that must be efficiently managed by the operating 

company by either suspending or abandoning the well and its associated facilities. All approval 

holders under the jurisdiction of the AER are required to obey directives that document the 

requirements for proper well management. Important directives include directives '006 Licensee 

Liability Rating Program', '013 Well Suspension', and '020 Well Abandonment'.  

 

006 Licensee Liability Rating (LLR) Program and Licence Transfer Process 

 The Licensee Liability Rating Program (LLR) functions as a tool to calculate the fiscal 

risk associated with operations of an oil well site by comparing an operators’ assets and potential 

liabilities. The LLR program claims that the aim is to ensure efficient fiscal management in order 
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for licensees to cover the costs to suspend, abandon, remediate and reclaim a well, facility or 

pipeline, rather than bearing this burden onto separate public funds. However, the LLR program 

has been criticized for the false reflection of the financial status of some operators by failing to 

consider the remediation costs in the LLR calculation (Unger, 2013). This is specifically 

observed in directive ‘011 Licensee Liability Rating (LLR) Program: Updated Industry 

Parameters and Liability Costs” (Alberta Energy Regulator, 2015). This gap in policy must be 

addressed to uphold the statements found in directive 006 of the Energy Resource Conservation 

Board’s (ERCB) and to promote importance of site remediation. 

 

013 Suspension Requirements for Wells 

 In Alberta, suspension of a well is regulated under 'Directive 013 Well Suspension' 

developed by the Alberta Energy and Utilities Board (EUB) and administered by the AER 

(Alberta Energy Regulator, 2007). Wells are assumed ‘suspended’ if there are no significant 

production or injection operations for 12 months. Exceptions include wells that are certified to 

contribute in the seasonal market or as observation wells (Unger, 2013). Sending reports to the 

AER regarding proper inspection, monitoring, and pressure-testing requirements is necessary to 

successfully obtain a well suspension certificate. These documents describe that the inactive well 

poses no risks to the public and the environment. Procedures for general well suspension must be 

completed in 12 months unless the well is deemed to be a 'critical sour' or an 'acid gas' well. In 

this situation, the time period for documentation is reduced to 6 months (Unger, 2013). The well 

may be reactivated if it becomes economically viable to do so with improved technology, 

infrastructure or commodity pricing (Alberta Energy Regulator, 2007).  
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Alberta’s abandoned wells  

 After many decades of energy development, abandoned wells are common in Alberta. As 

of June 2013, approximately 35% of all wells were considered abandoned (Alberta Energy 

Regulator, n.d., Why are Wells Abandoned). Abandoned wells must be cleaned of any oil 

residue that may corrode the casing and must be isolated from groundwater zones with cement. 

Lastly, the well must be cut and capped from the surface and surface equipment removed 

(Alberta Energy Regulator, n.d. Why Are Wells Abandoned).  

 Abandoned wells are public, environmental and economic liabilities that can have 

adverse impacts for Alberta and their residents. The remediation and reclamation of an 

abandoned well may require funds from government agencies that can be otherwise allocated 

elsewhere to support growth and services for Alberta’s residents instead of assisting operators 

with their duties. It is also an environmental liability if oil contaminants leak as a result of 

infrastructure failure. The consequences will contaminate groundwater and soil and adversely 

impact the biodiversity of surrounding habitats (Unger, 2013). Lastly, abandoned wells prevent 

other activities that could potentially occur on the site they reside, leaving Alberta with lost 

economic opportunities.  

 

020 Well Abandonment 

 Generally, the well abandonment process can ensue when an oil well’s productivity 

declines (Unger, 2013). Sometimes, abandonment can be ordered by the ERCB due to non-

compliance issues or from situations where the well and facility is considered harmful to the 

public or environment (Alberta Energy Regulator, 2010). Small oil and gas leaks are possible 

despite the strict obligations imposed on operators and licensees in order to mitigate risk. 
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Fortunately, these leaks can be monitored and detected with gas detection equipment used by the 

licensee in order to provide documentation as proof of safety (Alberta Energy Regulator, 2010). 

 

Reclamation 

 Once the oil and gas activity is complete within the operating area, the company has a 

duty to return the land to equivalent land capability through various remediation and reclamation 

procedures as regulated by the AER and required by the Environmental Protection and 

Enhancement Act (EPEA). Licensees are socially and legally obligated if there are impacts such 

as salt contamination found on the site (White, 2014). Procedures must aim to restore the land to 

adequate conditions that can support various land uses, and to conditions that existed prior to the 

completed activity (Unger, 2013). Although remediation and reclamation requires an input of 

resources and funds, these steps are essential for environmental and economic benefit for 

Alberta.  

 

Orphan wells 

 An issue surrounding Alberta's oil wells is the increased drilling of wells with the delay 

in pursuing reclamation of well sites afterwards, resulting in the management of orphan wells. 

Orphan wells are defined as wells, pipelines, and facilities or associated sites that have been 

investigated and confirmed as not having any legally responsible or financially able party to deal 

with its abandonment and reclamation (Orphan Well Association, n.d.). Poor management of 

orphan wells can result in economic and environmental damages. An unmonitored, stagnant oil 

well that has not been properly maintained can result in infrastructure failure, leaking petroleum 

hydrocarbon contaminants and brine into the surrounding soil and groundwater (Robinson, 
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2014). An increased concentration of these contaminants may obstruct the process of re-

establishing vegetation and nutrient-rich topsoil. The Orphan Fund Levy collected by the AER 

and managed by the Orphan Well Association is based on liabilities of abandonment and 

reclamation, and pays for the abandonment and reclamation of upstream oil and gas orphaned 

wells, facilities and pipelines (Robinson, 2014). Criticism is pointed towards the regulating 

policies that lack appropriate timelines for well reclamation (Unger, 2013). In response, the AER 

introduced in 2014 is the Inactive Well Compliance Program (IWCP) in the attempt to address 

the backlog of inactive abandoned wells. In summary, strict timelines, and strong economic 

arguments to support reclamation are required to remove the barrier in achieving equivalent land 

capability.  

 

Remediation 

 To ensure the reclamation process is complete with the issuance of a reclamation 

certificate, the site must be assessed and remediated to standards as stated in the Alberta Tier 1 

Soil and Groundwater Remediation Guidelines or the Alberta Tier 2 Soil and Groundwater 

Remediation Guidelines (Alberta Energy Regulator, 2014). Successfully remediating to these 

standards is important and requires careful planning, action and communication. If an operator 

fails to remediate to acceptable conditions, the land may become useless and Alberta could lose 

economic opportunity. Non-compliances may be documented as outlined in the Compliance 

Assurance Program to the AER or the energy operator involved and the situation is assessed by 

the ERCB to be accordingly managed (Alberta Energy Regulator, n.d, Compliance Assurance 

FAQs). As well, energy operators who provide false information in remediation certificate 

applications will be subject to fines as assessed by the ERCB (Alberta Environment & 
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Sustainable Resource Development (ESRD), 2012). Remediation is better sooner than later for 

soluble, mobile contaminants like salts, to prevent hazardous impacts to receptors downstream or 

from entering groundwater (Alberta Environment & Sustainable Resource Development 

(ESRD), 2001). 

 Alberta Environment has provided several important documents as a framework for the 

management of contaminated sites. The aim of these policies is to promote good practice to 

prevent pollution, protect human health and encourage remediation of land for further productive 

use. Obtaining remediation certificates are voluntary and advantageous to provide assurance that 

additional remediation is not required if guidelines become amended in the future (Alberta 

Environment & Sustainable Resource Development (ESRD), 2012). 

 

Alberta Tier 1 and Tier 2 Guidelines  

 The Alberta Tier 1 Guidelines outlines limitation values that are conservative, to remain 

applicable to a majority of sites in Alberta. In contrast, the Tier 2 Guidelines is a modified 

version of Tier 1 Guidelines dependent on site specificities to provide a better customization for 

particular site characteristics (Alberta Environment & Sustainable Resource Development 

(ESRD), 2014). In the Tier 1 Guidelines, Table 1 (Appendix A) outlines acceptable amounts for 

inorganic parameters, metals, hydrocarbons, halogenated aliphatic compounds, chlorinated 

aromatic compounds, pesticides, radionuclides and other organic molecules (Alberta 

Environment & Sustainable Resource Development (ESRD), 2014). Table 4 uses measurements 

of electrical conductivity (EC) and sodium absorption ratio (SAR) to indicate ratings of “good”, 

“fair”, “poor”, “unsuitable”, and “commercial/industrial” for salt-contaminated soils in both 

topsoil and subsoil (Appendix A).  
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 The objective with Tier 1 standards is to return the contaminated soils to the same 

category as non-contaminated soils of the same type (Alberta Environment & Sustainable 

Resource Development (ESRD), 2014). Therefore, background samples are required from non-

contaminated soils from the site for comparison. More information about managing salt-

contaminated soil and groundwater can be found in the Salt Contamination Assessment and 

Remediation Guidelines (2001). 

 

Salt Contamination Assessment and Remediation Guidelines 

 The Salt Contamination Assessment and Remediation Guidelines (2001) goes through a 

thorough process by outlining possible steps in assessment and remediation of salt-contaminated 

sites. The goal of remediation of a salt-contaminated site is to mitigate any adverse effects that 

their release may cause as well as to minimize their movement towards any humans or facilities, 

especially during remediation operations (Alberta Environment & Sustainable Resource 

Development (ESRD), 2001). The Guideline allows operators to characterize specific soil and 

groundwater parameters during their environmental site assessments. Emphasis is placed on 

careful remediation processes to ensure contaminants do not migrate further, and that if leachate 

is produced, it must be properly disposed (Alberta Environment & Sustainable Resource 

Development (ESRD), 2001). In-situ techniques manage the issue at the point of contamination, 

reducing the risk of spreading contaminants. The main in-situ remediation technique described in 

the guideline involves the use of calcium amendments such as gypsum, calcium nitrate and 

calcium chloride, ideally in liquid form to ensure its concentration is greater than the existing 

sodium in the soil for replacement to occur. The feasibility must be considered for highly sodic 
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soils, in which the concentration of sodium ions will be high. These steps should be completed as 

soon as possible, to mitigate economic opportunity loss and spread of contamination.  

 Table 3.3 (Appendix B) from these guidelines state that soluble SO4
2-

 represent naturally 

occurring soils and Cl
-
 anions are typically low in concentration. Therefore, a higher Cl

-
:SO4

2-
 

ratio is typically representative of salts that are not naturally occurring, and an indicator of 

contamination. An analysis of Na
+
 concentration can provide information on the status of 

contamination. A high Na
+
 concentration may be indicative of contamination if the soils the 

geographic area are not commonly sodic. 

 

Saline Soils 

 It is natural for soils to contain a certain concentration of salts, dependent on the region's 

climate and geologic landscape (DasSarma & DasSarma, 2012). It is also possible that salts are 

introduced depending on the anthropogenic activities such as oil well extraction that brings 

natural salts, hydrocarbons and metals which exist underground, up to the surface layers which a 

large variety of microorganisms and plants survive. An elevated salt concentration can adversely 

impact soil health and physical structure, introducing a variety of issues such as losing the 

capability of the soil and its components to support microbes and plant survival. Salts can cause 

organism dehydration, produce a topsoil crust that is vulnerable to erosion, nutrient loss and 

increased water runoff, and induce extreme pH conditions from high electrolyte concentrations 

(Howat, 2000; Lokhande, et al., 2013). Major differences between the remediation of salt and 

hydrocarbon contaminants in soils is that salts cannot be degraded into smaller, non-toxic 

components that can be utilized by microbes and re-introduced into the biosphere's natural 

biogeochemical cycles (Abioye, 2011). Therefore, in order to remediate soils with elevated salt 
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concentrations, it is important to investigate salinity parameters to define the extent of salinity, 

the properties of saline soil and the overall soil quality. The various salinity parameters can assist 

in understanding the extents and the potential effects it may have on living organisms.   

 

Salinity Parameters 

 Four major parameters commonly used to describe soil salinity are electrical conductivity 

(EC), total soluble salts (TSS), sodium adsorption ratio (SAR) and exchangeable sodium 

percentage (ESP) (Jesus, et al., 2015; Sonon, et al., 2012). The EC values measure the ability of 

the soil substances to conduct electricity, measured in deciSiemens/metre (dS/m) and is directly 

related to the total amount of soluble salts present in a soil solution, dissolved as electrolytes, as 

represented by the TSS value (Jesus et al., 2015). EC values of soil solutions are commonly used 

as a standard method of testing salinity for soil quality. TSS is not a common measurement used 

in practice as it fails to provide information on the concentration of specific salt species and is 

therefore used in Table 1. However, TSS is an overall representation of the present salinity.  

SAR values represent the amount of sodium ions adsorbed on soil particles (Jesus et al., 2015). 

Soils with SAR values greater than 13 are classified as a sodic soil and must be remediated 

according to the Alberta Tier 1 Remediation Guidelines (Alberta Environment & Sustainable 

Resource Development (ESRD), 2014). Similar to SAR values, ESP values also define soil 

sodicity, but represent the amount of sodium ions in proportion to calcium (Ca
2+

) and 

magnesium (Mg
2+

) present in soil solution. Sodic soils characteristically have ESP values greater 

than 15 (Jesus et al., 2015).  

 

Table 1. Salinity parameters, electrical conductivity (EC), sodium adsorption ratio (SAR) and exchangeable sodium 

percentage (ESP), and ratings of the extent of salinity. EC measures how much electricity can be conducted through 
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the soil and its materials, while SAR represents the concentration of sodium adsorbed onto the soil particles. ESP 

also represents soil sodicity relative to the concentration of exchangeable Ca
2+

 and Mg
2+

. (Jesus et al., 2015; Sonan 

et al., 2012). 

Category EC (dS/m) SAR  ESP 

Saline > 4 < 13 < 15 

Saline-sodic 4 13 15 

Sodic < 4 > 13 > 15 

 

Types of saline and sodic soils 

 The difference between saline and sodic soils is distinguished by the major electrolyte 

components and their concentrations that impact the pH of the soil (Rengasamy & Olsson, 1991). 

This information is significant to ensure proper treatment methods and tools such as the 

halophiles and halophytes are to be utilized.  

 Alkaline sodic soils are formed from partial pressure of CO2 and higher concentrations of 

carbonate (CO3
2-

)
 
and bicarbonate (HCO3

-
) ions. These negative ion concentrations increase in 

semi-arid and arid climates where Na
+
 and K

+
 species come out of solution due to evaporation 

and causes accumulation in the soil mixture (Rengasamy & Olsson, 1991). This accumulation is 

associated with an increase in pH. Neutral sodic soils occur when the predominant electrolytes 

are Cl
- 
and SO4

2-
. These soils experience poor water penetration, and leaching of electrolytes 

from surface layers by rain induces swelling and dispersion of soil particles. Acidic sodic soils 

occur in areas of high rainfall, where basic cations such as Ca
2+

 and Mg
2+

 are leached from the 

soil to the point where their concentrations in soil solutions are low (Rengasamy & Olsson, 

1991). A good balance between Ca
2+

 and Mg
2+

 is important for healthy soil structure as ratio 

controls the tightness of the soil structure. A low concentration of Ca
2+

 is detrimental for soil 

health as it prevents good oxygen flow required for a majority of halophilic organisms (Astera, 
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2014). As salt concentration in soils increase, native plants are intolerant to these new conditions 

and face challenges in adaptation.  

 

Formation of saline soils 

 Salts can naturally be found in the environment, but the anthropogenic introduction of 

salts from industrial activity is an issue that impacts the health of Alberta’s soils. Saline soils are 

generally defined as soils that have a concentration of salt greater than found in seawater 

(Mckenzie, 2003).  

 As oil extraction activities proceed, there are ways salts can contaminate the soil's surface 

layers. Wellbores that transect saline aquifers provide a channel in which brine can potentially be 

extracted alongside the oil (Mitchell & Casman, 2011). Brine water constituents include 

sulphates, bicarbonates, and chlorides of Na, Ca, and Mg and can be adsorbed onto soil particles 

(Alberta Environment & Sustainable Resource Development (ESRD), 2001).  

 

Issues with saline soils 

 A saline soil solution refers to dissolved salts in the solution that exists between soil 

particles (Mckenzie, 2003). Saline soil has a greater direct impact on organisms than sodic soils. 

An increased salt concentration in soil solution increases the solution's osmotic potential. An 

osmotic potential higher than those found in organisms will cause dehydration, as water is 

diffused out, even if the soil remains moist (Mckenzie, 2003). This effect is more commonly 

observed in plants than in microorganisms. Sodium chloride (NaCl) has a relatively high 

solubility and therefore dissolves easily in water to contribute significantly to this phenomenon. 

Microorganisms that are intolerant to highly saline conditions face other challenges to survive. 
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Those microorganisms that depend on external excretion of enzymes to break down hydrocarbon 

contaminants for nutrition are not likely to survive in saline conditions. The ionic charges of salt 

components interact with enzyme structures secreted by microorganisms and compromise their 

structure and function, impacting the metabolic processes microorganisms need to survive 

(Garcia & Hernandez, 1996).  

 However, sodic soils induce consequences directly to soil structure. The excessive Na
+
 

ions in sodic soils cause soil particles to repel each other, preventing the formation of soil 

aggregates (Mckenzie, 2003). This produces a tight soil structure that fails to support sufficient 

water infiltration and aeration, causes surface crusting and ultimately, produces a poor 

environment for aerobic organisms to survive. Overall, soil permeability is compromised leading 

to increased runoff, susceptibility to erosion.   

 

Halophiles 

 All organisms can either tolerate or require a small concentration of salt to function and 

some microbial species that are non-adapted to saline conditions can adapt to solutions of 

approximately 0.68 M (4%) NaCl over a short period of time (Riis et al., 2003). However, the 

distinction between halophiles and microorganisms that are non-adapted to salinity is that 

halophiles require a greater salt concentration for optimal function. Halophiles can be found in a 

variety of environments naturally in both cold and warm temperatures, in acidic, neutral and 

alkaline pH, in arid and humid locations and specifically in seawater, brine, and in oil-related 

environments (DasSarma & DasSarma, 2012). There are different halophiles that require varying 

conditions for survival, but most can acclimate to a certain extent in both non-saline and saline 

conditions. Optimal environmental conditions rely on parameters such as pH, various salinity 



Phytoremediation and bioremediation of heavy oils in saline Alberta soils 
ENSC 501 | Christine Lee 

 

 19 

parameters such as SAR, EC and ESP, temperature, and surrounding nutrients. Depending on 

their requirement for NaCl, halophiles can be classified as slightly, moderately or extremely 

halophilic and microorganisms that do not necessarily require NaCl, but can withstand saline 

conditions are known as halotolerant, as outlined in Table 2 (Martins & Piexoto, 2012). It should 

be noted that halophiles are not exclusively classified by the salt concentration within which they 

can survive, as specific halophiles can survive under a wide range of NaCl. An example of this is 

displayed by the bacterium known as Dietzia maris that showed degradation of an alkane 

mixture under a wide range of salinity stress of 0.09–1.71 M of NaCl (Martins & Piexoto, 2012). 

Although a majority of slight and moderate halophiles belong to numerous different genera, most 

of the extreme halophiles discovered up to date belong to the genus Halobacterium (DasSarma & 

DasSarma, 2012).  

 An extensive review by DasSarma and DasSarma (2012) of halophiles has been compiled 

and is used often to provide the necessary context on halophilic characteristics to understand 

their mechanisms of survival and action. The review outlines a variety of archaea, bacteria and 

eukaryotes that rely on different energy, nutrient and electron sources for survival. This 

demonstrates the range of environments in which halophiles can be found as well as the scope of 

potential applications from fermentation of foods to remediation within saline environments.  

 

Table 2. Categories of halophiles and respective ranges of salinity tolerance (M NaCl). 

Category Salinity tolerance (M NaCl) 

Slight halophiles 0.2-0.85  

Moderate halophiles 0.85-3.4 

Extreme halophiles 3.4-5.1 

Non-halophiles < 0.2  
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Mechanisms of survival in saline soils 

 A major challenge experienced by non-halophilic organisms is surviving the osmotic 

stress and preventing dehydration (Garcia & Hernandez, 1996; Zhuang et al 2010). There are 

several mechanisms utilized by halophiles to survive under hypersaline conditions. One of the 

most common adaptations in a majority of halophiles requires the synthesis or uptake and 

cellular accumulation of organic compatible solutes to balance the osmotic stress outside the cell 

(Zhuang et al., 2010; Garcia & Hernandez, 1996). Typically, these solutes do not interfere with 

intracellular processes and have no net charge at the organism's physiological pH. Examples of 

solutes include amino acids, sugars, and polyols and specific solutes commonly found in 

halophilic bacteria are the zwitterionic species, glycine betaine and ectoine (DasSarma & 

DasSarma, 2012). Prokaryotic halophiles tend to accumulate negatively charged compounds 

such as amino acids and quaternary ammonium compounds as compatible solutes under osmotic 

stress (Garcia & Hernandez, 1996). These stored compatible solutes can be biosynthesized de 

novo or can be taken up from the surrounding environment. Although less common, it has been 

observed that some halophiles can use potassium chloride (KCl) as a compatible solute by 

internally accumulating the salt equal to the external NaCl concentration (DasSarma & 

DasSarma, 2012). To support this observation, Roberts (2005) discovered that the intracellular 

salt concentration of haloarchaea is extremely high with the cytoplasmic K
+
/Na

+
 ratio over 100. 

There are numerous transport systems that maintain this K
+
 gradient (DasSarma & DasSarma, 

2012).  
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 In Southeastern Spain, Garcia and Hernandez (1996) were able to note slight recovery of 

oxidoreductase (dehydrogenase and catalase) activity of a consortium of halophilic 

microorganisms when the major salt was sodium sulphate (Na2SO4). The high sulphate (SO4
2-

) 

ion concentration in calcareous soils encouraged adaptation of microbial growth and respiration. 

Garcia and Hernandez (1996) observed increased dehydrogenase production and activity only at 

concentrations of Na2SO4 higher than 0.1 M, indicative of greater microbial activity and 

potentially increased microbial growth. Therefore, the high composition of sulphate ions found 

in Alberta’s soil may be used as an advantage in the remediation process.  

 

Common features of haloarchaea 

 There are several distinct characteristics common between haloarchaea that set them 

apart from non-halophilic species. One well-studied feature is the purple membrane found to 

cover more than 50% of the surface of cells and contains the retinal protein bacteriorhodopsin 

that can act as a light-dependent transmembrane proton pump (Lanyi, 2004). The proton pump 

generates a potential across the cell membrane in order to drive ATP synthesis for the 

haloarchaea. Bacteriorhodopsin is induced by low oxygen tension and high light intensity 

(DasSarma & DasSarma, 2012). In soil solutions of high salinity, there is a decreased 

concentration of dissolved oxygen which is required for most halophiles to survive because they 

are aerobic microorganisms. The significance of bacteriorhodopsin is its role to produce energy 

anaerobically, using light as its main source of energy (Oren, 2006).  

 Haloarchaea typically produce a larger quantity of red-orange carotenoids that are 

necessary to stimulate an active photorepair system against UV radiation. The ß-carotene is a 

specific carotenoid that requires molecular oxygen for cleavage to produce retinal proteins, such 
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as bacteriorhodopsin, as characteristic in purple membranes, and halorodopsin, an inwardly 

directed light-driven chloride pump (DasSarma & DasSarma, 2012).  

 Buoyant gas vesicles are hollow and rigid subcellular structures that surround a gas-filled 

space. These structures allow aerobic haloarchaea that live in areas with low molecular oxygen 

solubility such as in soil as well as marine environments with high salinity and elevated 

temperatures, to move upwards towards the more oxygenated surface (DasSarma & DasSarma, 

2012).  

 

Enzymes 

Generally, more acidic proteins are found in halophilic organisms than basic proteins, and 

these proteins can function as enzymes. The solvation of halophilic proteins from their surface 

negative charges is functionally significant to prevent denaturation, aggregation and 

precipitation, which results when non-halophilic proteins are exposed to high salt concentrations 

(DasSarma & DasSarma, 2012; Zhuang et al., 2010). The ability for acidic halophilic proteins to 

remain soluble provides a range of flexibility for the functioning and integrity of the protein and 

is particularly important when considering enzyme function (Zhuang et al., 2010).  

 Halophilic proteins and enzymes have been found to function in an intercellular and 

extracellular saline environment. Extracellular halophilic enzymes are stable and tend to form 

complexes with organic and mineral colloids, remaining in the soil through interactions with 

organic compounds. Oxidoreductases that are able to withstand high salinities have been found 

commonly in halophiles. Hydrolases are another group of enzymes that are important in nutrient 

recycling of nitrogen, phosphorous and carbon. Enzymes inhibited in the presence of NaCl 

include phosphatases, and ß–glucosidases. Phosphatases are significant enzymes in signal 
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transduction mechanisms that dephosphorylate molecules and ß–glucosidases hydrolyze 

glycosidic bonds to produce glucose.  

 

Biodegradation 

 Biodegradation is the in-situ remediation method that utilizes a wide variety of 

microorganisms that survive by degrading toxic contaminants into a less toxic or harmless form.  

Microorganisms survive by degrading hydrocarbon contaminants to use as a nutrient source for 

microbial growth. Halophiles are no exception to this concept and are capable of biodegradation 

(DasSarma & DasSarma, 2012). However, there are difficulties in remediating heavy 

hydrocarbon compounds in saline environments. The physical and chemical properties of 

hydrocarbon contaminants interact with the salts and their ionic components present in saline soil 

(Hao & Lu, 2009). Also known as the “salting out effect”, a higher salt concentration in soil 

solution can reduce the solubility of hydrophobic hydrocarbon compounds (Martins & Peixoto, 

2012). This can lead to an increased adsorption of hydrocarbon contaminants onto soil particles, 

making it difficult to leach them from the reduction in contaminant bioavailability. Other 

difficulties include the stress that high salinity may impose on the ability of halophiles to survive. 

Further oil extracting activities may result in the increase in contaminant concentration as well as 

an increase in salinity, limiting native halophiles that must adapt to more adverse conditions. It is 

likely that by acclimation there will be an increase in halophilic species that prefer these new 

conditions (Riis et al., 2003). As well, highly saline soil solutions prevent adequate access to 

oxygen, required by most halophiles to function (Martins & Peixoto, 2012). 

 Generally, the degradation potential that refers to the range of available substrates that 

can be utilized by the existing microbial community, and metabolic diversity of microorganisms 
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will decrease in concentrations of increased salinity (Riis et al., 2003). At a certain concentration, 

the maximum microbial activity results in the most efficient and successful degradation, and at 

higher concentrations, the microbial community may continue to degrade, but less efficiently. 

For example, Riis and colleagues (2003) used halophiles and non-halophiles from genera of 

Cellumonas, Bacillus, Dietzia, and Halomonas to degrade diesel fuel at various salt 

concentrations in soils. The degradation performance remained efficient from 0-10% of salt 

concentration, showing only improvement in oxygen consumption with an increase in salinity. 

However, even at 17.5% salt concentration, the halophiles degraded diesel fuel but grew slower 

as a community. Salt concentrations of 25% showed toxic signs and 10% of the inoculum died as 

a result (Riis et al., 2003). Although these experimental results correspond directly to the 

particular population and conditions, there is some important information that can be translated 

from this data. The microbial genera used in the experiment are well studied and commonly 

found in a large variety of environments, raising the feasibility of using these organisms in future 

remediation applications. As well, the use of a consortium in an experimental setting more 

accurately represents the real life situation and assists in predicting the results of an operator’s 

remediation plan. This can be noted in other cases of bioaugmentation such as  

  

Strain TM-1: Halophile of interest 

 A particular halophile of interest is the strain TM-1 which was isolated from the Shengli 

oil field located in East China. It is a facultative aerobe that is non-motile, Gram positive, and 

importantly, capable of degrading crude oil. The strain was found near oil wells that extend into 

the ground from 1000 to 2000 m. Therefore, it had adapted to warmer environments deep into 

the soil and can grow at temperatures up to 58˚C. The pH range for strain TM-1's growth extends 
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from 4.5-8.5, and was optimal at 6.5-7. Strain TM-1 can withstand 3.8 M NaCl and therefore is 

categorized as an extreme halophile.  

 The experiment by Hao and Lu (2008) observed the ability of strain TM-1 to aerobically 

break down three groups of heavy oils found at the Shengli oil reservoir. The cultures were 

acclimated to various crude oils with differences in viscosity, and added to sterilized oils in 

flasks. Components of hydrocarbons, resins and ashphaltenes were extracted for analysis.  

 Strain TM-1 produced metabolites that acted as a direct bridge between the bacteria and 

crude oils. Metabolites produced by strain TM-1 include lactic acids from the fermentation of 

glucose that was added in the experimental medium, and an abundant amount of surfactant with 

lower surface tension, which was produced only in YG media containing various salts, yeast 

extract and glucose. The produced surfactant enhanced oil recovery by increasing the solubility 

of hydrophobic oil contaminants while the produced metabolites acted as a bridge between the 

crude oil contaminants and the bacteria, providing direct contact for biodegradation. Overall, the 

growth of bacterium resulted in the loss of aromatic hydrocarbons, resins and asphaltenes. The 

breakdown of heavy oils and medium length hydrocarbon products enriched the soil samples 

with light, and less harmful hydrocarbon compounds. Specifically, strain TM-1 was able to 

completely degrade carbon chains at lengths C32 and transformed alkanes up to lengths C12, C19 

and C28 to lengths of C11, C17 and C18. The differences in crude oil degradation by strain TM-1 

depend primarily on the physicochemical characteristics of crude oils and the strain's potential to 

grow on the mixture. When considering utilizing strain TM-1 for the complete remediation of 

hydrocarbon compounds, the use of a compatible bacterial consortium should be considered. 
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 Although strain TM-1 is capable of degrading and transforming heavy hydrocarbons, the 

halophile could not hydrolyze arginine, starch or glycerol nor could it reduce toxic nitrite, which 

are some common compounds found in many environments.  

 It would be interesting to further study strain TM-1 to confirm its abilities to remediate 

saline soils contaminated with heavy hydrocarbon contaminants. Further research may focus on 

the strain's function when inoculated with other halophilic bacteria consortia, as well as with 

plants by investigating the native organisms in the environment.  

Heavy metal contaminant remediation 

 Heavy metals are naturally and commonly found in the environment as a component of 

produced water mixed with varying salts, organic and inorganic compounds as a result of oil well 

injection activities (Fakhru'l-Razi et al., 2009). Heavy metals commonly discovered in soils 

surrounding oil wells include Cd, Zn, chromium (Cr) and Cu either in their ionic forms or in 

combination with soil components (Chibuike & Obiora, 2014). If present in high concentrations, 

they can have an adverse impact directly on soil, plant and microorganism health and act as an 

obstacle to remediation processes. Heavy metals can impact the number, diversity and soil 

microorganisms’ activities depending on a number of factors including soil temperature, pH, 

texture and inorganic ions. Similar to salts, heavy metals cannot be degraded to become less 

toxic. However, heavy metals can be transformed with the change of oxidation states. This can 

result in a structural transformation by the addition or loss of organic compounds giving them 

different physical and chemical characteristics to improve remediation. For example, sulphate 

reducing bacteria such as Desulfovibrio desulfuricans can convert sulphate to hydrogen sulphide 

that will react with heavy metals to form insoluble metal sulphides (Chibuike & Obiora, 2014).  
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 Heavy metal contaminants can be removed from soils by several different mechanisms. 

Bioleaching mobilizes heavy metals through microbial excretion of organic acids and 

methylation reactions (Abioye, 2011). Biomineralization immobilizes heavy metals by forming 

insoluble sulphides and polymeric complexes. Physicochemical mechanisms such as biosorption 

causes metal sorption to cell surfaces and remains the only option when dead cells are used as 

the bioremediation agent (Abioye, 2011). Heavy metals can also be removed from the 

environment and accumulated within intracellular compartments of microorganisms. 

 Researchers have discovered methods of using halophiles and halotolerant 

microorganisms in the process of heavy metal remediation in saline soils. Solanki and Kothari 

(2012) notes that some halotolerant microorganisms that are resistant to a high metal 

concentration may potentially be used as a bioassay indicator in polluted saline environments to 

determine the scope of contamination around the area. Organisms such as Bacillus subtilis, 

Pseudomonas putida and Enterobacter cloacoe have been used to reduce Cr (VI) into Cr (III) 

successfully. Bacillus thuringiensis have also been shown to increase the extraction of Cd and Zn 

with transporters from saline soil heavily polluted with Cd (Chibuike & Obiora, 2014) 

 

Halophytes 

 Most plants are vulnerable to saline environments because they lack the ability to retain 

or take up water due to the osmotic stress resulting in the plant's dehydration. Excess ions in 

saline soils can also limit nutrient availability and plant metabolism, imposing difficulties for 

survival (Greenberg et al., 2007). Halophytes, however, are plants that can either tolerate excess 

salt or require salt for survival. Halophytes have the ability to extract, accumulate salts and 

remove them from the environment (Jesus et al., 2015). They can also survive by excluding salts 
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or excreting them quickly from internal compartments (Howat, 2000). They can be used to treat 

contaminated soils and solutions with varying levels of organic and inorganic substances and can 

be utilized in industrial processes. For example, halophytic species Phragmites australis can 

form 800 m
2
 reed beds to treat 20 m

3
 per day of oily and saline produced water, a saline mixture 

typically created from increased oil well injection activities and composed of heavy metals, 

organic and inorganic compounds (Fakhru’l-Razi et al., 2009). 

 Plants can be used in conjunction with microorganisms to remediate hydrocarbon 

contaminants. Their presence can be a critical component of remediation if there is a symbiotic 

relationship around the root system to accelerate the process, in comparison to using plants or 

microorganisms separately. Therefore, potential phytoremediation and bioremediation 

techniques will be discussed in sections that pertain to halophilic organisms and halophyte 

relationships.  

 Mechanistically, halophytes can be categorized as excluders, accumulators and 

conductors. Excluders are halotolerant species and they prevent salts from entering their tissues 

as a tolerance mechanism (Jesus et al., 2015). Therefore, their functions towards remediation of 

salts are limited and should be considered for hydrocarbon remediation if applicable. 

Accumulators can uptake salts and can accumulate them in their tissues and conductors absorb 

salts and excrete them through salt glands (Lokhande et al., 2013; Manousaki & Kalogerakis, 

2011; Jesus et al., 2015).  

 

Mechanisms of survival 

 Accumulators and excluders respond to saline environments through two general 

mechanisms of salt tolerance or salt avoidance, respectively. Salt tolerating plants can maintain 
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normal metabolic activity in external and internal high salt conditions. These species may 

accumulate and compartmentalize salt ion species, as demonstrated by root cortex cells in 

Populus euphratica that can retain Cl
-
 ions in their vacuoles, away from the cytosol and 

simultaneously desalinate the soil (Chen & Polle, 2009). Some halophytes have the ability and 

tolerance to accumulate within the aerial component such as Atriplex nummularia (Manousaki & 

Kalogerakis, 2011). Although this accumulation provides a mechanism of balance with the high 

osmotic potential of the saline environment, continued activity at a fast rate can result in ion 

toxicity and oxidative stress. 

 Salt avoiding plants may have roots with a low salt permeability to prevent the 

penetration of salt ions into their cells. Some species have the capability to excrete specific 

penetrating ions and retain others (Manousaki & Kalogerakis, 2011). Once the salt is introduced 

into the plant, there are two mechanisms that support excretion, depending on the area of greatest 

salt concentration within the plant; there is regulation that prevents root-to-shoot salt transport 

and radial salt translocation from the roots, and some halophytes have the ability to perform a 

process known as phytoexcretion, to excrete internal salts through salt glands on leaves and 

trichomes (Chen & Polle, 2009; DasSarma & DasSarma, 2012). This mechanism prevents leaf 

toxicity and for the salt solution to remain higher in the root system where salt is better tolerated. 

The salt tolerant P. euphratica species uses both mechanisms of diminished xylem loading of 

NaCl and phytoexcretion to prevent damage to the leaves, an important area for photosynthesis, 

and remove some Na
+
 and Cl

-
 from tissues. However, this requires the production of other 

osmolytes to balance the water potential between the external soil environment and the plant, 

which is a limited capability in P. euphratica (Chen & Polle, 2009).    
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Adaptations 

 Drastic differences in response to salt stress between Populus species with a range of 

salinity tolerances were observed. There were varying impacts on the initiation of growth 

reduction as well as on leaf damage. Some halophytes have adopted salt-induced drought 

tolerance by physical adaptations in response to salt stress. Adaptations are beneficial and 

support salt tolerance in addition to ion transport mechanisms. Adaptations to salt-induced 

drought conditions can take form in several ways; some halophytes can form a deeper rooting 

system in reach for groundwater, increase succulence in leaves by compartmentalizing Na
+
 and 

Cl
-
 ions or reduce the conductance of stomata to prevent water loss.  

 Increasing tissue succulence is a common mechanism implemented by plant species 

experiencing salt-induced drought. Succulence increases when ions are compartmentalized into 

vacuoles and increased osmotic potential brings in more water. Increasing water per unit volume, 

this adaptation helps to survive in high salinity by diluting the salt content to lower the salt 

concentration. Succulent halophytes accumulate Na
+
 in vacuoles or increase osmotically active 

solutes to maintain cell turgor pressure. Halophytes such as P. euphratica and Salicornia fragilis, 

Sesuvium portulacastrum, and Tecticornia medusa demonstrate leaf succulence, to increase cell 

volume and dilute salt content to prevent the salt concentration from rising to toxic levels (Chen 

& Polle, 2009; Huchzermeyer, 2013; Lokhande et al., 2013; Meudec et al., 2006). Specifically T. 

medusa can resist cell swelling and is less likely to have damaged cells in comparison to 

Tecticornia auriculata that has cells that swell and rupture. Some salt ions also act as signalling 

molecules that initiate a signal transduction cascade for salt-adaptive mechanisms, which can 

occur in Mesembryantheum crystallinum (Lokhande et al., 2013; Manousaki & Kalogerakis, 

2011).  
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 Halophytes that adapt by reducing stomatal conductance, will diminish transpiration with 

improved water use efficiency. This mechanism allows halophytes to maintain the saline ion 

concentrations at a sub-toxic level, in efforts to protect the leaves and integrity of the organism. 

A reduced stomatal conductance has been shown to enhance the photosynthetic rate and increase 

the electron transport chain activity, when approximately 100-600 mM of NaCl is present is 

Sesuvium portulacastrum (Lokhande et al., 2013). 

Transport systems and ion balance 

 The ability for halophytes to uptake and excrete specific ionic compounds and salts are 

possible with the presence of specific transporters. These transporters can be regulated for better 

control and adaptation to changing environments. 

 Cl
-
 uptake, transport and compartmentalization are common abilities observed in 

halophyte species (Chen et al., 2009). If Cl
-
 is excessively accumulated, the intense osmotic 

potential can cause leaf injury and suppress growth in salt sensitive species. However, 

halophytes can lower the Cl
- 
concentration in the transpiration stream, as observed in P. 

euphratica (Chen et al., 2009). After prolonged exposure, Cl
-
 ions are effluxed from the roots 

with Cl
-
-specific

 
transporters to prevent overaccumulation and toxicity.  

 On the plasma membrane and tonoplast, there are critical Na
+
/H

+
 antiporters that allow 

the vacuolar compartmentalization of Na
+
 or to shuttle out the ion to the external environment 

(Chen et al., 2009). Although these transporters exist in salt sensitive plant species, the activity 

of Na
+
/H

+
 antiporters will increase in halophytes. Membrane bound H

+
-ATPases are required to 

sustain this increased activity, and will produce a proton motive force to indirectly maintain a 

low cytosolic Na
+ 

concentration. As observed in various Populus species, salt induces H
+
-
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ATPase activity on plasma membranes and tonoplasts by increased amounts of H
+
-ATPase 

proteins (Chen et al., 2009).   

 

Stress 

 Generally, in comparison to susceptible plant species, halophytes acquire faster defense 

activation and response when introduced to salinity. Defense mechanisms against the disruption 

of nutrient uptake include the synthesis of the abscisic acid (ABA) stress hormone, the release of 

calcium to dissolve an external high calcium concentration and by modifying the water status of 

tissues. The hormone ABA is a central regulator of plant adaptation to osmotic stress, and can 

accumulate in plants as a result of ionic effects of Na
+
 and Cl

-
. ABA is known to have a direct 

impact on regulating the guard cells of the stomata and results in a reduction in aperture to 

conserve water in salt and drought-stress situations (Chen et al., 2009). Calcium acts as a second 

messenger in the stress signal process and mediates K
+
 and Na

+
 homeostasis. It is usually present 

at low concentrations in the cell and high in the cell wall, stored for release during specific 

secondary messenger functions. Calcium can be taken up from the soil as well. Calmodulin 

(CaM) is the most important calcium receptor that contributes to salt tolerance response in cells; 

salinity significantly increases CaM concentrations in leaves and roots (Chen et al., 2009).  

 Oxidative stress from the production of reactive oxygen species (ROS) is another result 

of high salinity. The production of ROS is a result of a decrease in the CO2:O2 ratio and the low 

CO2 concentration impacts plant photosynthetic activity (Lokhande et al., 2013). Antioxidant 

activities from natural internal compounds and osmolytes such as polyphenols, proline, and 

glycine-betaine have been found in plant organisms as a mechanism to detoxify free radicals. 

The proline amino acid can contribute to active non-enzymatic antioxidant system as a reducing 
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agent. Sesuvium portulacastrum is a facultative halophyte that accumulates salt and contains 

flavonoids and polyphenols that protect the plant from oxidative stress. 

 

Phytoremediation 

 Over the last several decades, the concern over environmental issues has tremendously 

increased expanding the need for research into sustainable solutions to tackle such issues. The 

impact of polluting oil activities on the atmosphere, land and water sources is one of the largest 

and well-known fields of study, especially in Alberta where the economy thrives from oil sands 

projects. Advancements in chemistry and engineering have developed many methods of ex-situ 

remediation techniques, dealing with various characteristics of contaminants in different media. 

Lately, in-situ remediation techniques have been of interest, as they are generally less invasive, 

less costly and are viewed as an "environmentally-friendly" or "greener" approach. For these 

reasons, phytoremediation may be a feasible method in application towards the remediation and 

reclamation process of Alberta's contaminated soils around abandoned wells.  

 Phytoremediation consists of using plants that have the ability to remove, degrade, 

immobilize or sequester contaminants from the soil, water and air. Halophytes have 

characteristics that allow them to withstand or utilize salt in the environment, and may be used in 

situations where remediation is required in saline conditions. The use of halophytes in 

phytoremediation has several advantages over other remediation techniques. Generally, 

halophytes can spread their root system to cover a larger surface area resulting in uniform 

removal of salts at greater depths (Khan et al., 2013). Some halophytes can tolerate saline 

conditions and simultaneously remove, degrade or contain other pollutants. Removal of salts 
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from soil can prevent their leaching into groundwater where dissolved salts are mobilized and 

further spread, becoming an issue in assessment, costs and remediation techniques.  

 It is important to note the challenges of phytoremediation after a successful site 

assessment to consider the most feasible option and customization of phytoremediation. 

Phytoremediation is generally a longer process and species must be maintained over several 

years to ensure optimal growth and activity. It is inefficient to remediate if the concentration of 

pollutants is high or if the plants fail to directly be in contact with the zone of contamination. 

Environmental factors such as the properties of the surrounding soil and water as well as climate, 

must also be taken into consideration to ensure the plant can survive. 

 It is important to have high plant biomass for successful phytoremediation for a greater 

root surface area underground, and high leaf surface area to sequester contaminants. However, 

plants in saline soils may have difficulty when adapting to stress and may show drought 

symptoms from changes in osmotic pressure. As well, the excess ions in soil can interfere with 

plant nutrient availability and plant metabolism, or plants may produce stress compounds such as 

ethylene (Greenberg et al., 2007). However, there are various applications of phytoremediation 

in concert with microbial bioremediation that have been explored.  

Heavy metal contaminants 

 Researchers such as Wang (2014) and his colleagues believe that phytoremediation is one 

of the most feasible and least invasive methods that can be used to remediate heavy metal 

contaminants in saline soils. Halophytes utilize similar physiological mechanisms to tolerate 

heavy metals as they do with highly saline environments. Through research, Huchzermeyer and 

Flowers (2013) discovered findings such as how several Spartina species were found to 

accumulate cadmium (Cd), copper (Cu) and zinc (Zn) in root tissues. It was concluded that 
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Spartina maritima could be used as a potential biological indicator of heavy metal contamination 

(Huchzermeyer & Flowers, 2013). Some mangrove halophyte species such as Armeria maritima 

and Avicennia marina are able to accumulate heavy metals such as Cd, Pb, Zn and Cu and can 

excrete them through trichomes and glands on their leaves (Manouski & Kalogerakis, 2011). 

Mesembryantheum crystallinum uses integrated mechanical and chemical signals against stresses 

like NaCl and copper (Lokhande et al., 2013). This halophyte also has the ability to activate the 

peroxidase system for a more efficient antioxidant system, as both heavy metals and high salinity 

can induce oxidative stress.  

 Proline has a significant function under metal stress and accumulates to protect the 

halophyte by binding heavy metals and through antioxidant defenses and signaling mechanisms 

(Manousaki & Kalogerakis, 2011). As well, the presence of Cd may trigger the production of 

glycine-betaine, a common osmoprotectant produced in halophiles and halophytes to prevent 

dehydration by the formation of a large osmotic gradient (DasSarma & DasSarma, 2012; 

Manousaki & Kalogerakis, 2011). The production of osmotic solutes such as glycine-betaine is a 

coping mechanism against secondary water stress and oxidative damage to cellular structures 

induced by heavy metals (Manousaki & Kalogerakis, 2011).  

 

Remediation  

Commonly used remediation techniques 

 In Alberta, the demand of the oil industry for economic benefit is steadily increasing and 

this can be seen by the increasing number of abandoned oil wells. The requirement to reclaim 

sites once used by the oil industry is imminent, requiring quick clean-up solutions. Over the last 

century, advancements in technology and rapid industrial development have led to the reliance of 



Phytoremediation and bioremediation of heavy oils in saline Alberta soils 
ENSC 501 | Christine Lee 

 

 36 

physical and chemical methods such as excavation, chemical soil washing, leaching, mixing and 

tilling and the use of chemical amendments (Greenberg et al., 2007). These physical methods are 

currently used in situations where rapid remediation is required.  

 The excavation method, also known as the 'dig and dump', is a quick fix solution. 

However, excavating contaminated soil and removing it to landfill is a costly procedure and is 

likely to leave an unsightly blemish to the landscape (Landress, 2007). 

 Leaching is a common application used to promote the vertical movement of soluble salts 

from the surface soil to deeper soil strata using water (Jesus et al., 2015). Although leaching 

removes salts from the intended area with a ‘flushing’ technique, it may be difficult to remove 

strongly adsorbed salt ions, resulting as a cost-ineffective technology. The failure to remove salt 

from the environment can cause further issues such as the reduction of soil stability and fertility, 

contamination of groundwater, and removal of nutrients that are required for re-establishment of 

vegetation and microbial communities. 

 Amendments are introduced after a thorough assessment of the chemicals present at the 

site. Typically, sodic soils are treated with calcium amendments like gypsum (CaSO4). Calcium 

amendments can dissolve into ionic components in soil solution. A higher concentration of Ca
2+

 

than Na
+
 will result in the exchange of Na

+
 for Ca

2+
 ions. Calcium has beneficial effects on soil 

structure, loosening soil particles to ensure the maintenance of an aerobic environment. Calcium 

can also be used by organisms for several physiological processes (Astera, 2014). Organic 

amendments can increase the native calcite dissolution, increase soil structure and aggregation 

and increase drainage and hydraulic activity for improved leaching (Jesus et al., 2015).  
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Rhizospheric and Endophytic Bacteria 

 There are specific microorganisms known as rhizosphere bacteria and endophytes that 

colonize around the rhizosphere and the endosphere, respectively. Their main function is to 

protect surrounding plants, especially those plants that they have developed a symbiotic 

relationship resulting in mutual benefit (Khan et al., 2013). The in-situ technology of using 

endophytes and rhizosphere bacteria for remediation include cost-effective advantages, the 

benefit to apply in-situ processes without the need for removal or transport of contaminated soil, 

its environmentally friendly low carbon foot print and a greater level of public acceptance. 

 Rhizosphere bacteria can be used successfully in an in-situ bioremediation process to 

degrade contaminants and prevent harm and potentially provide nutrients for the plant. They are 

associated with the plant's rhizosphere through attachment to plant roots as plants have the 

ability to secrete nutrients of organic acids, amino acids and sugars through root systems (Khan 

et al., 2013). They partly control the plant's physiology by delivering nutrients, impacting 

hormone levels, protecting against toxic compounds by degradation and against pathogens (Khan 

et al., 2013).  

 Endophytes are non-pathogenic bacteria that occur naturally in internal tissues of plants 

and have evolved to provide a safe environment that can promote plant growth (McGuinness & 

Dowling, 2009). They are able to move from the rhizosphere and into the plant by penetrating 

the roots and can move into the shoots through the plant's transpiration stream (Khan et al., 

2013). Endophytes are typically more protected from adverse environmental changes because of 

the physical protection of existing within the plant than outside it like rhizosphere bacteria. 

Endophytes as well, are capable of degrading contaminants that are taken up by the plant which 

results in reduced phytotoxicity. Within the compilation of examples that represent successful 
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plant-microbial remediation, McGuinness and Dowling (2009) note the use of pea plant species 

(Pisum sativum) and genetically modified endophyte species Pseudomonas putida VM1441 to 

efficiently degrade naphthalene in comparison to the pea plant alone. This example represents 

the increased efficiency of naphthalene degradation using both plant and microbial species that 

protect the plant from napthalene’s toxic effects. Other specific genera of endophytic bacteria 

include Arthrobacter, Enterobacter, and Pantoea.  

 Depending on the concentration of hydrocarbons in the soil, the population of endophytes 

with hydrocarbon-degrading genes will differ. Typically, hydrocarbon degraders are more 

abundant in endophytic communities in comparison to the rhizospheric population (Khan et al., 

2013). Endophytic bacteria are easier to manipulate than its host plant when introducing new 

genes. However, there are some limitations to using endophytic bacteria. The technology is 

limited to contaminants in shallow soil and there is potential for environmental contaminants or 

their metabolites to enter the food chain if they are not fully detoxified within the plant (Khan et 

al., 2013).   

 

Discussion and relation to Alberta 

 The connection between the background context provided and the particular case of 

heavy oil and salt contamination in Alberta should be discussed to understand the feasibility to 

use phytoremediation and bioremediation as a potential solution. Samples from the Lloydminster 

area and Alberta’s soils indicate that the major salt species are SO4
2- 

(140 mg/L)
 
and then Cl

-
 (92 

mg/L) and Na
+
 (13 mg/L) The Alberta Salt Contamination Assessment and Remediation 

Guidelines (2001) state that a higher Cl
-
:SO4

2- 
ratio represents an unnatural soil environment and 

is a sign of contamination (Appendix B). However, samples taken from heavy oil well sites in 
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Lloydminster indicate a higher concentration of SO4
2-

. This may be advantageous if anaerobic 

halophiles such as Desulfovibrio halophilus and Desulfovibrio oxyclinae that utilize SO4
2-

 as a 

source of electrons were used for bioremediation several meters into the ground where the 

environment may lack adequate O2 and form an anaerobic environment. These moderate to 

extreme halophiles can tolerate up to approximately 3.08 – 3.85 M (18–22.5%) NaCl (Oren, 

2006).  

 Table 1 shows the various categories of soil salinity in relation to salinity parameters. 

Although values were not provided as EC, SAR or ESP measurements, however, measurements 

of Na
+
 are relatively low in comparison to SO4

2-
 or Cl

-
 concentrations. This indicates that soils 

are more likely to be saline, or saline-sodic. Another major factor that must be considered to 

determine EC, SAR or ESP values include the interactions between the salts and soil particles. 

With this information, it would be easier to categorize certain sites to determine the extent of 

contamination as well as to consider different options for halophyte and halophile species. 

 The potential for certain ion species to accumulate must also be considered. In semi-arid 

and arid climates like Lloydminster, ion concentrations can increase in soil solution due to 

evaporation. This will result in the accumulation of ions such as Na
+
 and Cl

-
 species into  the soil 

mixture (Rengasamy & Olsson, 1991). This implication may limit the choices of organism 

species and it would be in the best interest of the operators to choose organisms with a wide 

range of salinity tolerance for a cost-effective remediation process.  

 Although methods of phytoremediation and bioremediation can be effective, the 

implementation of both processes in a holistic approach seems to be efficient. Utilizing the tools 

of various halophiles and halophytes, the multi-process phytoremediation system (MPPS) stands 

as a reasonable and effective system that can be self-sustained after the initial inoculation and 
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introduction of the organisms. Dependent on the specific organisms used, the symbiotic 

relationship is crucial to support each other through nutrient exchange and phytohormone control 

such as ethylene.  

 

Multi-process phytoremediation system (MPPS) 

  One of the issues that has delayed the widespread use of phytoremediation in remediation 

applications is the production of hormone ethylene induced in plants in stressful environments, 

which may inhibit plant growth and diminish its biomass. Ethylene is a commonly produced 

stress hormone in plants, however, accelerated ethylene production is known to inhibit root 

growth that acts as a major limitation in improving phytoremediation efficiency (Arshad, Saleem 

& Hussain, 2007). In response, Greenberg and his colleagues (2007) developed MPPS, which 

uses interactions between plants and plant growth promoting rhizosphere (PGPR) to mitigate 

these harmful effects and enhance plant and microbial biomass in the rhizosphere. It is used to 

rapidly degrade petroleum hydrocarbons in salt-impacted soil and has been applied successfully 

in Turner Valley, Alberta where 30% of total petroleum hydrocarbons were degraded in 

approximately 3.5 months. Greenberg and his colleagues have also applied this system in Sarnia, 

ON where a majority of contaminants such as hydrophobic and recalcitrant petroleum 

hydrocarbons that are persistent and potentially toxic were degraded. In addition to successful 

petroleum hydrocarbon remediation, plants treated with PGPR showed greater NaCl uptake than 

the untreated, implying that greater plant growth resulted in greater salt assimilation.  

 Field remediation experiments planted ryegrass (Lolium multiflorum) and tall fescue 

(Festuca arundinacea) together with and without the use of PGPR bacterial species, P. putida 



Phytoremediation and bioremediation of heavy oils in saline Alberta soils 
ENSC 501 | Christine Lee 

 

 41 

UW3 and UW4. Preparation involved coating the plant seeds with an adhesive mixture of P. 

putidas UW3 and UW4, with a following drying and storing the seeds prior to sowing.  

 The key advantage of MPPS is the application of PGPR strains to enhance plant biomass 

and the symbiotic relationship established between the plant and microbial species. It was 

observed that there was at least 100% increase in plant germination of the species used in the salt 

impacted soils. In return, root exudates stimulate the growth of PGPR through nourishment and 

are carried through the soil by plant roots. The PGPR bacteria used in this experiment were both 

capable of naturally expressing ACC deaminase that catabolizes ACC. The molecule ACC is the 

precursor compound to ethylene produced in stressed plants, and it is also a nitrogen source for 

PGPR bacteria. Therefore, the natural production of the ACC deaminase enzyme is beneficial for 

plants in salt-stressed environments and for the microorganisms that excrete it. Additionally, 

some PGPR produce various auxins, a hormone type that is typically produced by plants to 

promote cell elongation and therefore, assists in further root growth stimulation.   

 However, the experiment was not able to explain the impact on the high concentration of 

salts. MPPS is a useful system for hydrocarbon remediation in high salinity as it incorporates 

tools such as halophiles and halophytes that can withstand the given conditions. It does not result 

in a reduction in salt concentration and must be managed in other ways for complete site 

remediation.  

 

MPPS and heavy metal remediation  

 MPPS can be applied for heavy metal remediation in ways similar to the combination of 

phytoremediation and bioremediation. The benefits from a symbiotic relationship between plants 

and microorganisms range from increased nutrient and water acquisition to the provision of 
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stable soil that supports the lives of organisms. Inoculated PGPR Bacillus species have been 

demonstrated to induce enhanced heavy metal accumulation of Cd and Ni in hyperaccumulators 

Brassica juncea and Brassica napus (Chibuike & Obiora, 2014). Inoculation of 

Methylobacterium oryzae with tomato plants resulted in a decrease in heavy metal accumulation 

in the shoot and roots tissues and increased growth to reduce phytotoxicity (Chibuike & Obiora, 

2014). 
 

 

Conclusions 

With oil and gas being the most important natural resources that support Alberta’s 

economy, oil-related projects will continue to occur and increase in number. Unfortunately, the 

increase in oil well drilling and production has also resulted in increased oil well abandonments 

and orphan wells. Without a responsible party for their abandonment, remediation and 

reclamation processes, the wells remain as a significant impediment for activity of land-use in 

Alberta. The leakage of brine and heavy petroleum hydrocarbons are limiting the ability to use 

biological remediation methods that are cost-effective and less invasive for the environment than 

more conventional remediation processes.  

Microorganisms and plants that are able to remediate hydrocarbon contaminants are 

impaired in highly saline conditions. Therefore, potential remediation processes will require 

specific microorganisms and plants that can tolerate saline conditions, known as halophiles and 

halophytes, respectively. There is a wide range of both organism groups that require various 

conditions for optimal function. Generally, halophiles are inoculated for their ability to degrade 

heavy hydrocarbon contaminants or as a component to MPPS in the rhizosphere or as an 

endophytic bacteria. Halophytes are also utilized as a component of MPPS to provide an 
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attachment site and nutrients for surrounding microorganisms or to remove salts from the 

environment through mechanisms such as extraction or accumulation. For remediation of these 

specific conditions in Lloydminster, Alberta, it is likely that using the same species as Greenberg 

in his greenhouse experiments can result in success as evidenced by Greenberg’s Turner Valley 

trials. Pseudomonas putida and Festuca arundinacea are both salt tolerant species, require 

moderate to lower temperatures and can be applied in the MPPS model for enhanced remediation. 

Pisum sativum is another halophyte that may be used in the MPPS model in Alberta with P. 

putida as the PGPR. However, this combination should only be used for surface remediation, as 

P. sativum fails to grow as deep as the extent of contamination. Bacillus subtilis may be another 

microorganism that may be potentially applied in the MPPS model, as a consortium with others 

such as in the Riis example or for isolate inoculation. The strain is a facultative aerobe and may 

be able to degrade heavy hydrocarbons in deeper soils.  

The investigation of these biological tools for potential remediation approaches 

encourages the concept of developing sustainable and successful tactics for the province of 

Alberta.  
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Summary of main points 

 Lloydminster, Alberta requires timely remediation and reclamation of unproductive, 

inactive and abandoned oil wells in efforts to deliver the land to “equivalent land 

capability” as stated by the Alberta Energy Regulator’s regulations and to prevent 

contamination accumulation. 

 In-situ biological processes such as bioremediation and phytoremediation are limited by 

high salinity concentrations and heavy petroleum hydrocarbon contaminants. Therefore, 

organisms that can tolerate highly saline conditions, such as halophiles and halophytes 

are utilized.  

 High soil salinity has direct adverse impacts on soil structure and on organisms. The 

increased osmotic potential of soil solution can cause dehydration and salt ions can 

denature proteins and critical enzymes for hydrocarbon degradation. 

 Halophiles have specific mechanisms that allow tolerance to high concentrations of salt. 

For example, some halophiles have versions of enzymes that are resistant to salt ions to 

prevent denaturation. Others can produce compatible solutes to balance with the high 

osmotic potential.  

 Halophytes are able to withstand highly saline environments by either excluding or 

accumulating salt ions. Movement of ions occurs through specific transporters for 

compartmentalization (commonly into vacuoles), or export into the external environment. 

 When considering potential remediation approaches, the use of halophytes and halophiles 

for an enhanced and integrated process must be considered. This system is known as the 

multi-process phytoremediation system (MPPS).  

 MPPS has been tested on Alberta’s saline soil using Pseudomonas putidas UW3 and 

UW4 with Lolium multiflorum and Festuca arundinacea, resulting in successful 

remediation.  
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Appendix A: Tables 1, 4: Alberta Tier 1 Soil and Groundwater Remediation Guidelines 
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Appendix B: Table 3.3: Important Salinity, Soil, and Groundwater Parameters for 

Characterization of Spills (adapted from PITS, 1993) 
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Appendix C: Reference of halophiles 

Genus/ 

species 

O2 

requirement 

Temperature 

(˚C) pH 

Salinity tolerance 

in M NaCl 

Hydrocarbon 

degradation Notes Reference 

Dietzia maris Aerobic  <37 8.3 1.71 (10% NaCl)  

n-alkanes of turbine 

oil and paraffins 

(C14–C18)   

Riis et al., 

2003; 

Koerner et 

al., 2008 

Strain TM-1 

Facultative 

anaerobe 

32-58; optimal 

at 37 

4.5-8.5; 

optimal 

at 6.5-

7.5 3.08 (18% NaCl) 

oil A: transformed 

alkanes up to C28 

and completely 

degraded C32  

oil B: transformed 

C12 and C19, and 

degraded alkanes 

longer than C19 

oil C: completely 

degraded alkanes 

longer than C18 

 

Hao and 

Lu, 2008 

Desulfovibrio 

desulfuricans Anaerobic 

30-37; optimal 

at 32 

6.8-8.2; 

optimal 

at 7.8 

0-0.51 (0-3%); 

optimal at 0.34 

(2%) 

methane, ethane, n-

octadecane   

Gilmour et 

al., 2011; 

Davis and 

Yarbrough, 

1966 

Bacillus 

subtilis 

Facultative 

aerobes 25-35 

4-9.5; 

optimal 

at 8   

 n-hexadecane and 

naphthalene   

 Christova 

et al., 2004 

Pseudomonas 

putida Aerobic  

 

 

 

 

 

optimal 25-30 N/A  

0-0.51 (0-3%); 

optimal at 0.13 

(0.75%) 

toluene, styrene oil to 

polyhydroxyalkanoat

es (PHA), 

naphthalene, ACC   

Abioye, 

2011; 

McGuinnes

s and 

Dowling, 

2009; 

Deshwal 

and Kumar, 

2013 

Enterobacter 

cloacoe 

Aerobic and 

anaerobic 

(anaerobic 

only showed 

chromate 

reduction) 

10-40; optimal 

at 30 

6.0-8.5; 

optimal 

at 7.0 N/A PAH, ACC  

Heavy metal 

hyper-

accumulator 

Khan et al., 

2013; 

Wang et 

al., 1989; 

McGuinnes 

and 

Dowling, 

2009 

Bacillus 

thuringiensis 

Anaerobic 

(for 

chromate 

reduction)  N/A 6.8   

can store PHB 

(therefore, utilizes 

glucose and 

propionate)  

Cd and Zn 

extraction  

Chibuike 

and Obiora, 

2014 

Methylobacte

rium oryzae Aerobic 

20-30; optimal 

at 28 

5.0-

10.0; 

optimal 

6.8 < 0.34 (2.0%) 

Single-carbon 

compounds 

(methanol, 

formaldehyde), and 

other multi-carbon 

substrates, succinate 

Pink pigment 

is water-

insoluble  

Medhaiyan 

et al., 2007 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Christova%20N%5BAuthor%5D&cauthor=true&cauthor_uid=15241927
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Appendix D: Reference of halophytes 

Genus species Salinity tolerance in M NaCl Notes Reference 

Pisum sativum N/A 

Commonly used for metal phytoextraction 

purposes; can bioremediate 2,4-D pesticide, 

napthalene (with Pseudomonas putidas); 

used in rhizoremediation/MPPS 

Duarte et al., 

2014 

Populus  euphratica 0.15 - 0.25 

Generally can survive under extreme heat, 

extreme salt conditions  

Chen and Polle, 

2009; 

Watanabe et 

al., 2000 

Atriplex  nummularia 

can accumulate up to < 6.84 

(40%) 

Generally can survive under extreme heat, 

extreme salt conditions  

Manouski and 

Kalogerakis, 

2011 

Salicornia fragilis 0.26   

 Meudec et al., 

2006 

Sesuvium portulacastrum <1; optimal at 0.1-0.4 

Produces 20-hydroxecdysone (insect 

molting hormone); facultative halophyte; 

metal accumulation (Cd) 

Lokhande et 

al., 2013 

Mesembryantheum crystallinum  moderate-high   

 Lokhande et 

al., 2013 

Spartina maritima N/A 

Bioindicator assay for heavy metal 

concentration 

 Huchzermeyer 

& Flowers, 

2013 

Armeria maritima 

Survives for several months at 

0.2   Kohl, 1996 

Avicennia marina 

50-75% seawater; growth is 

poor without salt    

Flowers and 

Colmer, 2015 

Lolium multiflorum moderately sensitive  

Can be inoculated with Pseudomonas 

putidas, Pantoea sp. strain BTRH79, 

Acinetobacter sp. Strain, Rhodococcus sp. 

strain ITRH43, E. ludwigii strains  

Khan et al., 

2012; 

Greenberg et 

al., 2007 

Festuca arundinacea moderately tolerant  

pH tolerance 4.5-8.0; expresses vacuolar 

Na+/H+ antiporter gene 

Greenberg et 

al., 2007; 

Howat, 2000 

Brassica juncea  N/A 

Hyperaccumulator (e.g. Pb2+, Cd), fast 

growers with high biomass 

Manouski and 

Kalogerakis, 

2011; 

Lokhande et 

al., 2013 

Brassica napus  N/A 

Hyperaccumulator of select metals, fast 

growers with high biomass 

 Khan et al., 

2013; Chibuike 

and Obiora, 

2014 
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