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Despite investments in clean energy technology and infrastructure, Canada remains a
resource-based economy that transports fossil fuels. Most transport is conducted by pipeline,
which can cause severe environmental damages because leak detection system sensitivity is low
and 15-20% of pipeline leaks go undetected each year. Low impact development (LID) strategies
might be applicable to pipeline landscapes to mitigate petroleum leaching to water from small,
persistent leaks by incorporating petroleum sorbents with native soils. Petroleum fate and
transport models were used to explore the theoretical capacity of a designed sorbent filter soil
(SFS) system and to inform design parameters for system construction. Results suggest that
design parameters change depending on soil texture, moisture content, and temperature. These
designs provide a preliminary framework for landscape architects interested in landscape damage
prevention and mitigation that could be applied to areas of concern for petroleum leakage.
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Chapter 1. Introduction
As cities expand and the world becomes increasingly industrialized, demand has grown
for more environmental remediation and nature-based approaches to building urban centres. As a
result, the role of the landscape architect has expanded from that of garden and park designers to
that of systems, reclamation, and infrastructure designers (Baida, 2012). This is not to say that an
ecology-based approach is new to landscape architecture, but rather that it is now formalized and
evidence-based in modern practice.
As part of this, landscape architects can incorporate elements of soil science and
hydrology to support infiltration and plant life in their designs such as in green infrastructure
(GI). GI uses nature as infrastructure to increase the provision of ecosystem services. These
ecosystem services include but are not limited to infiltration, increased continuity of the
hydrological cycle, habitat, patch connection, carbon sequestration, flood control, increased
access to green space, and improved air quality (Coutts & Hahn, 2015). GI accounts for both
social and ecological factors by complementing or removing traditional ‘grey’ infrastructure that
would otherwise be used in its place. The design of both green and grey infrastructure is
common in the practices of landscape architecture, engineering, and planning (Benedict &
McMahon, 2002).
Landscape architects are particularly suited to the creation and construction of GI as it
sits at the intersection of science and design. Landscape architects have both an understanding of
the science behind successful GI features but also the social and behavioural factors that would
influence the pattern of their designs. The role of the landscape architect in the design of GI is
generally related to the planting regime, grading, and placement of the feature. For complex
features or grey infrastructure, landscape architecture may be paired with geology and/or
engineering for soil design, built structure design, and hydrogeology concerns (Benedict &
McMahon, 2002). Landscape architects are also responsible for overseeing the maintenance and
long-term functionality of these features.
Low impact development (LID) has been in practice in Canada for over 20 years (CVC &
TRCA, 2000). Types of green infrastructure in Canada include but are not limited to constructed
wetlands, bioretention areas, infiltration trenches, green roofs, vegetated swales, and permeable
pavements. They are usually built in urban areas with mixed contaminant profiles in variable
concentrations (EPA, 2000).
GI features are not usually constructed as part of non-urban development projects, such
as industrial sites or petroleum pipelines. However, a substantial part of Canada’s infrastructure,
including energy distribution systems, is built outside the urban context. GI features are often
used as stormwater management measures within and/or adjacent to settlements, roadways, and
parking lots to direct and capture surface water flows and suspended and dissolved contaminants.
While generalized green infrastructure features reduce runoff volumes and have high
contaminant removal rates for heavy metals and suspended solids, their efficacy for the removal
of high concentrations of specific contaminants is unclear. This represents an opportunity for the
1

practice of landscape architecture. If landscape architects had better information about the design
implications of contaminant removal, design efforts could be more effective based on
contaminant types and the landscape context.
Canada is a resource-based economy that depends on the extraction and export of natural
resources such as timber, metals, uranium, and oil and gas. The infrastructure used to extract and
transport natural resources gives little thought to the landscape context in which they are situated
and often causes high levels of environmental degradation. This degradation must then be
remediated following the abandonment of an extraction site, which is a costly and timeconsuming process. As an example, a current and pressing issue is the prevalence of abandoned
oil wells in Alberta, Canada. A report by the Alberta Liabilities Disclosure Project (ALDP)
found that the cleanup and remediation of all oil wells in Alberta, of which there are over
100,000, could cost up to $70B CAD of public funds (Bakx, 2019). This project will be a huge
undertaking that will last many years.
Industrial and resource extraction infrastructure sites may benefit from the inclusion of
green infrastructure to reduce their environmental footprint and offset some of the damages that
they cause. Petroleum pipelines were selected as the subject of this study because they have a
wide variety of stakeholders, cross many different landscapes throughout Canada, and because
they are a notable source of environmental damage. The purpose of this thesis was to determine
if the principles of LID and green infrastructure could be incorporated with pipeline construction.
1.1 AIMS AND OBJECTIVES
The main aim of the study was to explore how an augmented engineered filter soil could
be constructed as a landscape-responsive solution for the mitigation of contaminants leaching to
water sources that also reduces the footprint of preventative infrastructure. The specific
objectives of the study are:
1. To make recommendations for the components of a sorbent filter soil (SFS) system;
2. To suggest how the system would change depending upon the landscape context, and;
3. To estimate the optimal range of leak rates that an SFS system would control.
A greater understanding of the nature of contaminant-specific particle movement would
allow landscape architects to engage in a wider scope of practice. The type of systems thinking
that landscape architects practice would help to create more holistic landscapes that would
incorporate both ecological and social aspects that might otherwise be missed by scientists and
engineers. This would increase the amount of stakeholder interest in generally overlooked
landscapes which would ultimately increase their resiliency. Furthermore, landscape architects
are well-versed in community engagement. This could prove advantageous in planning
controversial landscape projects such as fossil fuel pipelines.

2

1.2 RESEARCH REPORT STRUCTURE
The following report will begin with a literature review that covers traditional pipeline
construction and the landscapes in which they are situated, contemporary oil spill control
methods, the current state of knowledge of petroleum behaviour in soil, and an overview of
seven petroleum fate and transport models. The next chapter will outline the methods used for
VLEACH modelling of benzene, toluene, ethylbenzene, and xylene (BTEX) mass flux to
groundwater. VLEACH results will be presented through a series of graphs in the following
chapter. The last chapters will provide recommendations and next steps for the design of an SFS
in both a general layout and in various landscape contexts.
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Chapter 2. Literature Review
2.1 PIPELINES AND TERRESTRIAL OIL SPILLS AND LEAKS IN CANADA
Oil pipeline construction is one of the most controversial topics in Canada, but with good
reason. On one side are environmentalist groups, who recognize the damages that petroleum
inflicts on ecosystem and public health, and the need to transition from fossil fuels to clean
energy systems to combat climate change. On the other side, however, the oil and gas industry
supports over half a million jobs in Canada (CAPP, 2018) and a full 8% of Canada’s gross
domestic product (GDP) is directly tied to oil production and export (Reeves & Ryan, 2019). Of
the total volume of oil exported, 96% goes to the USA for refining due to a lack of suitable
infrastructure in Canada.
Three pipeline project proposals are currently active: the Trans Mountain Expansion
Project that was purchased by the federal government; Keystone XL; and Enbridge’s Line 3
Replacement Project (Reeves & Ryan, 2019). Until alternatives are found for both energy
production and jobs, pipeline construction and renewal will continue. If this is to be the case,
spill prevention and control measures will remain necessary and should be improved to reduce
their impact of petroleum and pipelines on the environment and public health as much as
possible.
This literature review will summarize knowledge on the behavior of petroleum
hydrocarbons in soil from the initial spill to degradation. The focus will be on the behaviour of
petroleum hydrocarbons in soil from the initial spill to degradation with attention given to the
impact of the landscape context, which includes climate, soil, and geology.
2.1.1 Construction & lifespan
There are currently over 840,000 km of petroleum pipelines in Canada (Fig. 2.1), with
several more proposed pipeline projects that were predicted to double the network’s transport
capacity by 2020 (NRCan, 2016). As Canada lacks a suitable number of refineries, extensive
infrastructure is necessary to transport fossil fuels for processing and export (Basu & Verma,
2017).
The types of pipelines are gathering lines, transmission lines, feeder lines, and local
distribution lines (NRCan, 2016). These transport crude oil, natural gas, and liquified natural gas,
the latter two of which will not be the focus of this paper (Reeves & Ryan, 2019). Gathering
lines collect petroleum products from their source to a collection system that feeds into
transmission pipelines, which carry the petroleum over long distances. Pumping stations or
compressor stations move petroleum along the pipelines at high pressure (Reeves & Ryan,
2019). Operating stations along the pipeline route detect leaks via computers that monitor
parameters such as flow rate, pressure, or fluid temperature and that can initiate emergency
systems (API, 2007). However, leak detection systems only capture 15-20% of all leaks (Bickis,
4

2017). External monitoring using dogs for olfactory detection and helicopters and personnel for
visible leaks is also practiced (Reeves & Ryan, 2019).

Fig. 2.1 Map of federally regulated oil pipelines in Canada including connections to the United States.
(From CEPA, 2019).

Pipelines are built with a 30 m right-of-way on either side of their centreline. They are
usually made from steel, though natural gas pipelines can be made of plastic or aluminum and
are commonly buried at a depth of 1.5 m for large-diameter (10-120 cm or 4”-48”) transmission
lines (NRCan, 2016). Smaller pipelines are buried at a minimum depth of 0.6 m, while pipelines
that must cross bodies of water can be buried up to 70 m deep (Reeves & Ryan, 2019). The
average lifespan of a steel pipe used for oil transport is around 50 years (Burke & Dearen, 2010).
The oldest federal crude oil pipeline is the Montreal line, which was activated in 1941 (CERa,
2019).
5

The Canada Energy Regulator (CER) is the federal body that is responsible for
overseeing all pipelines that cross provincial, territorial, and international borders. Any pipelines
that are within provincial or territorial borders are regulated by that province or territory. As
such, only 73,000 km of pipeline are regulated by the federal government (CERb, 2019). The
other 91% are overseen by provincial or municipal bodies. For all pipelines nationwide and
regardless of jurisdiction, approximately 794,200 m3 of crude oil and 1,028,000,000 m3 of
natural gas are transported per day (Reeves & Ryan, 2019).
2.1.2 Pipeline landscapes
Federally regulated pipelines cross a diverse range of soil, climate, and ecosystem types
along with human settlements. These factors are important to understand when discussing
terrestrial pipeline spills as the soil temperature, moisture content, organic matter, and texture
along with native plant species will determine the rate and extent of natural petroleum
attenuation.
As an example, the most common soil types within pipeline landscapes in Canada are
chernozemic soils and luvisolic soils (Fig. 2.2) while the most common ecozones are forested
plains (mixedwood and boreal) and prairies (Fig. 2.3). Chernozemic soils are prevalent
throughout the Prairies and are characterized by their dark brown colour and high organic matter
content. They may be found in sandy, silty, or clay textured soils. Due to their location, these
soils are often dry and can freeze, which limits plant growth and microbial degradation but
allows humus accumulation. Luvisolic soils are forested soils with a clay or loam texture and are
generally neutral or basic. Because they are found in temperate regions across Canada, luvisolic
soils have greater variance in mean soil temperature and water content than chernozemic soils.
Differences in soil characteristics and environments will require different considerations and
approaches for terrestrial spill control.
2.1.3 Terrestrial oil spills
According to the Natural Resources Canada website, 0.001% of all oil transported is lost
or spilled (NRCan, 2016). Though this figure may seem insignificant, it is slightly misleading as
billions of cubic meters of fossil fuels are transported every year. Therefore, while the percentage
of oil spilled may be small, the actual volume measurements of the spill are not (NRCan, 2016).
Liquid oil spills are considered ‘significant’ if they equal or exceed 8 m3 (50 barrels) of spilled
product. These spills represent a more significant financial loss for oil companies and provide
more return on investment for their recovery (CEPA, 2019). When a spill is reported, the time
from discovery to closure is noted (NRCan, 2016).
From 2008 to 2018, the CER reported that the total amount of crude oil released from
federal lines was 1,430 m3 with a yearly average spill volume of 34 m3. The largest spill reported
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Fig. 2.2 Approximate federal pipeline locations in soil type zones in Canada. (Adapted from Agriculture &
Agri-Food Canada, 2001 and CEPA, 2019).

Fig. 2.3 Approximate federal pipeline locations in eco-regions in Canada. (Adapted from Adapted from
Agriculture & Agri-Food Canada, 1995 and CEPA, 2019).
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was 305 m3 in 2009, while the smallest was 0.115 m3 in 2016. However, many spills smaller
than 0.115 m3 may have gone undetected due to low leak detection system (LDS) sensitivity.
In newer pipeline projects, such as the Enbridge Line 3 Replacement and Trans Mountain
Expansion, LDS sensitivity can at minimum detect between 2-5% drop in pipeline flow. This
amounts to a minimum detected leak size between 78,200-150,000 L/hour (Bickis, 2017).
Though LDS can be retrofitted to pipelines, oil companies still rely on combinations of multiple
sensors that send data to a control room, where it is interpreted to detect leaks. Only 20 of 128 oil
spills between 2015-2017 were detected by control rooms; the rest were discovered through
external methods (Bickis, 2017). The result of low LDS sensitivity and the low efficiency of
control room monitoring practices is that small or pinhole leaks caused by pipeline corrosion can
persist undetected for months or years, creating an ongoing source of contamination to the
surrounding environment. It is unknown how common pinhole leaks are, but these and stress
cracks can lead to significant oil loss over time and even explosion incidents if safety measures
are not in place (Schmunk, 2020).
2.1.4 Impacts on human and ecosystem health
The main environmental concern surrounding pipeline expansion is the associated
increase in burning fossil fuels. However, the construction and operation of pipelines can have
direct, and sometimes extreme, detrimental effects to the surrounding ecosystem. Chief among
these are habitat destruction and drinking water contamination, but decreased air quality and an
increased risk of localized explosions are also possible. Petroleum can also be toxic to many
plants, animals, fungi, and microorganisms. While many spills and leaks are small, continuous
leakage can cause subtle but persistent ecological damage (Duffy et al., 1980). Leaked petroleum
toxicity is worse in cold climates due to decreased vapour pressure and lower ability of the soil
and microbial system to biodegrade contaminants (Gawdzik & Żygadło, 2010).
Along with environmental differences, pipelines also pass through human settlements.
Their construction often has a direct impact on both the landscape and the people that live there.
Many pipelines are situated near Indigenous communities, thereby putting wild food sources and
livelihoods at risk. Drinking water may also be contaminated by pipeline leaks (Reeves & Ryan,
2019).
Several types of petroleum hydrocarbons have been shown to cause a myriad of health
problems, even when the exposure concentration is small. Some volatile hydrocarbons can cause
liver and kidney damage, liver disorders, and reproductive issues, while other hydrocarbons such
as benzene have been found to be carcinogenic (Garoma, 2011).
2.1.5 Contemporary terrestrial spill control
Terrestrial spill control is less well-funded and -researched compared to aquatic spill
control, but terrestrial pipelines are generally built with more preventative measures for spill
8

control due to their direct impacts on and proximity to humans, human settlements, and a high
variety of resources including groundwater (Ivshina et al., 2015). As one-third of all Canadians
rely on groundwater sources for potable water, it is imperative that groundwater remains free
from contaminants (ECCC, 2013). Preventative control is especially important in cold regions
such as Canada, where land remediation after a spill may both disproportionately affect
impoverished and First Nations communities and be prohibitively costly.
Current treatment methods for terrestrial oil spills usually involve excavation and ex situ
techniques which are expensive, time-consuming, and require extensive manpower (Kamath et
al., 2004). Even with these methods, residual contamination that exceeds the legal limit often
remains in the soil and can be spread over large areas. Common landscape-based preventative
measures include diversion berms, containment trenches, culvert/drain blocking, and slurry walls
(Ivshina et al., 2015). All of these require a larger environmental footprint in terms of both the
additional space used for the preventative measure and the energy and materials needed to
construct them (Ivshina et al., 2015; Al-Majed et al., Hossain, 2012). Preventative measures are
not mandatory in pipeline construction.
2.1.6 Petroleum sorbents
Sorbent barriers are currently used in response to a spill rather than as a preventative
measure. They are an attractive option for spill control due to their high efficiency and, in the
case of natural sorbents, low cost (Al-Majed et al., 2012). On land, they are applied in loose
material form on flat or low slopes where pools of oil have accumulated or are likely to
accumulate (USFS, 1991). They are generally only applied on flat or low slopes as there is a
potential for them to move on steep slopes (rolling, falling, etc.). There is also a concern that
wind can blow loose sorbent material into the surrounding environment (Al-Majed et al., 2012;
USFS, 1991). The integration of sorbents with the soil surrounding the pipeline (i.e. burying
them along with the pipeline) would remove this concern. It would also reduce the impact on the
surrounding landscape by preventing material movement and reducing the footprint and
encroachment caused by infrastructure construction. However, rapid degradation of the sorbent,
or saturation of sorption capacity by other compounds than oil, may prevent such an option.
Petroleum sorbents are oleophilic and hydrophobic materials that at minimum should
absorb 20-25 times their weight in petroleum products when used in spill control (USFS, 1991).
The three main classes of petroleum sorbents are organic/natural, mineral sorbents, and synthetic
sorbents. Organic and mineral sorbents each have a sorption capacity of up to 80 times their
weight, while synthetic sorbents (e.g. polyurethane, polypropylene, etc.) can sorb up to 100 times
their weight (Al-Majed et al., 2012). Examples of some sorbents can be seen in Table 2.1. While
synthetic sorbents have a high sorption capacity, they can be environmentally damaging to
produce therefore making mineral and organic sorbents more attractive options for landscaperesponsive design (Al-Majed et al., 2012). Moyo et al. (2014) found that natural soils can sorb up
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to 8 mg/g of hydrophobic contaminants depending on the organic matter and clay content of the
soil.
Table 2.1 Sorbent material capacities
Sorbent Material

Synthetic

Polypropylene

Diesel

10-30

Polyurethane

Diesel

10-30

Expanded perlite

Light crude
Heavy crude

3.5
3.25

Organoclay

Diesel

5.2-7.2

Sepiolite

Hydraulic

0.3-5.8

Activated carbon
(agricultural
waste)

Diesel

19.04

Gasoline

14

Mineral

Oil Studied

Sorption Capacity
(g oil/g sorbent)

Sorbent Class

Exfoliated graphite Heavy crude
Natural

86

Recycled wool

Diesel
Crude

9.62
11.06

Cellulose fiber

Heavy crude

5

Milkweed floss

Light crude

40

Coniferous bark

Diesel

1-1.4

Waste wood fibers

Crude

2.5-7

Adapted from Bandura et al., 2017; Zadaka-Amir et al., 2013; and Al-Majed et al., 2012.

2.1.7 Landscape architecture and spill control
Landscape architecture is an interdisciplinary practice that can incorporate the
environmental and physical aspects of landscape design with the personal and sociocultural. Due
to the nature of the practice, landscape architects have a deeper understanding of the interrelation
between human and environmental systems which would allow them to create positive landscape
solutions that could benefit communities, the economy, and the environment (Baida, 2012;
Nassauer, 2012). The use of integrated solutions is especially important when discussing so
controversial a topic as fossil fuel pipelines. While no landscape solution can solve the
fundamental problem of burning fossil fuels, landscape architecture has the potential to provide
mitigative measures during the interim period through both design theory and system design.
In an essay by Joan Nassauer (2012), two landscape principles are put forward. One of
these considers landscape as a medium. She postulates that when it is used as a medium,
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landscape can incorporate a diversity of environmental functions and human perspectives
through both its simple existence and the design process (Nassauer, 2012). For most, a pipeline
landscape is dichotomous: either it is a means for economic gain, or it is a source of
environmental damage. Developing a landscape-responsive system for pipeline landscape
design—i.e. using the landscape as a medium—could allow more uses and views of said
landscape by making it safer and more functional.
Another way through which landscape architecture can improve pipeline landscapes is
through the physical design of the system. Landscape architects use many landscape-based
systems to perform environmental functions on designed sites. Some common, general tools
include grading, soil design, and plant community design. There are also specific systems that
are part of the landscape architect’s ‘toolbox’ such as low impact development (LID) systems.
LID features have become an increasingly common stormwater management and
treatment solution in the USA, UK, Australia, and some European countries over the last 20
years by landscape architects and urban planners as a “green” alternative to traditional
stormwater management techniques (Ingvertsen et al., 2012). LID mimics natural hydrological
processes to encourage infiltration and groundwater recharge instead of discharging stormwater
while also providing some level of water quality control. One part of some LID features is
engineered filter soil (Fig. 2.4). The construction of a filter soil varies, but in general, they should
be around 30 cm in depth, have a pH of 6-8 and hydraulic conductivity not less than 10-5 m/s, an
organic content of between 1-3%, and a clay content not exceeding 10% (Cederkvist et al., 2016;
Ingvertsen et al., 2012).
In various studies, engineered filter soils have been shown to be effective in the removal
of suspended solids, heavy metals, polycyclic aromatic hydrocarbons (PAHs), and nutrients
(Cederkvist et al., 2016). However, they are less effective at removing and retaining dissolved
organic compounds (DOCs) and retaining other organic compounds due to leaching over time
(Cederkvist et al., 2016). While some DOC is necessary in natural systems as it is part of the
carbon cycle, the amount present in stormwater runoff can adversely affect aquatic systems by
increasing acidification and by forming complexes with metals which may then enter the trophic
web (Bruckner, 2016). It is therefore important that engineered filter soils be able to capture and
retain DOC to prevent acidification.
One of the main goals of LID features is to increase infiltration and groundwater recharge
while cleaning stormwater runoff. An engineered filter soil could be combined with sorbent
material(s) to increase the capacity of DOC, PAH, and TPH retention. In an engineered filter soil
augmented with sorbent materials – here, SFS – the exact components of a LID feature might not
be directly transplanted because it may become necessary to encourage evaporation instead of
infiltration to prevent contaminant leaching. For example, a sorbent filter soil might require a
higher soil organic matter and clay content to maximize sorption of TPH and heavy metals
before the water can evaporate to the surface. Nevertheless, the principles of LID and the
inclusion of materials that are capable of sorbing and retaining TPHs at a higher capacity than
basal engineered filter soils could be useful for the development of a sorbent filter soil.
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Fig. 2.4 Grassed swale with engineered filter soil (adapted from Ingvertsen et al., 2012).

2.2 PETROLEUM HYDROCARBON BEHAVIOUR IN SOIL
Oil and gas are produced by hydrocarbon source rocks, which are sedimentary rocks with
a high organic content (Fig. 2.5). As the source rock is buried deeper below the Earth’s surface,
its temperature rises. The heat cracks the source rock, releasing hydrocarbons. Oil formation
occurs in the “oil window”, which begins at 2 km and 60 ˚C and stops at a depth of 5 km and
temperature of 160 ˚C. As long as the source rock remains in the oil window, oil can be produced
and migrate through the sedimentary layers to reservoirs and traps (Pratson, 2019). Most oil and
gas are found and produced in either liquid or gaseous form, but solid or highly viscous forms
can be found in tar sands as bitumen (Hyne, 2012).
Crude oil is classified based on its relative density to water, which has an ˚API gravity
(specific density) of 10. If crude oil has an ˚API that is less than 10, it is a heavy crude and will
sink in water. If it has an ˚API of greater than 10, it is a light crude and will float. Light crudes
are generally 35-45 ˚API. Crude oil is further categorized as sweet or sour crude depending on its
sulfur content (Hyne, 2012). The following section summarizes the physical and chemical
properties of petroleum hydrocarbons and their behaviour in soil.
2.2.1 Properties of petroleum hydrocarbons
Petroleum is found on Earth as either liquid crude oil, gaseous natural gas, or solid or highly
viscous bitumen (Hyne, 2012). In all its forms, petroleum is mostly composed of hydrocarbons
with varying amounts of other organics. These hydrocarbons are non-polar and their reactivity is
dependent on the number and arrangement of pi bonds in their structures. Sorption ability is
dependent on their partitioning ability and degradability (Widdel & Rabus, 2001). The most
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common hydrocarbons in petroleum are paraffins (15-60%), naphthenes (30-60%), aromatics (330%), and asphaltics (remainder) (Hyne, 2012).
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Fig. 2.5 Oil formation in the Earth’s crust (author’s illustration; adapted from Hyne, 2012).

The difference in organic composition between crude oil and natural gas is summarized
in Table 2.2. They are also categorized by the length of their carbon chains: natural gas contains
carbon chains that are four or fewer carbons long, while crude oil is made up of chains that are
five or greater carbons long (Hyne, 2012). Both crude oil and natural gas also include small
quantities of heavy metals such as vanadium, arsenic, cadmium, mercury, nickel, lead, and
selenium (Evangelou, 1998). Given the diversity of hydrocarbons in petroleum products, a given
mixture is referred to as the total petroleum hydrocarbons (TPH).
Table 2.2 Organic composition of crude oil vs. natural gas
Organic
element
C
H
S
N
O

Crude oil
composition (%)
84-87
11-14
0.06-2
0.1-2
0.1-2

Natural gas
composition (%)
65-80
1-25
0-0.2
1-15
0

Adapted from Hyne, 2012

Once oil is discharged into soil, the different types of hydrocarbons that make up the TPH
undergo different processes. As such, it becomes useful to divide the hydrocarbons based on
their vapour pressure ranges in order to account for changes in hydrocarbon composition and
differential transport mechanisms. Semi- and non-volatile hydrocarbons, which includes diesel13

range organics (DRO), are less soluble and volatile than gasoline-range organics (GRO) and are
more easily sorbed and retained onto soil organic matter (Sadler & Connell, 2003). This group
includes polycyclic aromatic hydrocarbons (PAH). GRO are the more volatile fraction of TPH
and are more susceptible to volatilization, reactions, leaching, and biodegradation. This group
includes small-chain alkanes and BTEX species which have a boiling point between 60-170 ˚C
(Kamath et al., 2004). They also have low viscosity and moderate water solubility.
BTEX species are among the most toxic hydrocarbons and are highly volatile, soluble,
and biodegradable (Faust & Montroy, 1996). As such, this fraction of TPH can easily leach to
the groundwater (Adipah, 2019). When oil is released, BTEX will be the first to be depleted
from the oil plume. This leaves behind a mixture of hydrocarbons that is more like a middle
distillate (Faust & Montroy, 1996). Oxygenates and additives, such as MTBE, ethanol, and other
ethers, also dissolve easily and will be depleted from the free product but increase the overall
length of the oil plume (Faust & Montroy, 1996; Garoma, 2011).
TPH can be found in four phases in soil: as an aqueous liquid; in the non-aqueous phase
liquid (NAPL); vapour in soil gas; and residual oil that has been sorbed onto soil particles; (Faust
VOLATILIZATION
CHEMICAL
REACTION

TPH

DEGRADATION
AQUEOUS
LEACHING

SORPTION

Fig. 2.6 Processes acting on TPH in soil.

& Montroy, 1996). The four key abiotic process that govern petroleum behaviour in soil are
volatilization, sorption, transport, and transformation (Fine et al., 1997). Given enough time and
the appropriate factors, TPH can also be degraded (Fig. 2.6). These processes are explored in the
following sections.
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2.2.2 Soil properties
Soil is generally made up of four naturally-occurring components: inorganic mineral
compounds that include silicon, aluminum, and trace amounts of heavy metals; organic mineral
compounds that are derived from plant residues and include carbon, hydrogen, and oxygen;
solutes (water and dissolved salts); and air, which includes the gaseous phase of oxygen,
nitrogen, and CO2 (Evangelou, 1998).
Petroleum movement is dependent on both the physical and chemical properties of the
geologic media. The main physical factors are the permeability, which is the ability of the soil to
transport fluids, and the porosity, which is the ability of the soil to store fluids. The degree of
heterogeneity of the soil is also important because it can create unpredictable flow paths (Faust
& Montroy, 1996).
Soil organic matter and clays are the chief adsorbents of TPH. Soil organic matter, which
includes compost and humic acid, is capable of sorbing high levels of TPH and some heavy
metals while different types of clays only adsorb heavy metals (Tang et al., 2019).
2.2.3 Volatilization
Volatilization or vaporization is the conversion of a substance from the solid or liquid
phase to the vapour phase at a set boiling point. Volatile organic compounds (VOCs) such as
GROs like BTEX are compounds that can vaporize at room temperature. The volatile TPH
fraction is the most susceptible to changes in the environment and will undergo reactions more
readily than heavier fractions. They are also more easily desorbed from soil particles than
heavier hydrocarbons (Fine et al., Yaron, 1997). Desorption from the soil surface to the vapour
phase depends on the vapour pressure of the hydrocarbon mixture and the soil properties. The
volatilization process “weathers” or changes the composition and preferential transport of TPH
fractions such that over time, a given volume of TPH will have a lower concentration of VOC
(Sadler & Connell, 2003; Brown et al., 2017). Given its lower volatility, mobility, and solubility,
a heavier TPH mixture will persist in the soil and act as a continuous source of contamination
long after the lighter fraction has volatized (Brown et al., 2017). Volatized TPH is also more
soluble than TPH in other phases. As such, it can easily contaminate drinking water by
dissolving into groundwater (Faust & Montroy, 1996). Furthermore, if the vapours accumulate in
pockets in the subsurface or in a relatively contained area on the surface, they can cause fires,
explosions, and decreased air quality (Escobar et al., 2010).
Volatilization depends on the clay and moisture content of the soil and the air
permeability. While liquid penetration is proportional to the soil moisture content, vapour
penetration is inversely proportional. Penetration of TPH vapour may be two to three times
higher than the immiscible liquid front as volatile TPH migrates relatively far along preferential
flow paths (Faust & Montroy, 1996; Fine et al., 1997). As light fractions volatize from the oil,
the residual NAPL becomes more viscous and decreases the intrinsic permeability of loam and
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clay, but not of sand. This is caused by a reduction in the effective porosity of fine-grained soils
through the formation of oil films on the soil surfaces, which does not appear to affect sandy
soils due to their relatively large grain sizes (Fine et al., 1997).
Unlike liquid or solid phase TPH, vapour phase TPH can migrate upward relatively easily
rather than solely downward and/or laterally. Vapour transport to the surface depends on the airfilled porosity and the physical properties of the soil which in the vadose zone can be highly
variable between locations (Escobar et al., 2010). An increased clay content lowers volatilization
rates as the clay particles block vapour-phase TPH from mobilizing while a lower clay content
allows vapour phase TPH to travel toward the surface and evaporate. A laboratory column study
using typified weathered gasoline found that TPH volatilization took longer to reach a nearsteady state in fine-grained soil than in coarse- to medium-grained soils, which was likely caused
by soil particles blocking gas transport in the fine-grained soil (Escobar et al., 2010).
Once at the surface, evaporation of TPH into the air is dependent on time, moisture, and
temperature. Evaporation is highest in hot, dry weather over a long period of time. If evaporation
is very high, there is a risk for the vapour in the air to exceed air quality standards and/or the
minimum risk for flammability. However, this scenario is more likely in the event of a surface
oil spill rather than a subsurface spill that has volatized (Grimaz et al., 2008).
2.2.4 Sorption
Another form of TPH movement in soil is sorption, which is the process by which a
compound in solution accumulates on particle surfaces through either adsorption (electron
sharing between the surface of the mineral and the compound), hydrophobic interactions, and/or
precipitation (Evangelou, 1998). Along with entrapment, where NAPL becomes trapped in soil
pore spaces, sorption is one of the two ways in which soil can retain TPH.
In soil, TPH will be sorbed with the organic matter (Fig. 2.7), while heavy metals can be
sorbed by either soil organic matter or clay (Sadler & Connell, 2003). Natural inorganic clays are
ineffective sorption media for TPH because they contain inorganic cations such as Na+, K+, and
Ca2+ that create a hydrophilic environment at the mineral particle surface, therefore repelling
TPH (Jaynes & Vance, 1999). Sorption can occur either from the vapour phase or the liquid
phase.
The strength of TPH sorption will vary according to the nature of the specific
hydrocarbons and the organic matter content of the soil, the latter of which is mainly responsible
for the sorption of organic contaminants (Sadler & Connell, 2003; Evangelou, 1998). Heavier
fractions of TPH (i.e. DRO and PAHs) are more readily adsorbed onto soil than volatile fractions
(i.e. GRO). Volatile fractions may be adsorbed, but they are also desorbed relatively easily due
to weaker interactions between the hydrocarbons and the functional groups of the soil organic
matter (Sadler & Connell, 2003).
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Fig. 2.7 TPH interactions with soil (enlarged but not to scale; adapted from Sadler
& Connell, 2003).

Mathematically, TPH sorption from the vapour phase onto soil organic matter can be
described by the Freundlich isotherm, which describes the dissolved concentration of an
adsorbate per unit adsorbent in either mg/L or mg/kg (Evangelou, 1998). Fine et al. (1997)
reported that under this model, soils with higher soil organic matter exhibit higher distribution
coefficients, meaning they have higher adsorption capacities. Humic acid is the dominant sorbent
of organic contaminants and heavy metals in soil organic matter due in part to its high specific
surface area and varied functional groups (Tang et al., 2019).
During sorption of TPH from vapour, the aqueous phase, and NAPL, part of the water in
the interlayers of the soil is replaced by TPH in a process called intercalation (Fig. 2.7). If the
soil is completely dehydrated, the silicate layers of the clay will collapse and block TPH
intercalation. If an organic particle is too large to penetrate the interlayer space, it can only sorb
to external surfaces and thus drier clays will have a greater sorption capacity because water
competes for surface sites. Smaller organic particles can go into the interlayer spaces in air-dry
and moist soils, but not a completely dry soil. Therefore, a clayey soil can neither be too dry or
too wet for TPH adsorption and retention (Fine et al., 1997). The sorption process is different in
sandy soils, where vapour sorption is faster than in clayey soils but the sorption capacity is much
lower. Sorption by sand is also unaffected by the moisture content (Fine et al., 1997).
In sorption from the vapour phase, free mineral surfaces control sorption rather than soil
organic matter. Like in sorption of aqueous TPH and NAPL, an increase in soil moisture content
of clay soils decreases the soil’s sorption capacity (Fine et al., 1997; Ma et al., 2016). Ma et al.
(2016) also found that diesel sorptivity decreased with increasing bulk density and initial water
content in fine-grained clay soil.
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2.2.5 Transport
The physical movement of petroleum in soil is dependent on the hydraulic and physical
properties of the soil, the soil’s hydration status, the composition of the hydrocarbons that make
up the TPH, and the volume of petroleum spilled (Fine et al., 1997; Brown et al., 2017). Crude
oil is generally affected by the same factors that affect groundwater flow. Migration occurs
through capillary forces and gravity, the latter of which has a stronger effect on heavier crude
oils (Faust & Montroy, 1996).
The texture, porosity, and permeability of the geologic media are very important factors
in crude oil movement. These determine if crude oil will be sorbed or transported through the
soil. Primary porosity refers to the grain texture of the soil. It depends on how grains are sized,
and sorted along with the bulk density, and is greatest when the grains are uniform. A non-clay
soil will have decreased primary porosity if it is very heterogenous as smaller grains will fill pore
spaces and block flow pathways, whereas a clay soil would be more porous with greater
heterogeneity. Secondary porosity is the broad-scale porosity of the soil. It refers to fractures,
joints, and cracks in the soil. High secondary porosity facilitates fluid transport over a much
wider area than primary porosity, which is a problem in the case of oil spills (Faust & Montroy,
1996).
Generally, the higher the soil permeability and the lower the viscosity of the oil, the more
infiltration there will be (Brown et al., 2017). Water and NAPL hinder each other’s transport
through soil until the soil reaches a minimum saturation, at which point NAPL will become
trapped in soil pores. The degree of soil saturation by crude oil is the proportion of pore space
that is occluded by the oil (Fine et al., 1997). Soils with a high clay and organic content with a
fine particle size will tend to sorb and retain oil more readily than a sandy-textured soil (Ma et
al., 2016). Fine soils entrap oil more easily, which is the capture of NAPL without sorption.
Upward transport also occurs more readily in fine-grained media due to stronger interfacial
tension and capillary rise (Faust & Montroy, 1996). Conversely, a coarsely textured soil with
large pores (e.g. coarse sandy soil) will facilitate the downward migration of crude oil through
preferential flow paths because water covers soil particles and fills small pore spaces in sandy
soil which forces TPH to flow through larger pore pathways (Ma et al., 2016).
The initial water content of the soil plays a significant role in the infiltration ability of
TPH. Ma et al. (2016) found that in fine-grained soils, a lower water content increased the speed
of TPH infiltration. This is partly because the initial pressure gradient decreases as the initial
water content increases, therefore reducing the initial infiltration rate. Ma et al. (2016) also found
that soil bulk density was a significant factor in infiltration rates. As the bulk density increased,
the pore size of the soil was reduced, thus decreasing the residual porosity and increasing
infiltration time. From this, they theorized that intentionally increasing soil compaction could
extend the migration time of TPH.
If the volume or concentration of the released crude oil is too small or low to overcome
the soil retentive capacity, downward migration will be very limited (Brown et al., 2017). In
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experimental field plots in the United States, Raymond, Hudson, and Jamison (1976) found that
in loamy soils dosed with 2% oil weight by weight (w/w), 99% of the oil mixed with the top 15
cm of soil remained in the top 20 cm of soil after one year. This affected plant growth and water
runoff, but not the groundwater. Where the oil volume is large enough to exceed the sorption
capacity of the soil particles, which is dependent on the soil characteristics, some crude oil will
infiltrate to the vadose (unsaturated) zone following the initial release of the crude (Brown et al.,
2017). The advancing front leaves residual petroleum hydrocarbons behind, which are sorbed
and immobilized by soil organic matter (SOM) through retentive capillary forces (Brown et al.,
2017). If the volume released is smaller than the retention capacity of the soil, the entire volume
will eventually be immobilized (Faust & Montroy, 1996). If it is not, the volume will accumulate
at the capillary fringe (intermediate zone at the water table; Fig. 2.8) where the NAPL will be
partitioned (Brown et al., 2017). Dense non-aqueous phase liquid (DNAPL) tends to accumulate
at the base of the aquifer while light nonaqueous phase liquid (LNAPL) collects at the water
table. The LNAPL lens tends to move with the fluctuating water table and is more likely to
dissolve into the groundwater due to higher solubility than DNAPL. High LNAPL accumulation
can cause compression or collapse of the capillary fringe and a drop in the water table level
(Müller & Sedláčková, 2003). Lateral migration may also occur if the volume and pressure of the
oil front are sufficient and downward migration is hindered (Müller & Sedláčková, 2003).
The phases of oil transport and other processes from a large, fresh oil spill can be seen in
Fig. 2.9. In the initial days and weeks following a crude oil spill, light petroleum hydrocarbons,
especially those with a high ˚API, will evaporate. Some of the oil will spread laterally or begin to
infiltrate depending on its viscosity, the topography, and the soil texture (Brown et al., 2017).
Over a period of weeks to months, the infiltrated oil will continue to migrate through the
vadose zone. Residual hydrocarbons will be sorbed to soil particles and light hydrocarbons will
volatize from the advancing front until it reaches the capillary fringe. Here, LNAPL will form a
layer on the water table and soluble hydrocarbons will dissolve into an aqueous plume in the
phreatic (saturated) zone (Escobar et al., 2010). The dissolved and volatized hydrocarbons will
leave behind a weathered, heavy NAPL. Some of the volatile fraction will undergo
biodegradation (Brown et al., 2017).
Heavily weathered oil can remain in the soil for years to decades. Pockets of it may
remain as a slow, continuous source of contamination (Faust & Montroy, 1996). Heavy oil is
largely immobile and does not volatize easily, nor is it readily degraded (Brown et al., 2017).
Surface DNAPL hardens in aggregates while subsurface DNAPL is biodegraded. This creates a
methanogenic zone in the saturated soil. Incomplete degradation can also result in the formation
of polar metabolites (Brown, 2017).
Conflicting results exist on the effect of rain intensity on TPH mobilization, including
effects from storm surges and flooding. Majdalani et al. (2008) reported some studies that
showed that rainfall facilitated desorption of TPH from soil particles and increased its transport
velocity, while other studies found no effect. In their own study, Majdalani et al. (2008)

19

examined the effects of variable dry periods between irrigations on TPH mobilization as opposed
to constant flow versus air dried soils. They found that the amount
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Fig. 2.8 Oil transport in soil (adapted from Faust & Montroy, 1996).
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Fig. 2.9 Timeline of oil spill weathering (adapted from Brown et al., 2017).

of mobilized TPH increased by up to 15 times when the length of pauses between irrigation
events increased from 1 to 200 hours compared to soils irrigated by a steady stream. The study
authors proposed that cracks and preferential flow rates were induced by capillary stresses during
macropore crust drying. Their findings were supported by other studies that found that TPH
mobilization increased with variable dry periods (Schelde et al., 2002); Zhuang et al., 2007).
2.3 HYDROCARBON DEGRADATION (TRANSFORMATION)
It is important to note that most hydrocarbons occur naturally in the environment.
Problems arise due to anthropogenically-induced concentrations of hydrocarbons in the event of
oil spills. Thus, because hydrocarbons are naturally occurring substances, there exist organisms
that evolved in the presence of said hydrocarbons with biological pathways that can metabolize
them (Widdel & Rabus, 2001). Metabolized hydrocarbons can function either as energy sources
in some plants, animals, and bacteria, or they simply become inert waste products (Widdel &
Rabus, 2001).
Biodegradation of TPH is the mineralization of hydrocarbons to CO2 and H2O (Trindade
et al., 2005). This process is dependent on oxygen availability, temperature, pH, nutrient
availability, the presence of suitable microbial and/or fungal populations, soil water content, and
soil mixing. Most biodegradation is aerobic (Widdel & Rabus, 2001). Aerobic degradation is
largely limited to alkanes with minimal degradation of most alkenes, aromatics, and alkynes,
which can persist in the subsurface (Brown et al., 2017). Some microbes are capable of anaerobic
degradation of alkanes, aromatics, and some alkenes and alkynes (Widdel & Rabus, 2001).
The expected degradation order of hydrocarbons from fastest to slowest is n-alkanes,
branched alkanes, naphthenic and polyaromatic hydrocarbons, and finally heteroatom-containing
compounds. In general, the lighter fraction of TPH contains more species that can undergo rapid
degradation, which is important as light hydrocarbons tend to be much more toxic than heavier
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hydrocarbons. Resins, asphaltenes, and highly condensed alkylated polyaromatics are more
resistant to biodegradation because of stronger bonds and condensed and fixed rings (Brown et
al., 2017). These are biologically inert compounds that can hinder the transport of the degradable
fraction of TPH and make them less bioavailable for degrading organisms, thus acting as ratelimiting compounds for the degradation process (Trindade et al., 2005).
Bioavailability of hydrocarbons is a key factor for successful biodegradation. A theory
for bacterial evolution with hydrocarbons is that anaerobic bacteria deposited with original,
hydrocarbon-rich sediments survived millions of years due to a slow, constant fuel supply
(Widdel & Rabus, 2001). In experiments on the TPH removal efficiency of native microbial
populations in weathered contaminated soil vs. freshly contaminated soil in Brazil, Trindade et
al. (2005) found that there was a ‘sweet spot’ for optimal microbial degradation. Where the
concentration of soil TPH was very low (0.00 ± 0.01 mg∙g-1), the microbial populations did not
have a consistent fuel supply; where the concentration was too high (67.77 ± 0.03 mg∙g-1), the
TPH became toxic to the microbial population (Trindade et al., 2005). Therefore, Trindade et al.
(2005) expected that microbial degradation would not occur in the presence of large oil spills.
The study also found that there was a lag time in the initialization of degradation in freshly
contaminated soils that was not present in weathered soils. They suggested that the lag was due
to a selective phase for the microbial population as they adapted to the addition of TPH.
Saturated and aliphatic compounds were the most easily degraded, but they were also potentially
toxic to the microbial populations. Heavy and sorbed hydrocarbons were not easily degraded by
the microorganisms. Bioaugmentation with previously adapted native microbial populations plus
biostimulation (addition of nutrients) decreased the lag time and increased biodegradation
efficiency (Trindade et al., 2005). The amount of nutrients (i.e. N and P) in the soil is an
important factor for optimal microbial activity as they sustain microbial biomass production.
Conflicting evidence exists for the effects of sorption on biodegradation. Trindade et al.
(2005) found that if there is a weakening of sorption between the soil organic matter and TPH, it
results in increased bioavailability and the TPH is degraded more readily because it is not bound
to particles. The amount of soil organic matter is inversely proportional to the rate of
biodegradation. Therefore, biodegradation rates are usually higher in sandy soils than clayey
soils. Adding extra soil organic matter to the soil can increase the humic acid content, which
increased the soprtion of hydrocarbons in the soil and decreased the rate and extent of
biodegradation. In the Brazilian soils, they found that biodegradation slowed after 35 days,
which they suggested was because the microorganisms had used up all the bioavailable
hydrocarbons, and the residual asphaltenes were inhibiting the transport of the remaining
degradable fraction.
Conversely, Brown et al. (2017) found that after the addition of TPH to soil, an initially
high sorption rate by the soil organic matter was followed by increased bioavailability and
biodegradation of TPH due to humic acid acting as a carrier for mass transport of TPH. The
addition of organic matter increased sorption and mobility of TPH by drawing oil from the
NAPL phase and slowly releasing TPH as it decayed. Both studies included data on weathered
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soils; the difference in results could have been due in part to the difference in climate between
tropical and temperate study locations.
Biodegradation is faster in warmer and more humid climates due to increased microbial
activity and higher vapour pressures that can contribute to TPH evaporation (Gawdzik &
Żygadło, 2010). The increase in microbial activity is caused partly by higher soil nutrient levels
and partly by increased microbial metabolism speed at warmer temperatures. In cold climates,
microbial activity is reduced due to soil nutrient limitations (Brown et al., 2017).
Crude oil near the surface is also degraded more rapidly than oil that is deeper in the
subsurface due to a combination of larger microbial populations and photooxidation (Duffy et
al., 1980). The availability of oxygen determines whether TPH will be degraded aerobically or
anaerobically. Generally, aerobic degradation occurs closer to the surface while anaerobic
degradation occurs deeper in the subsurface.
2.3.1 Aerobic degradation
Microbes utilize hydrocarbons for energy through hydrocarbon oxidation. Aerobic
degradation occurs when hydrocarbons are activated by oxygen, which becomes the final
electron acceptor during the oxygenase reactions. Part of the degraded hydrocarbons go to the
cell mass, and part go to H2O and CO2 (Widdel & Rabus, 2001). Under aerobic conditions,
heavy long-chain n-alkanes can be degraded completely while more complex species may be
degraded incompletely (Brown et al., 2017). The landscapes in which aerobic degradation will
occur will depend on the depth to the water table. In some areas, since most large pipelines are
buried at 1.5 m below the surface, anaerobic degradation will be more likely to occur than
aerobic degradation if the pipeline is within the saturated zone. If, however, the pipeline is still
within the vadose zone at 1.5 m deep, aerobic degradation will be more likely to occur.
2.3.2 Anaerobic degradation
In the anaerobic pathway, hydrocarbons are oxidized by NO3-, Fe (III), or SO42-. The
products of these reactions are either H2O, CO2, or methane, which is only produced in this
pathway. Occasionally, aromatic hydrocarbons can be formed as biological degradation products
(Widdel & Rabus, 2001). Most anaerobic degradation is conducted by bacteria in the subsurface,
but some species of fungi can degrade PAHs in low oxygen conditions (Brown et al., 2017).
Anaerobic fuel degradation is around 10 times slower than aerobic degradation (Müller &
Sedláčková, 2003) but it can still degrade BTEX effectively if the incubation time is sufficient.
Toluene is readily degraded anaerobically and many of the same bacterial strains that degrade it
can also degrade xylenes. Other strains exist that are capable of ethylbenzene degradation. The
only species that cannot be degraded with pure, natural cultures under anaerobic conditions is
benzene, though some studies have shown that it can be done using a mixture of enriched
bacterial cultures that use multiple oxidation agents (Widdel & Rabus, 2001).
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2.3.3 Phytoremediation
Plants are capable of degrading, storing, and volatizing TPH from soil through several
mechanisms which are listed in Table 2.3. The specific mechanism that occurs is dependent on
the type of contaminant. Remediation of TPH most commonly occurs via rhizodegradation
and/or phytovolatilization.
The most efficient degradation takes places in or near the rhizosphere, which is the
microbiome that is the zone of soil that is directly influenced by plant roots (the zone receiving
root exudates). Rhizosphere activity is highest during warmer seasons (i.e. summer and autumn)
since microbial activity is dependent on soil temperature, moisture, and nutrients (Wang et al.,
2018). Engineered soils inoculated with nutrients could increase rhizosphere activity in the cold
climates and thus enhance microbial degradation of TPH.
Grasses and legumes are the most effective types of plants for TPH remediation. Trees
such as Populus and Salix spp. are currently being studied as previous studies have found that
trees may enhance anaerobic degradation because root depth and therefore the size of the
rhizosphere increases as trees age. Microbial populations change as trees age, so there is a
possibility that microorganisms that are capable of anaerobic degradation could eventually
become part of the rhizosphere (Newman & Reynolds, 2003). An additional aspect of tree impact
is the local change in water balance, which reduces downward water flux. A summary of plants
that are both capable of remediating TPH and appropriate for the Canadian context are given in
Table 2.4.
Given the sheer number of interactions in the rhizosphere, it is difficult to determine the
exact mechanisms of phytodegradation, but it is known that plants can degrade, adsorb,
accumulate, and volatilize compounds in the soil and enhance the actions of the rhizosphere
through their influence on water movement and microorganism activity (Newman & Reynolds,
2004). Phytoremediation is effective for both light and heavy fractions of TPH, but heavier
petroleum compounds require a longer time for effective remediation (Newman & Reynolds,
2003).
In column studies using jet fuel (typically kerosene) as a proxy for TPH, Karthikeyan et
al. (2003) found that plants facilitated upward water movement which drew the petroleum
compounds toward the surface and prevented water and contaminants from percolating
downward. They found that jet fuel was degraded more efficiently in vegetated columns
compared to unvegetated columns. This was because vegetation fosters larger and more diverse
rhizosphere communities which include a more diverse suite of oil-degrading microorganisms
(Karthikeyan et al., 2003). Different types of vegetation promote different communities of
microorganisms. In turn, the microorganisms generally increase plant growth. TPH
contamination causes soils to become more hydrophobic when they bind to soils, which reduces
the soil’s water retention capacity and impacts plant growth (Brown et al., 2017). Therefore, the
inoculation of soil with microbial populations could improve this issue.
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Table 2.3 Mechanisms of phytoremediation
Type

Mechanism

Phytoextraction

Plants take up contaminants via the root
system and store them in aboveground tissues
(stems and leaves)

Phytodegradation

Plants metabolize contaminants and store byproducts in tissues

Phytostabilization

Plants take up contaminants via the root
system and store them in belowground tissues
(roots and rhizomes)

Phytovolatilization

Plants metabolize contaminants and expel the
by-products to the atmosphere as gas via
transpiration

Rhizodegradation

Microbiota in the plant rhizosphere break
down contaminants

Rhizofiltration

The plant root system filters out contaminants
as it takes up water

Todd, 2013

Table 2.4 Plant species capable of TPH remediation
Species
Festuca arundinacea Schreb.
Tall fescue
Festuca rubra L.
Red fescue
Helianthus annuus L.
Common sunflower
Hordeum vulgare L.
Barley
Populus nigra
Black poplar
Populus tremuloides Michx.
Trembling aspen

Plant Type

Mechanism

Grass

Phytodegradation

Grass

Phytostabilization

Herbaceous

Rhizodegradation
Phytodegradation

Grass

Rhizodegradation

Tree

Phytodegradation
Phytostabilization

Tree

Phytovolatilization

Salix spp.
Willow species

Trees & shrubs

Phytodegradation

Secale cereal L.
Rye

Grass

Rhizodegradation

Todd, 2013; Newman & Reynolds, 2003; Park et al, 2011; and Gurska et al., 2009
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2.4 PETROLEUM FATE AND TRANSPORT MODELS
Several petroleum fate and transport models were explored for their suitability for this
study. Most of the models were developed in the late 1990s to 2000s and were designed to be
used by geologists and hydrogeologists. Only one model was a licensed software; the rest were
publicly available, open-source software. See Table 2.5 for preferred input and output parameters
and ranking.
Aside from the models listed in the following sections, several other modelling software
were tested but not included in this overview. These included the U.S. EPA models Hydrocarbon
Spill Screening Model (HSSM), NAPL Simulator, and BIOPLUME III.
2.4.1 BIOSCREEN
BIOSCREEN is a Microsoft Excel-based model that was developed by the U.S. EPA to
simulate the natural attenuation of released hydrocarbons at petroleum spill sites through aerobic
and anaerobic degradation. BIOSCREEN simulates BTEX transport with either no decay, 1st
order decay (simple), or instantaneous biodegradation reaction with multiple electron receptors.
The output of the model is the extent, concentration, and degradation of a contaminant plume
over a given period in the horizontal direction. BIOSCREEN uses a graphical user interface
(EPA, 1996).
The graphic interface for BIOSCREEN is simple to use and output data is easy to
interpret, but it requires complex data as inputs such as three-dimensional dispersion data. This
makes it difficult to use for theoretical spills. Consistent with other American model software
listed below, the input units are in Imperial, which necessitates conversion of output data as there
is no option for Metric input.
2.4.2 Daisy Model
Daisy is an open-source agricultural simulation model developed by the University of
Copenhagen. It is capable of simulating water flow, solute transport in the form of pesticide
compounds (though new solute compounds may be specified), soil organic matter turnover, soil
vegetation atmosphere transfer, and crop models. It is also capable of modelling degradation.
The outputs are water, nitrogen, carbon, and pesticides in the near-surface soil zone.
Daisy is a complex model with a steep learning curve. While the number of inputs make
it a very robust and complete model, the data-gathering and synthesis stage can be intensive,
especially where new contaminant parameters must be specified. It is not suitable for beginner
modellers.
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2.4.3 EMSOFT
The Exposure Model for Soil Organic Fate and Transport (EMSOFT) is a U.S. EPA
model that simulates mass flux to the atmosphere and soil concentration as a function of depth
and time for organic compounds. The model assumes a homogeneous soil column, no
degradation, and that linear equilibrium partitioning relationships are valid. Input parameters
include soil fraction organic carbon (foc), temperature, porosity, and soil water content. Soil
concentration output is limited to a depth of 100 cm. A profile is not generated for anything
beyond this depth. The initial concentration of contaminant is non-continuous, in that it does not
represent a continuous leak source, but a finite spill. EMSOFT uses a graphical user interface
(EPA, 2002).
The graphic interface and limited number of parameters make EMSOFT easy to learn and
use. However, its applicability is limited by its simplicity. It is not suited for complex models
and simulations that take place further than 100 m below grade.
2.4.4 LDRM
The American Petroleum Institute (API) LNAPL Distribution and Recovery Model
(LDRM) is a free-product recovery model for LNAPL transport and spills that assumes a
monitoring well has been inserted into a given soil column. Up to three distinct soil layers may
be included in the model, the input parameters of which include the porosity, hydraulic
conductivity, the van Genuchten parameters n and a, the irreducible water saturation, and the
residual LNAPL saturation. The organic carbon portion of the soil is not considered. LNAPL
recovery via either trench or well may be modelled. If recovery is disregarded, the graphical
model output includes saturation profiles, specific release volumes, and LNAPL distribution.
Degradation is not included in the model. LDRM uses a graphical user interface (API, 2007a).
LDRM is simple to use and interpret due to its user-friendly interface. However, it may
not be suitable for environmental modelling as the input parameters that are included are
designed to maximize its use in oil recovery. Additionally, some parameters would require field
data.
2.4.5 MODFLOW + MT3D
MODFLOW is a program developed by the United States Geological Survey (USGS)
that simulates groundwater flow through aquifers by using Fortran code to solve groundwater
flow equations. It is a complex, modular program that can model groundwater/surface-water
systems, solute transport, variable-density flow, aquifer-system compaction and land subsidence,
parameter estimation, and groundwater management using various “packages”. MT3D-USGS is
the package for solute transport through groundwater and includes degradation. MODFLOW and
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MT3D may be used with graphical user interfaces such as ModelMuse but were designed to be
run through text input files and code (USGS, 2019).
MODFLOW is extremely intensive and not suitable for beginners. Training in
hydrogeology and coding would be necessary. Nevertheless, it is the industry standard for
modelling groundwater flow and contamination because of its robust computing powers and
number of input parameters.
2.4.6 STOMP
Subsurface Transport Over Multiple Phases (STOMP) is a licensed software distributed
by Pacific Northwest National Laboratory. While originally developed for geologic nuclear
waste repository performance monitoring, STOMP has been expanded to radionuclide fate and
transport, soil desiccation, NAPL fate and transport, and water flow. It is a modular program that
can solve flow equations for heterogeneous soil media for various phases and components and
includes degradation. STOMP was designed with variable source code and is run through the
selection of an operational mode and text input files (PNNL, 2019).
While it is a very robust software that has an extensive input parameter list and can
accommodate layered soils and continuous NAPL leaks, soil organic carbon content is
disregarded. Additionally, the cost of the program may be prohibitive for some users.
Furthermore, it would also require training in coding and hydrogeology to fully exploit it.
2.4.7 VLEACH
Vadose Zone Leaching (VLEACH) is an EPA software that models the effect of a
chemical compound on groundwater through the processes of liquid-phase advection, solidphase sorption, vapor-phase diffusion, and three-phase equilibration of leached VOCs. The input
parameters are similar to that of EMSOFT, but the maximum simulation depth output is greater
and polygons with laterally distinct soil characteristics may be modelled. Vertically, the soil
column within each polygon is still assumed to be homogeneous. The outputs are the individual
and total impact to groundwater by polygon and the concentration by depth for each polygon
(EPA, 1997).
Sensitivity analyses conducted by Rong (1999) showed that VLEACH provides
conservative outputs but was reasonably consistent when compared with laboratory experiments
that used the same input parameters as the VLEACH simulations. The analysis also showed that
the soil-water partition coefficient calculated in VLEACH was generally lower than in field
conditions, therefore making it likely that VLEACH underestimates sorption. This would
contribute to the model’s conservative output. Finally, the analysis found that VLEACH is
sensitive to changes in the simulation time step, Δt, and height of the model cell, Δz, in that the
aqueous phase concentration of the tested contaminant decreased with both decreased Δt or Δz
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•
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•

•

•
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•
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•

STOMP

•
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Table 2.5 Presence/absence of preferred model input parameters

•

•

•

•

BIOSCREEN

(Rong, 1999). Rong (1999) therefore recommended Δt = 0.01 and Δz = 1 ft (0.305 m) for most
simulations.

Chapter 3. Methods
The methods for each objective will be divided into two research modules. In the first
module, the US Environmental Protection Agency (EPA) software VLEACH will be used to
model contaminant flux and concentration by depth over a given amount of time at varying
temperatures, soil moisture contents, and organic matter contents (Fig. 3.1). The second module
will estimate the range of plausible spill sizes that the system should accommodate through case
study reviews and numerical modelling.
3.1 MODULE 1: SFS RECOMMENDATIONS
The contaminants used for the simulation were the VOCs benzene, toluene, ethylbenzene,
and xylene (BTEX). These contaminants were chosen because they are highly toxic and mobile
chemicals that are present in LNAPLs, and because they are well-represented in the literature.
The simulation was set up to model an LNAPL spill of 0.01 m3, which would be in the range of
plausible spill sizes that the system could accommodate (CERc, 2019), with corresponding
concentrations of BTEX (Table 3.3).

Construct

Measure
of
construct

Independent variables

Dependent variable

Soil properties

Petroleum
contamination of
groundwater

Soil moisture content (high/low)
Temperature (high/low)
Fraction organic carbon
(natural/enhanced)

Contaminant mass flux
to groundwater (g/yr)

Fig. 3.1 Module 1 simulation variables.

Soil data from previous studies were used to define the parameters for the soil textures
used in the model. The two textures were sandy (coarse texture) and clayey (fine texture). The
coarse texture and fine texture in the model correlated with actual conditions in chernozemic
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soils of southern Alberta (Curtin et al., 1994; Dasog et al., 1988; Evett et al., 2008; Miller et al.,
1999; Toogood, 1976). Using VLEACH, the above parameters were used to run two calculations
that informed the design considerations of the SFS. The model was first run with a constant
fraction of organic carbon (foc) based on field data with combinations of soil water content
(high/low) and temperature (high/low).
The second stage of modelling repeated the above process, but the organic carbon content
was increased to 10% (i.e. foc = 0.1). This run was used as a proxy to model the effects of a
sorbent layer. The model was run with the same combinations of soil water content (high/low)
and temperature (high/low).
The data were used to compare concentration vs. depth at the end of the simulation period
and flux to groundwater vs. time based on soil water content, temperature, and the organic
carbon content. Together with soil and climate data from three distinct Canadian pipeline
landscapes, the data were used to determine the responses to SFS design based on the context in
which it is constructed, and to estimate the optimal capacity for such a system.
3.1.1 Model assumptions and governing equations
3.1.1.1 Model assumptions
VLEACH simulates contaminant movement in the aqueous and sorbed phases by mass
flux and the gaseous phase by diffusion. The equilibrium distribution of the contaminant between
these three phases is calculated. The assumptions of the model are as follows:
1. Partitioning between the phases is described by linear isotherms (adsorption
relationship between sorbent and sorbate).
2. Equilibrium is instantaneous in each cell.
3. Water movement and content in the vadose zone is constant.
4. Liquid phase dispersion is disregarded, and contaminant flow is simulated as a
“plug”; as such, the model outputs are conservative with regards to total final
contaminant concentration.
5. No degradation occurs.
6. Soil conditions are homogeneous.
7. NAPL are disregarded.
8. The total initial contaminant mass is assumed to be in the aqueous (dissolved) phase.
9. No stochasticity is present.
3.1.1.2 Governing equations
VLEACH models spatiotemporal contaminant transport via gaseous diffusion,
adsorption, and liquid advection. These processes are described in the following equations:
31

Equation 3.1: Liquid phase advection
𝜕𝐶𝑙
𝑞 𝜕𝐶𝑙
=− ∙
𝜕𝑡
𝜃 𝜕𝑧
Where

Cl = concentration of the contaminant in the liquid phase (g/ml)
q = Darcy velocity of infiltrating water (m3/s)
θ = soil moisture content (dimensionless)
ρ = bulk density of soil (g/ml).

The variables z and t represent space and time, respectively.
Equation 3.2: Gaseous diffusion
𝜕𝐶𝑔
𝜕 2 𝐶𝑔
= 𝐷𝑒 ∙
𝜕𝑡
𝜕𝑧 2
Where

Cg = concentration in the gas phase (undefined)
D = effective diffusion coefficient of the contaminant in the gas phase
(dimensionless)

Equation 3.3: Adsorption
𝐶𝑠 = 𝐾𝑜𝑐 ∙ 𝑓𝑜𝑐 ∙ 𝐶𝑙
Where

Koc = organic carbon partition coefficient of the contaminant
(dimensionless)
foc = fraction of organic carbon in the soil (dimensionless)

Equation 3.4: Total contaminant mass in soil
𝑀𝑇 (𝑧, 𝑡) = ∆𝑧[𝜃𝐶𝑙 + (𝜑 − 𝜃)𝐶𝑔 + 𝜌𝑏 𝐶𝑠 ]
Where

φ = soil porosity (dimensionless)

Following the calculation of total soil contaminant mass, the equilibrium concentrations
of the individual phases are calculated.
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Equation 3.5: Equilibrium in the gaseous phase
𝐶𝑔 (𝑧, 𝑡) =
Where

𝐾𝐻 𝑀𝑇 (𝑧, 𝑡)
[𝜃 + (𝜑 − 𝜃)𝐾𝐻 + 𝐾𝑑 𝜌𝑏 ]

Kd = distribution coefficient (ml/g)
KH = Henry’s Law constant (dimensionless)

Equation 3.6: Equilibrium in the aqueous phase
𝐶𝑙 (𝑧, 𝑡) =

𝑀𝑇 (𝑧, 𝑡)
[𝜃 + (𝜑 − 𝜃)𝐾𝐻 + 𝐾𝑑 𝜌𝑏 ]

Equation 3.7: Equilibrium in the sorbed phase
𝐶𝑠 (𝑧, 𝑡) =

𝐾𝑑 𝑀𝑇 (𝑧, 𝑡)
[𝜃 + (𝜑 − 𝜃)𝐾𝐻 + 𝐾𝑑 𝜌𝑏 ]

3.1.2 Model setup
3.1.2.1 Physical parameters
Simulation parameters:
Simulation time:
Time step:
Output time interval:
Profile time interval:

1 year
0.01 year
1 year
1 year

This simulation time was selected to test the effects of a single contamination event in the
absence of continuous leak modelling capabilities. A longer simulation time was not used as the
model assumes that no degradation takes place, and thus the results would be more conservative
than for a year-long simulation. The time step length was chosen so that short-term effects could
be analyzed at different points along the simulations, and because smaller time-steps would not
produce significantly different results (Rong, 1999).
Polygon parameters (Fig. 3.2):
Area of polygon:
Vertical cell dimension:

1.00 m2
0.10 m
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Number of cells:
50
Height of polygon:
5.00 m
Depth to contaminated layer: 1.50 m
Depth of contaminated layer: 1.00 m
AREA OF POLYGON = 1.00 m2
VERTICAL CELL DIMENSION = 0.10 m

HEIGHT OF POLYGON = 5.00 m

CONTAMINATED AREA = 1.00 m

TOTAL NUMBER OF CELLS = 50

Fig. 3.2 Polygon parameters.

The polygon size, depth, and cell size were largely chosen for ease of calculation when
determining the initial contaminant concentration. The depth to the contaminated layer was
selected as the depth at which a pipeline is typically buried, which is 1.50 m below grade.
Soil parameters:
Table 3.1 Constant soil properties
Property

Sandy Soil

Porosity
Bulk density (g/cm3)
Avg. recharge rate (m/yr)

0.350
1.600
0.0650

(Dasog et al., 1988; Miller et al., 1999; Curtin et al., 1993)
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Clay Soil
0.400
1.500
0.0650

Table 3.2 Independent soil properties
Property
Soil water content (high)
Soil water content (low)

Sandy Soil
0.140
0.0600

Clay Soil
0.380
0.270

Temperature (summer)

6.0 ˚C

6.0 ˚C

Temperature (winter)
Fraction organic carbon (natural)
Fraction organic carbon (enhanced)

1.5 ˚C
0.0250
0.10

1.5 ˚C
0.0340
0.10

(Evett et al., 2008; Toogood, 1976)

The soil input parameters (porosity, bulk density, average recharge rate, soil water
content, temperature, and natural foc) were the result of a literature review of typical soil
properties in southern Alberta (Curtin et al., 1993; Dasog et al., 1988; Evett et al., 2008; Miller et
al., 1999; Toogood, 1976). These parameters were selected as the median of the values reviewed.
Typical soil properties were chosen to get a broad sense of how oil would behave in many areas
of a pipeline landscape in the area with the densest concentration of federal transmission
pipelines.
The enhanced foc value was selected as a conservative increase from both natural foc and
from the suggested foc given for engineered filter soils (Ingvertsen et al., 2012).
3.1.2.2 Contaminant parameters
Simulation concentrations for BTEX were based on their concentrations in 0.01 m3 of a
light crude oil (Yang et al., 2017). The parameters required in VLEACH for contaminant input
were the organic carbon distribution coefficient (Koc), Henry’s Law constant (KH), water
solubility, and free air diffusion coefficient. User-defined chemical parameters were the initial
soil concentration (Table 3.3) and the dimensionless KH, which is temperature dependent.
Standard chemical properties from a database were used for the other parameters and can be
found in Table 3.4 (GSI Environmental, 2019).
Table 3.3 Initial contaminant concentration
Chemical

Sandy Soil (mg/kg)

Clay Soil (mg/kg)

Benzene

16.875

18.000

Toluene
Ethylbenzene
Xylene, mixture

23.125
4.625
74.375

24.667
4.930
79.333

(Yang et al., 2017)
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To calculate KH at the given simulation temperatures, the following equations were used
(EPA, 2002).
Equation 3.8: Henry’s Law constant at the average soil temperature (dimensionless)
1
1
𝑒𝑥𝑝 [∆𝐻𝑣,𝑇𝑠 (𝑇 − 𝑇 )] 𝐻𝑅
𝑆
𝑅
𝐾𝐻 =
𝑅𝑇𝑆
Where

ΔHv,Ts = enthalpy of vaporization at the average soil temperature
(cal/mol),
TS = average soil temperature (˚K)
TR = Henry’s Law constant reference temperature (˚K)
HR = Henry’s Law constant at the reference temperature (atm-m3/mol)
RC = gas constant (1.9872 cal/mol ˚K)
R = gas constant (8.205 x 10-5 atm-m3/mol ˚K)

Equation 3.9: Enthalpy of vaporization at the average soil temperature (cal/mol)
𝑇
(1 − 𝑇𝑆 )

𝑛

𝐶
∆𝐻𝑣,𝑇𝑠 = ∆𝐻𝑣,𝑏 [
]
𝑇𝐵
(1 − 𝑇 )
𝐶

Where

ΔHv,b = enthalpy of vaporization at the normal boiling point (cal/mol)
TC = critical temperature (˚K)
TB = normal boiling point (˚K)
n = exponent (dimensionless)

The results of these calculations are presented in Table 3.4 and Table 3.5.
Table 3.4 Chemical input properties
Chemical

Kfoc* (ml/L)

KH6⁑

KH1.5⁑

Free Air Diffusion
Coefficient (cm2/day)

Benzene

58

0.62

0.81

7,603

Toluene

139

0.76

0.99

7,517

Ethylbenzene

220

1.11

1.54

6,480
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Chemical

Kfoc* (ml/L)

Xylene, mixture

350

KH6⁑
0.79

KH1.5⁑

Free Air Diffusion
Coefficient (cm2/day)

1.03

6,394

*Organic carbon distribution coefficient
⁑
Henry’s Law constant at average soil temperature in ˚C, dimensionless
(GSI Environmental Database ; EPA 2002)

Table 3.5 Enthalpy of vaporization at average soil temperature (ΔHv,Ts)
Chemical

Enthalpy of Vaporization,
ΔHv,b at 6 ˚C (cal/mol)

Enthalpy of Vaporization,
Hv,b at 1.5 ˚C (cal/mol)

Benzene

8,162.41

8,207.48

Toluene

8,350.89

8,386.77

Ethylbenzene

10,200.65

10,251.34

Xyelene, mixture

10,348.31

10,399.42

(EPA, 2002)

3.1.3 Data analysis
The data generated from VLEACH will be analyzed through graphic analysis. This
method was chosen due to the small sample size of the study.
3.2 MODULE 2: LEAK RATE ESTIMATION
To estimate the ideal range of spill volumes that an SFS should contain, CER (c, 2019)
oil spill data from the ten-year period of 2008-2018 were analyzed along with the simulation
results and maximum leak detection system sensitivity. Factors that were considered included the
frequency of oil spill volume ranges, total accumulated spill volumes, unaltered soil sorption
capacity, and environmental toxicity.
In addition, the accumulated volume of crude oil spilled from a 50-year-old, unchecked
pinhole leak was calculated as an example estimate of the size of spills that could be expected
from these types of leaks. Data from the Enbridge Mainline pipeline was chosen because it
transports both light and heavy crude oil, it is a large-diameter transmission line, it is over 50
years old, and it crosses many ecozones (CERd, 2019). To calculate the volume of oil, the
following equations were used.
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Equation 3.10: Oil volume flux from pinhole leak
𝑄𝑝𝑖𝑛 = 𝐴𝑝𝑖𝑛 ∙ 𝑣
Where

Apin = cross-sectional area of the leak hole based on a 1.5 mm diameter
pinhole (1.767 x 10-6 m2)
v = fluid velocity (12.184 m/s)

The fluid velocity of Enbridge Mainline was calculated based on the total volume of oil
transported between 2009-2018, 3.9 billion m3 (Enbridge, 2020). Therefore, the leak is assumed
to have started in 2009 and continue to 2059 at the same rate.
Equation 3.11: Pipeline fluid velocity
𝑣=

Where

𝑄𝑝𝑖𝑝𝑒
𝐴𝑝𝑖𝑝𝑒

Qpipe = pipeline flow rate (13.780 m3/s)
Apipe = cross-sectional area of 1.2 m diameter transmission line (1.131 m2)

The results of the leak rate estimation, example 50-year pinhole leak volume calculation,
and the contaminant transport modelling using VLEACH will be presented in the following
chapter.
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Chapter 4. Results
4.1 BTEX TRANSPORT MODELLING
The four contaminants showed the same general trends in most comparable simulations.
Firstly, simulations in both natural and enhanced foc sand showed that mass flux peaked and
began to decrease in most scenarios, while mass flux continued to increase over time in clay.
Secondly, sand scenarios showed greater mass flux over time than clay scenarios. Finally,
enhanced foc soils generally showed lower mass flux to groundwater over the simulation period
compared to comparable natural foc scenarios with some exceptions. Detailed results of
VLEACH modelling for BTEX mass flux to groundwater are presented in the following sections.
4.1.1 BTEX mass flux to groundwater in sand
In sand, with a natural level of foc and where water content and temperature were high,
contaminant flux gradually increased over time at a steady rate in most simulations (Fig. 4.1a,
4.2a, 4.3a, and 4.4a). Benzene was the only contaminant in this scenario to show an eventual
decrease in mass flux (Fig. 4.1a). Where the water content and temperature were high and the foc
level was enhanced from natural levels to 10%, the overall amount of mass flux was lower than
at natural foc, but still steadily increased over time (Fig. 4.1b, 4.2b, 4.3b, and 4.4b). The
simulations run with high water content and low temperature followed the same patterns in both
natural and enhanced foc scenarios, but with slightly elevated mass flux (Fig. 4.1a, 4.2a, 4.3a, and
4.4a).
Mass flux was higher in low water content sand than high water content sand for all foc
levels and temperatures. Flux generally peaked around t = 0.2 except for xylene which peaked
around t = 0.6 (Fig. 4.1a to 4.4b). As in high water content sand, simulations run at low
temperature showed an increase in overall flux.
The benzene simulations showed that mass flux of benzene in enhanced foc sand at low
soil water content exceeded that of natural foc sand around t = 0.8 (Fig. 4.5). Extrapolation of the
data for toluene, ethylbenzene, and xylene suggested that this intersection would occur for these
contaminants given a longer simulation period. Benzene has a very low Kfoc value compared to
toluene, ethylbenzene, and xylene, meaning that it is much more mobile and does not sorb onto
soil as easily (Table 3.4). Its high mobility would cause a high initial flux relative to the other
contaminants, thus depleting the initial contaminant source early on and decreasing the amount
of flux later in the simulation.
Ethylbenzene showed the least amount of flux which was expected given its low initial
concentration (Table 3.3). Benzene showed the greatest amount of flux for all scenarios despite
having the second-lowest initial concentration. For all four BTEX contaminants, the general
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Fig. 4.1a-b Benzene mass flux to groundwater in sand. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.2a-b Toluene mass flux to groundwater in sand. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.3a-d Toluene mass flux to groundwater in sand. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.4a-b Toluene mass flux to groundwater in sand. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.5 Benzene mass flux to groundwater in natural f oc sand vs. enhanced foc sand at
low soil water content over one year. Where T = soil temperature, O = f oc,
H = high value, and L = low value.

trend of mass flux from greatest amount to least amount was, by scenario WLTL > WLTH >
WHTL > WHTH with more flux occurring in natural foc soils than enhanced foc soils.
An analysis of the difference in mass flux between high and low soil water contents and
between high and low temperatures at either natural or enhanced foc was also conducted (Fig.
4.6a to 4.7b). In all sand simulations, the difference in mass flux does not remain above zero as
was expected. Results show that in temperature-averaged, natural foc sand, the difference mass
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`Fig. 4.6a-b Benzene mass flux difference between low and high water content soil in sand.
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flux remained above zero until t = 0.7. Peak mass flux occurs earlier in low water content and
low temperature sand than high water content and high temperature sand. This means that mass
flux continues to increase in high water content and high temperature sand for a longer period as
the contaminant source is depleted more slowly. This accounts for greater mass flux relative to
low water content and temperature sands and thus negative difference values. The delay in peak
time for high vs. low water content soils may be attributed to the blockage of migration pathways
by water particles (Fig. 4.6a and 4.6b). In low water content soils, water does not block the
pathways of the contaminant which would allow there to be a greater and earlier initial flux of
contaminant. The delay in peak time for high vs. low temperature soils may be because
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`Fig. 4.7a-b Benzene mass flux difference between low and high temperatures in sand.

volatilization and sorption efficiency are higher at high temperatures, meaning that less
contaminant is initially available (Fig. 4.7a and 4.7b).
The results of the difference in mass flux in enhanced foc sand suggests that increases in
soil water content would also reduce mass flux to groundwater for a longer period but would
require a longer simulation time to determine if the effect of soil water content would be similar
to the effect seen in natural foc soils. Soil water content also appeared to affect the amplitude of
the difference curves more than temperature in both enhanced and natural foc sand. Finally, the
difference in enhanced foc sand exceeded that of natural foc sand around t = 0.5. This may be due
to the sharp decrease in mass flux difference in natural foc sand caused by the rapid early
depletion of the contaminant source.
4.1.2 BTEX mass flux to groundwater in clay
Results from clay soil scenarios were reasonably consistent between the four
contaminants in terms of general trends in both natural and enhanced foc conditions (Fig. 4.8a to
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4.11b). High soil water content scenarios showed negligible mass flux (≤1 x 10-22) and thus were
not reported.
Initial flux (t = 0) in low water content clay was 393 times lower than in low water
content sand. Decreased temperature showed increased mass flux, while enhanced foc showed
decreased mass flux. However, this appeared to have a less significant effect in clay than in sand.
Benzene showed the highest flux to groundwater over the course of the simulation for both initial
flux and accumulated flux, which was consistent with low water content simulations in sand
(Fig. 4.8a-b).
The difference in mass flux in clay between high and low water content clay and high and
low temperature clay was an average of 27 times lower than sand over the simulation period
(Fig. 4.12a to 4.13b). Subsequently, the difference between high and low curves is also smaller.
The difference in clay does not peak but continues to increase. The continued increase in flux
over time may be due to the relatively high water content of clay regardless of temperature
compared to sand, which would block the migratory pathways of benzene. It is possible that the
trends seen in the sand simulations would also be seen in clay given a longer simulation time as
initial contaminant sources were depleted. Mass flux, and the difference in mass flux, in
enhanced foc clay did not exceed that of natural foc clay.
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Fig. 4.8a-b Benzene mass flux to groundwater in clay. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.9a-b Toluene mass flux to groundwater in clay. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.10a-b Ethylbenzene mass flux to groundwater in clay. Where W = soil water content, T = soil
temperature, H = high value, and L = low value.
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Fig. 4.11a-b Xylene mass flux to groundwater in clay. Where W = soil water content, T = soil temperature,
H = high value, and L = low value.
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Fig. 4.12a-b Benzene mass flux difference between low and high water content soils in clay.
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Fig. 4.13a-b Benzene mass flux difference between low and high temperatures in clay.

4.1.3 Benzene partitioning in natural vs. enhanced foc
Benzene was selected for mass partitioning testing due to its relatively high mobility and
volatility. The results of this test (Fig. 4.14a to 4.15b) are given as the total mass in the vadose
zone (soil column above the groundwater table) per m2.
Simulation results for sorption in all natural foc scenarios in both clay and sand were
reasonably consistent at t = 0 (Fig. 4.14a and 4.15a). Sand scenarios showed higher gaseous
phase concentrations of benzene than clay, while clay showed higher concentrations of liquid
phase
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`Fig. 4.14a-b Mass partitioning of benzene in sand at t = 0 and t = 1.
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`Fig. 4.15a-b Mass partitioning of benzene in clay at t = 0 and t = 1.
benzene. The sand scenarios also showed a slight difference in partitioning in low vs. high
temperature scenarios, in that slightly less sorption occurred at low temperatures.
Greater variation in partitioning was observed at t = 1 compared to t = 0 (Fig. 4.14b and
4.15b). The sand scenarios showed a greater difference in sorption and partitioning in natural vs.
enhanced foc conditions than did the clay scenarios. The sand scenarios also showed a greater
mass loss than clay, which is assumed to be a result of mass flux to groundwater. Similar to the
scenarios at t = 0, clay showed higher partitioning to the liquid phase than sand for all conditions.
While the losses in contaminant mass at t = 1 were expected due to mass flux, the
difference in partitioning between sand and clay was not. The results of the model are consistent
with the results of a study by Ferro et al. (1997), which found that benzene volatilization
increased with increasing pore size. While the clay in this simulation had greater porosity than
sand, the pore sizes would be smaller than in sand which would limit volatilization. Furthermore,
what pore space was available in clay would be partially taken up by water, which would further
decrease the volatilization of benzene.
4.2 LEAK RATE ESTIMATION
4.2.1 Leak rate range estimation
CER oil spill data from 2008-2018 (c, 2019) for all types of petroleum products were
grouped into spill size ranges that increased by order of magnitude (Fig. 4.16). The results
showed that 50.49% of all detected and reported terrestrial oil spills are less than 10 m3 in
volume. This would be below the threshold of a ‘significant’ spill, which according to CEPA
(2019) must be greater than 8 m3 and would require more stringent remediation methods. The
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total accumulated volume over the ten-year period can be seen in Table 4.1. While the number of
spills that are less than 10 m3 accounts for over 50% of the total number of oil spills, the total
volume of spills that are greater than 10 m3 was 85,000 times larger than the total volume of
spills that were smaller than 10 m3. However, this figure includes natural gas spills which leak
more easily than liquid petroleum products, including crude oil, because of increased
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Crude oil spills by volume
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Fig. 4.16 Crude oil spills grouped by volume range increasing by a factor of 10.

Table 4.1 Number of spills and total volume by spill size range (oil and natural gas)
Volume Range

Number of Spills

Total Volume (m3)

<0.10 m³
0.1-0.99 m³
1-9.99 m³
10-99.99 m³
100-999.99 m³
1000-9,999.99 m³
10,000-99,999.99 m³

42
27
85
50
47
28
19

0.296
8.893
284.357
1788.811
15542.470
114862.900
579622.500

100,000-999,999.99 m³
>1,000,000.00 m³

6
1

7803247.00
16500000.000

305

25,015,357.227

Total

volatilization. Upon examination of the data for liquid petroleum alone, of which there were 42
spills from 2008-2018, it was found that 54.8% of spills were not significant according to CEPA
standards (<8 m3) in volume (Table 4.2). The volume of non-significant spills released over the
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ten-year period accounted for 6.0% of the total volume. While the volume of non-significant
spills of liquid petroleum products was still smaller than significant spills, these data do not
include the number and volume of undetected spills. Over time, these could contribute a
significant release volume to the total.
Table 4.2 Significant vs. non-significant liquid oil spills
Non-Significant Spills
Number of Spills
Total Volume Released
2008-2018 (m3)

Significant Spills

23

19

85.35

1344.60

4.2.2 Example 50-year leak spill size
Using a known pipeline, flow volumes over the average lifetime of a pipeline were
estimated to illustrate the leak potential of a pinhole breach. The calculations were completed
using data from the Enbridge Mainline pipeline over the estimated lifetime of a pipeline, or 50
years.
The average flow rate of the Enbridge Mainline pipe was 12.18 m/s. From a pinhole with
a diameter of 1.5 mm, the leak rate from the hole was found to be 2.15 x 10-5 m3/s. This would
amount to a total spill volume of 33,950.41 m3 if the hole remained unchecked for the lifetime of
the pipeline. The total volume shown here would be for a single pinhole on one pipeline. Pinhole
can occur along the entire length of the pipeline. Since it is known that they appear frequently
though the exact data is unknown, it is reasonable to assume that they have the potential to
deposit a substantial cumulative volume of crude oil into the environment over time.
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Chapter 5. Discussion
The results of the VLEACH model and leak rate estimation calculations were examined
to provide recommendations for potential components of an SFS system. They are described in
the following sections.
5.1 VLEACH
The three independent variables studied, those being soil water content, temperature, and
organic matter content, had differing levels of influence on the results of the simulations.
Organic matter had the most effect on mass flux in sand. Water content had the most effect in
clay. This may have been in part because it blocked the sorption of hydrophobic contaminants,
which directly affected the ability of organic matter to change the outcome of the simulation.
Temperature had the least effect. While a reduction in temperature did increase the
amount of mass flux, the effect was not as substantial as that of either organic matter or soil
water content. This was the case for both clay and sand.
In general, all four contaminants showed similar trends in mass flux and partitioning,
albeit at different rates. Benzene showed the greatest initial flux in all simulations and the fastest
depletion in sand simulations despite having the second-lowest initial concentration of all the
contaminants. Peak times in sand occurred first in benzene followed by xylene, toluene, and
ethylbenzene from fastest to slowest. This trend occurred both in natural and enhanced foc sand,
though it was faster in natural foc sand due to its lesser sorptive capacity. A peak time did not
occur in clay as mass flux continued to steadily increase over time. This was likely due to the
relatively high water content of the soil and fine pore size that would block hydrophobic
contaminant movement and maintain the contaminant pool for a longer period. Benzene also had
the greatest initial flux in clay, followed by toluene, xylene, and ethylbenzene. Xylene may have
been less mobile in clay than in sand relative to toluene because of higher hydrophobicity.
Alternatively, xylene has the highest Kfoc value of all the contaminants simulated. Xylene
therefore would be able to sorb more quickly than toluene where the sorption capacity was
greater.
Stuart, Bowlen, and Kosson (1991) found that BTEX sorb competitively when a mixture
contaminates soil with benzene having the highest mobility and low sorptive affinity and xylene
having the highest sorptive affinity. The study compared simulated sorption data to experimental
soil column data and found that the variance was much lower in the simulation competitive
sorption was less significant. In the experimental data, they found that competitive sorption
caused greater discrepancies in partitioning and movement between the contaminants.
Furthermore, the chemicals moved through the soil much more quickly than in the simulations
(Stuart et al., 1991). It is therefore likely that VLEACH underestimates the speed at which
individual BTEX compounds would move through the system in actual conditions. As such, field
experiments would be necessary to determine the effect competitive sorption were to have on
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mass flux. An increased amount of organic carbon would increase sorption and decrease
mobility, which would create a steadier amount of mass flux.
Landscape architects cannot easily influence the soil water content or temperature, but
organic/sorbent content, soil texture, sorption capacity, and planting regime can be influenced.
These factors are the focus of the following recommendations for SFS design that were
generated based on the results of VLEACH and the leak rate estimation.
5.2 SFS RECOMMENDATIONS
The SFS system could either built with new pipelines or retrofitted to existing pipelines
during scheduled maintenance and/or replacement work. Excavating the pipeline for the sole
purpose of installing the SFS may increase environmental disturbance and so is not
recommended.
Though the VLEACH model did not incorporate layered soils, the designed system
would likely need to be stratified in order to maximize efficiency. The suggested layers are a) a
top layer of plants capable of oil degradation; b) a layer of native soil either with natural
microbial populations or inoculated with oil-degrading microbes; an SFS layer surrounding the
pipeline, and; d) a clay lining (Fig. 5.1) These components are explored in detail below.

PHYTOREMEDIATION PLANTS

NATIVE SOIL WITH MICROBES

SFS
PIPE

CLAY / COMPACTED LINING

Fig. 5.1 Suggested SFS components (relative scale, approximate).
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5.2.1 Degradation layers
The surface layer of the SFS system should consist of plants capable of the remediation
of TPH. Prairie grass species such as Festuca spp., Secale cereal L., and Andropogon gerardi
Vitman can be used for phytoremediation as their root systems can extend up to three metres into
the subsurface and they are genetically diverse (Frick et al., 1999). Aprill and Sims (1990) found
that various prairie grass species effectively removed TPH from soil plots compared with
unplanted plots. However, this was correlated with the water solubility of the contaminants and
may be less effective with undissolved compounds. Additionally, many of these species are
native to fire-climax systems. Their flammability may limit their application to this system.
Studies have also found that legumes are effective for petroleum degradation, in part
because of their ability to fix nitrogen at otherwise nitrogen-deprived sites (Yateem et al., 2000;
Dominguez-Rosado & Pitchel, 2004). Legumes native to Canada exist in both boreal and prairie
regions. A variety of plant species should be used in order to maximize degradation efficiency in
dry and wet soils and during both cold and warm months. The concentration of TPH that can be
tolerated is also highly species-dependent (Frick et al., 1999).
While most of the species studied for TPH phytoremediation are limited to grasses and
legumes, some research has been conducted for tree species such as Populus nigra L. Trees
would have deep roots capable of reaching pipeline leaks and a long lifespan. However, trees are
not permitted within the 30 m pipeline ROW and shrub planting requires permission (Enbridge,
2020). These regulations should be reduced to allow the planting of woody species nearer to the
ROW to increase both phytoremediation and rhizosphere microbial activity since tree roots could
still reach into the ROW without impeding surface access.
If microorganisms that are capable of TPH degradation do not exist naturally at the site in
question, their inoculation into the rhizosphere soil layer should be considered as suggested by
Frick et al. (1999). Several species of both bacteria and fungi have been shown to be effective in
petroleum degradation that would be suitable for the Canadian context. It is likely that a variety
of strains would be needed if it were deemed necessary to include microorganisms as most are
only capable of degrading certain types of hydrocarbons (Frick et al., 1999). Caution should also
be exercised here as undesirable exotic species can alter the composition of soil microbial
communities (Zhang et al., 2019).
The results of the leak rate range estimation suggest that, as initially put forth, this system
would be most suited to containing small leaks. The estimated pinhole leak rate of 2.15 x 10-5
m3/s is small but would require a robust degradation system and efficient sorbent. At this rate, a
single pinhole leak would amount to a total spill of 678.02 m3 per year in the absence of
degradation. In this scenario, the system would likely reach capacity. However, the exact time
point at which this would occur is unknown as it would depend on temperature and water
fluctuations, the exact type of sorbent used, and degradation rates.
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5.2.2 SFS layer
The SFS layer would be a mixture of native soil and a petroleum sorbent. The total
amount of sorbent in this layer would need to balance sorption efficiency and plant and
rhizosphere activity. Sorbent inclusion will reduce the bioavailability of hydrocarbons to
remediating plants and microorganisms. Frick et al. (1999) recommend that the texture of this
layer be amended with gravel or sand if the clay content is high since clay minerals will sorb
hydrocarbons more readily than sand. This would be to balance the inclusion of the sorbent
material, which would increase sorption. Otten et al. (1997) found that soils with greater than 5%
soil organic content had very low bioavailability which would limit the ability of plants and
microorganisms to degrade hydrocarbons until the organic matter began to break down. When
organic content was decreased to 1-5%, bioavailability was increased. Part of the SFS design
should be the slow breakdown of the sorbent material and release of contaminants over time so
as not to overwhelm and potentially kill remediating organisms. As the sorbents decay and
release hydrocarbons, they could be slowly taken up by the organisms in the top layers of the
system. Some anaerobic degradation could occur in this layer, but the system would not be
specifically designed for this process.
The baseline organic content in engineered filter soil is 1-3% which balances increased
sorption and the allowance of infiltration. An increase to 10% was used in the simulation because
this system should prioritize sorption and prevent infiltration. For future studies, various
fractions proportions should be tested to establish the most effective fractions in different
landscape contexts and/or under different soil conditions.
There are two options for where to include a petroleum sorbent in the system. The first
would be akin to the idealized column model. In this case, the sorbent would be evenly
distributed throughout the layer which would allow petroleum to sorb to both the sorbent and
native soil immediately. Furthermore, the petroleum would have a higher chance of volatizing if
it did not immediately contact pure sorbent, which would drive it up toward the plant and
microbial degradation layers. A thickness of 30 cm for this type of SFS layer surrounding the
pipeline is suggested based on the dimensions used in non-specific engineered filter soil
(Ingvertsen et al., 2012). A potential issue with this option is that the porosity and lower sorption
capacity of the native soil may allow some NAPL to move downward and accumulate at the
bottom of the system where degradation would be slow. The buildup has the potential to break
through a lining if it becomes too great before it breaks down.
The second option is to have the sorbent in a separate layer from the native soil and
surrounding the pipeline. Since the petroleum would only contact sorbent upon leaking, it would
have less of a chance of escaping since more of it would be sorbed. However, less petroleum
would be able to volatize. This would slow degradation and cause the sorbent material to reach
capacity more quickly. A pure sorbent option may be more appropriate for large spills but given
the low leak rate of the spills to which the system would be targeted, the first option may be
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better for persistent, low-rate spills. A long-term field study would be required to determine
which option would be the most suitable.
Appropriate sorbent materials would be dependent upon the landscape context. Ideally,
the materials could include local waste products in order to reduce costs and environmental
impact. Across heavily forested regions, woodchips and biochar could be used as the sorbent. In
the grassland-dominated parts of the Prairie provinces, straw (acetylated or not), activated carbon
from agricultural waste, or waste wool all provide viable options. Provinces like Ontario with
clayey soils and heavy mineral extraction could use mineral sorbents such as organoclays, locally
extracted diatomaceous earth (freshwater sediment), sepiolites, or zeolites derived from fly ash
(Bandura et al., 2017).
5.2.3 Lining layer
A low permeability layer should be included to prevent infiltration and lateral migration
of petroleum. Test simulations in VLEACH showed negligible flux where soil bulk density was
increased beyond 2 g/cm3. High water content also showed negligible flux. Therefore,
compaction of the bottom and sides of the pipeline trench could serve as a lining. Alternatively,
compacted clay could be introduced in low-clay soils as it would hold water and prevent
infiltration more than a sandy soil.
Tekeste (2019) found that pipeline ROW construction compacts the soil during
construction activities, which inhibits plant growth. Attention should be given to the reduction of
compaction in the upper layers to promote both herbaceous plant growth for phytoremediation
and adequate aeration for aerobic degradation while increasing compaction in the bottom layer.
5.3 LANDSCAPE CONTEXT-SPECIFIC RECOMMENDATIONS
The previous section (5.2) provides recommendations for the general design of the SFS
system. In practice, the system would be context-specific with different requirements for
different types of landscapes. The following sections outline recommendations for alterations to
the general design for various landscape contexts.
5.3.1 Birch/poplar forests
The soils of Canada’s birch/poplar forests are generally moderately dry to fresh shallow
surface layers overtop rocky or coarsely textured substrates (Lee, 2008). Organic content is high
and the soil can occasionally be slightly acidic. The recommended pH range for engineered filter
soils is 6.0-8.0 to promote plant growth (Ingvertsen et al., 2012). However, this soil would likely
not need amendment for the pH as there are already species capable of phytoremediation such as
poplar that can thrive in these conditions.
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As the sand simulations showed greater contaminant flux and loss over time in both
natural and enhanced foc scenarios compared with clay scenarios, sandy soils would likely need a
higher percentage of sorbent content than clayey soils. Given that the organic content of the soil
is relatively high, a mineral sorbent may be more appropriate in this context.
Temperature would also have the potential to fluctuate in this context more so than other
regions of Canada as it is in a temperate zone. More research is required to determine the effect
of and possible solutions for this issue. Achieving consistent snow cover in these landscapes
might help avoid decreasing soil temperatures in winter conditions. Snow cover can be increased
through plants chosen to attenuate winds and accumulate blowing snow.
5.3.2 Boreal forests
Boreal forest soils are high in organic matter. They generally are either loam or clay
loam. Due to the high clay and organic matter content, it is possible that the sorbent content
could be reduced from the general estimate of 10% as the natural sorption capacity of the soil
would be relatively high. Suitable sorbents in the boreal context could be mineral sorbents or
biochar derived from woodchips.
Some boreal areas can have a high saline content due to oil and gas production. High
levels of saline can inhibit TPH sorption and would require amending with gypsum if present
(Howat, 2000).
Boreal soils are also acidic with a pH of 5.0-6.5 (Howat, 2000). Phytoremediation plant
species would need to be tolerant of acidic conditions, cold-hardy, and potentially salt-tolerant.
The potential use of non-native niche-filler species should be considered for this area in the
absence of native plants that would be suitable.
5.3.3 Prairie
Prairie soils can have high organic matter content, or they can be clayey with a relatively
high saline content. Moisture regimes are highly variable and the region is prone to drought
(Gregorich & Anderson, 1985). An organic sorbent should be used in this context alongside
possible amendment with clay to increase both TPH sorption and the water holding capacity of
the soil. This would be to reduce soil cracking and the creation of preferential flow paths for
NAPL. The sorbent could be derived from agricultural waste.
Of the plants for this context, grasses and legumes are proven in TPH degradation and are
suitable for cultivation in the Prairies though the use of fire-climax species should be avoided.
Grasses and legumes would also aid in increasing soil stability due to their extensive root
systems.
5.3.4 Urban
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The urban environment has the potential to be one of the most complex contexts for this
system. Urban soils can be highly heterogeneous, so soil tests would be imperative for the
determination of specific local alterations. This context would likely need a relatively high
natural sorbent fraction to make up for a low amount of natural organic carbon and to increase
rhizosphere activity via the eventual breakdown of a natural sorbent. Furthermore, low soil
nutrients in the urban environment may require amendment with fertilizer to increase plant and
microbial degradation activity.
The SFS system would also potentially need alteration for urban zones to allow
infiltration. While this is contrary to the stated intent of disallowing infiltration, it may prove
necessary to prevent urban flooding in the event of heavy precipitation on concentrated
impervious surfaces. Other contaminants may also enter the system due to stormwater runoff,
and as such, the SFS mixture should more closely adhere to the stated guidelines for engineered
filter soil than in other contexts in terms of soil textures and pH. An option to accommodate
infiltration would be to remove the clay lining and to minimize compaction during pipeline
construction.
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Chapter 6. Conclusions
6.1 LIMITATIONS
6.1.1 Limitations of VLEACH
There were several limitations in VLEACH that affected the results of this study. Most of
these pertained to the simplifications that were inherent in the model. These made the model
simple to operate but maybe less robust than other modelling options.
Soil water content, water table and porewater flux, and temperature remained constant
during the duration of the simulation. This lack of both stochasticity and programmed variance
oversimplified the results and does not reflect changes that would occur over the course of a year
due to seasonal variation. In field conditions, contaminant movement would likely be more
stochastic rather than a smooth curve because of these natural variations. Furthermore, there
would be more variability in the soil itself in terms of texture and organic matter content.
Because the model assumes an idealized, homogeneous soil column, it cannot account for
inclusions or lenses of different textures or compaction that would affect contaminant flux.
However, re-worked soils after excavation and backfill might be more homogeneous than their
undisturbed counterparts. Various studies of NAPL movement in stratified soils have found that
heterogeneities and layering significantly affect movement (Illangasekare, 1998).
Heterogeneities can cause NAPL to separate into small advancing fronts rather than a single
continuous front, while clay lenses and compaction can cause lateral spreading and buildup
between layers (Fig. 6.1).

PIPE
NAPL SPILL

CLAY LENS
INCLUSIONS

CLAY LENS

Fig. 6.1 Conceptual NAPL movement in heterogeneous soils (adapted from EPA, 1995).
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Though the model outputs are conservative and so are likely an overestimation, the
NAPL phase is not included. The impact to groundwater is therefore only a measure of the
amount of dissolved contaminant flux and does not include a NAPL film that could reach the
water table. As such, the actual amount of contaminant shown in the model is likely an
underestimation. Lateral spreading is also not considered.
The absence of degradation as a factor in the model and the inability to model a
continuous leak were substantial limitations, especially for small, persistent leaks in the system.
An SFS would potentially need to be in operation for several decades with a continuous leak.
Over time, the oil would degrade but the rate of this and its accumulation is unknown. It is
therefore imperative that the long-term functionality is understood. Degradation rates would
influence capacity and therefore the design and maintenance requirements of the system. The
degradation rates would be highly dependent on the type of soil, plant suites, and microbiome
activity.
6.1.2 Other limitations
The leak rate capacity of the system could not be definitively calculated due to the lack of
both modelling capabilities and data on the prevalence of pinhole leaks. The estimation
calculations provide a broad estimation but do not account for capacity and degradation over
time.
6.2 IMPLICATIONS FOR LANDSCAPE ARCHITECTURE
There are several implications relevant to landscape architecture from the results of this
study. The first is in the importance of proactive rather than reactive design and the ubiquitous
nature of landscape architecture. Any construction project is built on some type of landscape;
hence landscape alteration is inherent in most if not all construction projects. The inclusion of the
landscape in the design and planning process may not always be conscious, but it is always
present. Therefore, the landscape context—including the soil and its microorganisms—and
potential future issues should be considered from the initial stages of design and built to
accommodate and/or mitigate them (Ahern, 2013). The footprint of any new project should also
consider its impact on the surrounding landscape. This type of thinking is especially important in
any case where environmental contamination or degradation is a risk. While this may increase up
front costs, it will decrease expenses related to remediation and alteration later in the project’s
lifetime. By taking a present system plus future system approach, projects can be built with
rather than in the landscape and therefore be more resilient and sustainable.
This leads to the second implication, which is that landscape architects should be
involved in more novel construction projects to bring this approach to the forefront. This should
not be limited to urban planning, park design, and residential design. Instead, landscape
architects should be involved in infrastructure and industrial projects such as the building of
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pipelines, industrial sites, and energy corridors. Problems related to these landscapes are
extensive and will take both time and interdisciplinary teams to resolve them. If landscape
architecture is part of this process, they would have the opportunity to include green systems
thinking and holistic design into all types of landscapes rather than just in projects where the
landscape is naturally at the forefront. Furthermore, landscape architects could offer adaptive
design solutions that would allow the landscape to take on different purposes throughout its
lifecycle. Potentially, this could include spaces for human and/or conservation use following
abandonment of the original function. Without landscape architects, these strategies may be
overlooked.
The final implication is for the construction of LID. Where a specific contaminant is of
concern in a given landscape, context-specific soil mixtures and planting regimes should be used
rather than generalized LID systems and soil mixtures. The emphasis on current LID features is
on capturing runoff from roads and parking lots and so they are most commonly constructed
adjacent to these locations. The concentration of oil and gas leaks in runoff from here would be
higher than from rooftops or nutrient-heavy locations, but still lower than the concentration from
a pipeline leak. The goal of general LID is to capture a wide range of contaminants, reduce water
contamination, and allow infiltration. This may not be suitable for higher concentrations of
highly toxic contaminants (Richman et al., 1998). Targeted LID features are more likely to be
successful in capturing and removing specific contaminants from the system than generalized
features. Their success in turn would increase the frequency of their construction as an
alternative to traditional grey infrastructure features. Furthermore, soil health and design should
be at the forefront of all designs as it will ensure the overall health of the landscape.
6.3 CONCLUDING REMARKS AND FUTURE DIRECTIONS
This study resulted in a theoretical framework that could be used as the basis for the
development of a series of long-term studies. Soil water content and organic matter content
greatly affected contaminant mass flux and partitioning, while temperature had less of an effect.
Given that landscape architects can influence plant communities, the amount of sorbent in the
soil, and, to a certain degree, the soil texture, these factors should be the focus of the design of
context-specific filter soils. The total soil system must be considered when designing with the
landscape.
Future studies should address the capacity and design specifications of the system in
detail. These should examine specific maximum leak rates, location-based sorbent material
recommendations along with sorbent capacities, degradation rates, and system lifespan
estimations for maintenance purposes. Field studies are necessary due to the variability of the
natural environment that could not be modelled in this study. The system should be tested in
various landscape contexts to determine where it would be appropriate to use and how it would
function in different scenarios.
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If field studies prove it effective, the system could eventually be expanded and altered to
suit different landscapes that need to control specific types of contaminants. This would promote
an increase in green infrastructure relative to grey infrastructure and create more ecologically
functional landscapes. Ideally, this would extend to all new construction projects. Landscapes
should be built with both long- and short-term goals in mind as to persist well into the future.
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