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Abstract
The objective of this study was to develop a mechanistic understanding of remediation in clay lenses in
sand by electrical resistance heating (ERH). Clay lenses are areas of accumulation for dense non-aqueous
phase liquid (DNAPL) and are difficult to remediate. Experiments were performed in a two-dimensional,
saturated porous medium comprising of an electrically conductive, low permeability clay lens embedded
within a less electrically conductive, higher permeability silica sand. This study is based on an
experimental program and mathematical modeling of experimentally measured data. To study the lens
exterior, experiments compared the differences in heating and gas production during ERH between pure
sand geologies and one containing a clay lens. Preferential heating occurred in the lens interiors with
higher rates of heating. Gas production occurred preferentially around the sand-clay interface. Gas
production in the interior of clay lenses after ERH was quantified for lenses composed of kaolin and #2030 silica sand (40%, 70% and 100% kaolin by mass). A measurement technique was developed to
interpret electrical conductivity as gas saturation in the lens. Gas saturations after ERH increased with
decreasing clay fraction, indicating that a connected gas phase capable of rapid mass removal can be
produced in lenses containing moderate amounts of clay. While gas was produced in the pure clay lens, it
is possible that a connected gas phase was not achieved at the applied power and treatment time
considered. To assess mass transfer mechanisms in lenses, pure clay lenses containing dissolved-phase
trichloroethene (TCE) were subjected to ERH to produce gas saturations that were either negligible,
disconnected, or connected. Electrical and chemical concentration data were analyzed using diffusion
models and indicated that TCE concentration reductions where no gas was produced were consistent with
liquid phase diffusion. High gas saturations were likely connected and resulted in non-detect levels of
TCE after heating. Concentration reductions at moderate gas saturations were consistent with multi-phase
(gas and liquid) diffusive transport when the connected gas phase at the lens exterior is considered. The
rate of diffusion increases nonlinearly with gas saturations that are disconnected and immobile, and
enhanced by connected gas at the lens interface.
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Chapter 1
Introduction
1.1 Background
1.1.1 Groundwater as an Essential Resource
Fresh water is a precious, finite and increasingly scarce resource that is essential for life. Population
growth, industrialization and climate change have all contributed to the increasing scarcity of fresh water
on our planet (Hagemann et al., 2013). Increases in water demand currently outpace population growth
by a factor of two (WWAP, 2015) while contamination of existing water sources and changes in the
global hydrological cycle threaten the sustainability of fresh water resources worldwide (Haddeland et al.,
2015; Brandes et al., 2016). These resources include groundwater (Taylor et al., 2013), which in 2010
accounted for approximately 30% of all fresh water withdrawals in the United States (USGS, 2014). The
United Nations has predicted serious shortages of fresh water on a global scale by 2030 (WWAP, 2015).
In the face of water scarcity, the protection and management of water is essential to health and survival,
and important to a great number of people.

Two thirds of the Earth’s surface is covered in water, and at a distance our planet appears as a
predominantly blue orb with green patches. While water is plentiful on earth, 96.5% of it is saline. Only
3.5% is freshwater (Shiklomanov, 1993). Of the freshwater that is available, 68% is locked away and
frozen in glacial formations, and 30% is present as groundwater. Only 0.03% of it occurs as surface
water in lakes and rivers (USGS, 2014). Groundwater represents a large portion of the available fresh
water on earth and if water is to be protected as a resource, groundwater must be a priority.
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Canadians consume between 250 and 350 litres of water per day on a per capita basis (Environment
Canada, 2016) and groundwater represents 25% of that volume on average (Statistics Canada, 2010).
Many rural communities rely on groundwater entirely (CCA, 2010). In the United States, the only
country that consumes more water than Canada on a per-capita basis, groundwater accounts for 30% of
total freshwater usage, 98% of water used for domestic purposes, 42% of irrigation, 60% of livestock
watering, as well as 33% of public supply (USGS, 2014). North America relies heavily on groundwater
at the present, and as demand for water resources grows, groundwater and groundwater contamination
will become increasingly important.

1.1.2 Chlorinated Solvents and Groundwater
Chlorinated solvents have become recognized as a problem facing groundwater quality in the
industrialized world over the last several decades. Substances such as trichloroethene (TCE),
tetrachloroethene (PCE), and 1,1,1-trichloroethane (1,1,1-TCA) are used in industry on the order of
hundreds of millions of litres per year (Doherty et al., 2000a; 2000b) and are persistent in the environment
(Kueper et al., 2014). Most releases of chlorinated solvents into groundwater systems have occurred by
improper disposal or accidental releases during storage or transportation (Longino and Kueper, 1995).
The toxicology of chlorinated solvents has been well studied and negative health effects on humans and
other mammals are well documented. These include carcinogenic effects, damage to the nervous system,
liver and kidney (USEPA, 2006), with a low concentration threshold for harm. Although chlorinated
solvents have a limited solubility in water (e.g., 1100 mg/L for TCE at 25°C), sampled aqueous phase
concentrations at various sites are high enough to present potential serious health concerns to living
organisms. Canadian guidelines set a maximum TCE concentration in drinking water of 0.001 mg/L
(CCME, 2010). Plumes of dissolved solvent have the potential to contaminate drinking water wells, or to
partition to the gas phase and enter buildings by vapour intrusion. Subsurface architecture and
distribution of contaminants often complicate the remediation of chlorinated solvents and other VOC
2

compounds, as evidenced by the 12,000 sites in North America regarded as too complex for remediation
to be completed within 50 to 100 years, representing over $110 billion in estimated cleanup costs (NRC,
2014).

1.1.3 The Importance of Layering and Lenses
By the very nature of its formation, geology is often organized by horizontal layers. Sedimentation and
compaction, glacial advances and retreats have created strata of materials that vary in composition, size
and surface properties, often with very stark contrasts between material types. A common example and
the topic of this thesis is clay adjacent to sand, either as spanning layers or as clay lenses. Clay and sand
have different hydraulic, electromagnetic and thermal properties, and the inclusion of a clay layer or lens
in a sandy geology has an effect on heat and mass transfer processes.

1.1.4 DNAPL Migration and Accumulation
Chlorinated solvents with a density greater than that of water are categorized as dense, non-aqueous phase
liquids (DNAPLs). A wealth of literature on the subject of DNAPL migration and contaminant lifecycle
can be found in Kueper et al. (2014). Owing to their high density relative to water, DNAPLs migrate
beneath the water table upon their release, making them particularly problematic to characterize and
remediate because their physical location can be difficult to determine. Migration can often continue for
decades before a stable configuration is achieved. DNAPL migration is governed by capillary forces, and
will continue as long as the non-wetting DNAPL phase can overcome the entry pressure of the pore
throats of the medium in which it exists (Kueper et al., 1989). Even in a homogeneous medium, pore
throat radii do not have a single value but a distribution, and during migration, portions of the DNAPL
phase will occasionally become trapped and snap off from the main body. The result of this is
disconnected ganglia, which are difficult to characterize because of their small individual volumes. Their
3

high surface area to volume ratio increases the rate at which dissolution into the aqueous phase occurs in
comparison to higher saturation regions of DNAPL. Downward migration will continue until and the
DNAPL will redistribute in the subsurface until a stable configuration of residual and pools is formed
(Kueper et al., 2014), at which point the DNAPL architecture is largely static, altered only by dissolution
into the surrounding groundwater and vaporization into soil gas.

When a DNAPL release that is migrating downwards encounters a horizontal layer with a capillary entry
pressure that is too great for the DNAPL to overcome, pooling begins along with lateral migration along
the surface of the low permeability feature (Figure 1.1). If the DNAPL can eventually overcome the entry
pressure of the horizontal layer, it will enter it and continue downwards. Otherwise, the pool may remain
perched on the lens, or the lateral migration may cause it to spill from the lens and continue its downward
migration. This behaviour is important because it establishes low permeability lenses at DNAPL
contaminated sites as likely areas of high concentration. The presence of DNAPL will affect the
surrounding areas by acting as a source zone for contamination through dissolution in groundwater and by
sorption to soil, producing environmental damage that can last up to hundreds of years.

Figure 1.1. Illustration of a downward-migrating DNAPL release. Low permeability zones produce
lateral movement and accumulation on their surfaces. Complex architectures of pooling with a high
4

surface area can be produced by horizontal, low permeability zones, making them difficult to characterize
and remediate (adapted from Kueper et al., 2014).

1.1.5 Plume Persistence
Over time, dissolved phase chlorinated solvents will eventually diffuse into low permeability layers such
as clay lenses and rock matrices. Once this occurs, the concentration of dissolved phase solvent in areas
of high permeability, such as coarse grained materials or fracture apertures, may be reduced by natural
attenuation or remediation efforts that preferentially treat areas of high fluid flow. The result is low
concentrations in the high permeability areas, and high concentrations in the low permeability areas,
producing a concentration gradient and diffusion of solute back into the high permeability zones. Known
as back diffusion, the low permeability areas behave as sources, producing a plume which can extend
treatment times and allow water quality problems to persist. This process has been described in detail by
Parker et al. (2008). This process is important, as it presents increased impetus for ensuring the effective
remediation of low permeability zones.

Figure 1.2. An illustration of back diffusion from low permeability lenses sustaining a persistent plume,
which occurs after DNAPL has been depleted. When areas of high permeability are preferentially
remediated, back diffusion will cause the lenses to become source zones for dissolved phase plumes
(Adapted from Kueper et al., 2014).
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1.1.6 Thermal Remediation
Technologies have been developed to address the significant problem of DNAPLs and chlorinated
solvents. In-situ remediation methods can treat contaminated groundwater in place, an advantage over
excavation and ex-situ treatment of impacted soil, which can be labour intensive, expensive and limited in
scale for purposes of practicality. Many in-situ remediation techniques rely on the transport of fluids
through the subsurface, either for the injection of remediation fluids or for the extraction of contaminated
fluids. Therefore, variations in soil properties play an important role in the operation and outcome of
remediation efforts. In-situ methods such as in-situ chemical oxidation (ISCO) and in-situ bioremediation
(ISB) rely on fluid injection from wells to transport their remedy to the treatment zone. Areas of high
permeability are then preferentially treated, possibly resulting in the development of a persistent
contaminant plume.

In-situ thermal treatment (ISTT) is a broad category of in-situ remediation technologies that use heat to
volatilize contaminants for their removal. ISTT technologies include electrical resistance heating (ERH),
thermal conductive heating (TCH), steam enhanced extraction (SEE) and self-sustaining treatment for
active remediation (STAR). ISTT technologies have been used for remediation at many contaminated
sites (Kueper et al., 2014). Variations in soil types have been found to not greatly affect the transport of
heat through conduction, and this has been harnessed by ISTT methods that deliver heat to the subsurface
to induce the formation of gas, improving the mobility of contaminants and aiding in their extraction.
Due to this, ISTT has been applied in many sites containing low permeability lenses that fluid-based
technologies (ISCO, ISB) cannot access (Triplett Kingston et al., 2014).

ERH uses electrical current conducted between electrodes installed in the subsurface to produce heat insitu. High temperatures cause gas production, and the gas can then be captured, extracted and treated. In
addition to this, the electrical conductivity of clay causes it to heat effectively by ERH, meaning that large
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amounts of thermal energy can be delivered to the low permeability areas, which can be areas of DNAPL
accumulation. While ERH has shown successes in field scale remediation, specifics of influential smaller
scale phenomenon have not been thoroughly researched. Though clay presents favorable conditions for
efficient heating by ERH, other properties, such as its low permeability, still pose questions and possible
challenges concerning effective mass removal.

1.1.7 Clay Lenses and Remediation by ERH
There are no studies to date that directly examine and quantify mass transfer in the areas of clay lenses
during electrically induced heating in the context of thermal remediation. Literature from various fields
of study have been drawn upon to provide a framework to describe the combined electrical, thermal and
hydraulic effects that influence remediation of clay lenses during ERH. Models describing the electrical
properties of geological materials at varying water saturations have been investigated by Archie (1942)
and Waxman and Smits (1968), and model parameters specific to sand and different types of clay have
been determined experimentally. Thermal conduction, electrical conduction and mass diffusion behave
analogously, and analytical solutions are available for a variety of boundary conditions. Gas formation
and migration in earth materials is a wide area of research in the context of barrier systems (Graham et al.,
2002), where mass transport is largely through advective gas movement through preferential flow paths
(Ortiz et al., 2002). Gas partitioning and development specific to DNAPL in groundwater systems has
been observed and described in detail by Mumford (2008). While a modest body of literature exists
concerning ERH at the laboratory scale, it is largely concerned with homogeneous domains (Heron et al.,
1998; Naslund, 2003; Krol et al, 2009) , and only a segment addresses the specifics of gas production and
transport (Hegele and Mumford, 2014). Of the work that refers to heterogeneous geologies during ERH,
only heterogeneities in permeability have been considered, and only using sands (Munholland et al.,
2015; Martin et al., 2011). ERH is an electrically-based method, and systems containing clay lenses are
non-uniformly sensitive to both electrical and hydraulic properties of the subsurface. In this regard,
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heterogeneities due to the presence of clay lenses influence mass removal at the site-wide scale, just as
hydraulic heterogeneities are important in describing DNAPL pooling and back diffusion. Processes at
this scale are not observable in full scale operations, but their impact on site-wide behaviour has the
potential to be great, with important implications for remediation. The lack of literature addressing
combined permeability and electrical heterogeneities in the context of ERH is an important gap in our
knowledge of how ERH operates in practice.

1.2 Research Objectives
The goal of this research is to develop a greater understanding of heat and mass transfer processes in and
around clay lenses during ERH. Two areas of practical importance were identified: the lens surface,
because it is a location of DNAPL accumulation, and the lens interior, because it has a low permeability
and can produce a rebound plume if not adequately remediated. A series of research projects were
developed, each with an objective addressing an aspect of the topic:

i.

To investigate the effect of a sand–clay interface on heat and mass transfer during ERH.
To achieve this, bench-scale laboratory ERH experiments, using both homogenous sand
as well as sand containing a clay lens were conducted. A conceptual model was proposed
to explain temperature measurements above sand–clay interfaces.

ii.

To examine gas production in the interior of a clay lens during ERH, quantify the gas
saturations and assess the potential for the development of connected gas pathways in the
lens. The sensitivity of gas saturations to the sand content of clay lenses was also
considered. To achieve this, bench-scale laboratory experiments using clay lenses of
varying composition were conducted. A method using electrical measurement was
developed specifically to determine gas saturations in the lens interior.
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iii.

To examine the dominant mass transfer processes in a lens interior during ERH relative
to contaminant removal and gas saturation. To achieve this, bench-scale laboratory
experiments were conducted using clay lenses containing dissolved TCE, heated with
varying power levels and heating times. Chemical data corroborated by electrical
measurements were compared and analyzed in reference to analytical mathematical
models of multi-phase (gas and liquid) diffusion.

1.3 Organization of Thesis
This thesis is organized in a manuscript format. Chapters 2 to 4 have been published, submitted or
prepared for academic journals, each including introduction and background sections. Background
material on ERH and gas formation in a porous medium is repeated in chapters 2 through 4. Background
material on the electrical properties of variably saturated clay materials is repeated in chapters 3 and 4.
Chapters 2 and 3 are presented as published, or as submitted for publication, with references and
numbering adjusted for consistency.

Chapter 2 presents the results of laboratory experiments investigating gas production during the electrical
resistance heating of clay lenses, and the development of a conceptual model for the heat and mass
transfer at the surface of clay lenses during ERH. Chapter 2 was published in Ground Water Monitoring
and Remediation. Chapter 3 describes a method to quantify the gas saturation of a clay lens using
electrical measurement, and experiments to investigate the effect of sand content on the extent of gas
formation in the interior of a clay lens. Chapter 3 has been submitted for publication in the International
Journal of Heat and Mass Transfer. Chapter 4 describes experiments and mathematical models used to
investigate the removal of dissolved phase chlorinated solvent from clay lenses during ERH, and a
conceptual model of gas saturation and mass transfer is proposed. Chapter 4 will be submitted to the
Journal of Contaminant Hydrology. Chapter 5 presents overall conclusions of the work. Appendices
9

include supplemental figures, plots, the results of chemical testing and example calculations applicable to
Chapters 2 through 4. The co-authorship of Chapters 2 through 4 is addressed in the front matter.
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Chapter 2
Electrical Resistance Heating of Clay Layers in Water-saturated Sand

Abstract
Electrical resistance heating (ERH) experiments were performed in a two-dimensional water-saturated
porous medium comprising an electrically conductive, low permeability clay lens embedded within a less
electrically conductive, higher permeability silica sand. These were compared to experiments performed
in homogeneous silica sand. All experiments were performed in the absence of a non-aqueous phase
liquid (NAPL) or dissolved volatile organic compound (VOC). Temperature monitoring showed
preferential heating in the clay lens and higher overall heating rates throughout the test cell compared to
the homogeneous case. Gas production was localized around the sand-clay interface due to high
temperature and low capillary displacement pressure. Above the clay lens, unexpected temperature
plateaus were observed, similar to those observed in previous experiments during NAPL-water coboiling. A conceptual model based on the consumption of thermal energy as latent heat of vaporization in
the highly localized heating and gas production region adjacent to the clay lens is proposed to explain the
temperature plateaus. Supporting data is drawn from images of the gas phase and electric current
measurements. These results show that the use of co-boiling plateaus as an indicator of NAPL-water coboiling could be misleading during applications of ERH at sites containing electrically conductive, low
permeability clay lenses embedded within less electrically conductive, higher permeability sands.
Examples of these geologies are found in clay lens and layered systems and are commonly encountered in
North America.
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2.1 Introduction
Groundwater contamination by dense non-aqueous phase liquids (DNAPLs) such as chlorinated solvents
and coal tar is a common occurrence throughout industrialized areas of the world. The remediation of
DNAPLs is particularly problematic because of their low clean-up standards, low aqueous solubility, and
that they exist as a separate fluid phase in the presence of water. Technologies to potentially remediate
DNAPL source zones include in-situ chemical oxidation, in-situ chemical reduction, surfactant and cosolvent flushing, enhanced in-situ biodegradation, hydraulic displacement, in-situ thermal treatment and
excavation (Kueper et al., 2014). In-situ thermal treatment (ISTT) represents a group of technologies that
include electrical resistance heating (ERH), thermal conductive heating (TCH), and steam enhanced
extraction (SEE). ISTT technologies have garnered increasing attention in research and industry in recent
years because of their potential to expedite treatment times.

ERH delivers electric current to the subsurface, which results in increased subsurface temperature through
Ohmic heating. Volatile organic compounds (VOCs) are removed by boiling and volatilization,
facilitated by soil vapour extraction or multiphase extraction. Applications of ERH at the pilot and field
scales have been reviewed (Triplett Kingston et al., 2010); however, the findings have typically focused
on operational and performance information rather than an understanding of the controlling physical
migration and chemical mass transfer mechanisms.

Operators use temperature measurements to monitor ERH progress, and it has been shown that
temperature plateaus are indicative of co-boiling at a NAPL-water interface. Temperature plateaus have
been observed in homogeneous media (DeVoe and Udell, 1998; Burghardt and Kueper, 2008; Zhao et al.,
2014) and media with moderate permeability contrasts (Martin and Kueper, 2011). Temperatures have
also been measured during the heating of low permeability clay containing dissolved VOCs in one-
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dimensional columns (Liu et al., 2013, 2014), but not in heterogeneous systems with large permeability
contrasts.

Heterogeneous systems often include both sand and clay layers. However, no laboratory studies have
been conducted on these types of systems, which are heterogeneous with respect to both hydraulic
conductivity and electrical conductivity. While low permeability features and their effect on mass
transport have been the subject of research, either property contrasts were limited to hydraulic
conductivity only (Martin and Kueper, 2011), or the heating zone was confined to a single homogeneous
sub-region within a heterogeneous pack (Krol et al., 2014). The role of interfaces between layers of high
and low hydraulic conductivity that also have low and high electrical conductivity has not been
investigated. These high-contrast interfaces are important because lower capillary entry pressure favours
gas production in the sand, whereas higher electrical conductivity favours current delivery, producing a
higher rate of heating in the clay. Furthermore, these interfaces represent likely locations for the
accumulation of DNAPL pools, and low permeability layers in higher permeability media can serve as
diffusion-limited sources of dissolved VOCs that often limit clean-up efforts. Therefore, these highcontrast interfaces are often the target of remediation technologies.

The objective of this study is to investigate the effect of a sand-clay interface on the transient temperature
distribution during ERH. This was addressed using a series of four laboratory experiments, two of which
contained sand and clay, and two of which contained homogeneous sand. A conceptual model is
proposed to explain temperature measurements above sand-clay interfaces that could mislead ISTT
operators when subsurface temperatures are used to assess remediation progress.
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2.2 Theory
2.2.1 Ohmic Heating
ERH is achieved by Ohmic heating, the conversion of electrical to thermal energy due to the resistance of
the subsurface material to the flow of electric current. The amount of power dissipated by resistance can
be expressed using Ohm’s law (Rizzoni, 2004):
𝑃𝐸𝑅𝐻 = 𝑅𝐼 2

(2.1a)

which can be expressed as:
𝑃𝐸𝑅𝐻 = 𝑉𝐼

(2.1b)

where 𝑃𝐸𝑅𝐻 is the power dissipated in the ERH process (W), 𝑉 is the applied electric potential (V), 𝑅 is
the resistance of the material between the electrodes (Ω), and 𝐼 is the current passing through the heating
zone (A). In practice, as well as in this study, the voltage can be adjusted to control the power. The
voltage and resistance determine the current, which dictates the power delivery. Resistance, which is
specific to a particular material, is related to the material’s effective electrical conductivity by Rizzoni,
(2004):
𝐿

𝑅 = 𝜎𝐴

(2.2)

where 𝐿 is length (m), 𝐴 is cross sectional area (m2) and 𝜎 is the effective electrical conductivity (S m-1).
In a water-saturated or partially-saturated porous medium with non-conducting grains, such as silica sand,
electricity is transmitted by electrolytic conduction of ions dissolved in the water as described by Archie’s
Law (Glover, 2010):
𝜎 = 𝜎𝑤 ∅𝑚

(2.3)

where ∅ is the water-filled porosity, 𝑚 is a unitless, material-specific constant known as the cementation
exponent, and 𝜎𝑤 is the electrical conductivity of water (S m-1).
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When conducting grains are present, such as in clays, electricity is also transmitted by surface conduction.
When both the water and the grains are conducting materials, the effective conductivity can be calculated
using (Glover, 2010):
𝜎 = 𝜎𝑠 (1 − ∅)𝑝 + 𝜎𝑤 ∅𝑚

(2.4)

and
𝑝=

𝑙𝑜𝑔(1−∅𝑚 )
𝑙𝑜𝑔(1−∅)

(2.5)

where 𝜎𝑠 is the electrical conductivity of the grains (S m-1). The value of 𝑚 depends on the spatial
arrangement of the material, where lower values denote greater connectivity. Typical values of 𝜎𝑠 are
given in Table 2.1.

Table 2.1 Typical electrical conductivity ranges of natural soils.
Typical Conductivity Range (S m-1)*

Saturated Porous Medium

Glacial Till
1.0 x 10-2 – 1.0 x 10-3
Sands and Gravels
1.4 x 10-2 – 2.0 x 10-4
Loose Sands
3.33 x 10-3 – 2 x 10-4
Loam
2.0 x 10-1 – 5.0 x 10-3
Clay
1.0 – 1.0 x 10-2
*
Mayne et al. (2002) (originally expressed as resistivity = 1/σ)

2.2.2 Boiling and Co-boiling
Boiling, followed by gas capture, is the dominant mechanism of mass removal during ERH and is
achieved when the vapour pressure of a liquid becomes equal to the ambient pressure. Below the water
table, gas is formed when the gas pressure is equal or greater than the sum of the water pressure and a
representative capillary pressure (Kueper et al., 2014):
𝑃𝑔 = 𝑃𝑤 + 𝑃𝑐

(2.6)
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where 𝑃𝑔 , 𝑃𝑤 and 𝑃𝑐 are gas pressure, water pressure and capillary pressure, respectively (Pa). At first
formation, the representative capillary pressure is a defined by the characteristics of a heterogeneous
nucleation site (Atchley and Properetti, 1989), and must be greater than or equal to the displacement
pressure of the porous medium for continued expansion to occur. Water pressure can be approximated as
hydrostatic pressure. Capillary pressure is proportional to surface tension, which is temperature
dependant, and inversely proportional to the pore throat size of the porous medium. As temperature
increases, surface tension decreases (Vargaftik, 1983).

Vapour pressure depends on temperature, as described by the Clausius-Clapeyron equation (Sinnott,
2005):
𝑃𝑣

∆ℎ𝑣𝑎𝑝

𝑖

𝑅𝑔

𝑖
𝑙𝑛 (𝑃𝑣,𝑜
)=

1

1

(𝑇 0 − 𝑇)

(2.7)

where 𝑃𝑖𝑣 is the vapour pressure of liquid i (Pa), 𝑇 is the temperature (K) , 𝑅𝑔 is the universal gas constant
(8.314 J K-1 mol-1), ∆ℎ𝑣𝑎𝑝 is the heat of vaporization of the liquid, equal to 2260 kJ/kg for water (Sinnott,
2005), and 𝑃𝑖𝑣,𝑜 is a reference vapour pressure (kPa) measured at a reference temperature 𝑇 0 (K). In a
single component liquid, 𝑃𝑣 is equal to 𝑃𝑔 (Equation 2.6). As such, it is expected that gas formation and
expansion in clay requires a higher temperature compared to gas formation in sand at the same water
pressure because of a greater displacement pressure.

NAPL-water co-boiling occurs when gas is produced at the interface between two immiscible liquids
(NAPL and water). During co-boiling, the gas pressure is the sum of the vapour pressures of both liquids:
𝑣
𝑃𝑔 = 𝑃𝑤𝑣 + 𝑃𝑁𝐴𝑃𝐿

(2.8)

𝑣
where 𝑃𝑤𝑣 is the water vapour pressure and 𝑃𝑁𝐴𝑃𝐿
is the NAPL vapour pressure (kPa). Because the vapour

pressures of both liquids contribute to the gas pressure, gas is produced at a temperature lower than the
boiling point of either liquid. During co-boiling, temperature at the interface remains constant as all
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thermal energy is converted to latent heat to facilitate phase change from liquid to vapour (Smith and Van
Ness, 1987). Subsurface temperatures are often used as a performance metric during ISTT applications
and are monitored at many locations during and after thermal treatment. Temperature plateaus are a useful
indicator for ISTT operators, and can indicate that NAPL-water co-boiling is occurring. An example
hypothetical co-boiling curve is shown in Figure 2.1.

Figure 2.1. Idealized comparison of temperature versus time in both a water boiling (dotted line) and a
NAPL-water co-boiling (dashed line) process (adapted from Martin and Kueper, 2011).

2.3 Materials and Methods
2.3.1 Test Cell Specifications
ERH experiments were conducted in a polycarbonate test cell with external dimensions of 76.2 cm x 15.0
cm x 40.6 cm (height) and a wall thickness was 1.3 cm (Figure 2.2). The cell was housed in an aluminum
frame to provide structural support, while not contacting the water and electric current in the cell. The cell
walls and base were sealed using mechanical fasteners, silicone rubber O-rings, and silicone caulking
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along all seams, and a polycarbonate lid was placed on top of the cell walls. Vapour produced during
heating was vented through ports in the lid used to connect the electrodes to the power supply.

The back of the cell was equipped with 30 thermocouples (10.2 cm long × 0.32 cm diameter, T-type,
Omega Inc.) arranged in four rows, three rows of 8 probes each above one row of 6 probes (Figure 2.2).
The thermocouples were spaced 7.6 cm apart in both the horizontal and vertical directions with the tip of
each probe extending to the centre of the cell. The thermocouples were electrically ungrounded to
eliminate electrical interference from the power source by using a stainless steel outer shell filled with
non-conductive mineral packing that surrounded the sensor’s contact point.

Figure 2.2. Schematic of laboratory test cell. Locations of electrodes (black vertical bars), thermocouples
(circles) and location of kaolin clay lens for heterogeneous tests are indicated.

2.3.2 Soil Preparation and Packing
Four experiments were conducted, as two pairs of duplicate experiments, referred to as HS-1, HS-2, LS-1
and LS-2. The HS (Homogeneous Scenario) experiments were conducted in a homogeneous sand pack
and the LS (Lens Scenario) experiments were conducted in a packing of sand surrounding a rectangular
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clay lens (Figure 2.2). The suffixes -1 and -2 refer to duplicates of each experiment. No NAPL or
dissolved VOC was emplaced in any of the four experiments, which consisted of only sand and water; or
sand, clay and water. The sand used in the experiments was Accusand #20/30 silica (Schroth et al., 1996;
Sakaki et al., 2007; Smits et al., 2009) and the clay was china grade kaolin (Speswhite, Imerys
Performance Minerals). Hydraulic conductivity for the sand has been reported to be between 0.12 cm s-1
(Sakaki and Illangasekare, 2007) and 0.58 cm s-1 (Smits et al., 2009). The sand was chosen as a coarsegrained material that would promote gas nucleation and gas bubble flow, and allow visualization of the
gas phase using digital images. The electrical conductivity of the sand and clay were estimated to be 4 ×
10-3 S m-1 and 3 × 10-2 S m-1, respectively, by measuring the current between pairs of electrodes in the cell
using a digital multimeter (Amprobe, ACD-10 TRMS Pro) at an applied electric potential of 8-30 V.

The sand was prepared by washing with tap water to eliminate fines. The clay was consolidated using a
pneumatic rig consisting of a 40 cm high × 30 cm diameter vertically-oriented cylinder filled with kaolin
slurry. A piston applied pressure for 14 days, which was incrementally increased to a maximum of 400.4
kPa. Unloading was performed such that the pressure decreased in a stepwise fashion over 3 days,
thereby avoiding cavitation and the generation of entrapped gas. The consolidated clay was removed
from the cylinder and cut using a steel wire into a rectangle measuring 4 cm x 35 cm x 15 cm. The
sample was wrapped in plastic and sealed with hot paraffin wax to prevent water loss. The sealed clay
lenses were stored at 4˚C until they were packed into the test cell.

Sand was packed into the cell by continuous pouring of a sand-water slurry through a hopper, thus
avoiding entrapment of air bubbles and reducing layering. Tap water (electrical conductivity 0.035 S m-1
at 25°C) was used for all experiments. The electrodes were suspended in the test cell 35 cm apart and
centred in the cell prior to the emplacement of the sand. The HS experiments were packed in one
continuous pour. The LS experiments were packed in two pours; the first up to the bottom edge of the
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lens and the second to the top of the test cell. Between pours, the clay lens was pressed into place
between the electrodes (Figure 2.2). Thermocouples C-1, C-2, D-1, D-2, E-1, E-2, F-1 and F-2 were
removed during emplacement of the clay lens and reinserted after packing. The lens was cut to be
approximately 0.5 cm wider than the test cell to produce a tight fit to the cell walls.

2.3.3 Electrical Power Delivery and Data Collection
Electrical power was delivered using a variable autotransformer (PowerStat, 3N116B) followed by a stepup transformer, providing an electric potential of 330 V. The source fed a set of four cylindrical graphite
electrodes (30 cm long × 1.3 cm diameter, McMaster Carr, 9121K73), with one pair as drive electrodes
and the second pair as neutral electrodes spaced 35 cm apart. The circuit included an ammeter to measure
current draw and both transformers and the aluminum frame were electrically grounded for safety.
Temperature data was collected using the thermocouples at 5 min intervals, and digital images of the test
cell’s front face were captured using a digital camera (Cannon Rebel T3i) at 5 minute intervals to
qualitatively assess the production and transport of gas during heating.

2.4 Results and Discussion
2.4.1 Preferential Heating and Gas Formation
Temperatures and images of gas production during the HS-1 and LS-1 experiments are shown in Figure
2.3. Similar results were obtained in the duplicate HS-2 and LS-2 experiments. Differences in the spatial
distribution of temperature, as well as differences in the increase in temperature between the HS and LS
experiments (Figure 2.3i and 2.3iii, respectively) illustrate the effect the clay lens had on the ERH
process. Substantial localized heating within the lens in the LS experiments raised the temperature to
100˚C within 3 hours, while temperatures in the HS experiments did not reach 100˚C at any point during
the experiments, despite both scenarios using an applied potential of 330 V. Higher temperatures were
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observed in the LS experiments compared to the HS experiments after the same heating duration, as well
as higher maximum temperatures, greater spatial variation in temperature and greater gas production
(Figure 2.3ii and 2.3iv) due to the higher electrical conductivity of the clay compared to the sand.

Images of the gas produced during the LS experiments (Figure 2.3ii) and HS experiments (Figure 2.3iv)
were created by subtracting a grayscale water-saturated image taken prior to beginning heating from
grayscale digital images collected during heating. These subtraction images reflect differences in image
intensity and serve as a qualitative indication of the extent and saturation of the gas produced during
heating. In these images, darker regions represent higher gas saturations. In the HS experiments, gas was
produced uniformly by exsolution and volatilization (reduced gas solubility with increasing temperature)
within an approximately parabolic region consistent with the distribution of higher temperatures towards
the top of the cell due to buoyancy effects. Temperatures during the HS experiments were below the
boiling point of water throughout the cell (maximum of 94.5 °C at 22.75 hours).

In contrast, the LS experiments showed gas development initially at the top edge of the clay lens, within
the sand. The development of gas occurred after 40 minutes of heating, and the gas nucleation density
was much higher than in the HS experiments (Figure 2.3ii and 2.3iv). Gas was first produced above the
clay lens due to the combination of high temperatures within and surrounding the lens, and the smaller
capillary pressures required for gas generation in the large pores of the sand. Gas production was not
observed within the clay lens, but visualization using this apparatus was not expected to detect small,
disconnected gas bubbles that may have formed in the clay. As time elapsed, gas production extended
upwards as well as completely around the perimeter of the clay lens as temperatures in those locations
increased (Figure 2.3iv, b-d). Gas produced within the sand exited the top of the cell through connected
pathways rather than by discrete gas bubble flow. As such, the distribution of gas did not change
substantially over time later in the experiment (Figure 2.3iv, c-d).
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Figure 2.3. Temperature (i and iii) (˚C) and images of gas distribution (ii and iv) during ERH. Both Homogenous Scenario (HS-1) (i and ii) and
Lens Scenario (LS-1) (iii and iv) are shown after a) 2 hours, b) 5 hours, c) 8 hours and d) 11 hours of heating. Gas is outlined by a dotted line in
column ii for visibility.
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Additional evidence for an increase in the average gas saturation within the heated zone is provided by
the measurements of electric current during heating (Figure 2.4). For a constant electric potential, electric
current is expected to increase with increasing temperature as the mobility of ions in the water is
increased. Electric potential is also expected to decrease with decreasing water saturation (Equations 2.3
– 2.5) as gas is formed during heating. The electric currents in Figure 2.4 show that current increased in
the early periods of the HS and LS experiments as temperatures increased. The higher electric currents in
the LS experiments are consistent with the increased electrical conductivity of the sand-clay system. The
higher rates of current increase in the LS experiments are consistent with the higher temperatures than in
the HS experiments (Figures 2.3i and 2.3iii). The current in the LS experiments reached a higher
maximum value, after 4.5 hours of heating, and decreased with continued heating. This decrease is
consistent with more vapour being produced in those experiments than in the HS experiments, which did
not experience a decrease in current during heating. The current decreased after 4.5 hours of heating as
additional gas was produced. Different behaviour was observed in the HS experiments, where the
maximum current was lower and did not decrease at later time because changes in current were controlled
by the increasing temperature rather than the production of gas.

Figure 2.4. Electric current between the electrodes during the Homogeneous Scenario (HS) and Lens
Scenario (LS) experiments, showing higher current when the electrically conductive clay lens was
present, increasing current as temperatures increased during heating, and decreasing current due to gas
production in the LS experiments.
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2.4.2 Temperature Plateaus
Temperatures measured at thermocouples C-1, C-2, C-3, D-1, D-2 and D-3 for experiments HS-1 and LS1 are shown in Figure 2.5, and represent the left half of the heating zone (Figure 2.2). A comparison of the
HS and LS experiments shows several differences. The rate of heating is greater in the LS experiments,
and maximum temperatures were higher at the same location than in the HS experiments. The higher
heating rate and maximum temperatures are due to the higher electrical conductivity provided by the clay
lens, resulting in greater power delivery at a constant electric potential (Equation 2.1).

The HS thermocouples show smooth, increasing temperatures during heating. The HS experiments did
not reach 100˚C after 48 hours of ERH. Thermocouples C-3 and D-3 in the LS experiments, which
resided in the clay lens, also exhibited smooth curves, reaching a maximum of approximately 102˚C at
3.25 hours and 4.08 hours, respectively. A temperature greater than 100 ˚C was achieved in the clay
because of the high pressure required to form a gas phase in small pores. Unlike temperature
measurements in the HS experiments or in the clay in the LS experiments, the temperature curves for
thermocouples positioned above the clay lens in the LS experiments exhibit plateaus. These regions of
constant, or nearly constant, temperature were observed in the LS-1 experiment at locations C-1, C-2, D-1
and D-2. Similar results were obtained in the duplicate LS-2 experiment. No such results were observed
at any location in the HS-1 or HS-2 experiments. Regions of constant temperature were observed in C-2
and D-2, closest to the lens, while regions of slower heating were observed at the higher thermocouples,
C-1 and D-1. Both are referred to here as temperature plateaus. These temperature plateaus in the sand
occurred between 3.25 and 3.90 hours of heating, after which temperatures continued to increase until
boiling temperatures were reached at all thermocouple locations. Tabulated details of the plateau
behaviour are presented in Table 2.2. A comparison of temperatures in the clay lens and in the sand
above the lens shows that the temperature plateaus coincide with temperatures of approximately 102˚C
first being attained in the lens (thermocouple D-3), which occurred after 3.25 hours of heating. The
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leftmost thermocouples (C-1 and C-2) plateau at a lower temperature (67.1 ˚C -75.9 ˚C) than the more
centrally located ones (D-1 and D-2) (83.2-85.3˚C).

Figure 2.5. Temperatures measured during the Homogeneous Scenario (HS) (open symbols) and Lens
Scenario (LS) (closed symbols) experiments, showing more rapid heating and temperature plateaus in the
LS experiments.

Table 2.2. Time, duration and temperature of plateaus in the Lens Scenario (LS-1) experiment.

Thermocouple

C-1
C-2
D-1
D-2
1Plateau

Plateau Start
Time
(hr)
3.4
3.25
3.5
3.25

Plateau End
Time
(hr)
3.9
3.5
3.9
3.8

Plateau Duration
(hr)
0.5
0.25
0.42
0.55

Plateau
Temperature
(˚C)
74.2-75.91
67.1
83.3-85.31
83.2

defined as a region of decreased slope.

Processed digital images collected during the temperature plateaus in experiment LS-1 are shown in
Figure 2.6. These images focus on the region occupied by thermocouples C-1, D-1, C-2 and D-2. Darker
regions represent regions of higher gas saturation. Gas production and migration was observed to
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progress from discontinuous gas clusters (Figure 2.6i) at 2.75 hours to higher gas saturations suggesting
continuous gas close to the sand-clay interface (bottom of images in Figure 2.6) and extending up to
thermocouples C-2 and D-2 at 3.25 hours (Figure 2.6ii). The images at 3.25 hours correspond to the
beginning of the temperature plateaus. The region of continuous gas increases in height during heating,
and extends above thermocouples C-1 and D-1 after 5 hours (Figure 2.6iii).

Figure 2.6. Processed digital images of the Lens Scenario (LS-1) experiment above the sand-clay
interface after i) 2 hours, ii) 3.25 hours, and iii) 5 hours of heating. The top of the clay lens corresponds to
the bottom of each image, the white circles represent thermcouple locations (Figure 2.2), and darker
regions represent higher gas saturations. The approximate extent of the continuous gas region is indicated
by the dotted line.
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Temperature plateaus are generally associated with NAPL-water co-boiling (Figure 2.1) taking place at
the liquid-liquid interface. During this process, all available thermal energy is used as latent heat of
vaporization, rather than sensible heat to increase local temperatures. This was not the case in the LS
experiments, as no NAPL was present. These temperature plateaus could be mistakenly interpreted as
NAPL-water co-boiling plateaus during field applications of ERH. For example, DNAPL is likely to pool
above capillary barriers such as clay and co-boiling behaviour would be expected above clay lenses.
Also, the temperature plateaus observed in the LS experiments occurred at 67-85 °C, which is in the range
of the co-boiling temperatures for many DNAPLs. However, the occurrence of the temperature plateaus
under the conditions of these experiments would be a false indication of DNAPL presence and removal.

2.4.3 Conceptual Model
A conceptual model to explain the occurrence of temperature plateaus without NAPL-water co-boiling is
illustrated in Figure 2.7. The sand-clay interface represents a region where there is a high rate of heating
due to the presence of clay, and a preferred location for gas production due to the lower displacement
pressure of the sand. The interface therefore facilitates local water boiling. Prior to the development of
boiling conditions at the interface (Figure 2.7a), the system consists of a water-saturated porous medium.
Liquid water at 100˚C has a heat capacity of 4.22 kJ kg-1 K-1 and a thermal conductivity of approximately
0.58 W m-1K-1 (Haynes and Lidde, 2010). This provides a region of uniform heat transfer (region i in
Figure 2.7) that allows faster transport of thermal energy by conduction and convection than a system that
also contains gas.
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Figure 2.7. Conceptual model illustrating a) sub-boiling, b) development of a boiling zone and c)
development of a gas-liquid zone below a boiling zone. The approximate rate of heat transfer in each of
the i) liquid zone, ii) boiling zone and iii) gas-liquid zone is indicated by the magnitude of the arrows.

As temperatures increase preferentially in the clay, localized boiling at the sand-clay interface creates a
boiling zone with a temperature of 100˚C (region ii in Figure 2.7). This extends upwards from the sandclay interface and includes both liquid and gas. Consequently, this zone has a lower capability of heat
transfer. Steam has a heat capacity of 1.89 kJ kg-1 K-1 and a thermal conductivity of 0.016 W m-1K-1
(Haynes and Lidde, 2010). That is, steam requires less heat to raise its temperature, but is less conductive
than liquid water. In addition, the vaporization of water within the boiling zone requires heat to facilitate
the phase change from liquid to gas, at a latent heat of vaporization of 2260 kJ/kg (Sinnott, 2005). This
supersedes the use of sensible heat to increase local temperatures. Because of the reduced thermal
conductivity and the conversion of energy to latent rather than sensible heat, the vertical heat transfer
from the higher-temperature sand-clay interface to the upper regions of sand is reduced (arrows in Figure
2.7). Consequently, the sand above the boiling zone is heated mostly by the flow of electric current and
not by heat transfer from the sand-clay interface. This results in a slowing or temporary halt in
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temperature increase, and manifests itself as temperature plateaus above the boiling zone shown by data
from thermocouples C-1, D-1, C-2 and D-2 (Figure 2.6). As ERH continues, the boiling zone moves
upwards and is replaced by a gas-liquid zone, in which phase change is no longer occurring and gas
saturations have reached a steady state (region iii in Figure 2.7). There is no longer a draw of latent heat
in this region. However, heat transfer is slower than through liquid water (region i) due to reduced
effective thermal conductivity.

2.5 Summary and Conclusions
ERH was applied in a heterogeneous pack of silica sand containing a kaolin clay lens. Temperature
measurements showed preferential heating in the clay lens due to its higher electrical conductivity
compared to the surrounding sand. Gas production occurred preferentially at the boundary of the clay
lens, where the highest temperatures overlapped with the lowest porous media displacement pressures.
Temperature measurements also demonstrated the development of temperature plateaus above the clay
lens. These plateaus are similar to those observed during NAPL-water co-boiling, despite the absence of
any NAPL in the experiments, and could be mistaken as evidence of NAPL removal in field applications
of ERH. These results suggest that temperature measurements, including temperature plateaus, should be
interpreted carefully along with information concerning the geology as well as heat transfer and mass
transfer processes in the target heated zone. Confirmation of NAPL-water co-boiling during ERH
applications should be arrived at using additional lines of evidence such as composition of the extracted
gas phase and increased VOC recovery rates.
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Chapter 3
Gas Formation in Sand and Clay During Electrical Resistance Heating

Abstract
A series of electrical resistance heating (ERH) experiments were performed in a two dimensional test cell
to investigate gas production within clay lenses composed of specified mass fractions of kaolin and #2030 silica sand (40%, 70% and 100% kaolin by mass). Temperature, electrical, photographic and
piezometric data were collected during the heating of the test cell by ERH, followed by local electrical
resistance measurements during cooling. In each experiment the clay lens heated more rapidly than the
surrounding sand, with gas production originating at the clay-sand interface and subsequently extending
outwards. The Waxman-Smits model was used to interpret electrical properties to assess the production
of gas within the lens. Gas saturations immediately after ERH were estimated in the lens interiors as Sg =
0.38 ± 0.07, 0.25 ± 0.05 and 0.09 ± 0.02 (for the 40%, 70% and 100% clay mass fractions, respectively).
Gas saturations sufficient to produce a connected gas phase capable of rapid mass removal can be
produced during ERH in lenses containing moderate amounts of clay. Although gas was produced in the
pure clay lens, it is possible that a connected gas phase was not achieved at the applied power and
treatment time considered.
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3.1 Introduction
Soil and groundwater contamination by dense, non-aqueous phase liquids (DNAPLs) such as chlorinated
solvents, creosote, coal tar and polychlorinated biphenyls (PCBs) is an environmental concern throughout
industrialized areas of the world. Field, laboratory and numerical modeling studies have demonstrated
that DNAPL migration in the subsurface and the resulting architecture within a DNAPL source zone are
strongly influenced by permeability variations at a variety of scales (Gerhard et al., 2014; Kueper et al.,
1993, Poulsen and Kueper, 1992). In saturated porous media with DNAPL non-wetting with respect to
water, horizontal, low permeability layers and lenses provide interfaces upon which lateral spreading and
pooling of DNAPL can occur. Over time, components of the DNAPL will diffuse into these capillary
barriers, resulting in the sequestration of volatile organic compounds (VOCs). Back diffusion from these
low permeability features during the late life-cycle stage of a DNAPL source zone may result in plume
persistence and ultimately dictate the time scale of remediation (Parker et al., 2008; Sale et al., 2008;
Stroo et al., 2008; Kueper et al., 2014).

VOCs in low permeability features are difficult to access using injection-based remediation technologies
such as in-situ bioremediation (ISB) and in-situ chemical oxidation (ISCO). Where variations in
permeability exist within a treatment zone, high permeability areas will be preferentially treated, while
low permeability areas may retain high VOC concentrations. In-situ thermal treatment (ISTT)
technologies, such as electrical resistance heating (ERH) and thermal conductive heating (TCH), are often
considered for treating sites with low permeability media because electrical and thermal conductivity vary
over a smaller range than hydraulic conductivity (McGee and Donaldson, 2009). ISTT relies upon gas
production caused by elevated subsurface temperatures to remove VOCs. During heating, gas bubbles
nucleate and grow until a connected gas phase is produced, which is then extracted and treated ex-situ.
ISTT technologies have been applied at contaminated sites (Triplett Kingston et al., 2010; Triplett
Kingston et al., 2014) but there have been relatively few laboratory-scale investigations to assess
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fundamental mechanisms. Most experimental studies have focused on homogeneous sand, including
investigations of VOC removal with heating time (Burghardt and Kueper, 2008), DNAPL-water coboiling (DeVoe and Udell, 2008; Zhao et al., 2014), and gas development and migration (Hegele and
Mumford, 2014). Some laboratory studies have examined the removal of DNAPL from layered sands
(Baker and Hiester, 2009; Martin and Kueper, 2011; Munholland et al., 2015), silty soil (Heron et al.,
1998, 2005, 2013), fractured clay (Liu et al., 2014) and rock, (Chen et al., 2010; Kluger and Beyke,
2010), along with field scale studies that included low permeability media (Heron et al., 2005, 2013).
Martin et al. (2016) specifically addressed the presence of clay lenses surrounded by sand and
demonstrated that the preferential heating of the clay during ERH can produce large quantities of gas at
the interface between the clay and sand. However, for enhanced removal of VOCs from a clay lens, the
formation of gas at the lens interface is not sufficient, as gas must also be generated within the lens.

Gas production in clay has not been well studied in the context of ISTT, although there have been
investigations related to nuclear waste repositories (Horseman et al., 1996; Ortiz et al., 2002). Gas
behavior is examined in these studies in terms of a threshold pressure, above which a connected gas
pathway is formed allowing gas mobilization through consolidated clay, and has been examined when
clays must provide resistance to gas flow. The threshold pressure for bentonite is typically on the order of
10-17 MPa (Horseman et al., 1999) and depends on the swelling pressure of the bentonite (Gallé, 2000),
water saturation (Horseman et al., 1996; Ng et al., 2015) and amount of sand present in the clay blend
(Fiès and Bruand, 1998). Kaolin has a low threshold pressure compared to other clays (Kolay and
Ramesh, 2016). Threshold pressure decreases with increasing sand content (Mullins and
Panayiotopoulos, 1984; Chiu and Shackelford, 1998; Goh et al., 2013). These studies highlight that
connected gas pathways can exist within clay lenses at low to moderate gas saturations, but the formation
of those pathways is sensitive to the composition of the lens.
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The objectives of this laboratory study are to: i) determine if gas is produced in the interior of clay and
sandy clay lenses during ERH, ii) quantify gas saturations in the lens and assess the potential for the
development of connected gas pathways and iii) determine the sensitivity of gas saturations to the sand
content of clay lenses.

3.2 Theory
3.2.1 Ohmic Heating
ERH elevates subsurface temperatures by means of Ohmic heating whereby electrical energy is converted
to thermal energy by passing current through the soil. The amount of thermal energy that can be
produced is described by Ohm’s law at low frequency for a passive resistor as (Rizzoni, 2004):
𝑃𝐸𝑅𝐻 = 𝑅𝐼 2

(3.1)

where 𝑃𝐸𝑅𝐻 is the power dissipated in the ERH process (W), 𝑅 is the resistance of the material between
the electrodes (Ω), and 𝐼 is the current passing through the heating zone (A). Both the power dissipated
and current represent root-mean-square (rms) values. Ohm’s law can also be represented in terms of
electrical resistance:
𝑅=

𝑉𝑟𝑚𝑠
𝐼𝑟𝑚𝑠

(3.2)

where 𝑉 is the applied electric potential (V). Resistance can be expressed as an index (Ro/R) with respect
to resistance at some initial state (Ro).

3.2.2 Gas Formation
In order for gas to be formed in a water-saturated porous medium, the vapour pressure of the liquid must
equal or exceed the sum of the water pressure and a representative capillary pressure (Triplett Kingston et
al., 2014):
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𝑃𝑔 ≥ 𝑃𝑤 + 𝑃𝑐 ∗

(3.3)

where 𝑃𝑔 is the gas (vapour) pressure at which gas forms (Pa), 𝑃𝑤 is the water pressure (Pa) and 𝑃𝑐 ∗ is the
representative capillary pressure (Pa) required for nucleation. Gas first forms in microcavities on the
surface of the grains, where preferential contact angles due to cavity geometry or local wetting
characteristics result in a 𝑃𝑐 ∗ that is lower than that found on grain surfaces, making gas nucleation at
these sites favorable (Jones et al., 1999). Once nucleated, a gas bubble can expand, filling the pore in
which it was formed. This leads to internal drainage whereby the gas (non-wetting fluid) is introduced in
a dispersed fashion and displaces the water (wetting fluid) from the porous medium (Council and Ramey
Jr., 1979; Poulsen et al., 2001; Zuo et al., 2012). The relative uniformity of internal drainage produces a
relatively uniform change in electrical properties, which allows for bulk fluid saturation measurement
through the monitoring of changes in electrical resistance.

The capillary pressure that has to be overcome for bubble expansion into surrounding pores is described
by the Laplace equation (Lenormand et al., 1983):
1

1

1

2

𝑃𝑐 = 𝛾 (𝑟 + 𝑟 )

(3.4)

where Pc is the entry pressure (Pa) of the pore throat, 𝛾 is the interfacial tension (N m-1) between the gas
and the surrounding water, and 𝑟1 and 𝑟2 are the primary radii of curvature of the gas-water interface.
Radii will be smaller in fine grained media than in coarse grained media, resulting in a higher capillary
pressure required for gas expansion and drainage of water. It is expected that gas formation in an initially
water saturated porous medium would require a capillary pressure equal to the air-water entry pressure.
Continued gas formation would lead to connected gas pathways at a capillary pressure greater than the air
entry value. For example, connected gas pathways have been observed in clay and clay-sand mixtures at
gas saturations between 0.07 and 0.15 (Graham et al., 2002) during gas injection tests on soil cylinders.
The air entry value varies substantially between clay and sand. For example, air-water entry pressures
greater than 70 kPa have been reported for kaolin at room temperature (Di Maio et al., 2001; Topp and
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Zebchuk, 1979) which highlights the minimum potential air entry pressure for the clay samples

used in this research. Mixtures of sand and kaolin with clay fractions between 0.45-0.85 have reported
entry pressures between 26-41 kPa (Goh et al., 2013). In comparison, an air-water entry pressure of 1.2
kPa has been reported for #20/30 silica sand (Sakaki and Illangasekare, 2007). Air-water entry pressures
will decrease with increasing temperature, proportional to a decrease in interfacial tension (Vargaftik,
1983).

During ERH, the increase in gas pressure required to exceed the sum of water pressure and capillary
pressure is achieved by an increase in temperature. The relationship between vapour pressure and
temperature can be described by the Clausius-Clapeyron equation (Sinnott, 2005):
𝑃𝑣

∆ℎ𝑣𝑎𝑝

𝑖

𝑅𝑔

𝑖
𝑙𝑛 (𝑃𝑣,𝑜
)=

1

1

(𝑇 0 − 𝑇)

(3.5)

where 𝑃𝑖𝑣 is the vapour pressure of liquid i (Pa), 𝑇 is the temperature (K), 𝑅𝑔 is the universal gas constant
(8.314 J K-1 mol-1), ∆ℎ𝑣𝑎𝑝 is the heat of vaporization of the liquid, equal to 2260 kJ/kg for water (Sinnot,
2005), and 𝑃𝑖𝑣,𝑜 is a reference vapour pressure (Pa) measured at a reference temperature 𝑇 0 (K). Gas
production will require temperatures greater than 100 °C at increased water pressure (due to depth below
the water table) and when capillary pressures are high (due to smaller grain sizes). For example, for a
water pressure of 150 kPa and a capillary pressure of 2 kPa (152 kPa total), Equation 3.3 is satisfied at a
temperature of 111 °C. However, for a water pressure of 150 kPa and a capillary pressure of 70 kPa (220
kPa total), Equation 3.3 is satisfied at a temperature of 123 °C.

3.2.3 Gas Saturation Measurements
Gas saturation in a porous medium can be estimated using the Waxman-Smits model (Waxman and
Smits, 1968) that relates changes in resistivity to water saturation. Used in the petroleum industry to
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estimate saturations of non-conductive oil, it can also be applied to any non-conductive fluid (Greve et al.,
2013). The Waxman-Smits model can be expressed as (Ohirhian, 1998):
𝜎𝑏𝑢𝑙𝑘 = 𝜃 𝑚 𝑆𝑤 𝑛 (𝜎𝑤 +

𝐵𝑇 𝑄𝑉
)
𝑆𝑤

(3.6)

where 𝜎𝑏𝑢𝑙𝑘 is the bulk electrical conductivity of the formation (S m-1), 𝜃 is the porosity (-), Sw is water
saturation (-), 𝜎𝑤 is the electrical conductivity of the water in the pore space (S m-1), 𝐵𝑇 is the counterion
mobility (m2 s-1 V-1), 𝑄𝑉 is the excess charge at the surface of the soil grains (C m-3), and 𝑚 and 𝑛 are the
cementation and saturation exponents (-), respectively. 𝐵𝑇 can be described by the empirical relationship
(Okay et al., 2014):
𝜎

𝑤
𝐵𝑇 = 𝐵𝑜 [1 − 0.6 𝑒𝑥𝑝 (− 0.013
)]

(3.7)

where 𝐵𝑜 is the maximum counterion mobility, assigned a value of 4.78 × 10-8 m2 s-1 V-1 (Revil et al.,
1998). The electrical conductivity of the water is temperature dependent and can be calculated using
Arp’s law (Butler and Knight, 1995):
(𝑇+21.5)

𝜎𝑤 = 𝜎𝑤𝑜 (𝑇

(3.8)

𝑜 +21.5)

where 𝜎𝑤𝑜 is the electrical conductivity of water at the initial temperature, 𝑇𝑜 , (°C).
Excess charge can be approximated as (Okay et al., 2014):
1−𝜃
) 𝑒𝑁𝐴 𝐶𝐸𝐶
𝜃

𝑄𝑉 = 𝜌𝑔 (

(3.9)

where CEC is the cation exchange capacity (meq g-1), 𝜌𝑔 is the soil grain density (kg m-3), NA is
Avogadro’s number (6.02214 × 1023) and e is the elementary charge (1.60218 × 10-19 C). For a lens not
solely composed of clay (Revil et al., 1998):
𝐶𝐸𝐶 = 𝜒𝑐 𝐶𝐸𝐶𝑐

(3.10)

where χc is the fraction of clay in the lens, and 𝐶𝐸𝐶𝑐 is the cation exchange capacity of the clay mineral
species (kaolin CECc = 0.03 meq g-1 (Revil et al., 1998)). Multiple clay species can be accounted for by
using a mass fraction weighted summation of CEC for all existing species (Revil et al., 1998).
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Cation exchange capacities are a widely used metric in agriculture and are well known for many clays.
The cementation exponent (m) is related to the tortuosity of the porous medium (Waxman and Smits,
1968) and has been found to be modeled well in clays (Revil et al., 1998):
𝑚 = 𝑚𝑜 +

𝛼𝑄𝑉 𝜃
𝑒𝑁𝐴 1−𝜃

(3.11)

where 𝑚𝑜 is the cementation exponent of a porous medium void of clay (𝑚𝑜 = 1.80, Revil et al., 1998),
and 𝛼 is a constant that relates excess charge and available pore space (𝛼 = 1.58 mL meq-1 Revil et al.,
1998).

The saturation exponent (n) is an empirical fitting parameter related to both clay content and wettability,
and is used to account for the effects of the distribution of a non-conducting phase. Measured values
range from 1.6 to 2.4 for shaly sands (Ohirhian, 1998) and 1.6 to 2.2 for kaolin (Crane, 2016); Archie
(1942) adopted a value of 2.0 for sandstones and silica sands.

3.3 Materials and Method
3.3.1 Test Cell Specifications
ERH experiments were conducted in a polycarbonate test cell with external dimensions 76.2 cm (width) ×
15.0 (depth) cm × 40.6 cm (height) and a wall thickness of 1.3 cm (Figure. 3.1). An aluminum frame
housed the polycarbonate cell to provide structural support, while remaining electrically insulated from
the cell interior. The cell was sealed using Viton O-rings and silicone caulk, and a polycarbonate lid was
used to prevent excess heat loss, while allowing vapour escape to the atmosphere. Produced vapours
were vented through ports in the lid. Similar ports allowed electrical cables connecting the electrodes to
the power supply to enter the cell.
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Temperature data were collected using 30 thermocouples (10.2 cm long × 0.32 cm diameter, T-type,
Omega Inc.) arranged in four rows, three rows of eight probes above one row of six probes.
Thermocouples were spaced 7.6 cm apart in both the vertical and horizontal directions. The tip of each
probe was positioned at the center of the cell interior. Ungrounded probes were used to avoid electrical
interference from the AC power source. Piezometers were installed 7.6 cm to the left and right of the
bottom row of the thermocouples to measure the water level in the cell during heating, and water
displacement was used to assess gas content in the sand pack.

Figure 3.1. Schematic of the laboratory test cell, showing locations of electrodes (black vertical bars),
thermocouples (black circles) and piezometers (vertical tubes), as well as the test circuit for the clay lens.

3.3.2 Soil Preparation and Packing
Four experiments were performed using three lens compositions. Two compositions were mixtures of
kaolin clay (Speswhite, Imery’s Performance Minerals) and silica sand (AccuSand #20/30), 40% and 70%
clay fraction (CF) by dry weight, and one was 100% kaolin clay. This clay was chosen for its highly
characterized properties. A technical data sheet can be found in Appendix E. A duplicate 40% clay
fraction experiment was conducted to demonstrate reproducibility of results. The experiments are
referred to as 0.4 CF-a, 0.4 CF-b, 0.7 CF and 1.0 CF. Water-saturated lenses were formed by mixing clay
or the appropriate mass fractions of clay and sand into a slurry with tap water (𝜎𝑤 = 0.035 S m-1 at 25°C).
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The slurry was then consolidated using a pneumatic piston system in a 40 cm high × 30 cm diameter
vertically-oriented cylindrical housing. Pressure was applied for 14 days, increasing incrementally to a
maximum of 400 kPa. The pressure was then decreased in a stepwise fashion over three days to avoid
cavitation and the generation of entrapped gas. The consolidated clay was removed from the cylinder and
cut using a steel wire into a rectangular prism measuring 35 cm × 13.5 cm × 4 cm, slightly wider than the
internal depth of the cell, and pressed into place to prevent the creation of a capillary channel between the
lens and wall.

Electrodes were suspended 35 cm apart and 20 cm from each lateral edge of the cell prior to packing.
Water was added to the cell to a height of 15 cm from the cell bottom. Sand was emplaced in the cell by
continuously pouring a sand-water slurry into the water to avoid entrapment of air bubbles and reduce
layering of the sand during settling. Packing was conducted in three steps. First, sand was poured until it
reached the elevation for the bottom edge of the clay lens. Second, the clay lens was pressed into place
between the electrodes. Third, a sand-water slurry was poured around the lens and to the top of the test
cell. Thermocouples in the sand were in place during packing while those in the lens were horizontally
inserted after the final addition of sand. The water table following packing was located 3 cm from the top
of the cell.

3.3.3 Heating and Data Collection
Electricity was delivered using a variable autotransformer (PowerStat, 3N116B) that fed a step-up
transformer, providing an electric potential of 330 V. A 60 Hz alternating current was used to match the
power convention used in field applications of ERH, and to avoid potential polarization and electroosmotic effects. Cylindrical graphite rods (30 cm long × 1.3 cm diameter, McMaster-Carr, 9121K73)
were bundled in pairs, acting as terminals for the power supply. One pair served as a drive electrode and
the second as a neutral electrode. An ammeter was used to measure current between the two electrodes
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(Figure 3.1). All equipment and housings were electrically grounded. Temperature data were collected
by the thermocouple array and digital images of the test cell’s front face were captured using a digital
camera (Rebel T3i, Cannon), both at synchronized 5 minute intervals. The total heating time for each
experiment was 24 hours.

In addition to measurements taken during heating, local measurements of temperature and electrical
resistance were taken during cooling. Electrical resistance measurements in the clay lens were used to
determine gas saturations. To measure electrical resistance in the lens, a second variable autotransformer
(PowerStat, 3N116B, Statco Energy Products) provided an electrical potential of 330 V between the
ungrounded, stainless steel sheaths of the thermocouples in the lens and current was measured (UT202A,
Uni-T Inc) to determine resistance (Figure. 3.1). Prior to each experiment, six repeated resistance
measurements were made in the clay lens at room temperature. Maximum variation from the mean value
in each case was used to determine the error associated with collected electrical property data. These
errors were calculated as 0.5%, 1.0% and 2.1% for the 0.4 CF, 0.7 CF and 1.0 CF clay lenses,
respectively.

Local resistance measurements in the clay lens were initiated immediately following the cessation of
heating. The first of these resistance measurements reflect conditions of maximum gas saturation
achieved at the end of heating, which were followed by decreasing gas saturations during condensation at
progressively lower temperatures. Resistance measurements continued until the cell interior reached
ambient temperature. The Waxman-Smits model (Equations 3.6-3.12) was employed to estimate the
maximum gas content of the lenses immediately after heating was stopped. Gas saturations were
calculated by relating resistivity to its reciprocal, conductivity, and expressing it as a conductivity index
based on electrical properties at room temperature:
𝑅𝑜
𝑅

(𝑇)
𝑏𝑢𝑙𝑘 𝑜 )

𝜎

= 𝜎 𝑏𝑢𝑙𝑘(𝑇

(3.12)
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where 𝜎𝑏𝑢𝑙𝑘 (𝑇) and 𝜎𝑏𝑢𝑙𝑘 (𝑇𝑜 ) are calculated using Equations 3.6-3.12 using parameters listed in Table
3.1.
Table 3.1. Input parameters used to calculate predicted, fully saturated conductivity indexes using
Equations 3.6-3.12
Parameter

Units

0.4 CF (-a and -b)

0.7 CF

1.0 CF

𝜃1

--

0.29-0.33

0.53-0.58

0.58-0.6

𝜎𝑤𝑜 1

S m-1

0.0307

0.0307

0.0307

𝑇𝑜 1

°C

25

25

25

𝑛2

--

1.6, 2, 2.4

1.6, 2, 2.4

1.6, 2, 2.4

𝐵𝑜 2

m2s-1V-1

4.78 × 10-8

4.78 × 10-8

4.78 × 10-8

𝐶𝐸𝐶𝑐 2

Meq g-1

0.03

0.03

0.03

𝜒𝑐 1

--

0.35

0.51

0.71

𝜌𝑔 3

kg m-3

2600

2600

2600

𝛼2

mL meq-1

1.58

1.58

1.58

𝑇1

°C

99

102

102

1- Measured value; 2-value from Revil et al.,(1998); 3- value from Imrey’s Performance Materials (2016).

As the n values for the clay lenses were not known, a range of reasonable values, n = 1.6, 2.0 and 2.4
(Greve et al, 2013; Butler and Knight, 1995) was used to estimate the uncertainty of the calculated gas
saturation values.

Two values of clay lens porosity were considered (Table 3.1). A lower-bound porosity was estimated
from the dry bulk density of each lens, using oven-dried samples of the consolidated clay collected prior
to the experiments. An upper-bound porosity was estimated by increasing the lower-bound porosity to
match the expansion of the lens observed in the digital images during heating. This expansion was
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typically on the order of 1-2 mm in the vertical and too minor to discern in the horizontal direction. The
lower-bound porosity was used in all calculations using Equations 3.6-3.12 because it produced
conservative (lower) estimates of gas saturation.

In order to evaluate gas production in the clay lenses, changes in the conductivity index over time during
cooling were compared to predictions made using Equations 3.6-3.12 assuming Sg = 0 (Sw = 1 in Equation
3.6). Conductivity index values lower than the water-saturated prediction provided evidence of gas
production in the lens interior. In addition, Equations 3.6-3.12 were used to determine the gas saturations
immediately after ERH was terminated; Sg values were used as a fitting parameter to match the
conductivity index predicted by Equations 3.6-3.12, along with the parameters values listed in Table 3.1.
A range of fitted values for Sg was determined, using the three n values.

3.4 Results and Discussion
3.4.1 Temperature
Temperatures inside the test cell increased during heating by ERH. The combination of water pressure
and capillary pressure in the lens also resulted in heating to temperatures greater than 100˚C. Maximum
temperatures were 99 ˚C, 102 ˚C, and 102 ˚C for CF 0.4 (a and b replicates), CF 0.7 and CF 1.0,
respectively. Minimum and maximum current ranges were 0.78 to 1.29 A in CF 0.4, 0.78 to 1.36 A in CF
0.7 and 0.79 to 1.0 A in CF 1.0. Measured current increased with temperature, and a decrease in current
was noted as gas saturations in the sand increased, consistent with previous ERH treatment of clay lenses
(Martin et al., 2016). Temperature increase was greater in the lenses compared to the surrounding sand.
For example, Figure.3.2 shows the temperature distribution after 20 hours of heating in experiment 0.7
CF, overlaid on a photo of the lens and surrounding sand. The lens was heated preferentially due to its
higher bulk electrical conductivity and subsequently higher current flow.
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Figure 3.2. Temperature distribution after 20 hours of heating in experiment 0.7 CF. The temperature
contours are overlaid on a photograph of the cell face at the same point in time, illustrating preferential
heating of the clay lens. The dashed line indicates the extent of visible gas formation within the sand
pack.

Higher heating rates were also observed in experiments with higher clay content due to higher electrical
conductivity. Temperature increases were similar in the 1.0 CF and 0.7 CF experiments, but were lower
in the 0.4 CF experiments.

Figure 3.3. Measured temperatures in the lens over time (left) in the 1.0 CF , 0.7 CF and 0.4 CF-a
experiments during the first 10 hours of heating compared to a similar homogeneous sand pack (silica
sand) from (Martin et al., 2016). Temperatures represent average values of the four thermocouples placed
within the lens. Replicate 0.4 CF-b is not shown but yielded similar results to 0.4 CF-a data. Cooling
curves for all tests (right) are similar. Time = 0 for cooling curves corresponds to the end of heating after
24 hours.
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3.4.2 Gas Production
Gas development was pronounced in the sand surrounding the lens in all tests, as the lower capillary
pressures of the sand combined with high temperatures adjacent to the lens created preferable conditions
for gas formation (Martin et al., 2016). The average gas saturation in the sand at the completion of
heating was calculated from water levels, corrected for thermal expansion, based on measurements using
the piezometers. Assuming that the majority of gas was produced between the electrodes (a 35 cm × 13.5
cm × 30 cm region in the middle of the cell), the average gas saturation in the sand in each experiment
was Sg = 0.27, 0.32, 0.35 and 0.56 for the 0.4 CF-a, 0.4 CF-b, 0.7 CF and 1.0 CF experiments,
respectively. The magnitude of these gas saturations is above those reported previously in studies of ERH
in homogeneous sand, and indicates that the gas in the sand was likely connected in each experiment
(Hegele and Mumford, 2014). ]. Unlike gas that could be visually observed in the sand, no gas was
visible in the clay lenses, likely because of the small pore size. However, in the 1.0 CF and 0.7 CF
experiments, hairline cracking of the lens was observed, which may have been due to gas formation
although this was not directly observable using the electrical resistance method employed in this
experiment.

Measured conductivity index values as a function of temperature during cooling for each of the three lens
compositions are shown in Figure 3.4. If the lens had been water-saturated at the termination of heating,
it was expected that the measured conductivity index would monotonically decrease over time as the lens
temperature decreased, due only to an increase in resistivity due to cooling of the lens pore water. This
expectation, calculated using Equations 3.6-3.12 for Sg =0, is shown as solid lines.
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Figure 3.4. Comparison of conductivity index with temperature in the a) 0.4 CF-a, b) 0.7 CF and c) 1.0
CF experiments during cool down after ERH. The divergence of experimental data from the watersaturated estimate at higher temperatures indicates the presence of gas in the lens, which increased
formation resistivity. The water-saturated estimate was calculated using Equations 3.6-3.12. Replicate
measurements yielded a calculated error no greater than 2%.
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The measured conductivity index aligns well with the solid line plotted in Figure. 3.4 in all experiments
for temperatures less than 80 °C, indicating no gas at these lower temperatures. However, the values
were lower than the water-saturated predictions at temperatures greater than 80 °C in the 0.4 CF and 0.7
CF experiments (Figures. 3.4a and 3.4b). This decreased conductivity index indicates that the lens is
more resistive than a water-saturated lens of the same material at a higher temperature, despite the pore
water being less resistive at the higher temperature, and is attributable to the presence of a gas phase (Sg >
0).

In both the 0.4 CF and 0.7 CF experiments, the conductivity index increased as the temperature initially
decreased from 100 °C to 80 °C, corresponding to condensation of the gas phase during initial cooling.
The conductivity index then decreased as gas collapse was completed and the effect of decreased water
conductivity dominated the measurements.

In the case of the 1.0 CF experiment, the condensation was particularly rapid. The first conductivity
index value was lower than the water-saturated prediction by a margin greater than the measurement
error, indicating the presence of some gas in the lens interior. Subsequent values higher than the fully
saturated prediction are consistent with water occupying increased pore space by expansion or fracturing
of the clay material (Equation 3.6) as the condensation process proceeds. Small increases in pore space
are consistent with the observed cracking, possibly due to thermal expansion and gas pressure during
heating.

3.4.3 Gas Saturation Estimates
The predicted relationship between fluid saturation and conductivity index is shown in Figure 3.5 for gas
saturations between 0 and 0.6, and at the temperature at the end of ERH in each experiment. This
relationship predicts a decrease in conductivity index (increasing resistance) with increasing gas
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Figure 3.5. Conductivity index versus gas saturation using the Waxman-Smits model for maximum and
minimum estimated values of n for the a) 0.4 CF-a, b) 0.7 CF and c) 1.0 CF experiments. Also included
are conductivity index values for n= 2.0, a commonly-assumed value. The intersection of the function
with the measured value of the resistivity index at the termination of heating (horizontal dotted line) was
used to estimate the corresponding gas saturation.
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saturation. The gas saturation at the end of heating was calculated by matching the measured
conductivity index (measured values in each of Figure. 3.5a, 3.5b and 3.5c) with the Waxman-Smits
prediction. Calculated values based on predictions using n = 1.6 and 2.4 were used to estimate a
confidence interval for the calculated gas saturation. These gas saturations are plotted along with the clay
content of the lens in Figure.3.6, and the overlap between the 0.4 CF-a and 0.4 CF-b replicates
demonstrates that the results are reproducible. When compared by mass fraction of clay in the lens, there
is a negative correlation between the estimated gas saturations at the end of ERH and the dry mass
fraction of kaolin.

Figure 3.6. Estimated gas saturations at the beginning of the cooling phase in each experiment, showing
less gas production with increased clay content of the lens. Error bars represent the minimum and
maximum estimates shown in Figure. 3.6. The grey box corresponds to the range of minimum gas
saturations over which connected gas pathways have been observed in mixtures of sand with bentonite
and illite clay (Sg= 0.07-0.15, Graham et al., 2002).

Gas saturations in the 0.4 CF experiments were estimated to range from 0.31 to 0.54. Gas saturations in
the 0.7 CF experiment were lower, ranging from 0.20 to 0.29, but still above those reported for a
connected gas phase in clays and clay-sand mixtures (Graham et al., 2002). Gas saturations in the 1.0 CF
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experiment ranged from 0.07 to 0.10, within the lower estimates of minimum connected gas

saturations.
3.5 Summary and Conclusions
ERH was performed on clay lenses with varying compositions (40%, 70% and 100% dry mass fraction
kaolin and #20/30 AccuSand) surrounded by sand. Heating rates and maximum temperatures increased
with increasing kaolin content of the lens. Gas was produced in all experiments, predominantly in the
sand surrounding the lens. Local resistivity measurements in the lenses following ERH were used to
estimate the change in water saturation due to gas production. After ERH was stopped, these
measurements showed an increase in conductivity followed by a decrease in conductivity, which cannot
be explained by considering only changes in the electrical conductivity of the pore water during cooling.
These non-monotonic changes are consistent with the presence of a gas phase in the lens at the end of
heating, which subsequently condensed and collapsed during cooling

Estimated gas saturations were lower at the termination of heating in lenses with greater clay content,
with values of Sg = 0.38 ± 0.07, 0.25 ± 0.05 and 0.09 ± 0.02 for the 0.4 CF, 0.7 CF and 1.0 CF
experiments, respectively. Compared to literature values these results suggest that the possibility exists
that a connected gas phase was not formed in the lens that consisted of only kaolin. However, connected
gas pathways were likely present in the 0.4 CF and 0.7 CF lenses. It is expected that the extent of gas
connectivity will affect mass removal from the interior of lower permeability lenses. Additional
experimentation using dissolved tracers is being conducted, and is expected to provide ISTT operators
with guidance concerning relationships between clay content, heating, gas connection, contaminant mass
removal and potential rebound effects.
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Chapter 4
Removal of TCE From Low Permeability Clay Lenses by Multi-Phase
Diffusion During Electrical Resistance Heating
Abstract
In situ thermal treatment (ISTT) experiments were performed using electrical resistance heating (ERH) in
a two-dimensional soil cell to investigate dissolved volatile organic compound (VOC) removal from a
clay lens. The reduction of dissolved trichloroethene (TCE) concentrations was measured in kaolin clay
lenses surrounded by coarse sand. Four experiments measured concentrations before and after ISTT, and
peak gas saturations in the lens interior were measured at the end of heating by resistivity measurement.
Low, moderate and high power levels were applied to produce either no gas, a disconnected gas phase, or
a connected gas phase, for a duration of either 24 or 72 hours. Low power heating for 24 hours had an
average measured TCE concentration in the clay of C/Co of 1.06 ± 0.23, and no quantifiable gas presence.
Moderate power heating had C/Co values of 0.05 ± 0.01 and 0.04 ± 0.01 with gas saturations of SgWS =
0.17 ± 0.03 and SgWS = 0.13 ± 0.02 for 72 and 24 hours of heating, respectively. High power heating
reduced concentrations below detectable limits and had a connected gas phase with a saturation of SgWS =
0.52 ± 0.07. A diffusion model that considers changes in diffusivity with gas saturation was used to
simulate TCE removal from the clay lenses. Concentration data were used to constrain fitting parameters,
independent of the resistance measurements, to estimate gas saturations corresponding to TCE mass
reductions. Gas saturation values fit to measured TCE concentrations were SgD = 0.03 ± 0.025 for low
power heating, and SgD = 0.08 ± 0.02 and SgD = 0.14 ± 0.02 for moderate power for 72 and 24 hours,
respectively. High power treatment was estimated to achieve TCE reductions below detectable limits
where SgD ≥ 0.22. Good agreement between SgWS and SgD showed that the low power experiment was
consistent with liquid phase diffusion; the high power experiment likely formed continuous gas channels.
Rapid removal of TCE in the moderate power experiments was consistent with multi-phase diffusive
transport and the gas saturations at the lens exterior. Calculations show diffusion increases nonlinearly
with gas saturations that are disconnected and immobile, especially in the case of boiling at the interface
of a lens.
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4.1 Introduction
Contamination of groundwater by dense non-aqueous phase liquids (DNAPLs) and their dissolved phase
constituents is a pervasive environmental concern in the industrialized world. Chlorinated solvents, such
as tetrachloroethene (PCE) and trichloroethene (TCE), are a prominent example of this class of
contaminant. Studies at the field and laboratory scales, as well as those focused on numerical modelling
have investigated DNAPL migration in relation to permeability variations in the subsurface (Gerhard et
al., 2014; Kueper et al, 1989; Poulsen and Kueper, 1992). The lateral accumulation and spreading of
DNAPL on low permeability layers (capillary barriers) promotes the diffusion of organic compounds
from the DNAPL into these low-permeability zones over the course of many years. Diffusion of organic
compounds into low-permeability zones also occurs within dissolved phase plumes. If concentrations in
the higher-permeability zones adjacent to the low-permeability zones are decreased preferentially, as is
often the case through natural groundwater flow or when injection-based remediation technologies are
applied, the result is a re-introduction of contaminants through the process of back diffusion. The lowpermeability zones act as sources, contributing to plume persistence (Parker et al., 2008; Sale et al., 2008;
Stroo et al., 2012; Kueper et al., 2014).

In situ thermal treatment (ISTT) technologies are a group of technologies often considered for use at sites
that include difficult-to-treat low-permeability zones. Technologies that rely on fluid transport, such as
in-situ chemical oxidation (ISCO) and in-situ bioremediation (ISB), are prone to preferentially treating
high-permeability areas of the subsurface. ISTT technologies, such as electrical resistance heating (ERH)
and thermal conductive heating (TCH), deliver thermal energy directly to contaminated areas. However,
fluid transport is required for contaminant mass removal through gas or multiphase extraction, followed
by ex-situ treatment.
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ISTT technologies have been considered for remediation at many contaminated sites (Kueper et al., 2014;
Triplett Kingston et al., 2014), but relatively few laboratory-scale investigations have been conducted.
Experimental studies have focused on homogeneous domains to investigate volatile organic compound
(VOC) removal as a function of heating time (Burghardt and Kueper, 2008), DNAPL-water co-boiling
(DeVoe and Udell, 1998; Burghardt and Kueper, 2008; Zhao et al., 2014), and gas exolution and
migration (Hegele and Mumford, 2014). The formation of gas bubbles in porous media is a topic that has
been well studied (Rudemiller et al., 1990, Udell, 1985; Satik and Yortsos, 1996; Wang and Cheng,
1997), including during ERH (Hegele and Mumford, 2015).

Studies conducted in heterogeneous systems include ISTT of pooled DNAPL (Baker and Hiester 2009;
Martin et al. 2011; Munholland et al. 2015). All of these studies have focused on sand, despite the
application of ISTT at low-permeability sites (Heron et al., 2005; 2013). Fewer laboratory studies have
investigated low-permeability material, including silty sands (Heron et al., 1998), fractured clay (Liu et
al., 2013, 2014) and rock (Chen et al., 2010; Kluger and Beyke, 2010). All of these laboratory studies on
low-permeability material have focused on homogeneous systems, and none have investigated both highand low-permeability material in the same experiment except previous experiments that considered only
water boiling and not VOC removal (Martin et al., 2016; Martin et al., 2017).

Gas transport in clay has not been well studied in the context of ISTT, although research has been
conducted concerning nuclear repositories, which are lined with compacted clay materials (Horseman et
al., 1999; Ortiz, 2002). The focus of much of the research associated with nuclear repositories has been
advective gas transport, which requires the formation of a preferential pathway, and the threshold pressure
required for this to occur. Threshold pressures are soil-specific, ranging from 75 kPa for kaolin (Ng et al,
2015) to 17 MPa depending on the specific clay minerals and their ability to swell (Horseman et al.,
1996), water saturation (Gallé, 2000; Ng et al., 2015) and the amount of coarse grained material present in
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the clay (Fiès and Bruand, 1998). It is expected that higher hydrostatic pressures and higher confining
pressures increase the overall threshold pressure. Threshold pressures increase and the formation of
pathways becomes more difficult as the fraction of clay in a low-permeability material increases (Mullins
and Panayiotopolous, 1984; Chiu et al., 1998). Kaolin has been studied in this regard, with reported gas
pressures and gas saturations when gas breakthrough occurs (Di Maio et al., 2002; Topp and Zebchuck,
1978). A conservative estimate of the threshold gas saturation (Sg) for the formation of connected gas in
kaolin is between 0.18 and 0.19 (Goh et al., 2014), although connected gas pathways have also been
observed in clay and clay-sand mixtures at gas saturations between 0.07 and 0.15 (Graham et al., 2002).
Preferential gas production during ERH has been demonstrated at clay-sand interfaces (Martin et al.,
2016), due to the high electrical conductivity and low boiling threshold of coarse grained sand. Gas
saturations have also been quantified in the interiors of sandy kaolin lenses during ERH, with low (and
likely disconnected) gas saturations produced in a pure kaolin lens, and increasing gas saturations in a
lens containing sand and kaolin (Martin et al., 2017).

An understanding of the relationships between gas production, gas transport, VOC mass transfer and
VOC removal is important for the application of ISTT to low-permeability materials. In the absence of a
connected, mobile gas phase, VOC removal is limited to diffusive transport. The rate of diffusion
depends strongly on the fluid saturations, with slower diffusion in saturated (Shackelford and Daniels,
1991a; 1991b) compared to partially saturated (Millington and Quirk, 1961; Johnson and Ettinger, 1991;
Johnson, 2002) soils. The objectives of this study are to: i) quantify TCE concentration reductions in clay
lenses undergoing ERH at various power levels and treatment times, ii) quantify gas production in the
interior of those lenses, and iii) compare experimental results to analytical model results to determine the
dominant mass transfer mechanism in each scenario.
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4.2 Theory
4.2.1 Ohmic Heating
ERH uses electrical current directed to the subsurface to produce elevated temperatures through the
conversion of electrical energy to thermal energy. The amount of power dissipated in a passive resistor is
described by Ohm’s Law (Rizzoni, 2004):
𝑃𝐸𝑅𝐻,𝑟𝑚𝑠 = 𝑅𝐼𝑟𝑚𝑠 2

(4.1)

where PERH,rms is power (W) delivered, I is the current (A) expressed as a root mean square value, and R is
the resistance of the medium (Ω). The resistance of an object is related to the resistivity of the material of
which it is composed, which can also be expressed as its reciprocal, conductivity:
𝜌=

𝐴𝑅
𝑙

= 𝜎 −1

(4.2)

where 𝜌 is resistivity of the material (Ω m), A is cross-sectional area (m2), l is the length of the conductor
(m) and 𝜎 is the conductivity of the material (S/m).

4.2.2 Gas Formation and Saturation
To form gas in a saturated porous medium, the sum of the water pressure and a scale-appropriate capillary
pressure must be overcome by the developing gas phase (Triplett Kingston et al., 2014):
𝑃𝑔 ≥ 𝑃𝑤 + 𝑃𝑐

(4.3)

where 𝑃𝑔 is the gas pressure at which gas forms (Pa), 𝑃𝑤 is the water pressure (Pa) and 𝑃𝑐 is the capillary
pressure (Pa). At equilibrium, the gas pressure is equal to the vapour pressure of the surrounding liquid
(Sinnott, 2005):
𝑃𝑣

∆ℎ𝑣𝑎𝑝

𝑖

𝑅𝑔

𝑖
𝑙𝑛 (𝑃𝑣,𝑜
)=

1

1

(𝑇 0 − 𝑇) 𝑃𝑐

(4.4)

where 𝑃𝑖𝑣 is the vapour pressure of liquid i (Pa), 𝑇 is the temperature (K), 𝑅𝑔 is the universal gas constant
(8.314 J K-1 mol-1), ∆ℎ𝑣𝑎𝑝 is the heat of vaporization of the liquid, equal to 2260 kJ/kg for water (Sinnott,
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2005), and 𝑃𝑖𝑣,𝑜 is a reference vapour pressure (Pa) measured at a reference temperature 𝑇 0 (K). Equation
4.4 applies to a pure liquid, and the vapour pressure of mixtures is described by Raoult’s Law (Wankat,
1988). The 𝑃𝑔 required for the expansion of a gas phase between pores is the sum of water pressure and
the capillary pressure at the pore throat joining them. This capillary pressure can be described by the
Laplace equation (Lenormand et al., 1983):
1

1

1

2

𝑃𝑐 = 𝛾 (𝑟 + 𝑟 )

(4.5)

where Pc is the capillary pressure, 𝜎 is the interfacial tension (N/m) between the gas and the surrounding
water, and 𝑟1 and 𝑟2 are the primary radii of curvature of the gas-water interface in the pore throat. As
pore throats decrease in size (decreasing from sand to silt to clay), higher gas pressures are required for
gas to exist over multiple pores.

For uniform gas formation in a clay medium, changes in the electrical resistance of the clay can be related
to the water saturation using the Waxman-Smits model (Waxman and Smits, 1968):

𝜎𝑏𝑢𝑙𝑘 = 𝜃

(𝑚𝑜 +(∝𝜌𝑔

1−𝜃
𝜃
𝐶𝐸𝐶)
)
𝜃
1−𝜃

𝑆𝑤 𝑛 (𝜎𝑤 +

𝜎
1−𝜃
𝐵𝑜 [1−0.6 𝑒𝑥𝑝(− 𝑤 )]𝜌𝑔
𝐶𝐸𝐶
0.013

𝑆𝑤

𝜃

)

(4.6)

where 𝜎𝑏𝑢𝑙𝑘 is the bulk electrical conductivity of the medium (S m-1), Sw is the water saturation (-), 𝜃 is
the porosity (-), 𝜌𝑔 is the grain density (kg m-3) of the soil, 𝜎𝑤 is the electrical conductivity of the water in
the pore space (S m-1) at a given temperature, 𝐵𝑜 is the maximum counterion mobility, assigned a value of
4.78 × 10-8 m2 s-1 V-1 (Revil et. al., 1998), CEC is the cation exchange coefficient (meq g-1), 𝑚𝑜 is the
cementation exponent of a clay-free porous medium, cited in literature as a constant value of 𝑚𝑜 = 1.80
(Revil et. al., 1998) and 𝛼 is a constant that relates cementation and excess charge with pore space where
𝛼 ≈ 1.58 mL meq-1 (Revil et al., 1998). A method for estimating gas saturations (1-Sw) using the
Waxman-Smits model and measurements of electrical conductivity in clay during laboratory studies of
ERH is presented in Martin et al. (2017).
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4.2.3 Diffusion
Mass transport of VOCs in a clay lens undergoing heating occurs in three regimes, differentiated by the
dominant mode of mass transfer: i) liquid phase diffusion, ii) multi-phase diffusion and iii) advection. At
low temperatures liquid phase (water) diffusion produces relatively slow transport of solute, but as
temperatures increase, this rate increases with increased kinetic motion of the liquid. Diffusion through
gas is a faster process than diffusion through liquid, and with the development of a gas phase in the clay
lens the overall rate of diffusion, through both the liquid and gas, increases with increased gas saturation.
When a threshold pressure specific to the lens material is reached, a connected gas phase develops and
gas is transported advectively between pores. Gas channels are formed and advective mass transfer
through that connected gas phase dominates (Horseman et al., 1999; Ortiz, 2002) in bulk clay materials.
The gas (steam) channels alter path lengths and gradients in the lens, and cause diffusion towards the
advective pathways.

Diffusive mass transport is described by Fick’s Second law (Crank, 1975):
𝜕𝐶
𝜕𝑡

𝜕2 𝐶

𝜕2 𝐶

𝜕2 𝐶

= −𝐷𝑒𝑓𝑓 (𝜕𝑥 2 + 𝜕𝑦2 + 𝜕𝑧2 )

(4.7)

where C is concentration (mg L-1) and Deff is the effective diffusivity (m2 s-1).
The magnitude of Deff increases with gas saturation (Sg) as diffusivity values in liquid are orders of
magnitude lower than those in a gas phase. Saturation-dependent diffusivity can be calculated using
(Millington and Quirk, 1961):
10/3

𝑔 𝑆𝑔 𝜃
𝜃2

𝐷𝑒𝑓𝑓 = 𝐷𝑖

+ 𝐷𝑖𝑤

(1−𝑆𝑔 )𝜃10/3

(4.8)

𝜃2

where Dg and Dw are the diffusivities of solute i in the gas and water phases, respectively.
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A conceptual model of mass transfer in a clay lens undergoing ISTT is illustrated in Figure 4.1. As
heating progresses, three distinct periods exist: water-saturated, disconnected gas, and connected gas.
During the water-saturated period, the temperature is low, no gas phase is present, and mass transfer is
diffusive and in the liquid phase. Mass transfer during this period is slow due to low diffusivities in the
aqueous phase. During the disconnected gas period, the temperature is higher, discontinuous gas is
present, and multi-phase diffusion increases the effective diffusivity. Mass transport during this period
becomes increasingly faster as gas saturations increase, but remains a diffusive process. During the
connected gas period, temperatures are sufficiently high to create gas channels, and mass is removed
rapidly by advection through these gas conduits. Path lengths for multi-phase diffusive transport away
from these conduits are shortened, and concentration gradients between the conduit interface and the lens
interior are created, leading to faster mass transfer.

Figure 4.1. Conceptual model of mass transport in a clay lens with increasing levels of gas saturation. a)
a fully water saturated lens is limited to liquid phase diffusion b) as disconnected gas is formed, gas phase
diffusion contributes to mass transfer, c) when gas channels are formed.

In the case of a low-permeability clay lens surrounded by a coarser grained medium, ERH leads to
preferential heating of the clay, and the lower capillary pressure in the sand will result in preferential gas
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formation at the permeability interface (Martin et al., 2016). The formation of connected, mobile gas at
the lens interface transports vaporized liquid away, upward through the sand pack, and creates a
concentration gradient between the interface and the lens interior. Based on this conceptual model, where
VOCs are assumed to be removed rapidly from the lens interface, a boundary condition of C=0 at the
clay-sand interface can be used to solve Equation 4.7. The one-dimensional solution, for application to
the middle of a long lens, is (Balluffi et al., 2005):
𝐶(𝑧, 𝑡) =

4𝐶𝑜 ∞
1
∑𝑓=0 (
𝑠𝑖𝑛 [(2𝑓
𝜋
2𝑓+1

𝑧

+ 1) 𝜋 ℎ] 𝑒𝑥𝑝 [−

(2𝑓+1)2 𝜋2
ℎ2

𝐷𝑒𝑓𝑓 𝑡])

(4.9)

where Co is the initial concentration, f is the number of Fourier expansions, h is the thickness of the lens
(m), t is time (s), and z is the vertical position within the lens (m).

When no continuous gas phase exists at the clay-sand interface, the assumption of rapid mass removal
from the boundary can no longer be made, and Equation 4.7 can be solved in one-dimension without
using a zero concentration boundary at the lens interface, and initial conditions of C=C0 in the lens
interior and C= 0 at the interface, as (Balluffi et al., 2005):
𝐶(𝑧, 𝑡) =

𝑧+ℎ⁄2
𝐶𝑜
(𝑒𝑟𝑓
[
]−
2
√4𝐷𝑒𝑓𝑓 𝑡

𝑒𝑟𝑓 [

𝑧−ℎ⁄2
√4𝐷𝑒𝑓𝑓 𝑡

])

(4.10)

Equation 4.10 assumes that the effective diffusivity, and therefore the gas saturations, are the same in the
lens as they are in the surrounding sand. Solutions to both Equations 4.9 and 4.10 were compared to a
two-dimensional diffusion model using the same boundary conditions (Carslaw and Jaeger, 1959), and
the simulated concentrations at the sampling locations used in this experiment showed less than a 0.05%
difference (Appendix D). Therefore, the one-dimensional solutions were deemed appropriate for the
analyses in this study.
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4.3 Materials and Methods
4.3.1 Overview
Four experiments were conducted using a two-dimensional soil cell in which a kaolin lens surrounded by
sand was heated by ERH and held at a maximum temperature for 24 or 72 hours (Table 4.1). Three power
deliveries were used: low power (LP), intended to produce little to no gas in the lens interior, moderate
power (MP), intended to produce disconnected gas, and high power (HP), intended to produce connected
gas channels. Each of these power levels were achieved by applying a constant voltage of between 100
and 330 V between electrodes in the cell. The applied voltage in the LP experiment was adjusted within
±5% to maintain a maximum temperature of 45°C ± 1°C. A description of the cell, electrodes and
instrumentation is summarized below, and is described in detail in Martin et al. (2016) and Martin et al.
(2017).
Table 4.1. Summary of experiments conducted.

Experiment

Applied
Voltage
(V)
100
165
165
330

Low Power 24 (LP-24)
Moderate Power 72 (MP-72)
Moderate Power 24 (MP-24)
High Power 24 (HP-24)

Duration at peak
Temperature
(hr)
24
72
24
24

4.3.2 Soil Cell Specifications
The soil cell used for experiments was constructed of polycarbonate with external dimensions of 76.2 cm
(width) × 15.0 (depth) cm × 40.6 cm (height) and a wall thickness of 1.3 cm (Figure 4.2). An aluminium
frame housed the cell for structural support, and the cell interior was sealed with Viton O-rings and
silicone caulk. The top of the cell was sealed by a lid to minimize thermal losses and included ports, open
to the atmosphere, for venting of steam as well as to allow the passage of power cables that fed the
electrodes. An array of 30 ungrounded thermocouples (10.2 cm length × 0.32 cm diameter, T-Type,
Omega Inc.) was used for temperature monitoring, entering through the rear face of the cell, and
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protruding to the centre of the soil pack. The spacing of thermocouples was 7.6 cm in both the horizontal
and vertical directions.

Figure 4.2. Schematic diagram of the soil cell used in experiments. Thermocouple locations are shown
as black dots and the electrodes as vertical black bars. Thermocouples were ungrounded and sheathed in
steel, allowing them to be used as terminals for testing the electrical properties of soil between them
(inset).

4.3.3 Soil Preparation and Cell Packing
Clay lenses were produced using refined kaolin clay (Speswhite, Imery’s Performance Minerals), which
has an organic carbon content of 0.01 mg kg-1 (Ferrarese and Adreottola, 2008) to minimize sorption.
The clay was consolidated from a slurry containing clay powder and a TCE-water solution with a
concentration of 480 mg L-1. The slurry was mixed and pressurized under a pneumatic piston in a vertical
cylinder 40 cm tall and with a diameter of 30 cm (Martin et al., 2017). Pressure was applied for 14 days,
incrementally increasing to a maximum of 400 kPa. The consolidation cylinder was tented using plastic
sheeting to reduce partitioning of TCE to the atmosphere. Following consolidation, the cylinder pressure
was decreased in a stepwise fashion over a three-day period to form a water-saturated clay while avoiding
cavitation that would have created an entrapped gas phase. The consolidated clay was cut into lenses
measuring 24 cm (width) × 22 (depth) cm × 8 cm (height), and immediately sealed in plastic wrap and
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coated in wax to reduce atmospheric losses of TCE. Lenses were stored at 4°C until immediately before
cell packing.

Packing of the cell was performed in three stages. First, #20/30 Accusand (Schroth et al., 1996) was
poured into the cell through a hopper into a 15 cm depth of water, until it reached the elevation of where
the bottom edge of the clay lens would be placed. The clay lens was then removed from its wax and
plastic packaging, and cut to 19 cm (width) × 13.5 cm (depth) × 4 cm (height) to ensure a snug fit into the
cell. Clay offcuts from each lens were cored and tested in duplicate for TCE concentrations. The lens
was then pressed into place, facilitated by temporary removal of thermocouples. Lastly, #20/30 Accusand
was poured into the cell again using the hopper, around the lens and to the top of the cell.

4.3.4 Heating and Data Collection
Electrical power was delivered using a variable autotransformer (Powerstat 3N116B, Statco Energy
Products) connected to a 110 AC power outlet at mains frequency (60 Hz). The use of this frequency
matches that used in field applications of ERH and eliminates potential polarization or electro-osmotic
effects during experimentation. The autotransformer output was run through a step up transformer
capable of providing a maximum electric potential of 330 V. Two pairs of cylindrical graphite rods (30
cm length, 1.3 cm diameter, McMaster-Carr, 9121K73) were used as terminals for the power supply and
completed the power circuit. During heating, temperature was recorded at 5 minute intervals using a
digital multimeter with 40 channel multiplexer containing a cold junction circuit (Keithley 2600B,
Keithley 7708, Keithley Instruments). Photographs of the cell face were taken every 2.5 minutes using a
digital camera (Rebel T3i, Canon).

Before heating and following the termination of ERH, a simple test circuit (Figure 4.2) was used to
determine the electrical resistance of the lens. Resistance measurements were made using the steel
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sheathing of the ungrounded thermocouple probes as terminals connected to a separate variable
autotransformer (PowerStat, 3N116B, Statco Energy Products) providing between 11 V and 25 V, and
measurement of current through the circuit using a multimeter (52-0052-2, Mastercraft). The current
measurements were used to calculate resistance, and gas saturation (Sg) in the lens using Equation 4.6
(Martin et al., 2017). Measurements continued until the lens returned to room temperature.

4.3.5 Chemical Sampling and Analysis
After the heated cell cooled to room temperature (approximately 48 hours after heating was terminated),
the sand above the clay lens was removed and core samples were collected from the lens using lengths of
steel pipe (4 cm long × 1.5 cm diameter) driven into the clay using a rubber mallet. After removal, the
pipe ends were capped with Teflon wrapped stoppers, sealed with tape and stored at 4°C until analysis for
TCE within 72 hours of collection. Chemical samples were removed from three depths, alternating
between top-and-bottom and a central sample locations to determine concentrations at the edges and
interior of the lens (Figure 4.3). For the top-and-bottom locations, two samples were obtained from each
4 cm-long core. In addition to the collection of core samples after heating, core samples were collected
from each lens during the packing process before the lens was cut down to its final dimensions, to
determine the initial TCE concentrations prior to heating. VOC samples were extracted using methanol
and TCE concentrations were measured by gas chromatography (Agilent Technologies, 7890B) using
flame ionization detection (FID), with a detection limit of 10 mg kg-1.
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Figure 4.3. Diagram of sampling positions in the clay a) from overhead (x-y plane), and b) front-face (x z
plane) perspectives.

4.4 Results and Discussion
4.4.1 Temperature and Visible Gas Production
During heating, the clay lenses heated preferentially compared to the surrounding sand, as observed
previously (Martin et al., 2016). The rate of heating within the lens increased with potential applied to the
electrodes (Figure 4.4a). In LP-24, the applied potential was 100 ± 5 V and the temperature in the lens
did not exceed 46°C. The lenses in MP-72 and MP-24 both had an applied potential of 165 V, and
exhibited very similar heating curves, plateauing at 102 °C after 7.8 and 8.1 hours, respectively. HP-24
had an applied potential of 330V and heated quickest, reaching a maximum temperature of 103 °C after 1
hour. After heating was stopped, temperatures at all thermocouple locations immediately began to
decrease (Figure 4.4b), returning to ambient conditions within 20 hours.
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Figure 4.4. a) heating curve and b) cooling curves for all experiments, expressed as an average of
thermocouple responses within the clay lens.

In LP-24, because of the maximum lens temperature of 45° C, no visible gas phase was present at the
clay-sand interface. In contrast, MP-72, MP-24 and HP-24 each had a visible gas phase extending
upward from the clay-sand interface. Vigorous boiling was visible in the sand around the lens and gas
channels exited the sand surface in rapid sputters. The extent of gas formation is shown in the photograph
presented in Figure 4.5.

The amount of power delivered in the form of heat to the clay lens itself was estimated by (Incropera and
DeWitt, 1990):
𝑃=

𝑞
𝑡

=

𝑚𝐶𝑝 ∆𝑇
𝑡

(4.11)

where q is energy (J), m is the mass of the lens (kg), Cp is the specific heat capacity of saturated kaolin
clay, 1.8 J g-1 K-1 (Robie and Hemingway, 1991), ∆𝑇 is the difference between start and target
temperatures and t is time to reach the target temperature (s). Power delivery to the lens was estimated to
be 9.5 W, 11 W, 10 W and 47 W for LP-24, MP-72, MP-24 and HP-24, respectively, at applied potentials
of 100 V, 165 V, 165 V, and 330 V. The estimated power delivery of the LP and MP experiments were
similar, despite the use of a higher applied potential in the MP experiments. This is consistent with the
lack of phase change in the LP experiment, making all energy delivery to be in the form of sensible heat,
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increasing in temperature. The MP experiments had gas generation, so energy would be required to be
divided to both sensible and latent heat of vaporization.

Figure 4.5 – Photographs a) before heating, b) 10 hour into heating and b) at maximum gas saturation for
LP-24 (top) and MP-24 (bottom). No gas development is evident in LP-24, while MP-24 develops a
visible gas phase at the clay-sand interface, and is representative of MP-72 and HP-24. Gas generation
was not visually observed in the clay lenses.

Photographs show the LP-24 clay-sand interface to be free of a gas phase. The MP and HP experiments,
however, had extensive coverage of connected gas phase at the clay-sand interface, consistent with
previous experiments (Martin et al., 2016, 2017). MP-72 failed to develop interfacial gas underneath the
bottom of the lens. MP-24 showed a consistent, although less dense gas phase beneath the lens. A high
saturation of gas was visible surrounding the lens during the HP-24 experiment. Photographs show that a
connected gas phase capable of supporting advective transport occurred at the sand-clay interface in the
MP and HP experiments, but not in LP-24 (Appendix E).
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4.4.2 Gas Production Within the Lens
The measured electrical conductivity of each clay lens, expressed as a conductivity index value equal to
the ratio of conductivity under unsaturated conditions to the conductivity under water-saturated
conditions, is shown for the cooling portion of each experiment in Error! Reference source not found..

Figure 4.6. Conductivity index with temperature for a) LP-24, b) MP-72, c) MP-24 and d) HP-24 during
cool down following ERH (symbols) compared to predictions assuming a water-saturated lens (lines).
Error bars are shown inside each plot symbol.

Also shown are the predicted values produced using Equation 4.6 (solid lines) that assume watersaturated conditions (Sw=1). Under water-saturated conditions the electrical conductivity decreases
monotonically due primarily to the decrease in the conductivity of the pore water with decreasing
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temperature. Measured conductivity index values below the water-saturated predicted value indicate an
increase in electrical resistance due to the presence of gas in the lens interior (Martin et al., 2017).
Conductivity index values for LP-24 showed no deviation, which implies that if any gas was present
within the lens it was not sufficient to alter its bulk electrical properties. The MP-72, MP-24 and HP-24
experiments all exhibited non-monotonic behaviour, deviating from the water-saturated predictions,
indicating the presence of gas. Of the MP and HP experiments, the deviation was least in MP-72 and
greatest in HP-24. In all cases, index values returned to a decreasing, monotonic behaviour as the clay
lens cooled.

Gas saturations in the lens immediately after heating was stopped were estimated using conductivity
index measurements as per the method presented in Martin et al. (2017), using Equation 4.6 and the
parameters found in Table 4.2. These gas saturations, calculated based on the Waxman-Smits model,
referred to as SgWS values, were 0.0, 0.17 ± 0.03, 0.13 ± 0.02 and 0.52 ± 0.07 for the LP-24, MP-72, MP24 and HP-24 experiments, respectively.

Table 4.2. Parameters used in the estimation of SgWS using Equation 4.6.
Parameter

Symbol
1

Units

Value

Porosity
0.58
-𝜃
Electrical Conductivity of water,
0.0307
𝜎𝑤𝑜 1
S m-1
20 °C
Reference Temperature
17
°C
𝑇𝑜 1
Cementation exponent
1.8
-𝑚𝑜 2
Saturation Exponent
1.6, 2.4
-𝑛2
2 -1 -1
2
Maximum Counterion Mobility
4.78 × 10-8
ms V
𝐵𝑜
-1
2
Cation Exchange Capacity
0.03
C kg
𝐶𝐸𝐶𝑐
Clay Fraction
0.71
-𝜒𝑐 1
3
-3
Grain Density of Clay
2600
𝜌𝑔
kg m
1- Measured value, 2- Revil et al., 1998, 3 – Imrey’s Performance Materials, 2008
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4.4.3 TCE Removal
Analyses of TCE concentrations in the clay lenses were carried out before each experiment, and at the
conclusion of ERH. Samples were taken from 4 cm-long cores collected from the lens (Figure 4.3). Each
sample was 1.3 cm long and centred vertically in either the middle of the lens or 0.7 cm in from the top or
bottom edge. Therefore, concentrations in each sample represent a bulk average C/Co value for a third of
the height of the lens. Initial concentrations of TCE in the lens and fraction of mass remaining (C/Co) are
summarized in Table 4.3. 18 samples were collected for each case, although sealing of the sample tubes
was imperfect in some cases, leading to rejection of those samples. 17 and 18 samples were analyzed for
the LP-24 and HP-24 experiments, respectively, while 13 and 14 samples were analyzed for the MP-72
and MP-24 experiments, respectively.

Table 4.3. Initial concentrations (Co) of TCE compared to the fraction remaining (C/Co) after ERH for
each experiment.
Experiment name

Co (g kg-1) bulk avg.

C/Co bulk avg.

LP-24

24 ± 6.0

1.06 ± 0.23

MP-72

1.9 ± 0.1

0.05 ± 0.01

MP-24

2.4 ± 0.2

0.04 ± 0.01

HP-24

11 ± 0.6

Undetected

The C/Co values were highest in LP-24 with no removal of TCE. The MP experiments showed fraction of
remaining TCE as 0.05 and 0.04, while all samples from the HP experiment were below the detection
limit of 0.01 g kg-1, equivalent to C/Co = 5.0 × 10-4.

Diffusion models (Equation 4.9 for MP-72, MP-24 and HP-24, and Equation 4.10 for LP-24) were used
to fit the measured TCE concentrations after each experiment by adjusting the value of the gas saturation
(Figure 4.7). These fit gas saturations are referred to as SgD values. Parameters used in the model are
listed in Table 4.4.
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Table 4.4. Parameters used to determine SgD using Equations 4.8 through 4.10. Boundary conditions for
LP-24 differed from those for other cases to reflect the absence of a connected gas phase at the clay-sand
interface. A diagram of model domains is included in Appendix D.
Parameter
Porosity
Temperature
Diffusivity of TCE in
air 20°C
Diffusivity of TCE in
water 20°C
Lens Thickness
Time
Boundary Conditions
/ Initial Conditions

Symbol
𝜃1
𝑇

Units
-°C

LP-24
45

MP-72
0.58
102

2

m2 day-1

0.68

Dw 2

m2 day-1

2.00 × 10-5

h
T

M
day

BC / IC

--

Dg

0.04
1
C(±∞, t)=0
C(-h/2 ≤ x ≤ h/2,0)=Co
C(-h/2 > x > h/2,0)=0

0.04
3

MP-24

HP-24

102

103

0.04
0.04
1
1
C(h, t)=0
C(0 < x < h, 0)=Co
C(0, t)= 0

1- Measured value, 2 - Hsieh et al., 1994

For each experiment, SgD values were obtained by fitting the maximum or minimum C/Co values for each
sample row along the x (horizontal) axis for each experiment. This was used to determine the SgD ranges
that corresponded to the measured TCE concentrations. None of the experiments showed noticeable
trends in concentration with respect to the x-axis position of the sample. LP-24 data were fit with SgD
values between 0.00 and 0.05, MP-72 for values between 0.06 and 0.10, and MP-24 for values between
0.11 and 0.16. While it was expected that the dominant mode of mass removal from the lens in the HP-24
experiment was advection through connected gas channels (based on a measured gas saturation of greater
than 50%), simulation using a diffusion model was used here to investigate the minimum gas saturation
required to achieve TCE concentrations below the detection limit if only diffusion were considered. C/Co
values below the detection limit were achieved for SgD values greater than 0.22.
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Figure 4.7. Measured C/Co values (symbols) plotted against vertical (z axis) height within the lens for a)
LP-24, b) MP-72, c) MP-24 and d) HP-24. Curves show the predicted C/Co at a value of SgD set to match
the minimum and maximum experimental result in each plot. Within the plots, sample locations are
plotted with respect to their vertical positon within the lens.

Table 4.5. Comparison of gas satuartion range estimates by electrical property measurements and
Equation 4.6 (SgWS) and saturations arrived at by fitting gas saturations (SgD) to measured C/Co values
using Equations 4.8-4.10.
LP-24
MP-72
MP-24
HP-24

SgWS
0.0
0.14-0.20
0.11-0.15
0.45-0.59

SgD
0.00-0.05
0.06-0.10
0.11-0.16
>0.22

These ranges (SgD) are compared to those produced using the electrical measurements and the WaxmanSmits model (SgWS) in Table 4.5. Both sets of Sg values agree well in LP-24, MP-24 and HP-24, but in
MP-72, SgWS is higher than SgD. The SgWS and SgD values in the LP experiment were both at saturations
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where connected gas would not exist. The predicted values of C/Co obtained by a one-dimensional
diffusion model agree well with measured and fit values obtained through electrical and chemical
measurement for both boundary conditions considered. The agreement between values suggests that
multi-phase diffusion is responsible for the mass transport in the MP experiments, and is rapid when a
diffusion sink is present. HP-24 likely contained a connected and mobile gas phase, given its high SgWT
and high estimated power delivered. A comparison of predicted, fit and measured values of C/Co and Sg
is shown in Figure 4.7.

4.4.4 Scaling of Results and Potential Application
Field scale clay lenses can be thicker than those used in these experiments. The application of multiphase diffusion to the field scale is useful in further developing an understanding of mass transfer
processes, mechanisms and rates of transport during ISTT in low permeability features. For example, the
effect of multi-phase diffusion on predicted treatment time of a clay lens (t) containing dissolved VOC
would be substantial compared to the fully-saturated case (to) and would decrease with increasing Sg.
Reductions in treatment time can be expressed in reference to the liquid saturated case, (to). For a number
of lens heights, the time for the C/Co to be reduced to 0.01 (99% depletion) can be calculated considering
a number of Sg values, temperatures and boundary conditions (Table 4.6) using Equation 4.9 or 4.10. Gas
saturations greater than Sg=0.20 are not considered, as diffusion would no longer be the dominant mode of
mass transfer within the lens.
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Table 4.6. Predicted years to achieve C/Co = 0.01 by Equation 4.9 where gas is assumed to exist at the
interface, Equation 4.10 where it does not, and with increasing internal gas saturations and lens heights.
Time to achieve the target concentration increases with greater lens heights, but is reduced by increases in
Sg when a diffusion sink is present at the lens interface.
Sg (lens)

T
(°C)

Gas at
interface

Deff
(m2s-1)

t/to

0.00
0.05
0.10
0.15
0.20
0.00
0.00

102
102
102
102
102
102
45

Yes
Yes
Yes
Yes
Yes
No
No

1.47 × 10-09
1.57 × 10-09
3.09 × 10-09
8.08 × 10-09
1.90 × 10-08
1.47 × 10-09
3.00 × 10-10

1.00
0.93
0.48
0.19
0.08
1.00
1.00

Projected years to C/Co = 0.01 (years)
h=10 cm h=20 cm
h=50 cm
h=100 cm
0.07
0.06
0.03
0.01
0.005
170
650

0.26
0.25
0.12
0.05
0.02
631
2414

1.64
1.53
0.78
0.30
0.12
3874
14811

6.54
6.44
3.72
1.43
0.59
15458
59104

The time at a given target temperature and saturation for concentration to be reduced by diffusion to C/Co
= 0.01 increases with increasing lens height. Deff increases with increases in Sg, and predicts treatment
times on the order of years where there is a connected gas phase at the interface. If there is no connected
gas at the interface treatment times are hundreds to thousands of years, and increase with decreasing
temperature.

When expressed as the fraction t/to, treatment time reductions vary with Sg as shown in Figure 4.9. The t/to
value decreases most rapidly between Sg=0.05 and Sg=0.12. If, for a lens material, advection becomes
dominant at Sg=0.20, it is predicted that multi-phase diffusion would account for a t/to of 0.08. Time to
C/Co = 0.01 is plotted against Sg, showing a family of parallel curves and increasing treatment time with
increasing lens thickness.
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Figure 4.8. Comparison of a) reduction in treatment time (t/to) to gas saturation in the case of multi-phase
diffusion sink present, and b) decreasing log(t) with Sg for increasing lens height.

The implication of regarding multi-phase diffusion as the dominant mode of mass transfer where
disconnected gas phases exist is that mass removal from clay lenses can be more rapid than in a water
saturated system, although the development of gas saturations greater than 0.05 within the lens is
required. To confirm this at the field scale, methods for the quantification of key parameters such as gas
saturations in the lens and at the interface would be required.

4.5 Conclusion
A series of experiments was conducted that measured gas saturations and TCE concentrations in kaolin
clay lenses surrounded by coarse sand as they underwent ERH. Three applied voltages were used to
conduct the heating, and the experiments were categorized as low power (LP), medium power (MP) and
high power (HP). Maximum temperatures in three cases were maintained for 24 hours, and a longer, 72
hour ERH process was also applied to the MP heating. Gas production at the clay-sand interface
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increased with applied electrical potential, as did the peak average temperature in the lens interior. Using
electrical methods, no measurable gas formation was detected in a lens at 45°C. Gas saturations between
0.14 and 0.20 were present in the MP experiments, within the range of disconnected gas. HP experiments
had a measured gas saturation of 0.45 to 0.59, and most likely contained a connected gas phase.
Concentrations of TCE were not reduced at low power. MP experiments showed reductions of 95% and
96% despite only containing disconnected gas. The HP experiment had concentrations reduced below
detectable limits.

Chemical concentration reductions, when fit with diffusion models, agree with measured values, and
suggest that diffusion was the mechanism of mass transfer in the LP and MP experiments. The presence
of gas at the clay-sand interface providing a low concentration boundary condition, and increased
diffusivity due to the presence of disconnected immobile gas in the lens interior during the ERH
facilitated the high TCE removals in the MP experiments. Removal of TCE was not present without gas
presence in the lens interior or at the clay-sand interface, as shown by the LP experiment.

Diffusion calculations for clay lenses of varying thicknesses demonstrate that with the presence of
connected gas at the interface, non-mobile gas in the lens interior enhances diffusive mass transfer,
leading to shorter treatment times than those that contain no gas phase.
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Chapter 5
Conclusions and Recommendations for Future Work
5.1 Conclusions
The overall goal of this research was to develop a better understanding of heat and mass transfer in and
around clay lenses during ERH. The conclusions of this research are:
1. Surfaces of clay lenses embedded in sand are locations of preferential phase change during ERH,
due to the clay being preferentially heated and a lower threshold pressure for gas production in
the surrounding sand. In this study, gas produced at the boundary of clay lenses was observed to
rise as a boiling front and produced a distinctive temperature plateau as thermal energy was
consumed in phase change processes. This is important because it fills a knowledge gap by
providing a conceptual model that helps describe gas production around clay lenses during ERH.

2. During ERH, gas saturations within clay-rich lenses increase with increasing sand content. In this
study, a connected gas phase was not formed in the lens that consisted of only kaolin, while gas
pathways were likely present in the lenses containing sand. This conclusion is important because
gas saturations and the extent of gas connectivity are influential factors in determining the mode
and rate of mass transfer in the interiors of low permeability lenses.

3. Rates of TCE mass removal from clay lenses under conditions of multi-phase diffusion, and gas
phase advection, are more rapid than in fully water-saturated lenses where aqueous phase
diffusion is the only mass transfer mechanism. This was determined in this study on the basis of
ERH experiments in conjunction with calculated estimates of gas saturation, mathematical
modelling, and measurements of TCE concentration both before and after ERH. This conclusion
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is important as it highlights the need to create a gas phase within clay lenses to accelerate VOC
removal during ERH.

4. High degrees of VOC removal are possible in the absence of a high gas saturation. The rapid
removal observed in ERH experiments was consistent with multi-phase diffusion as the
dominating transport mechanism, and is not dependent on formation of a mobile gas phase. This
conclusion is important as it presents a new conceptual model for the mechanisms of VOC
removal in clay lenses.
As a whole, the conclusions have been combined to form a conceptual model describing the mechanisms
of heat and mass transfer in clay lenses subjected to ERH.

Limitations of the current study include a small experimental domain size and rectangular lens geometry.
The experimental cell used was able to accommodate lenses on the centimetre scale, resulting in short
path lengths required for diffusive mass transfer. Predictive calculations were made for larger clay lenses
in regards to gas production and behaviour, but complexities that might be encountered in field conditions
were not replicated. These include heterogeneities in the clay material, and higher hydrostatic and
overburden pressures. The clay used in this study was a highly refined kaolin clay, which was chosen for
optical properties, low organic carbon content, high degree of uniformity and characterized hydraulic
properties, but it is not a material found in nature, and natural clays have somewhat different electrical
and hydraulic properties. In addition, lenses containing TCE were produced by a method that resulted in
a homogenous distribution of TCE. A contaminated lens in the field may have decreasing concentrations
with distance into the lens due to diffusion-dominated loading. The method used to determine gas
presence in the lens used discrete-point electrical measurements to determine changes in electrical
resistance between electrical terminals, producing an averaged estimate, so determination of gas
distributions was not possible. This measurement technique was also limited in that it could not be
employed during the ERH process, and could only be used once ERH had been halted.
90

5.2 Recommendations for Future Research
This study developed a conceptual model for mass transfer in systems containing idealized clay lenses
undergoing remediation by ERH and relied on laboratory experiments as its foundation. The
experimental design used did not allow for the simulation of factors such as large hydrostatic or confining
pressures that are present in full scale ERH applications. The lenses used in this study had idealized
geometries with no soil gradation between the sand and lens materials. To minimize uncontrolled
variables this study also used a commercially produced, highly-refined, non-sorbing and non-swelling
clay. Natural and swelling clays, non-homogeneous clay lenses and systems of clay lenses were not
considered.

The thickness of the lens in this study was 4 cm, and validation of the results of this study should be
verified and examined at larger scales. Experimentation over greater time scales and the careful and
informed instrumentation of full size ERH projects would provide data useful for determining how
mechanisms described in this study behave on larger scales. Higher resolution data collection in
laboratory experiments would be beneficial in producing greater detail in descriptions of the formation,
extent, mobility, distribution and transport of gas during ERH. A technology such as Electrical
Resistance Tomography (ERT) may be useful in the measurement of gas saturation. Collection of
experimental electrical property data specific to a variety of relevant field clays would be useful in fitting
of numerical models.

Numerical models could be applied to simulate geologies with contrasts in electrical and hydraulic
properties during ERH and could improve the conceptual model presented in this study. Phenomena such
as boiling at the outer surface of clay lenses and gas formation in the lens interior during ERH could be
considered in numerical models, and in conjunction with experimentation, these models could be used to
address operational concerns such as site treatability, the optimization of power usage and the prediction
of expected treatment time for ERH remediation.
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Appendix A
Temperature Curves

Temperature Curves Corresponding to Chapter 2

Figure A.1. Thermocouple locations in the HS experiment, shown as black circles. Electrode locations
are represented as vertical black bars

Figure A.2.Temperatures curves for experiment
HS. Column 1 temperatures are shown.

Figure A.3. Temperatures curves for experiment
HS. Column 2 temperatures are shown.
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Figure A.4. Temperatures curves for experiment
HS. Column 3 temperatures are shown.

Figure A.5. Temperatures curves for experiment
HS. Column 4 temperatures are shown.

Figure A.6. Thermocouple locations in the LS experiment, shown as black circles. Electrode locations
are represented as vertical black bars
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Figure A.8. Temperatures curves for experiment
HS. Column 2 temperatures are shown.

Figure A.7. Temperatures curves for experiment
LS. Column 1 temperatures are shown.

Figure A.9. Temperatures curves for experiment
HS. Column 3 temperatures are shown.

Figure A.10. Temperatures curves for experiment
HS. Column 4 temperatures are shown.
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Temperature Curves Corresponding to Chapter 3

Figure A.11. Thermocouple locations in experiments: 1.0-CF, 0.7-CF, 0.4-CF a and b, shown as black
circles. Electrode locations are represented as vertical black bars

Figure A.12. Temperatures curves for
experiment 1.0-CF. Column 1 temperatures are
shown.

Figure A.13. Temperatures curves for experiment
1.0-CF. Column 2 temperatures are shown.
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Figure A.14. Temperatures curves for
experiment 1.0-CF. Column 3 temperatures are
shown.

Figure A.15. Temperatures curves for experiment
1.0-CF. Column 4 temperatures are shown.

Figure A.16. Temperatures curves for
experiment 0.7-CF. Column 1 temperatures are
shown.

Figure A.17. Temperatures curves for experiment
0.7-CF. Column 2 temperatures are shown.

96

Figure A.18. Temperatures curves for
experiment 0.7-CF. Column 3 temperatures are
shown.

Figure A.19. Temperatures curves for experiment
0.7-CF. Column 4 temperatures are shown.

Figure A.20. Temperatures curves for
experiment 0.4a-CF. Column 1 temperatures are
shown.

Figure A.21. Temperatures curves for experiment
0.4a-CF. Column 2 temperatures are shown.
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Figure A.22. Temperatures curves for
experiment 0.4a-CF. Column 3 temperatures are
shown.

Figure A.23. Temperatures curves for experiment
0.4a-CF. Column 4 temperatures are shown.

Figure A.24. Temperatures curves for
experiment 0.4b-CF. Column 1 temperatures
are shown.

Figure A.25. Temperatures curves for experiment
0.4b-CF. Column 2 temperatures are shown.
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Figure A.26. Temperatures curves for
experiment 0.4b-CF. Column 3 temperatures
are shown.

Figure A.27. Temperatures curves for experiment
0.4b-CF. Column 4 temperatures are shown.

Temperature Curves Corresponding to Chapter 4

Figure A.28. Thermocouple locations in experiments LP-24, MP-72, MP-24 and HP-24, shown as black
circles. Electrode locations are represented as vertical black bars
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Figure A.29. Temperatures curves for
experiment LP-24. Column 1 temperatures are
shown.

Figure A.30. Temperatures curves for experiment
LP-24. Column 2 temperatures are shown.

Figure A.31. Temperatures curves for
experiment LP-24. Column 3 temperatures are
shown.

Figure A.32. Temperatures curves for experiment
MP-72. Column 1 temperatures are shown.
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Figure A.33. Temperatures curves for
experiment MP-72. Column 2 temperatures are
shown.

Figure A.34. Temperatures curves for experiment
MP-72. Column 3 temperatures are shown.

F Figure A.35. Temperatures curves for
experiment MP-24. Column 1 temperatures are
shown.

Figure A.36. Temperatures curves for experiment
MP-24. Column 2 temperatures are shown.
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Figure A.37. Temperatures curves for
experiment MP-24. Column 3 temperatures are
shown.

Figure A.38. Temperatures curves for experiment
HP-24. Column 1 temperatures are shown.

Figure A.39. Temperatures curves for
experiment HP-24. Column 2 temperatures are
shown.

Figure A.40. Temperatures curves for experiment
HP-24. Column 3 temperatures are shown.
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Appendix B
Electrical Measurements
Conductivity Index / Saturation Curves Corresponding to Chapter 3

Figure B.1. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment 1.0-CF, n=1.6.

Figure B.2. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment 1.0-CF, n=2.4.

Figure B.3. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment 0.7-CF, n=1.6.

Figure B.4. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment 0.7-CF, n=2.4.
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Figure B.5. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment 0.4a-CF, n=1.6.

Figure B.6. Family of curves showing conductivity
index at varying saturations vs temperature for
experiment 0.4a-CF, n=2.4.

Figure B.7. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment 0.4b-CF, n=1.6.

Figure B.8. Family of curves showing conductivity
index at varying saturations vs temperature for
experiment 0.4b-CF, n=2.4.
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Conductivity Index / Saturation Curves Corresponding to Chapter 5

Figure B.9. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment LP-24, n=1.6.

Figure B.10. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment LP-24, n=2.4.

Figure B.11. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment MP-72, n=1.6.

Figure B.12. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment MP-72, n=2.4.
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Figure B.13. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment MP-24, n=1.6.

Figure B.14. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment MP-24, n=2.4.

Figure B.15. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment HP-24, n=1.6.

Figure B.16. Family of curves showing
conductivity index at varying saturations vs
temperature for experiment HP-24, n=2.4.
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Appendix C
Chemical Analysis
Methodology
In the experiments described in Chapter 4, clay samples were extracted from the clay lens as core samples
by driving steel pipe (4 cm long × 1.5 cm diameter) into the clay using a rubber mallet. After removal, the
pipe ends were capped with Teflon wrapped stoppers, sealed with tape and stored at 4°C. Quantification
of TCE concentrations was performed at the Analytical Services Unit at Queen’s University using Gas
Chromatography (GC) and flame ionization detection (FID). The soil samples were removed from their
casings, and placed in a vial containing a pre weighed volume of methanol. The vials were then
mechanically agitated at 300 rpm for 30 minutes then allowed to settle for 48 hours until the solids had
settled, leaving a clear layer of liquid. The methanol extract was then transferred by pipette to a second
set of vials, which were used for the analytical testing. Concentration results are shown in Tables C.1
through C.4.
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Table C.1. Measured TCE concentrations in soil cores collected after experiment LP-24.
LP-24
Sample

Concentration (µg/l)

Sample Mass (g)

C1-t

42055

5.03

C1-b

37677

4.81

C2

48014

5.47

C3-t

33370

6.68

C3-b

40823

5.47

C4

54473

6.31

C5-t

34756

6.33

C5-b

45985

5.59

C6

45440

5.78

C7-t

58168

6.49

C7-b

56566

5.26

C8

41526

6.14

C9-t

46412

5.18

C9-b*

--

--

C10

53131

6.15

C11-t

36899

7.07

C11-b

47853

5.02

C12

41845

8.0792

Pretest 1

56573

5.584

Pretest 2

42952

5.428

*Sample was damaged and unviable for analysis
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Table C.2. Measured TCE concentrations in soil cores collected after experiment MP-24.
MP-24
Sample

Concentration (µg/l)

Sample Mass (g)

C1-t

65

6.14

C1-b

72

6.35

C2

71

4.83

C3-t

142

6.37

C3-b

250

4.96

C4

42

4.38

C5-t*

--

6.26

C5-b

82

5.55

C6*

--

--

C7-t*

--

--

C7-b

52

6.23

C8

134

7.37

C9-t

87

6.41

C9-b

166

5.46

C10*

--

--

C11-t

90

5.06

C11-b

105

5.76

C12

739

4.66

Pretest 1

4169

4.56

Pretest 2

3557

5.63

*Sample was damaged and unviable for analysis
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Table C.3. Measured TCE concentrations in soil cores collected after experiment MP-72.
MP-72
Sample

Concentration (µg/l)

Sample Mass (g)

C1-t

42

5.768

C1-b

153

5.768

C2

137

4.948

C3-t*

--

--

C3-b

267

3.7244

C4*

--

--

C5-t*

--

--

C5-b

143

4.47

C6

242

4.66

C7-t*

--

--

C7-b

131

8.37

C8

169

12.8

C9-t

244

10.2

C9-b

82

7.17

C10

166

6.48

C11-t

151

4.37

C11-b*

--

--

C12

292

4.31

Pretest 1

3165.8

7.08

*Sample was damaged and unviable for analysis
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Table C.4. Measured TCE concentrations in soil cores collected after experiment HP-24.
HP-24
Sample

Concentration (µg/l)

Sample Mass (g)

C1-t

< MDL

4.62

C1-b

< MDL

4.59

C2

< MDL

5.26

C3-t

< MDL

5.82

C3-b

< MDL

5.05

C4

< MDL

4.17

C5-t

< MDL

4.93

C5-b

< MDL

4.55

C6

< MDL

4.41

C7-t

< MDL

4.76

C7-b

< MDL

4.51

C8

< MDL

4.51

C9-t

< MDL

4.52

C9-b

< MDL

4.49

C10

< MDL

5.23

C11-t

< MDL

4.92

C11-b

< MDL

5.27

C12

< MDL

4.69

Pretest 1

31168

4.77

Pretest 2

53283

4.91

MDL: Method detection limit
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Standards and Calibration
Calibration curves for TCE were measured using a set of standard solutions spanning the expected range
of concentrations expected in experimental samples. A new calibration curve was established before each
set of soil samples analyzed and the multiplication factor for TCE was determined. The calibration
curves used in Chapter 4 are shown in Figure C.1:

Figure C.1. Calibration curves used for GC/FID analysis of TCE concentrations in soil samples
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Method Detection Limit and Error Analysis
The method detection limit (MDL) was determined to define the minimum concentration of analyze that
can be measured with greater than zero with a confidence greater than 99%. The MDL for TCE was
calculated by analyzing nine, 5 mL triple distilled water samples spiked with a known concentration of
TCE. MDL is defined as:
𝑀𝐷𝐿 = 𝑡𝑠 × 𝑆𝑑
where ts is the student t value at the percent confidence level of measurement and Sd is the standard
deviation of the spiked samples.
Percent accuracy and relative precision error of the GC and analytical method were also calculated.

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝐸𝑟𝑟𝑜𝑟 % =

𝐶𝑠𝑝𝑖𝑘𝑒 − 𝐶𝑎𝑣𝑒𝑟𝑎𝑔𝑒
× 100
𝐶𝑠𝑝𝑖𝑘𝑒

MDL
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 𝐸𝑟𝑟𝑜𝑟 % =

𝑡 − 𝑆𝐷
× 100
𝐶𝑎𝑣𝑒𝑟𝑎𝑔𝑒

Table C.5. Results from spike solutions analyzed to determine method detection limit and error analysis
Spike Concentration (ppb)

25

Mean
SD
t at 99% confidence interval
MDL
Accuracy Error %
Precision Error %

Measured Concentration
(ppb)
26.1
23.8
24.4
23.1
26.4
21.7
21.2
29.9
28.3
24.98
2.94
1.86
10.95
0.08
6.79
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Quality Control
Table C.6. Results from quality control samples for experiments LP-24, MP-24, MP-72 and HP-72.
Spike samples contained no soil substrate and were not measured for mass.
LP-24
Sample Name

Concentration (ppb)

Sample Mass (g)

ERH 4

54473

6.31

ERH 4 Duplicate

48481

5.81

25 ppb Spike

32

NA

Blank

<MDL

5.13

Sample Name

Concentration (ppb)

Sample Mass (g)

ERH 11t

90

5.06

ERH 11t Duplicate

85

5.76

25 ppb Spike

36

NA

Blank

<MDL

5.12

Sample Name

Concentration (ppb)

Sample Mass (g)

ERH 6

242

4.66

ERH 6 Duplicate

227

5.75

25 ppb Spike

31

NA

Blank

<MDL

4.96

Sample Name

Concentration (ppb)

Sample Mass (g)

ERH 6

ND

4.41

ERH 6 Duplicate

ND

5.16

25 ppb Spike

24

NA

Blank

<MDL

5.24

MP-24

MP-72

HP-24
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Appendix D
Diffusion Models
VOC removal from a clay lens with no connected gas phase at its surface can be described with a
boundary condition of C=0 at infinity. The initial condition was defined as C=C0 within a specified
distance (h), which represents the lens, with C= 0 at distances greater than h. The corresponding solution
to the diffusion equation is (Balluffi et al., 2005):

𝐶(𝑧, 𝑡) =

𝑧+ℎ⁄
𝐶𝑜
(𝑒𝑟𝑓 [ 4𝐷 2 𝑡] −
2
√ 𝑒𝑓𝑓

𝑒𝑟𝑓 [

𝑧−ℎ⁄2
√4𝐷𝑒𝑓𝑓 𝑡

])

(D.1)

where Co is the initial concentration, h is the thickness of the lens (m), t is time (s), and z is the vertical
position within the lens (m).

When a connected gas phase forms on the surface of the lens, VOCs are assumed to be removed rapidly
from the lens interface. A boundary condition of C=0 at distance h represents the clay-sand interface.
Initial conditions were defined as C=C0 at distances smaller than h and C= 0 at distances greater. The
corresponding solution to the diffusion equation is (Balluffi et al., 2005):

𝐶(𝑧, 𝑡) =

4𝐶𝑜 ∞
1
∑𝑓=0 (
𝑠𝑖𝑛 [(2𝑓
𝜋
2𝑓+1

𝑧

+ 1) 𝜋 ℎ] 𝑒𝑥𝑝 [−

(2𝑓+1)2 𝜋2
ℎ2

𝐷𝑒𝑓𝑓 𝑡])

(D.2)

where f is the number of Fourier expansions. All solutions were coded in Matlab using f=150. An
illustration of the initial and boundary conditions is shown in Figure D.1.:z
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Figure D.1. Conceptual illustration of initial and boundary conditions for a) without and b) with a
connected gas surrounding the clay lens from Balluffi et al., (2005). For a) the solution is symmetrical,
and only positive values along the z axis are considered. For b), the solution is symmetrical but offset so
that the lower boundary of the lens is at z=0.

Comparison to two dimensional model
To confirm the appropriateness of the use of a one dimensional model and rule out edge effects,
Equations D.1 and D.2 were verified using the results of an analytical, two-dimensional model, published
in Carslaw and Jaeger (1959). The solution describes a rectangular domain with a boundary condition of
C=0 at the rectangle edge. Initial conditions are defined as C=C0 in the rectangle interior and C=0
outside.
The solution consists of a one dimensional solution in each direction

𝜓 (𝑥) =

2 2
2
4 ∞
(−1)𝑓
∑𝑓=0 (2𝑓+1) 𝑒 −𝐷𝑒𝑓𝑓 (2𝑓+1) 𝜋 𝑡/4𝑥𝑚𝑎𝑥
𝜋

𝑐𝑜𝑠

2 2
2
4 ∞
(−1)𝑓
∑𝑓=0 (2𝑓+1) 𝑒 −𝐷𝑒𝑓𝑓 (2𝑓+1) 𝜋 𝑡/4𝑦𝑚𝑎𝑥
𝜋

𝑐𝑜𝑠

(2𝑛+1)𝜋𝑥
2 𝑥𝑚𝑎𝑥

(D.3)

and
𝜓 (𝑦) =

(2𝑛+1)𝜋𝑦
2 𝑦𝑚𝑎𝑥

(D.4)

where ψ (x) and ψ (y) are the x and y components of the solution and xmax and ymax are the length and
width of the domain:
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𝐶
𝐶𝑜

= 𝜓(𝑥, 𝑥𝑚𝑎𝑥) 𝜓(𝑦, 𝑦𝑚𝑎𝑥)

(D.5)

Equations D.4-D.6 were used to populate a 2 dimensional matrix solution to be verified against the
published solution for the following parameters (Carslaw and Jaeger, 1959):
𝑥𝑚𝑎𝑥 = 𝑦𝑚𝑎𝑥 = 2𝑙

(D.6)

and
𝐷𝑒𝑓𝑓 ∗𝑡
𝑙2

= 0.08

(D.7)

A comparison of the two solutions is shown in Figure D.2.:

Figure D.2. Verification of 2D model with printed solution. The presented solution (left), solution coded
in Matlab for this study (centre) and both solutions overlaid (right) are shown (modified from Carslaw
and Jaeger, 1959).

To verify the one and two dimensional solutions against each other and rule out edge-effects as an
influence in model results, the outermost chemical sampling location (5 cm from the end of the lens) was
selected, and C/Co values were calculated along the z axis at this point using the parameters: T = 25 ℃,
Deff = 2.0 × 10-5 m2 day-1, t = 100 hours and θ = 0.58. The two dimensional output and axis of comparison
at 5 cm from the end of the lens is shown in Figure D.3.
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Figure D.3. Analytical solution obtained by one and two dimensional solutions of the diffusion equation
at x = 5 cm, the outermost sample location used in Chapter 4. The axis of comparison indicates the
location used for comparison of the one and two dimensional solutions.

A comparison of the one dimensional solutions (equations D.1 and D.2) and two dimensional solution ,
(equations D.3 D.4 and D.5) at 5 cm from the centre of the lens is pictured in Figure D.4.:

Figure D.4. Comparison of analytical solutions obtained by one and two dimensional solutions of the
diffusion equation at x = 50 mm, the outermost sample location used in Chapter 4. Cases for no diffusion
sink (left) and in the presence of a diffusion sink (right) are shown. The difference between the two
solutions was calculated at 0.051%.

Effective Diffusivity
The magnitude of Deff increases with gas saturation (Sg) as diffusivity values in liquid are orders of
magnitude lower than those in a gas phase. Deff can be calculated using (Millington and Quirk, 1961):

118

10/3

𝑔 𝑆𝑔 𝜃
𝜃2

𝐷𝑒𝑓𝑓 = 𝐷𝑖

+ 𝐷𝑖𝑤

(1−𝑆𝑔 )𝜃10/3

(D.8)

𝜃2

where Dg and Dw are the diffusivities of solute i in the gas and water phases, respectively. The effect of
increasing Sg on effective diffusivity, compared to a water saturated domain is illustrated in Figure D.5.

Figure D.5. Effective diffusivity as a function of Sg in a clay lens calculated by Equation 4.8 using θ =
0.58, Dw =2.0 × 10-5 m2 day-1 and Dg = 0.68 m2 day-1 and considered at four temperatures.

Effects of Selected Parameters on Diffusion

Figure D.6. C/Co along the z (vertical) axis, of a clay lens undergoing diffusion at a variety of
temperatures. Boundary conditions for fully saturated (left) connected gas phase (right) scenarios at the
lens surface are shown. Diffusion curves are for half of the lens thickness (4 cm) is shown, with
parameters θ = 0.58, t= 10 hours, Sg = 0.0.
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Figure D.7. C/Co along the z (vertical) axis, of a clay lens undergoing diffusion at a variety of gas
saturations. Boundary conditions for fully saturated (left) connected gas phase (right) scenarios at the
lens surface are shown. Diffusion curves are for half of the lens thickness (4 cm) is shown, with
parameters θ = 0.58, t= 10 hours, T = 25℃.

Figure D.8. C/Co along the z (vertical) axis, of a clay lens undergoing diffusion at a variety of diffusion
times. Boundary conditions for fully saturated (left) connected gas phase (right) scenarios at the lens
surface are shown. Diffusion curves are for half of the lens thickness (4 cm) is shown, with parameters θ
= 0.58, Sg = 0.0., T = 25℃.
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Appendix E
Supplementary photographs and plots

Figure E.1. Photographs a) before heating, b) 10 hour into heating and b) at maximum gas saturation for
LP-24, MP-72, MP-24 and HP-24. No gas development is evident in LP-24, while MP-72 and MP-24
develop a visible gas phase at the clay-sand interface. Gas generation was not visually observed in the
clay lenses.
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Figure E.2. Diagram of sampling positions in the clay a) from overhead (x-y plane), and b) front-face (x
z plane) perspectives.
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Figure E.3. Measured C/Co values (symbols) plotted against vertical (z axis) height within the lens for a)
LP-24, b) MP-72, c) MP-24 and d) HP-24. Curves show the predicted C/Co at a value of SgD set to match
the minimum and maximum experimental result in each plot. Within the plots, sample locations are
plotted with respect to their vertical positon within the lens.
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Figure E.4. Experimental cell used for electrical resistance heating. Front face is shown.

Figure E.5. Experimental cell used for electrical resistance heating. Rear face is shown.
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Figure E.6. Consolidation of clay slurry using a pneumatic piston. Compression to a maximum of 400
kPa of pressure was applied and removed gradually over a 14 day period.

Figure E.7. Consolidated clay cylinder removed from the pneumatic piston. Clay cylinders were cut
using piano wire
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Figure E.8. Consolidated clay cut into blocks and sealed using plastic and paraffin wax. Samples were
refrigerated at 4°C.

127

Figure E.9. Technical Data Sheet for Imerys Speswhite, the kaolin clay material used in the production of
clay lenses in this study
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Appendix F
Example Calculation
Calculation of the electrical conductivity of water, 𝜎𝑤 , adjusted for temperature:
(𝑇+21.5)

𝜎𝑤 = 𝜎𝑤𝑜 (𝑇

𝑜 +21.5)

𝜎𝑤 = 0.0307

(101.96 ℃(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) + 21.5 ℃)
𝑆
𝑆
(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
= 0.098
(17.25 ℃(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) + 21.5 ℃)
𝑚
𝑚

Calculation of the counterion mobility, BT
𝜎

𝑤
𝐵𝑇 = 𝐵𝑜 [1 − 0.6 𝑒𝑥𝑝 (− 0.013
)]

𝐵𝑜 = 4.78 × 10−8

𝑚2
(𝑅𝑒𝑣𝑖𝑙 𝑒𝑡. 𝑎𝑙. , 1998)
𝑠𝑉

𝐵𝑇 = 4.78 × 10−8

𝑚2
[1 −
𝑠𝑉

= 4.51 × 10−8

0.6 𝑒𝑥𝑝 (−

𝑆
𝑚

0.0307 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑)
0.013

)]

𝑚2
𝑠𝑉

Calculation of the cation exchange capacity, CEC:
For monovalent ions, conduction 1 meq = 1 mmol.
𝐶𝐸𝐶 = 𝜒𝑐 𝐶𝐸𝐶𝑐
𝐶𝐸𝐶 = 0.71 (0.00003
= 0.0000213

𝑚𝑜𝑙
)
𝑔

𝑚𝑜𝑙
𝑔

Calculation of excess charge, Qv:
1−𝜃
) 𝑒𝑁𝐴 𝐶𝐸𝐶
𝜃

𝑄𝑉 = 𝜌𝑔 (

𝑄𝑉 = 2650

𝑘𝑔 1 − 0.58
1
(
) (1.60218 × 10−19
) (6.02214 × 1023 𝐶)0.0000153 𝑚𝑜𝑙/𝑘𝑔
3
𝑚
0.58
𝑚𝑜𝑙

𝑄𝑉 = 2832.7 𝐶/𝑚3
Calculation of cementation exponent, m:
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𝛼𝑄

𝜃

𝑚 = 𝑚𝑜 + 𝑒𝑁𝑉 1−𝜃
𝐴

𝑚 = 1.8(𝑅𝑒𝑣𝑖𝑙 𝑒𝑡 𝑎𝑙. , 1998) +

𝑚𝑙
𝐶
∗ 1207.8
𝑚𝑜𝑙
𝑚3
1
(1.60218 × 10−19
)(6.02214 × 1023
𝑚𝑜𝑙

.00158

𝑚 = 1.80
Calculation of bulk electrical conductivity, 𝜎𝑏𝑢𝑙𝑘 :
𝜎𝑏𝑢𝑙𝑘 = 𝜃 𝑚 𝑆𝑤 𝑛 (𝜎𝑤 +
1.80

𝜎𝑏𝑢𝑙𝑘 = 0.58

1.6

𝑆𝑤

𝐵𝑇 𝑄𝑉
)
𝑆𝑤

(0.098𝑤 +

4.51 × 10−8

𝑚2
𝑠𝑉

2832.7 𝐶/𝑚3

𝑆𝑤

)

For Sw = 1
1.80

𝜎𝑏𝑢𝑙𝑘 = 0.58

1.6

1.0

(0.098𝑤 +

4.51 × 10−8

𝑚2
𝑠𝑉

2832.7 𝐶/𝑚3

1.0

𝜎𝑏𝑢𝑙𝑘 = 0.375 𝑆/𝑚
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)

𝐶)

(

0.58
)
1−0.58

