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Abstract 

The objective of this research was to systematically investigate the dynamics of flowing subsurface 

gases, leading to understanding of mass loading of stray gas in unconsolidated sands, then couple 

this knowledge to multicomponent mass transfer in homogeneous and heterogeneous systems. To 

do this, high spatial and temporal resolution visual techniques along with analytical methods were 

used to study multiphase flow, mass transfer, and surface expression of subsurface gases. Air 

injections in a small (25 × 25 × 1 cm3) and a large (150 × 150 × 2 cm3) two-dimensional flow cell 

were performed to quantify gas movement and understand the source architecture resulting from 

varying leak conditions. This knowledge of free-phase gas migration was then used to better 

understand mass transfer resulting from flowing gases. A novel visual technique to quantify gas-

to-water mass transfer in the flow cells was developed. This technique was then used to quantify 

mass transfer from flowing carbon dioxide gas under varying aqueous flow velocities and gas 

injection rates. Finally, experiments were performed in which methane was injected into 

homogeneous and heterogeneous sand packs in the large flow cell and both aqueous and surface 

expression were measured.  

The results of the experiments performed have allowed for the refinement of the conceptual model 

for stray gas migration under homogeneous and heterogeneous conditions. Empirical insight on the 

transport and fate of stray gas has been developed, enhancing our understanding of free-phase gas 

migration, source architecture of free-phase gas, the complex coupling between gas flow and mass 

transfer, and the impact of gas dynamics on the surface expression of stray gas. The combined 

results of this research are intended to allow for the development of sound monitoring techniques, 

validate numerical modelling efforts, and educate future mitigation solutions for stray gas 

migration. This work has provided a unique suite of data that can be applied across a variety of 

applications including gas migration, carbon sequestration, groundwater remediation, and waste 

disposal.  
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Chapter 1 

Introduction 

1.1 Background  

1.1.1 Groundwater resources in North America 

Although water is abundant on earth, little of it is suitable for drinking. Of the water on the earth, 

97.4% is saline and 2.6% is freshwater (Shiklomanov, 1993). Of this freshwater, 30.1% is trapped 

in the earth’s subsurface in the form of groundwater, with much of the remainder existing as snow 

and ice. Therefore, groundwater is a key source of freshwater globally. In Canada, 30.3% of the 

population rely on groundwater as a source of drinking water, however this percentage ranges 

greatly across the provinces from 27.7% (Quebec) to 100% (Prince Edward Island) (Statistics 

Canada, 1996). In the United States, groundwater accounts for 39% of public supply (USGS, 2017). 

Therefore, it is clear that in North America, fresh groundwater is a crucial source of drinking water 

relied upon by millions of people. However, source water is threatened as a result of anthropogenic 

activity and climate change. As our population grows and the availability of drinking water 

diminishes, the protection of groundwater resources is an urgent priority. 

1.1.2 Unconventional resource development 

Unconventional oil and gas production (e.g., shale gas, tight gas) is becoming an ever increasing 

means of fueling our population’s energy demands both in Canada and the United States (Kerr, 

2010; Rivard et al., 2014). The production of natural gas from these sources has increased 

substantially since 2006 (~46% in the United States) and is the result of technological advances in 

extraction techniques including hydraulic fracturing, directional drilling, and high density well 

placement (Kerr, 2010; Lan et al., 2019). This increase is not likely to diminish as the global 

demand for natural gas is expected to increase 45% by 2040 (CAPP, 2018). Shale gas will be a 

primary supply for this demand accounting for 50% of natural gas produced in the United States 

by 2040, and it is expected that gas produced by hydraulic fracturing will account for approximately 
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80% of all production in the future (API, 2014).  As a result of large reserves of natural gas in 

Canada, production rates are high, with Canada being the fourth highest natural gas producer 

globally in 2018 (NRC, 2019).  

1.1.3 Atmospheric methane emissions 

Methane is a powerful greenhouse gas which over a 100-year period has 21 times the impact of 

carbon dioxide (CO2) on climate warming (IPCC, 1995). It is, therefore, pertinent that we reduce 

emissions of methane to the atmosphere in hopes to reduce the impacts of climate change. The 

reduction of atmospheric methane appeared to be attainable in the early 2000’s when methane 

concentrations were seen to plateau from historic continuous rise during industrialization (Nisbet 

et al., 2016; Schaefer et al., 2016). This plateau was attributed to oil and gas industries controlling 

fugitive emissions of methane (Aydin et al., 2011). However, toward the end of the decade, methane 

concentrations exhibited a renewed rise. This rise was attributed to biogenic sources of methane 

(e.g., agriculture, peatlands) posited because isotopic analysis suggested a shift from a thermogenic 

to a biogenic signature  (Nisbet et al., 2016; Schaefer et al., 2016). In a recent publication, Howarth 

(2019), re-examined this hypothesis and found that the isotopic shift in atmospheric methane 

matched the signature of unconventional resources (Howarth, 2019). Through modelling, it has 

been suggested that one third of the increase in observed methane concentration since 2007 can be 

attributed to North American shale gas production (Howarth, 2019). 

1.1.4 The nexus between groundwater and energy 

As production of unconventional resources increases, so too does the concern for the environment 

(CCA, 2014; Davies, 2011; Jackson et al., 2013; Vengosh et al., 2014). There are two main 

environmental concerns associated with unconventional oil and gas development: i) the threat of 

stray gas and ii) contamination resulting from process fluids (CCA, 2014; EPA, 2016; Vengosh et 

al., 2014). According to the Council of Canadian Academies, a panel of subject matter experts 

tasked to explore the threat of unconventional resources on the environment, “The greatest threat 

to groundwater is gas leakage from wells for which even existing best practices cannot assure long-
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term prevention.” (CCA, 2014). Buoyant leaking gas from both the production zone (target 

formations holding natural gas) and intermediate zone (non-target formations which are not 

technically and/or financially feasible to develop) can migrate from these zones, vertically, along 

compromised unconventional wells, abandoned wells, orphaned wells, and decommissioned 

conventional oil and gas wells (CCA, 2014; Dusseault and  Jackson, 2014; Gorody, 2012). This 

flowing gas can migrate along these wells to the surface (emitted as surface casing vent flows or 

shut in the casing) or enter shallow subsurface formations (termed stray gas migration) (Cahill et 

al., 2019; Lackey and  Rajaram, 2019). Estimates of the prevalence of stray gas migration in Canada 

and the United States are typically found to be <10% of wells (Bachu, 2017; BCOGC, 2013; 

Considine et al., 2013; Davies et al., 2014; Watson and  Bachu, 2009). However, quantification of 

gas migration is extremely difficult and not easily differentiated from surface casing vent flow and 

higher numbers have been reported in the literature (Forde et al., 2019; Nowamooz et al., 2015, 

2018; Roy et al., 2016). Gas migration may go undetected or unreported due to a lack of accurate 

measurement techniques. Even if the occurrence is at the low end of the current estimates, the large 

number of unconventional gas wells in North America may cause this to be an extensive issue 

which may have severe impact on the environment.  

If stray gas intersects fresh groundwater aquifers, two possible environmental expressions are 

possible: i) components of natural gas can dissolve into the fresh groundwater (aqueous expression) 

or ii) gas may pass through the system and come in contact with the atmosphere (surface 

expression) (Vengosh et al., 2014; Vidic et al., 2013). If stray gas can dissolve into flowing 

groundwater, the potability of the fresh water in this aquifer can be reduced (Vengosh et al., 2014; 

Vidic et al., 2013). Physiochemical changes to water quality including changes in alkalinity, 

reduction of dissolved oxygen, and changes in oxidation-reduction potential leading to liberation 

of metals may be possible (Kelly et al., 1985; Montcoudiol et al., 2017; Roy et al., 2016; Son and 

Carlson, 2015; Van Stempvoort et al., 2005; Woda et al., 2018). If dissolution of methane to 

groundwater is not high enough to remove all methane prior to the gas reaching the surface, surface 
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expression will result in emissions of greenhouse gases to the atmosphere (Cahill et al., 2017, 2019; 

Forde et al., 2018).  

 

 

Figure 1.1. Schematic of stray gas migration in an unconfined aquifer heterogeneous aquifer, 
showing both aqueous and surface expression. Leader 1 corresponds to the condition for leakage, 
2 the source architecture of free-phase gas, 3 the aqueous expression and 4 the surface expression. 
Please note the conceptual model is not to scale. 

1.1.5 Research need 

Stray gas migration poses a real and urgent threat to the environment, specifically to groundwater 

resources. The ability of these natural systems to limit the overall impact of stray gas migration is 

not well understood. To take steps toward understanding the magnitude of the threat stray gas 

imposes to groundwater systems, we first need to understand the conditions which control release, 

movement, and fate of stray gas in shallow groundwater. Systematic investigation of the gas flow 

and mass transfer is needed. With this understanding, a robust conceptual model can be developed 

allowing for the implementation of tailored monitoring systems, quantification of risk, and 

formulation of engineering controls and solutions to protect groundwater resources. 
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1.2 Research Objectives 

The goal of this research was to systematically investigate the dynamics and mass transfer of 

flowing subsurface gases to better understand the impact of stray gas migration on shallow aquifers. 

Using high-resolution laboratory investigation at a variety of scales, the migration, fate, and 

longevity of stray gas was explored. Specifically, this work focused on understanding the impact 

of key parameters including gas flow rate, leak conditions, heterogeneity, aqueous velocity, and 

multicomponent mass transfer on the environmental expression of stray gas migration. The specific 

research objectives were to: 

i. Develop an understanding of the leak conditions (e.g., rate, depth) associated with stray gas 

in aquifers that impact the movement and source architecture of gas migration. This objective 

was addressed using experiments in a bench-scale two-dimensional flow cell (Chapter 2) and 

a meter-scale flow cell (Chapter 3) in which gas injections were performed at varying rates 

to assess gas movement and resulting structure. 

ii. Develop non-invasive laboratory techniques which can be used to quantify mass loading of 

free-phase gas resulting from gas transport and the associated mass transfer from the resulting 

source architecture. This objective was achieved by the modification of an established 

technique to measure gas saturations for gravity destabilized flow using light transmissions 

methods (LTM) (Chapter 3) and the use of pH indicator dyes for gas-to-water mass transfer 

quantification (Chapter 4). 

iii. Understand the role of competitive (multicomponent) mass transfer between flowing 

subsurface gases and the surrounding aqueous phase, and how this can affect the expression 

of stray gas in the environment. This objective was addressed using a novel visual laboratory 

technique coupled with analytical analysis (Chapter 5, 6 and 7). 

iv. Investigate the role of heterogeneity with respect to gas movement, mass transfer, and surface 

expression for migrating subsurface gases. This objective was addressed through meter-scale 
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experiments using coupled aqueous and surface expression analysis with varying degree of 

heterogeneity (Chapter 6 and 7). 

Specifically, it is imperative that research be conducted to better understand and quantify the 

conceptual model for stray gas migration. Therefore, this comprehensive study looked to quantify 

the complex coupling between free-phase and dissolved phase methane resulting from stray gas 

migration. To do this each of the components of the conceptual model in Figure 1.1 were 

investigated in isolation then in aggregation looking at the condition for the leak and source 

architecture in Chapters 2 and 3, the mass transfer to the aqueous phase in Chapters 4 and 5, and 

then the coupling to understand aqueous and surface expression in Chapters 6 and 7. 

1.3 Organization of Thesis  

The following thesis has been organized in a manuscript format. There is a total of six results 

chapters (Chapters 2 to 7) making up the body of the thesis. These chapters have been prepared and 

have been published, submitted, or are intended for submission to peer-reviewed academic journals. 

Each chapter includes a separate Introduction and Background section such that the objectives and 

results are supported by previous work performed in the literature. To date, Chapters 2 and 4 have 

been published, and 3 and 5 have been submitted. 

Chapter 2 explores the effects of gas injection rate on the resulting gas flow patterns in 

unconsolidated sands, allowing for better understanding of the dominant forces influencing gas 

migration. This chapter was published in Vadose Zone Journal in 2019. Chapter 3 presents the 

results of bench-scale laboratory experiments to refine the conceptual model for free-phase gas 

migration expected for stray gas in shallow aquifers and modified a method of quantifying gas 

saturations in porous media. Chapter 3 was submitted to Advances in Water Resources in August 

of 2019 and is currently under review. Chapter 4 presents a novel laboratory technique that can be 

used to track and quantify gas-to-water mass transfer and applies the learnings of this work to 

vertical gas migration resulting from stray gas migration. Chapter 4 was published in Advances in 
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Water Resources in 2018. Chapter 5 investigates the relationship between gas dynamics and 

groundwater flow and its impact on the environmental expression for flowing subsurface gases. 

This paper has been accepted by Water Research in November of 2019. Chapter 6 describes meter-

scale experiments in which the dissolution of methane to the aqueous phase was investigated in 

homogeneous and heterogeneous experiments. This chapter will be submitted to Water Research. 

Chapter 7 explores transient gas flow through homogeneous and heterogeneous media and the 

effect on surface expression of stray gas. Chapter 7 will be submitted to Environmental Science & 

Technology. The co-authorship of Chapters 2 through 7 is addressed in the front matter of this 

thesis.  
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Chapter 2 

Characterization of gas injection flow patterns subject to gravity and 

viscous forces 

Abstract 

Gas movement in otherwise water-saturated porous media is complex and is important for a variety 

of applications. The interplay of gravity, capillary, and viscous forces influence the movement and 

resulting pattern of gas. To develop a better understanding of this competition between these forces, 

air injection experiments were performed in an intermediate-scale two-dimensional flow cell at 

injection rates of 0.1, 10, 100, 250 and 498 mL/min. The resulting gas patterns were characterized 

using gas pressure measurements and optical density measurements based on digital images to 

classify gas flow as continuous (100, 250, and 498 mL/min), transitional (10 mL/min), or 

discontinuous (0.1 mL/min), and near pore-scale observations of transient gas flow were made to 

gain insight concerning the influence of gravity, viscous, and capillary forces. These observations 

highlighted the importance of gravity and viscous forces, along with capillary forces, for gas flow 

in water-wet media. Based on these observations a simplified dimensionless number (the ratio of 

the Bond and Capillary numbers) was proposed to quantify the interplay of gravity to viscous 

forces, and its validity for the prediction of the type of gas flow was assessed. It was found that for 

|Bo/Ca| > 102 flow was discontinuous and continuous for |Bo/Ca| < 102, with transitional flow 

occurring for 101 <|Bo/Ca|< 8×103. This study provides a high spatiotemporal dataset of transient 

gas movement in homogeneous sand, which can be used to provide insight for multiphase flow 

modelling efforts and future understanding of gas movement coupled to mass transfer. 

2.1 Introduction and background 

The study of gas dynamics in porous media is important for a variety of modern problems and 

applications including energy development, carbon sequestration, greenhouse gas migration from 

the subsurface, and groundwater remediation (e.g., Ji et al., 1993; Clayton, 1998; Trevisan et al., 
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2017; Cahill et al., 2018; Forde et al., 2018; Van De Ven and Mumford, 2018). The flow of gas in 

the subsurface and the associated geometry of the gas phase will significantly impact mass transfer 

to the aqueous phase as well as the fate and transport of the gas-phase components (Clayton et al., 

1996; Agaoglu et al., 2015). To understand gas flow and associated mass transfer in any of these 

complex systems, it is important to understand processes that occur at the pore and near pore-scale.  

The displacement of one immiscible fluid by another in porous media is governed by the 

competition between gravity, capillary, and viscous forces (Morrow, 1979; Ewing and Berkowitz, 

1998; Løvoll et al., 2005). Depending on the magnitude of these forces in a system, the resulting 

flow can vary widely even within a single medium (Saffman and Taylor, 1958; Paterson, 1984; 

Wilkinson, 1984; Lenormand et al., 1988). A set of dimensionless numbers have been commonly 

used to characterize multiphase flow (Lenormand et al., 1988). These dimensionless numbers 

include the mobility ratio (𝑀 = 𝜇9/𝜇;), the capillary number (𝐶𝑎 = 𝑣9𝜇9/𝛾), and the Bond 

number (𝐵𝑜 = 	∆𝜌𝑔𝑟9/𝛾)	where μ is the dynamic viscosity, v is the velocity of the fluid, γ is the 

interfacial tension of the fluid pair, Δρ is the density contrast between the displacing and displaced 

fluids, g is the acceleration due to gravity, r is a characteristic channel radius, often taken to be the 

average grain radius and subscript 1 refers to the displaced fluid and subscript 2 refers to the 

displacing fluid. It is important to note that Ca=1 and Bo=1 do not necessarily represent conditions 

under which viscous and capillary forces or gravity and capillary forces, respectively, are equal 

(e.g., Blunt and Scheer, 1995; Brooks et al., 1999).  Modifications to these dimensionless numbers 

can be found in the literature to account for pore-size scaling (e.g., Brooks et al., 1999; Løvoll et 

al., 2005), however the classical definition will be utilized for all proceeding analysis. 

Work has been done to understand immiscible flow characteristics over a range of these numbers 

(e.g., Lenormand et al., 1988; Frette et al., 1992; Frette et al., 1994; Brooks et al., 1999). For 

example, the work of Lenormand et al. (1988) developed understanding of the interaction between 

capillary and viscous forces, which they summarized in a flow regime diagram that spans the Ca-
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M space. The presence of a gravitational gradient causes flow to be either stabilized (when a less 

dense fluid invades a more dense fluid from above, or when a more dense fluid invades a less dense 

fluid from below) otherwise destabilized. A consideration of the stabilizing or destabilizing 

influence of gravity is important in a variety of areas including hydrocarbon development, non-

aqueous phase liquid (NAPL) migration, and water table fluctuation (Saffman and Taylor, 1958; 

Birovljev et al., 1991; Frette et al., 1992; Toussaint et al., 2012). Under conditions of instability, 

the magnitude of the difference in fluid densities causes increased instability in flow patterns as the 

density contrast increases (Meakin et al., 1992; Frette et al., 1994; Glass and Yarrington, 1996). 

This influence of gravity has been used to extend the work of Lenormand et al. (1988), along a 

third dimension to create a Ca-M-Bo diagram, in which the area of the viscous, capillary, and stable 

regions changes depending on the magnitude of Bond number (Ewing and Berkowitz, 1998). The 

focus of the current work is on gravity-destabilized flow in gas-water systems (Bo < 0) in the 

context of gas injection in otherwise water-saturated porous media, where flow would be expected 

to be destabilized the more negative the Bond number becomes. 

The movement of gas during upward flow is influenced by both the large density contrast between 

gas and water, and the viscosity contrast between the fluids. Because of the numerous applications 

of gravity-destabilized gas flow, work to understand the underlying phenomena is a popular area 

of research for both energy development and air sparging for groundwater remediation. Pioneering 

work on air sparging by Ji et al. (1993) investigated the effect of grain size and injection rate on 

gas patterns. Their work found that flow could be channelized (also referred to as continuous, 

connected, or coherent flow), transitional, or bubble (also referred to as discontinuous, 

disconnected or incoherent flow). It then became important for a variety of applications to develop 

a classification method for gravity-destabilized flow. Experimental work by Brooks et al. (1999), 

showed that a modified Bond number (Bo multiplied by the aspect ratio between pore throats and 

pore bodies) could be used to distinguish between continuous and discontinuous flow, which placed 

an emphasis on grain size as the key parameter to classify gas flow.  
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Later work showed that consideration of the Bond number alone was insufficient to classify gas 

flow, and that a consideration of gas injection rate was also important. Selker et al. (2006) found 

that at high injection rates, regions of both high viscous influence (near the gas injection) and 

regions of reduced viscous influence (far from the gas injection) occurred. Geistlinger et al. (2006) 

developed a dynamic criterion termed the critical flow rate, above which gas flow transitions from 

discontinuous to continuous in a single channel. This condition was derived to be dependent on 

flow rate and grain size, based in part on their gas injection experiments in glass beads and other 

studies. This critical flow rate is defined when the magnitude of viscous force is equal to the 

gravitational forces, as: 

𝑄HI$* =
𝜋∆𝜌𝑔𝑟HK

8𝜇#
 (2.1) 

where Qcrit is the critical flow rate, Δρ is the density difference between gas and water, g is the 

gravitational acceleration, μg is the dynamic viscosity of the gas, and rc is the mean radius of a 

capillary. Stöhr and Khalili (2006) performed similar work in three-dimensional packings of 0.5-

2mm glass beads to investigate differences between gas flow patterns at different gas injection 

rates, as well as to understand the difference between the initial invasion of gas and the flow pattern 

resulting after gas breakthrough at the surface of the flow cell. They proposed a stability criterion 

equivalent to Eq. 2.1. Additional expressions have been presented to estimate the height of gas 

clusters during discontinuous flow, which consider more than the traditional Bond number 

(Geistlinger et al., 2006; Mumford et al., 2009a). These conceptualizations are useful for estimating 

the transition from continuous to discontinuous flow, however additional work is needed to 

investigate gas flow in initially water-saturated sands over a wider range of low to moderate gas 

injection rates as well as to develop a classification based on commonly-used dimensionless 

numbers 
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One reason for developing a thorough understanding of the flow geometry during gravity-

destabilized gas injection is to allow for the development and application of accurate continuum-

based and discrete modelling techniques. An example of a continuum model for gas flow is 

TOUGH2 which has been shown to model gas flow considering gravity, capillary, and viscous 

forces (Samani and Geistlinger, 2019). Examples of discrete models for gas flow include invasion 

percolation (IP) (Wilkinson, 1984; Wagner et al., 1997) and diffusion-limited aggregation (DLA) 

(Paterson, 1984), suitable for conditions under which viscous forces are negligible or dominant, 

respectively. High spatiotemporal observations of gas movement can be used to evaluate the 

macroscopic characteristics simulated using these models (e.g., progression of gas movement).  

In this study, we look to accurately classify gas flow patterns as continuous, transitional, or 

discontinuous and use dimensionless numbers as a means to predict these flow types.  The specific 

objectives of this study were to: (i) understand the local-scale (~1 mm) movement and connectivity 

of gas in unconsolidated porous media during low to moderately-high gas injection rates and (ii) 

determine the suitability of commonly defined dimensionless numbers (Ca and Bo) to classify 

unstable gas flow. To achieve the objectives, this study used a series of laboratory experiments 

conducted in a two-dimensional flow cell to allow visualization of gas flow patterns at high spatial 

and temporal resolution in combination with gas pressure measurements to investigate gas 

dynamics at the local scale.   

2.2 Materials and methods 

2.2.1 Flow cell 

A quasi-two-dimensional flow cell was used to study gas injections into initially water-saturated 

sand using transmitted light. The front and back walls of the flow cell were 1.1 cm-thick acrylic 

plates welded to 1.5 cm thick side walls. The cell had dimensions of 25 × 25 cm2 and an internal 

thickness of 1 cm (Figure 2.1) (Van De Ven and Mumford, 2018). The cell lid was sealed with a 

neoprene gasket. The cell was fitted with a single clear well with dimensions 25 × 1.3 × 1 cm3, 
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separated from the sand pack by a fine steel mesh, which provided an exit pathway for displaced 

water (shown on the right in Figure 2.1). On the left side, a port was fitted with an injection needle 

located 8.5 cm from the bottom of the cell and halfway between the side walls. The needle tip was 

angled upward slightly to reduce the possibility of gas migration along the outside of the needle. 

 

Figure 2.1. Experimental setup showing the flow cell, injection system and pressure sensor. 

2.2.2 Sand pack and gas injection 

A total of 13 gas injections were performed using air injected into an initially water-saturated sand 

(M = 2 x 10-2), one experiment at a rate of 0.1 mL/min and triplicate experiments each at a rate of 

10, 100, 250, or 498 mL/min (Table 2.1). The sand was washed 20-30 Accusil (AGSCO 

Corporation), which has a grain size (d50) of 0.713 ± 0.023 mm (Schroth et al., 1996). Deionized 

water was used in all experiments and was sparged with air for a minimum of 24 hours prior to 

sand packing such that it was in equilibrium with the atmosphere, to eliminate mass transfer of 

injected gas to the water. Sand was carefully emplaced using a continuous wet packing procedure 

to create a homogeneous pack (Mumford et al., 2009a; Hegele and Mumford, 2014; Van De Ven 

and Mumford, 2018). During packing the cell was vibrated to achieve a dense grain arrangement.  
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This pack was initially free of trapped gas, created by maintaining a water level in the cell above 

the sand and allowing any air bubbles to be liberated as sand was poured and gently settled in the 

cell. The gas injection needle was connected to a syringe pump and installed in the flow cell prior 

to sand emplacement but after filling the cell with water to ensure that the needle was filled with 

gas at the hydrostatic pressure of the cell prior to beginning gas injection.  After packing, the top 

of the cell was sealed using a rigid stainless-steel lid lined with neoprene clamped to the frame of 

the flow cell, to prevent grain rearrangement. The discharge tube was used to set a constant 

hydraulic head at the height of the top of the cell. 

Table 2.1. Summary of experiments and the measured flow pattern. 

Test ID 
Injection 

Rate 
(mL/min) 

Porosity*  
Duration 

of 
experiment 

(s) 
Flow Type  Bo Ca Bo/Ca 

0.1 - A 0.1 0.366 330 Discontinuous -1.73 x 10-2 1.07 x 10-6 -1.61x 104 

10 - A 10 0.375 7.7 Transitional -1.73 x 10-2 1.07 x 10-4 -1.61 x 102 
10 - B 10 0.360 10.2 Transitional -1.73 x 10-2 1.07 x 10-4 -1.61 x 102 
10 - C 10 0.369 9.5 Transitional -1.73 x 10-2 1.07 x 10-4 -1.61 x 102 

100 - A 100 0.370 6.3 Continuous -1.73 x 10-2 1.07 x 10-3 -1.61x 101 
100 - B 100 0.365 5.9 Continuous -1.73 x 10-2 1.07 x 10-3 -1.61x 101 
100 - C 100 0.360 5.0 Continuous -1.73 x 10-2 1.07 x 10-3 -1.61x 101 
250 - A 250 0.366 5.7 Continuous -1.73 x 10-2 2.68 x 10-3 -6.45 x 100 
250 - B 250 0.379 6.8 Continuous -1.73 x 10-2 2.68 x 10-3 -6.45 x 100 
250 - C 250 0.364 5.1 Continuous -1.73 x 10-2 2.68 x 10-3 -6.45 x 100 
498 - A 498 0.374 6.2 Continuous -1.73 x 10-2 5.33 x 10-3 -3.24 x 100 
498 - B 498 0.363 4.7 Continuous -1.73 x 10-2 5.33 x 10-3 -3.24 x 100 
498 - C 498 0.374 4.7 Continuous -1.73 x 10-2 5.33 x 10-3 -3.24 x 100 

* The error on all porosity values was ±0.015. 
 

Gas injection was performed through a 15.2 cm-long, 22 gauge (0.413 mm inner diameter) stainless 

steel needle connected to between one and six gas-tight syringes (Air-Tite, AL50) using pressure-

rated tubing, depending on the desired gas injection rate. Each syringe was filled with atmospheric 
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air and a small drop of deionized water, to saturate the air with water vapour and eliminate mass 

transfer of water to the injected gas. The syringe pump (Cole-Parmer, 78-0232C) delivered a 

constant gas flow, and injection continued until gas first contacted the lid of the cell. After gas 

injection, the sand was removed, dried and weighed to determine the porosity of the sand pack 

(Table 2.1). 

2.2.3 Gas pressure measurement  

The gas pressure of the injected air in the needle was measured using a pressure sensor (Honeywell 

ABPDJJT001PGAA5 for test 0.1 mL/min, Honeywell ABPDANT005PGAA5 for tests at 10, 100, 

and 250 ml/min and Honeywell ABPDANT015PGAA5 for tests at 498 mL/min) open to the 

atmosphere, and recorded using a data logger (Campbell Scientific, model No. CR300) every 0.6 

s. Different pressure sensors were used to allow different maximum pressures (6.9, 34, and 103 

kPa, respectively) because of increased gas pressures at higher gas injection rates. This increase in 

pressure was the result of the small diameter injection needle and increased viscous resistance to 

injection at higher flow rates. The accuracy of the recorded pressure values is ±1.5% full scale 

signal (therefore 0.176 cm of water for Test 0.1-A, 0.879 cm of water for Tests 10, 100, and 250, 

and 2.637 cm of water for Tests 498) which are used here to define the uncertainty of measured gas 

pressures. The measurement of gas pressure was used to differentiate continuous and discontinuous 

gas flow. Discontinuous flow is expected to produce gas pressure fluctuation as a result of repeated 

fragmentation and mobilization events, due to the effects of capillary pressure along a gas channel 

(Geistlinger et al., 2006; Mumford et al., 2009a). Although the magnitude of the gas pressure is 

influenced by the injection needle at high injection rates, any change in the length of the gas flow 

pathway in the sand due to disconnection would result in a pressure decrease. 

2.2.4 Optical setup and image processing 

To visualize gas migration, the flow cell was back lit with an LED light bank (LEDGO-1200s) 

placed 20 cm from the back face of the cell. Digital videos of the gas injection were recorded using 

a high-resolution CMOS camera (Canon EOS 6D fitted with Canon EF 17-40mm lens) placed 
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approximately 60 cm from the front face of the cell. Videos were recorded in full HD at a resolution 

of 1920 × 1080 and a frame rate of 29.97 fps, which was enabled by the use of a CMOS chip. 

Camera capture settings were selected through manual optimization to reduce over-exposure and 

obtain a high contrast between local variations of high and low gas density (ISO1000, F16, and 

shutter speed of 1/60). The camera, flow cell and light source were placed in an enclosure draped 

with black fabric to limit ambient lighting. Videos were processed using MATLAB R2017b and 

converted to still frame images, cropped to include only the sand-packed face of the cell (Figure 

2.2a), and converted to greyscale images of light intensity (Figure 2.2b). 

Intensity images collected during the gas injections were converted to optical density to better 

distinguish the gas clusters, particularly their edges, and facilitate observations of near pore-scale 

gas movement (Figure 2.2c). The optical density is defined as the negative log transform of the 

transmittance (ratio of transmitted to incident light intensity) (Kechavarzi et al., 2000): 

𝑂𝐷 = −𝑙𝑜𝑔(𝜏) = 	−𝑙𝑜𝑔 R
𝐼*
𝐼(
T	 (2.2) 

where OD is the optical density, τ is the transmittance and I is the light intensity, and the subscripts 

t and o represent the transmitted and incident light, respectively. The OD can be used as an indicator 

of high and low gas occupation as gas saturation has been shown to vary log-linearly with 

normalized light intensity (a low OD indicating low gas saturation and high OD indicating high gas 

saturation) (Tidwell and Glass, 1994; Niemet and Selker, 2001; Mumford et al., 2009a). The 

incident intensity was measured using images of the fully saturated flow cell captured prior to gas 

injection. The detection limit of the optical density was set to 0.02 based on the variance in optical 

density during each experiment in a region known to not contain gas. A median filter was applied 

to a 3 × 3-pixel (0.75 mm × 0.75 mm) area such that OD values are representative of areas no 

smaller than a single grain diameter. To verify that no grain rearrangement occurred, OD images 

were systematically assessed for increases in noise and changes in the location of darker pixels 

before and after gas injection. Because of the importance of a rigid sand packing, further 
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investigation of grain rearrangement in future experiments could be performed using pore-scale 

techniques (e.g., micro-CT), however was beyond the scope of this study. The emphasis of this 

study is on the connectivity of injected gas, patterns formed during gas injection, and the 

relationships between connectivity and flow patterns to viscous, capillary and gravity forces, which 

is based on a combination of optical density and gas pressure measurements.  The images collected 

could also be used to calculate gas saturations (Tidwell and Glass, 1994; Niemet and Selker, 2001), 

but local gas saturations are not the focus of this study.  

 

Figure 2.2. Example of the image processing procedure from Experiment 0.1-A (gas injection at 
0.1 mL/min) showing (a) raw captured image to (b) light intensity to (c) optical density. 

2.3 Results and discussion 

2.3.1 Measured gas pressure and corresponding flow pattern 

Based on optical density to delineate the resulting gas patterns (Figure 2.2c and Figure 2.3), gas 

injection at 0.1 (Figure 2.2c) and 10 mL/min (Figure 2.3a-c) each produced a single gas channel, 

which grew vertically until the channel made contact with the lid of the cell. Some lateral movement 

of the gas channel was seen at these injection rates. The OD map for the 0.1 mL/min injection 

shows signs of discontinuity along the height of the gas channel, with regions below the OD 

detection limit of 0.02 at multiple locations along the gas channel height.  Although the OD along 

the gas channel in the 10 mL/min injections is also non-monotonic, there are few distinct apparent 

discontinuities. Unlike in experiments at 0.1 and 10 mL/min, gas injections at 100, 250, and 498 
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mL/min showed complex patterns composed of multiple continuous channels (Figure 2.3d-l). At 

higher injection rates, the injected gas pattern widened as the gas migrated vertically before contact 

with the lid, and the number of channels increased with increased injection rate. The gas pattern 

observed was not parabolic in shape as seen by Ji et al. (1993), Selker et al. (2006) and Geistlinger 

et al. (2006). This is the result of two differences in the experimental setup used in this study. First, 

gas injection in this study was ceased when gas reached the top of the cell, not allowing a steady-

state gas pattern to form following gas breakthrough (Stöhr and Khalili, 2006). Secondly, injections 

in the cited studies used diffusers to inject gas into the sand pack, whereas this study used a needle. 

The needle allowed a single conduit of gas to form at the point of injection whereas a diffuser would 

create multiple initial conduits. Optical density suggests signs of local (i.e., pore-scale) 

heterogeneity, with varying OD (0 to 0.2) throughout the gas channels (Figure 2.3). Typically, each 

gas channel was composed of a high-density inner core (OD 0.1 to 0.2) surrounded by a lower-

density outer shell (OD 0.02 to 0.1). In some gas channels, this outer shell may be the result of light 

refraction along the edge of the channel; however, the outer shell is not present in every channel, 

suggesting that this lower-density region often represents the presence of gas. The optical density 

of the inner core is consistent with other studies of gravity-destabilized gas flow (Mumford et al., 

2009a; b). 
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Figure 2.3. Optical density maps for experiments (a) 10-A, (b) 10-B, (c) 10-C, (d) 100-A (e) 100-
B, (f) 100-C, (g) 250-A, (h) 250-B, (i) 250-C, (j) 498-A, (k) 498-B and (l) 498-C. The maps show 
the entire front wall of the flow cell (25 × 25 cm2) and scaled from an OD of 0 to 0.2. 
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Representative gas pressure signals of the five injection rates are shown in Figure 2.4a, expressed 

as a gas pressure increase. The measured gas pressure was corrected for the hydrostatic pressure, 

therefore the gas pressure presented is representative of the entry pressure of the sand and the 

viscous resistance to gas flow of the growing gas channel(s) through the sand. For slow gas 

injection rates, the gas pressure is influenced only by the capillary pressure and the water pressure. 

The gas pressure is plotted with respect to normalized time, where a value of zero is the beginning 

of gas injection and a value of one is the time at which the gas first reached the top of the cell (Table 

2.1). 

 

Figure 2.4. Representative pressure signals (replicate A for repeated experiments) for (a) all 
experiments and (b) experiments at 0.1 and 10 mL/min; dashed lines above and below solid lines 
in (b) show the accuracy of the pressure sensor reading. 

The gas pressure increased with increased gas injection rate due to higher viscous resistance 

through the injection needle as well as through the sand. The pressure signals for 0.1 and 10 mL/min 

(Figure 2.4b) differed from the 100, 250, and 498 mL/min experiments (Figure 2.4a). The gas 
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pressure for 0.1 and 10 mL/min were non-monotonic whereas for the 100, 250 and 498 mL/min 

experiments, gas pressure increased with time. This increase was the result of an increase in the 

length of the gas channel between the injection point and the cell lid, with viscous resistance 

occurring throughout that length. The lack of pressure fluctuation at the higher gas injection rates 

suggests that no fragmentation or mobilization events occurred, indicative of continuous gas flow 

through at least one gas channel that remained connected to the injection needle over the height of 

the injection pattern. The gas pressure measurements at 100, 250, and 498 mL/min showed a change 

in slope in the early time of injection (seen from 0 to 0.18 in Figure 2.4a), which corresponds to the 

initial entry of gas observed in the images. It should be noted that the pressure signal for 100 

mL/min exhibited a decreasing positive slope and if gas had been injected in a larger domain the 

gas pressure may have plateaued. 

The pressure signal for the 0.1 mL/min experiment was consistent with pressure measurements 

made at low injection rates (0.001 and 0.01 mL/min) by Mumford et al. (2009a). The non-

monotonicity of gas pressure in the 0.1 mL/min experiment is attributed to: (i) initial pressurization 

for entry into the sand (near linear increase in pressure from 0-0.68 normalized time), (ii) drainage 

during vertical gas channel growth (decrease in pressure from 0.7-0.75 normalized time) and (iii) 

pressure fluctuation due to gas channel fragmentation (from 0.75-1 normalized time). Treating the 

peak gas pressure measured in the 0.1 mL/min experiment as the entry pressure of the sand around 

the needle, that entry pressure of 9.51 cm is in good agreement with the reported entry pressure 

values for this sand of 8.66 cm (Schroth et al., 1996) and 10.1 cm (Hegele, 2014). The observed 

pressure fluctuation indicates fragmentation and mobilization of the injected gas, characteristic of 

discontinuous gas flow and consistent with observations of OD, suggesting disconnection along 

the height of the channel. 

The pressure signal for the 10 mL/min experiment was unique from those produced by the other 

injection rates, with characteristics of both continuous gas flow (increasing pressure with no distinct 
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drainage period) and discontinuous gas flow (pressure fluctuation). The uncertainty (dotted lines in 

Figure 2.4b) was wider for the 10 mL/min injections than the 0.1 mL/min injection due to the use 

of a pressure sensor with a higher range, but the pressure fluctuations observed in all replicates 

suggest periods of discontinuous flow.  This is consistent with the optical density maps that show 

non-monotonicity and some indications of discontinuity in the gas channel (Figure 2.3a to 3c). The 

gas pressure and OD suggest that 10 mL/min injection in the sand resulted in a transitional flow 

pattern, with characteristics of both continuous and discontinuous flow. The flow rate of 10 mL/min 

is an example of why it is important that investigations looking at gravity-destabilized gas injection 

collect both visual and pressure data to accurately characterize flow type under varying conditions, 

as a transitional regime can display signs of both continuous and discontinuous flow. 

Using Eq. 2.1, Geistlinger et al. (2006) calculated the critical flow rate for gas injection into water 

saturated 0.5 and 1.0 mm glass beads to range from 0.1-0.6 mL/min and 4.7-22 mL/min, 

respectively. This calculation depends greatly on the chosen rc value because of the rc
4 dependence 

of Eq. 2.1. Because the measured porosities of the sand used in this study are in the same range as 

the 1 mm glass beads of Geistlinger et al. (2006), rc can be calculated similarly.  Therefore, the rc 

for the sand used was calculated to be 0.173 mm giving a critical flowrate of 11.2 mL/min. In this 

study, gas injections were found to be transitional at 10 mL/min, similar to that predicted by Eq. 

2.1.  

2.3.2 Observed role of gravity, capillary and viscous forces 

Observations of the initial invasion of gas into the sand, at high spatial and temporal resolution, can 

be used to understand the role of gravity, capillary, and viscous forces and how the competition of 

these forces can influence the invasion pattern (Figure 2.5). The left-most images in Figure 2.5 (a-

i, b-i, c-i and d-i) show the initial injection of 0.04 cm3 of air at 10, 100, 250 and 498 mL/min. 

Across all injection rates, this early-time small volume of gas moved radially out from the needle 

tip. The pattern for some injections was asymmetrical due to pore-scale heterogeneity in the sand 

pack and viscous destabilization.  Although the pattern at this early time is similar for all flow rates, 
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the invaded area increases with increased flow rate, with initial diameters of the invaded gas area 

equal to 0.64, 0.92, 1.03, and 1.62 cm for the respective injection rates.  Correspondingly, the 

optical density in this area decreased with increased flow rate, as a greater number of pores was 

occupied by the same total gas volume. Differences in the initial injection patterns at the increased 

injection rates can also be seen in the center images of Figure 2.5 (a-ii, b-ii, c-ii, and d-ii) after the 

injection of 0.21 cm3 of air. For the 10 and 100 mL/min injection rates, gas progression is seen to 

be mostly vertical creating a single gas channel, whereas for the 250 and 498 mL/min injection 

rates gas migration continues radially from the injection source, albeit in a fingered manner. This 

suggests that viscous forces have little role in early invasion at 10 and 100 mL/min and that gravity 

dominates, but viscous forces are significant for 250 and 498 mL/min. At a rate of 498 mL/min 

(Figure 2.5d-ii) there is a strong influence of viscous forces, with gas progressing radially outward 

in both the upward and lateral directions in the form of sharp fingers, which was seen for all 

replicate experiments at 498 mL/min. Although this pattern shows that viscous forces dominate the 

initial injection at this flow rate, the less-extensive downward invasion indicates that buoyancy 

forces are still influencing the gas flow. The right-most images in Figure 2.5 (a-iii, b-iii, c-iii, and 

d-iii) after the injection of 0.54 cm3 of air shows the invading gas progressing vertically away from 

the initial injection source pattern (seen clearly in Figure 2.5d-iii, where the lateral fingers become 

vertical fingers).  
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Figure 2.5. Optical density maps during the initial invasion for (a) 10 mL/min over a period of 4.8 
s, (b) 100 mL/min over a period of 1.3 s, (c) 250 mL/min over a period of 1.2 s, and (d) 498 mL/min 
over a period of 1.0 s. The left-most column (i) shows 0.04 cm3 of injected gas, center (ii) shows 
0.21 cm3 of injected gas, and right-most (iii) shows 0.54 cm3 of injected gas. Images show a 7.95 
by 7.95 cm2 area of the flow cell. 
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Based on the optical density maps (Figure 2.5), viscous forces influence the transient migration of 

gas over a minimal distance from the injection source (less than 4.3 cm away for the highest flow 

rate), even at the higher gas injection rates used in this study. An approximately elliptical initial 

invasion pattern has been observed and described in the literature to be the result of flow in 

homogeneous media being driven primarily by the imposed pressure gradient from injection, 

therefore creating a dense radially-symmetric gas pattern (termed the near source region) (Selker 

et al., 2006). However, this was not observed in this study beyond the area immediately surrounding 

the injection point.  The change in gas flow to a sharp, fingered pattern provides insight on the 

expectation of migration patterns at the low mobility ratio and negative Bond number of gas-water 

systems. Much of the work on the injection of non-wetting fluids at high injection rates is based on 

fluid pairs with minimal density difference, but those previous results may lead to a 

misrepresentation of the conceptual model for higher flow rate gas injection. For example, Frette 

et al. (1994) described higher flow rate injections to create “dense, ball-like displacement 

structures” however, their density of invading and defending fluids were the same and had a 

Mobility ratio of 7 x 10-2. The findings of this study highlight that the contrast in density between 

gas and water creates a strong, gravity-dominated system that can negate the effects of viscosity 

over short distances and that the viscous region is made up of viscous fingering. The findings of 

this study also support the three-dimensional flow regime diagram proposed by Ewing and 

Berkowitz (1998), in which at relatively low Ca and M, flow becomes increasingly more unstable 

as Bo becomes more negative.    

2.3.3 Dimensionless number analysis and gas flow pattern  

The near pore-scale observations of gas movement during gas injection showed that gravity and 

viscous forces strongly influenced the resulting gas pattern during initial injection into the sand. 

Because of this strong influence of gravity and viscous forces, it may be convenient and edifying 

to describe these systems using a dimensionless number which compares these forces. We propose 

combining the Bond and Capillary numbers to compare the gravity and viscous forces as: 
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The |Bo/Ca|, which compares the gravity to viscous forces (Eq. 2.3), was computed for the gas 

injection rates and sand used in this study (Table 2.1) and were all greater than one. To assess the 

utility of |Bo/Ca| to distinguish discontinuous, transitional and continuous flow patterns, |Bo/Ca| 

values were plotted against the observed flow pattern, determined by OD and gas pressure 

measurements (Figure 2.6). Figure 2.6 also presents the results of previous studies that either 

reported Bo and Ca values or presented sufficient information that allowed their calculation. Gas 

injection studies were selected which explicitly stated the flow pattern observed either visually or 

using pressure data for verification (Ji et al., 1993; Brooks et al., 1999; Geistlinger et al., 2006; 

Mumford et al., 2009a; Hu et al., 2010, 2011; Mao et al., 2017).  If not reported, Δρ was assumed 

to be 997 kgm-3 and μ2 to be 0.019 mNsm-2, and the characteristic radius was taken to be the radius 

of the average grain size reported in each study. The velocity of the invading gas was calculated 

from reported injection rates assuming that initial gas invasion was through a single pore, therefore 

computed as the volumetric flow rate divided by the cross-sectional area of an average grain 

(representative of a pore body). 

Figure 2.6 shows that the majority of discontinuous gas flow has been reported for |Bo/Ca|>102 and 

most continuous gas flow for |Bo/Ca|<102, with transitional flow occurring for 101 <|Bo/Ca|< 8 × 

103. This suggests that the ratio of gravity to viscous forces can be used to classify unstable gas 

flow in water saturated sand, but that equal Bond and Capillary numbers (|Bo/Ca|=1) is not an 

explicit definition of the transition from discontinuous to continuous gas flow. It is noted that the 

characteristic radius has been defined in a variety of ways in the literature and that a characteristic 

radius less than the average grain radius shifts the magnitude of |Bo/Ca| at which transition occurs, 

closer to unity. An explanation for the overlap in data presented in Figure 2.6 is that when flow 

approaches the transition zone it is very difficult to differentiate continuous, transitional and 
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discontinuous gas flow without measuring gas pressure, which was not done in many previous 

studies. 

 

Figure 2.6. Comparison of |Bo/Ca| to the reported flow type in various studies. Black symbols 
indicate flow patterns identified visually and red symbols indicate using those identified using gas 
pressure. 

2.4 Summary and conclusions 

Gravity-destabilized gas injection in saturated porous media was investigated to better understand 

transient flow patterns at varying gas injection rates. Air was injected into 20-30 Accusil sand at 

0.1, 10, 100, 250, and 498 mL/min. Light transmission images and gas pressure measurements were 

analyzed to provide insight on expected gas flow patterns that can be applied to a number of 

applications where unstable gas migration occurs. Data during gas injections was collected at 

spatial (1 mm) and temporal (29.97 fps) resolutions higher than previously presented in the 

literature, to create a better understanding of transient injection conditions.  

For the five injection rates studied, discontinuous gas flow clearly occurred during only the 0.1 

mL/min experiment, based on fluctuations in measured gas pressure increase. At an injection rate 

of 10 mL/min, pressure measurements and observed gas patterns showed characteristics of both 

discontinuous and continuous flow, suggesting transitional flow behavior. As previously seen in 

the literature, gas flow rates greater than or equal to 100 mL/min, gas flow was continuous and 
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consisted of multiple gas channels.  For gas injections at all injection rates in this sand, the gravity 

drive of the highly buoyant gas quickly dominated over viscous forces, creating a viscous-

dominated zone that did not extend greater than 4.3 cm from the injection point.  It is important to 

note that increased gas flow rates and decreased grain sizes are likely to increase the extent of this 

zone, but these results highlight that when conceptualizing the architecture of high flow rate gas 

injections, caution must be taken to consider the high-density difference between gas and water 

such that the extent of the viscous-dominated zone is not overestimated. 

The combination of data collected in this study and available data in the literature shows that the 

ratio of Bond number to Capillary number can be used to classify the flow type during upward gas 

flow. Furthermore, that equal Bond and Capillary numbers (|Bo/Ca|=1) is not required for the onset 

of continuous gas flow, but that continuous gas flow can occur for values up to two orders-of-

magnitude (|Bo/Ca|=102).  One must, however, exercise caution when using dimensionless numbers 

as they provide only an indication of the relative magnitude of the forces being considered.  

The results of this study provide a detailed dataset to improve the understanding of the transient 

behavior of gas under gravity-destabilized conditions and to support future modelling efforts of 

gravity-destabilized gas flow. The behavior that underlies the conceptual models for approaches 

based on invasion percolation (IP) and diffusion limited aggregation (DLA) was not strictly 

observed in this study, and reconsideration or modification of those modelling approaches may be 

required to accurately represent the range of observed behavior. It is also expected that a better 

understanding of near pore-scale gas movement and the resulting gas patterns under a variety of 

conditions will help to guide efforts to simulate gas-water mass transfer in porous media, 

particularly by linking flow conditions to source architecture, effective interfacial area, and relative 

permeability. Further research will relate local observations at the near-pore scale to global 

observations over length-scales of interest for modelling and field research. 
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Chapter 3 

Laboratory investigation of free-phase stray gas migration in shallow 

aquifers using modified light transmission 

Abstract 

Stray gas migration resulting from oil and gas operations can have negative impacts on shallow 

groundwater resources and the atmosphere, and the movement and architecture of free-phase gas 

has dramatic implications on the expected effect of stray gas migration.  For example, free-phase 

gas can become trapped in the subsurface and then dissolve, or gas flow can reach the surface. To 

understand this complex problem, multiphase flow associated with actively and inactively leaking 

gas must be understood. In this study, intermediate-scale laboratory experiments in quasi-two-

dimensional flow cells were used to better understand free-phase gas migration. It was found that 

for gravity destabilized flow, the measured ratio of residual-to-saturated light intensity provides an 

underestimate of gas saturations by image processing. Therefore, a high-resolution, light 

transmission method was modified, allowing for the quantification of gas in both large-scale and 

small-scale experiments subject to gravity-destabilized flow. Using this technique, a moderate flow 

rate gas injection (332 mL/min) was shown to transition from continuous to discontinuous flow 

over a relatively short length-scale (< 1.5 m). It was also found that after a gas leak is stopped, 

connected gas channels can redistribute on relaxation and reduce residual mass in the system 

reducing average gas saturation by 34%. Quantification of both gas movement and saturation 

improves our understanding of the expected source architecture of stray gas and will lead to 

enhanced knowledge concerning mass transfer to groundwater both spatially and temporally. 

3.1 Introduction and background 

Unconventional oil and gas has become a viable resource for fulfilling energy needs globally as a 

result of directional drilling and high-volume production, increasing feasibility and yield (Kerr, 

2010; Moniz et al., 2011; Rivard et al., 2014). This production however has sparked controversy 
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due to environmental concerns regarding recovery techniques and supporting infrastructure (CCA, 

2014; Dusseault and Jackson, 2014; Jackson et al., 2013a; Vengosh et al., 2014; Vidic et al., 2013). 

These concerns include the potential degradation of surface water and groundwater quality in 

proximity to production wells (Vengosh et al., 2014) and the degradation of ambient air quality 

(Bachu, 2017; Dusseault and Jackson, 2014; Kelly et al., 1985) creating challenges for the oil and 

gas and environmental industries. Although there are a variety of potential contaminants over the 

life-cycle of production and decommissioning, a major concern is the risk that stray gas poses to 

groundwater resources and the atmosphere (CCA, 2014). 

Stray gas, which is natural gas, mainly composed of methane (Gorody, 2012; Jackson et al., 2013b; 

Lan et al., 2015; Zumberge et al., 2012) can migrate along pathways in the subsurface both from 

production zones well below the earth’s surface (1,000-3,000 m) and from intermediate zones 

(Dusseault et al., 2014; Dusseault and Jackson, 2014; Gurevich et al., 1993; Myers, 2012). It is now 

generally accepted that stray gas is the result of preferential pathways created by improperly or 

poorly sealed new production wells or pre-existing oil and gas wells which have not been 

decommissioned properly (CCA, 2014; Dusseault and Jackson, 2014). These preferential pathways 

allow stray gas to migrate upwards due to buoyancy and pressure gradients and enter aquifers or 

the atmosphere. Once in shallow aquifers, stray gas has the potential to decrease water quality 

through changes in redox potential, alkalinity changes, reduction of dissolved oxygen, and 

liberation of contaminants (e.g., metals). It can also create an explosive and asphyxiation risk if gas 

migrates into wells or homes (Kelly et al., 1985; Roy et al., 2016; Son and Carlson, 2015; Van 

Stempvoort et al., 2005). If the gas enters the atmosphere, there is an additional concern regarding 

its contribution to climate change as methane is a powerful greenhouse gas (Myhre et al., 2013). 

Field-scale research has been conducted to understand the effects of stray gas migration at known 

sites (Cahill et al., 2018, 2017; Kelly et al., 1985; Schout et al., 2019, 2017; Steelman et al., 2017), 

collect data on areas which are most affected by stray gas migration (Darrah et al., 2014; Jackson 
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et al., 2013b; Molofsky et al., 2011; Osborn et al., 2011), and identify the number of sites that have 

stray gas migration issues (Bachu, 2017; Watson and Bachu, 2009). To date, few studies have 

focused on the development of a representative conceptual model for stray gas migration in the 

subsurface. A conceptual model for this complex problem provides a useful framework to assess 

potential spatial extent, longevity and approaches to mitigate risk, and monitor for impacts to air 

and water quality arising as a result of stray gas.  Studies that have included a discussion of 

conceptual models include field-scale investigations (Cahill et al., 2018, 2017; Woda et al., 2018), 

modelling studies (Lackey and Rajaram, 2019; Nowamooz et al., 2015; Roy et al., 2016; Zhang 

and Soeder, 2016), and literature review (Ryan et al., 2015). However, there have been no studies 

conducted at the laboratory-scale focused on stray gas migration to support conceptual model 

development.  Key aspects of a conceptual model for stray gas include the distinction between free-

phase gas and dissolved gas and their migration pathways, the influence of heterogeneity on gas 

migration, and the persistence of dissolved phase methane.  

To understand free-phase gas migration related to stray gas, insight can be gained from studies of 

gas movement related to other applications in water-saturated porous media. Gas movement in 

porous media can be either stabilized by gravity, when gas invades saturated media from above and 

creates a consistent front, or be gravity-destabilized, when gas invades saturated media from below 

and creates a complex channelized network of gas. Stray gas migration is expected to result in 

gravity-destabilized flow and is the focus of this study. It is well known that when gas is injected 

or leaks in the subsurface, gas movement is influenced by the competition of gravity, capillary, and 

viscous forces, creating fingered patterns which percolate upward to the water table (Brooks et al., 

1999; Elder and Benson, 1999; Glass et al., 2001; Ji et al., 1993; Roosevelt and Corapcioglu, 1998). 

In homogeneous media, the main factors influencing the gas distribution are the grain size and flow 

rate, ultimately creating either discontinuous, transitional or continuous flow (Ahlfeld et al., 1994; 

Brooks et al., 1999; Geistlinger et al., 2006; Ji et al., 1993; Selker et al., 2006; Stöhr and Khalili, 

2006; Van De Ven and Mumford, 2019). 
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The rate at which stray gas would migrate through the subsurface is not well understood. However, 

surface casing vent flows (SCVFs) in western Canada have been found to range from 0.01 to 5000 

m3/day, with an average rate of 300 m3/day (Nowamooz et al., 2015), and can be used as a surrogate 

for migration rate. This flow occurs within the surface casing annulus and may result in gas 

migration. Depending on well construction, it is reasonable to expect that SCVF is greater than the 

rate of gas migration into the subsurface. For jurisdictions that allow sealed surface casing vents, it 

would be expected that gas migration rates could approach SCVFs, as pressure builds within the 

annulus to a point were gas circumvents the annulus into the subsurface (Lackey and Rajaram, 

2019). Several studies have investigated the effect of flow rate on gas migration patterns 

(Geistlinger et al., 2006; Selker et al., 2006; Van De Ven and Mumford, 2019).  It has been shown 

that viscous forces dominate in proximity to a gas injection point (Selker et al., 2006) and that gas 

flow transitions from continuous to discontinuous flow based on the gas injection rate and the media 

grain size (Geistlinger et al., 2006). Previous studies have also hypothesized that gas injection 

patterns that were continuous near an injection point became discontinuous as gas moved away 

from the source, but due to the limited vertical scale of these experiments (all <50 cm) this was not 

validated.  

Previous laboratory studies have focused on gas movement during active injection (or leakage) of 

gas into the media, meaning that a gas injection pressure was sustained during the experiments. In 

the context of stray gas however, consideration of gas dynamics after the extinction of a gas 

injection pressure (referred to here as gas relaxation) is of interest when considering a leak which 

has become inactive (Cahill et al., 2018), as would be the case if a leak were repaired. When a 

sustained gas pressure is dissipated, water that has been displaced by gas is able to imbibe back 

into the gas occupied pore space, potentially increasing mass transfer from the trapped gas as a 

result of increased gas-water interfacial area (Gorody, 2012). This relaxation has been observed in 

studies of light non-aqueous phase liquid (LNAPL) migration, resulting in a reduction in LNAPL 

saturation behind an advancing front of higher saturation (Kechavarzi et al., 2005). This reduction 
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in saturation and the associated reduction in LNAPL relative permeability suggests that the LNAPL 

phase was becoming disconnected. Relaxation has also been observed in studies of gas migration 

(Stöhr and Khalili, 2006), where channels of injected gas that exited the top of a flow cell collapsed 

to disconnected clusters. When considering the free-phase movement of stray gas, both active and 

inactive leaks need to be understood as the condition of the leak can affect the gas migration.   

Visualization is a powerful qualitative and quantitative technique to observe gas flow in porous 

media in bench-scale laboratory experiments. Light transmission methods (LTM) have been used 

for the qualitative observation of gravity destabilized gas flow in porous media, allowing the 

migration pathway and resulting architecture to be studied (Geistlinger et al., 2006; Ji et al., 1993; 

Selker et al., 2006; Stöhr and Khalili, 2006). This visualization technique has also been used to 

calculate gas saturations in a number of studies, including those focused on gravity-driven fingering 

(DiCarlo, 2004; Weisbrod et al., 2002), interfacial surface area (Niemet et al., 2002), gas production 

from microbial activity (Ye et al., 2009) and groundwater remediation (Hegele and Mumford, 

2014). The methodology to quantify gas saturations was developed through the work of Tidwell 

and Glass (1994) and Niemet and Selker (2001), and calculated saturations are typically validated 

against experiments of gravity-stabilized flow.  

It is clear from previous work on gas and NAPL movement in the subsurface that to understand the 

potential impact of stray gas migration on the environment the conceptual model needs to consider 

both free-phase gas movement and gas dissolution, which are related through the architecture of 

the gas distribution. Bench-scale experiments can be used to better understand this migration under 

both active and inactive conditions. The goal of this study was to investigate gas flow geometry 

(shape and dimensions) as a result of subsurface gas injections from initial injection to 

breakthrough and during redistribution following the extinction of injection pressure (relaxation). 

This study used air injected into air-saturated water as a surrogate for methane to eliminate mass 

transfer from the invading gas and focused only on free-phase gas movement. The specific 



 

41 
 

objectives of this study were to: i) assess the validity of light transmission for the measurement of 

local (near pore-scale) gas saturations during gravity-destabilized gas flow, ii) understand the 

spatial and temporal dependence of gas flow geometry on injection rate and distance from injection 

source, and iii) quantify and compare gas flow geometry during active leaks and inactive leaks. 

Two sets of intermediate-scale experiments were conducted using quasi-two-dimensional light 

transmission flow cells: i) a small-scale experiment for validation of local gas saturation over a 

range of gas injection rates and ii) a large-scale experiment for investigating gas dynamics and 

changes in gas flow geometry with increased distance from the injection point. 

3.2 Materials and methods 

3.2.1 Small-scale experiments 

Gas injections conducted by Van De Ven and Mumford (2019) were used to validate local gas 

saturations.  The small-scale flow cell was constructed of 1.1 cm acrylic plates and had internal 

dimensions of 25 × 25 × 1 cm3. The effluent from a clear well that spanned the total height of the 

cell was set to a constant height equal to the height of the flow cell lid. Water displaced from the 

sand pack through the effluent tubing during gas injection was collected in a covered beaker placed 

on a balance (Mettler Toledo, MS6002S) and displaced water mass was recorded every 1 s. Four 

ports along the bottom of the flow cell were fitted with hydrophilic 10 µm nylon membranes to 

allow the entire sand pack to be drained to a residual water saturation. Details of the flow cell and 

gas injection experiments can be found in Van De Ven and Mumford (2019), which were further 

analyzed in this study to investigate transient gas saturations. 

3.2.2 Large-scale experiments 

The two-dimensional flow cell used in the large-scale experiments had internal dimensions of 146 

× 150 × 2 cm3 and consisted of two 1.5 cm thick glass panels separated by a 2 cm space for sand 

packing. To reduce possible deflection in the glass, the panels were supported by a stainless-steel 

frame sealed to the glass using Viton foam gaskets, with two support bars over the glass face (Figure 
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3.1). Nine drainage ports along the bottom of the cell were fitted with 10 µm nylon membranes. 

The cell lid was sealed to the frame using a hydrophobic neoprene gasket to establish a confined 

sand pack and to prevent grain rearrangement during gas injection. Perforated stainless-steel 

channels wrapped in wire mesh served as clear wells on each side of the sand pack.  An effluent 

port was installed in the top right corner of the cell, allowing water to be displaced from the cell 

and through the clear well during gas injection. Tubing connected to the effluent port was set at a 

constant height equal to the height of the confining gasket. A point source injection was used to 

replicate a stray gas leak in an aquifer; for example, as would occur at the first intersection of a gas 

pathway associated with a defective well seal and shallow aquifer material with a relatively low 

entry pressure. The point source consisted of a 15.24 cm-long, 22-gauge (0.413 mm inner diameter) 

stainless-steel needle placed in the middle drainage port along the bottom of the cell and reached 

7.2 cm into the sand pack (Figure 3.1).  Prior to packing, the injection needle was filled with air at 

a pressure equal to the hydrostatic pressure within the cell. 

 

Figure 3.1. Setup for the large-scale injection experiment. 
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3.2.3 Porous media 

The small-scale cell was packed with washed (to remove fines and any impurities) 20-30 Accusil 

with a median grain size of 0.713 mm (Schroth et al., 1996). The large-scale flow cell was packed 

with washed 12-20 Accusil with a median grain size of 1.105 mm (Schroth et al., 1996).  Different 

sand grain sizes were selected for the small and large-scale experiments because of the difference 

in cell thickness (1 cm for the small-scale and 2 cm for the large-scale). Because of the greater 

thickness of the large-scale cell, a coarser sand was required to ensure that changes in gas 

saturations could be detected. Sand was packed into each cell by continuously funneling a wet 

slurry of sand and deionized water to promote a fully water-saturated and homogeneous pack, 

consistent with previous experiments conducted in similar flow cells (Van De Ven and Mumford, 

2018). The sand pack was vibrated during and after packing and allowed to settle overnight to 

reduce grain rearrangement during gas injections. Due to minor impurities within the coarser sand 

and packing procedures at this scale, some heterogeneity (bedding structure) is present in the large-

scale experiment, seen as dark lines in the sand pack (Figure 3.1). 

3.2.4 Gas injection and gas pressure measurement 

Gas injection was performed using a syringe pump (Cole-Parmer, 78-0232C) to provide a constant 

gas flow during injection. Multiple syringes (maximum total volume of 244 mL) were connected 

to the stainless-steel needle in the cell using PTFE, high-pressure tubing. Each syringe contained a 

small drop of water to humidify the injected gas, thereby limiting partitioning from the water to the 

gas. Gas was injected at 0.1, 10, 100, 250, and 498 mL/min in the small-scale experiments and 

continued until the injected gas reached the flow cell’s lid. All but the 0.1 mL/min injection were 

performed in triplicate (Table 3.1). Gas was injected at 332 mL/min in the large-scale experiment, 

also until gas reached the flow cell’s lid, which required 220 mL of gas. In the large-scale 

experiment, the gas could redistribute after gas injection was stopped to investigate changes in the 

gas flow geometry immediately following active injection and during subsequent relaxation. 

Table 3.1. Summary of experiments and the measured and calculated system parameters. 
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Test ID 
Gas Flow 

Rate 
(mL/min) 

Sr Porosity*  Measured 
Ir/Is 

Calibrated 
Ir/Is 

Standard 
deviation 

 of Sg 

Sg 
Detection 

limit 

Small-scale experiments 
0.1-A 0.1 0.030 0.366 0.182 0.63 0.016 0.033 
10-A 10 0.030 0.375 0.144 0.45 0.010 0.031 
10-B 10 0.035 0.360 0.154 0.45 0.010 0.030 
10-C 10 0.035 0.369 0.199 0.45 0.013 0.039 

100-A 100 0.030 0.370 0.177 0.45 0.010 0.030 
100-B 100 0.029 0.365 0.188 0.45 0.010 0.029 
100-C 100 0.035 0.360 0.203 0.45 0.010 0.029 
250-A 250 0.031 0.366 0.146 0.39 0.008 0.025 
250-B 250 0.036 0.379 0.186 0.41 0.011 0.033 
250-C 250 0.033 0.364 0.211 0.40 0.010 0.031 
498-A 498 0.032 0.374 0.120 0.35 0.009 0.026 
498-B 498 0.038 0.363 0.192 0.35 0.011 0.034 
498-C 498 0.032 0.374 0.181 0.35 0.009 0.026 

Large-scale experiment 
LS 332 0.026 0.354 0.168 0.33 0.019 0.057 

* All porosity values have error of ±0.015 
 
Gas pressure was measured at the injection point in the large-scale experiment using a gauge 

pressure sensor (Honeywell, ABPDANT015PGAA5), recorded every 0.6 s using a data logger 

(Campbell Scientific, CR300).  This gas pressure can be used to help identify the occurrence of 

discontinuous or continuous gas flow (Geistlinger et al., 2006; Mumford et al., 2009; Van De Ven 

and Mumford, 2019) because fragmentation and mobilization during discontinuous gas flow causes 

pressure fluctuations that do not occur during continuous gas flow. 

3.2.5 Image processing and data processing  

Images of the gas injections were recorded using a Canon EOS 6D fitted with a Canon EF 17-

40mm lens for both the small and large-scale experiments. For the small-scale experiments, the 

camera was placed 60 cm from the flow cell and for the large-scale experiment it was placed 2.1 m 

from the flow cell. The flow cells were backlit using LED light panels. To capture high temporal 

resolution images of the gas injections and gain insight into the transient gas dynamics, high-

definition video was recorded at 1920 × 1080 resolution and a frame rate of 29.97 fps. The camera 
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settings were chosen manually to ensure high image quality and maintain consistency during the 

experiments (ISO2000, f6.3, and a shutter speed of 1/30). 

For the analysis of gas saturations, still frames were extracted from the videos, cropped to remove 

the cell frame and converted to greyscale (intensity). The images were also discretized to 1 × 1 

mm2 blocks for the small-scale experiments and 7 × 7 mm2 blocks for the large-scale experiment 

to capture full grains of sand and to reduce noise in the images. This up-scaled resolution was 

achieved by averaging the intensity value of all pixels in the area of each block.  

The images were used to calculate gas saturations using the light transmission method (LTM), 

which is an established technique based on the calibration of measured intensity of light passing 

through a thin slice of a porous medium (Niemet and Selker, 2001; Tidwell and Glass, 1994). The 

technique combines Beer’s Law, which describes the light passing through a homogeneous 

medium, and Fresnel’s Law, which describes the refraction and absorbance of light passing through 

interfaces, described mathematically as: 

𝐼 = 𝐶𝐼(𝜏VW
9XYZ𝜏V#

9X(;UYZ)exp	(−𝛼V𝑑V𝑘) (3.1) 

where I is the transmitted intensity, C is a geometric constant which corrects for the position of 

emitted and captured light, τ is the average transmittance of an interface and the subscripts p, l and 

g refer to the grain, liquid and gas, respectively, k is the number of pores through which incident 

light travels, Se is the effective water-filled saturation, αp is the absorbance coefficient of the grains, 

and dp is the thickness of a grain. A key assumption for the measurement of gas saturations using 

light intensity is that the incident light is normal to the thin slab of media at every location where I 

is measured. Assuming that the porous medium consists of uniform pores that are either water-

filled or contain only residual water films, the effective water saturation can be calculated as 

(Niemet and Selker, 2001): 
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𝑆a = 1 − cd(e ef⁄ )
cd(eh ef⁄ )

= ;UYiUYh
;UYh

 (3.2) 

where Is the light intensity transmitted through a water-saturated sand, Ir is the light intensity 

transmitted through a sand at residual wetting saturation, Sg is the gas saturation, and Sr is the 

residual wetting saturation. In many applications of LTM, Eq. 3.2 is calibrated using images of a 

sand pack under water-saturated and residual conditions to determine local effective saturations 

from images of the sand pack under unsaturated conditions.  

Video was collected prior to the injection of gas for both the small and large-scale experiments to 

determine the saturated light intensity (Is). Following the completion of gas injection, the flow cells 

were drained for a minimum of 24 hours and then video was recorded to determine the residual 

light intensity (Ir). The water displaced during drainage to residual saturation was collected and 

weighed to calculate the residual saturation. Saturated and residual images were based on the 

average intensity over a 5 s period (150 images each) prior to injection and after drainage to 

residual, respectively. The gas saturation detection limit was set to three times the standard 

deviation of the calculated gas saturation in an area of each flow cell that did not contain gas in any 

experiment. The average detection limit for the 13 small-scale experiments was 0.032 (Sg detection 

limit of 0.025-0.039 across all experiments) and was 0.057 for the large-scale experiment (Table 

3.1). 

3.3 Results and discussion 

3.3.1 Validation of calculated gas saturations using light transmission methods 

Gas injections in the small-scale flow cell were used to validate the measurements of local gas 

saturations using LTM. Although the volume of gas calculated using Eq. 3.2 and the measured Is 

and Ir values matched the volume of displaced water during stable drainage (air invaded from the 

top of the flow cell), the calculated volume of gas was substantially less than the volume of 

displaced water in the gas injection (gravity-destabilized) experiments (Figure 3.2a). The average 

measured Ir/Is values over the 25 cm × 25 cm face of the flow cell for the 13 experiments ranged 
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from 0.120 to 0.211 (Table 3.1), similar to the reported value by Niemet and Selker (2001). 

However, larger values would be required to match the water displacement data during gas 

injection, as reported by Mumford et al. (2015). Fitting the water displacement data by adjusting 

the value of Ir/Is, rather than using measured intensity values (Figure 3.2b), required fitted Ir/Is 

values of 0.35 to 0.63 (Table 3.1). The best-fit Ir/Is value of 0.63 for experiment 0.1-A is equal to 

the average best-fit value reported by Mumford et al. (2015) for slow gas injection into 20-30 

Accusand. Although Mumford et al. (2015) suggested that the difference between traditional Ir/Is 

values used in gravity-stable experiments and those in their study were caused by some light 

passing around rather than through the sand, the current study used a different cell and improved 

light control but required the same Ir/Is value to match the injected gas volume. This suggests that 

the required Ir/Is value depends on the gas flow geometry (i.e., gravity-destabilized compared to 

gravity-stabilized flow).  

 

Figure 3.2. Gas volume injected compared to the calculated gas volume from light transmission 
using (a) measured Ir/Is values and (b) best fit Ir/Is values. No validation was performed for test 10-
C as a result of unreliable balance data. 

This is further evidenced by the trend in the best-fit Ir/Is value with increasing gas injection rate. 

While the slope of the data for each gas flow rate was less than 1:1, the discrepancy between the 
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injected gas volume (based on water displacement) and the imaged gas volume was larger for lower 

flow rates (i.e., data for 498 mL/min [upper dotted line] is closer to 1:1 than data for 0.1 mL/min 

[lower dotted line]) (Figure 3.2a). Combining this observation with the calibrated saturation maps 

for each experiment (Figure 3.3) shows that the calibrated Ir/Is decreases with increasing occupation 

of the domain by gas; from 0.63 for the 0.1 mL/min injection to 0.35 for the 498 mL/min injections. 

 

Figure 3.3. Processed gas saturation maps of representative replicates (25 × 25 cm2), using light 
transmission and the fitted Ir/Is values for experiment (a) 0.1-A, (b) 10-A, (c) 100-A, (d) 250-A, 
and (e) 498-A. All saturations are scaled from 0.039 to 0.4. 

The need to calibrate Ir/Is values for gravity-destabilized gas flow arises because the light intensity 

of gas-occupied pore spaces during gravity-destabilized gas flow are higher (brighter) because of 

refraction from the adjacent water-saturated sand, which violates the assumption of the LTM 

conceptual model (Figure 3.4a). That is, the transmitted light intensity at a given location in the 

sand pack that is drained to residual saturation is higher if it is part of a gas channel (gravity-

destabilized) than if the entire pack was drained to residual saturation (gravity-stabilized) because 
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it is lit both from the side (refracted and reflected light) and by the back (transmitted light) (Figure 

3.4b).  Therefore, a higher value of Ir/Is needs to be used in Eq. (3.2) to fit the gas volume to account 

for this additional light.  The more gas channels that are present (0.1 mL/min vs 498 mL/min) the 

less each gas channel is lit from the side causing the best fit Ir/Is value to be closer to the measured 

ratio at higher gas injections rates. Failure to account for this change in Ir/Is results in an 

underestimation of the gas volume during gravity-destabilized gas flow. 

 

Figure 3.4. Light transmission conceptual model (a) as proposed by Niemet and Selker (2001), 
where incident light remains normal to the incident direction, and (b) conceptual model proposed 
for gravity-destabilized flow where light can be refracted and reflected from saturated voxels to 
adjacent unsaturated voxels, increasing the transmitted intensity of that voxel. 

Using validated gas saturations calculated with the best-fit Ir/Is values to account for gravity-

destabilized gas flow, it was observed that gas injections at 0.1 and 10 mL/min each produced a 

single gas channel, which grew vertically until the channel made contact with the lid of the cell 

(Figure 3.3a-b). Minimal lateral movement of the gas channel was seen at these flow rates. Unlike 

experiments at 0.1 and 10 mL/min, gas injections at 100, 250, and 498 mL/min showed complex 

patterns composed of multiple continuous channels (Figure 3.3c-e). For the higher flow rate 

experiments, the injected gas pattern widened as the gas migrated vertically before contact with the 

lid, and the number of channels increased with increased flow rate. All gas injections showed signs 
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of local (i.e., pore-scale) heterogeneity, with varying gas saturations (0.03-0.4) throughout the gas 

channels (Figure 3.3). Typically, each gas channel was composed of a high saturation inner core 

(gas saturations of 0.2 to 0.4) surrounded by a lower saturation outer shell (gas saturations of 0.03 

to 0.2) as a result of channel geometry and some refraction of light.   

During the large-scale injection, gas saturations calculated using LTM were compared to the 

volume of injected gas rather than the volume of displaced water. Similar to the small-scale 

injections, the volume of gas calculated using Eq. (3.2) was underestimated if measured values 

were used for Ir/Is. Therefore, a best-fit Ir/Is value of 0.33 was used (Table 3.1) to generate gas 

saturation maps during injection and relaxation (Figure 3.5). The best-fit value for the large-scale 

injection is consistent with those used for the small-scale injection at the higher injection rates.  

 

Figure 3.5. Temporal saturation mapping of gas injection over the duration of injection and through 
relaxation at times (a) 17.63 s, (b) 23.64 s, (c) 24.98 s, (d) 26.32, (e) 27.99 s, (f) 43.02 s, and (g) 
65.95 s after the start of injection and (h) gas pressure measurement (black, bold line) and the gas 
volume within the cell (bold, red line) over the duration of the experiment. Maps show only the 
area where gas was present, 55 by 150 cm2, aligned to the resulting gas pattern. 
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3.3.2 Variation in flow pattern during active injection 

Gas injection into the large-scale flow cell (LS) produced a dynamic flow pattern, which changed 

as the gas progressed away from the source (Figure 3.5a-g). Early in the injection, gas was observed 

to flow mostly vertically as multiple overlapping gas channels (Figure 3.5a and b). The pattern 

appeared to be continuous, strongly influenced by gravity and viscous forces. As the gas progressed 

away from the source, to a height of approximately 50 cm above the source (Figure 3.5c), the gas 

fingers appeared more unstable, migrating vertically with some lateral movement. As gas injection 

continued, the gas pattern became more unstable (66 cm above source), moving as more discrete 

channels with some lateral spreading (Figure 3.5d-f). 

Measured gas pressure (black line in Figure 3.5h) was used to better define changes in the gas 

pattern away from the source, distinguishing between continuous and discontinuous gas flow. At 

early time, the pressure increased (nearly linearly) and gas entered the sand (point a, pressurization). 

Following pressurization, a growth stage was observed where gas pressure increased non-

monotonically (point a to e). The pressure increases (point b to c and d to e) and decrease (c to d) 

are the result of continuous gas channels contacting thin bedding structures within the sand pack. 

During pressure increases, the gas channels’ vertical movement are hindered by the minor bedding 

structure (higher entry pressure) and the entire connected gas structure pressure increases. Once the 

gas pressure is high enough to break through the bedding structure, the gas structure decreased in 

saturation near to the injection needle (Figure 3.5c & 5e) as a result of mobilization of gas, 

fragmenting the channels. This is further supported by the pressure decrease between point c to d.  

However, the generally increasing slope of the gas pressure at these points suggests that the 

fragmented structure quickly became continuous again. Although this study is not focused on these 

short-term saturation fluctuations, the results demonstrate that even in a reasonably homogeneous 

sand pack, local variations in entry pressure will affect gas flow. Following the growth stage, a 

discontinuity stage is seen from point e to f, indicated by the slowly decreasing gas pressure. 

Previous work (Van De Ven and Mumford, 2019) suggests that if the gas flow at this constant 
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injection rate had remained continuous, further increases in gas pressure at the injection point would 

have occurred due to viscous resistance through a longer gas flow pathway in the sand. After gas 

injection stopped (point f), the pressure quickly decreased (relaxation) until a constant pressure of 

152 cm-H2O was reached, which represents the pressure of a gas cluster that remained connected 

to the needle.  This is 35% of the entry pressure represented by point a.  

The measured gas pressure is clear evidence of the injection transitioning from continuous (point a 

to e) to discontinuous flow. Van De Ven and Mumford (2019) used gas injection pressure to 

distinguish between continuous, transitional and discontinuous flow. Continuous flow is observed 

when gas pressure increases linearly as a result of connected gas clusters migrating from the source, 

causing higher frictional forces as the structure grows in width and size (point a to e). When gas 

flow is transitional and discontinuous, the linear pressure increase is observed to flatten out, as a 

steady-state frictional resistance is reached causing a steady gas pressure except for minor 

fragmentation events observed as small episodic pressure fluctuations. Due to the uncertainty of 

the pressure sensor used (±1.5% FSS, equating to 3 cm of water) the small pressure fluctuations of 

discontinuous channels, expected to be approximately 2 cm (Mumford et al., 2009), cannot be 

observed. However, the decrease in slope observed after e, coupled with saturation maps showing 

non-monotonic gas channels (Figure 3.5f) are indicative of discontinuous flow.  

The gas saturations and pattern as gas progressed away from the source can be linked to the 

observed injection patterns in the small-scale experiments, adding insight to the dynamic 

conceptual model for free-phase stray gas movement. During active injection, dense overlapping 

channels with saturations ranging from 0.1 to 0.4 (Figure 3.6a) were observed near the injection 

point. This dense cluster is consistent with a high flow rate injection (Figure 3.6f) where multiple 

channels develop allowing for the high mass flow rate to be distributed over the cross-sectional 

area of the cell. As the gas moved upwards (approximately 35 cm above the injection point) the 

channel network became less dense as the channels were distributed over a wider area, replicating 
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observations of a lower flow rate injection, but still with high gas saturations between 0.1 to 0.4 

(Figure 3.6e). Once the gas extended 66 cm from the injection source, the channel network 

continued to become less dense, creating discrete channels of sustained high saturation. Pressure 

measurements show that gas flow in this region was continuous but began to show signs of 

transitional behaviour, similar to the small-scale experiments with an injection rate of 100 mL/min 

(Figure 3.6d). For this experiment at a height of 105 cm above the injection source, flow became 

transitional, showing sparse continuous channels which resembled flow in the small-scale 

experiments of 10 mL/min (Figure 3.6c). The saturation of these channels was lower than the bulk 

cluster below, ranging from 0.1 to 0.25. Discontinuous flow was observed 121 cm above the 

injection point. Discrete, relatively low-saturation (0.1 to 0.25) channels were seen, which show 

disconnection over the vertical length and were similar to those observed during the 0.1 mL/min 

gas injection in the small-scale experiments (Figure 3.6b). Although the detection limit was higher 

in the larger flow cell (0.06), it would be expected that below this saturation, flow would not be 

connected. This evidence of discontinuous flow is supported by the pressure measurements.  

The large-scale gas injection is (to the best of the authors’ knowledge) the first investigation of a 

high flow rate injection gas pattern transitioning from continuous to discontinuous gas flow as the 

gas moved vertically away from the injection source.  This transition occurs as a result of an 

increased lateral spread of the injected gas, which causes the constant mass injection rate to be 

distributed over a greater cross-sectional area, decreasing the local gas flow rate in individual 

channels as the gas moves further from the source (Geistlinger et al., 2006; Selker et al., 2006). 

This finding suggests that the conceptual model for free-phase gas injection in a homogenous 

subsurface depends on the vertical distance of that gas from the injection point. The similarities 

between small and large-scale experiments show that bench-scale experimentation can provide 

valuable insight to larger-scale experiments and field-scale observations, however appropriate 

comparison is required (e.g., rate-dependence and length-scaling). This connection between the 

small and large-scale experimental results can also be used to better understand pore scale 
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phenomenon over the vertical extent of the gas pattern and provide insight to the effect of that gas 

pattern on mass transfer from the gas to the aqueous phase and inform related modelling efforts. 

 

Figure 3.6. Saturation maps of (a) large-scale injection experiment showing only the area where 
gas was present, 55 by 150 cm2, aligned to the resulting gas pattern, compared to small scale 
injections at (b) 0.1 mL/min, (c) 10 mL/min, (d) 100 mL/min, (E) 250 mL/min, and (f) 498 mL/min. 

3.3.3 Gas saturations during active injection and relaxation 

Comparison was made between gas saturations during active injection (Figure 3.7a) and relaxation 

(Figure 3.7b) during the large-scale experiment (LS). Changes in both the gas saturations and the 
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gas geometry from active to relaxed conditions are highlighted by subtracting the two gas saturation 

maps (Figure 3.7c). A green color represents a decrease in gas saturation and red represents an 

increase. Figure 3.7c shows that saturations vary substantially, with gas saturations at most 

locations decreasing between active and relaxed conditions (with local decreases as high as 0.15). 

The geometry of the gas injection area however did not change substantially, indicated by minimal 

red color in Figure 3.7c. The bulk of the gas distribution remained unchanged, apart from an 

increased number of fingers in the discontinuous zone.  

To further compare the changes in gas saturations between the active and relaxed conditions, 

average gas saturations were measured over the height of the gas (Figure 3.7d). Gas saturations 

were averaged horizontally, considering only gas saturations greater than the detection limit. 

Average gas saturations decreased approximately by 0.07 from active to relaxed conditions in a 

region directly above the injection to a height of 65 cm. Greater than 120 cm above the injection, 

only minor local changes occurred. These regions agree well with the occurrence of continuous and 

discontinuous flow (Figure 3.6), with transitional flow occurring between them. 

Regions in which continuous gas flow occurs allow for greater relaxation (a decrease in gas 

saturation once injection has terminated) compared to discontinuous regions. This is the result of 

continuous flow patterns being composed of multiple overlapping connected channels of gas. These 

connected channels have a high enough volume of gas to create a substantial buoyant drive, causing 

vertical migration to continue even after the termination of an injection pressure. Because the 

channels are connected, the channel needs only enough buoyant drive to overcome the entry 

pressure of the least resistant pore for flow at the top of the channel to occur. In contrast, 

discontinuous and transitional patterns are composed of disconnected gas clusters, which do not 

have sufficient buoyant drive to overcome capillarity. This finding is consistent with the work of 

Stöhr and Khalili (2006), who found that following the breakthrough of migrating gas from the top 

of their test apparatus, substantial redistribution was observed following channel flow (continuous 
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flow) and minimal redistribution for cluster flow (discontinuous flow). It is likely that a critical gas 

saturation exists at which the buoyant drive of connected gas clusters is sufficient to cause vertical 

redistribution. As an estimate of this value, the average gas saturation was found to be 0.1 in the 

1.1 mm sand following relaxation. 

 

Figure 3.7. (a) Gas saturation map during active injection, (b) gas saturation map during relaxation, 
(c) difference in gas saturation between active and relaxation, and (d) horizontally-averaged gas 
saturations during active injection (black) compared to relaxation (red). Maps show only the area 
where gas was present, 55 by 150 cm2, aligned to the resulting gas pattern. 

3.4 Summary and conclusions  

Air was injected at a high rate into a large-scale two-dimensional flow cell to develop better 

understanding of free-phase gas flow related to stray gas migration in unconsolidated porous media. 

Visualization techniques enabled observations of spatial and temporal gas dynamics during 

migration over a large vertical length-scale relative to many previously published studies. Results 

of the large-scale experiment were combined with results from gas injections into a small-scale 
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flow cell, which were used for validation of gas saturations and near pore-scale observation at 

varying flow rates. 

An important component of the free-phase stray gas conceptual model is quantification of the 

source architecture. It was found that the traditional light transmission method was not able to 

accurately quantify gas saturations in sand during gravity-destabilized gas injections and required 

correction using Ir/Is as a fitting parameter that was greater than measured Ir/Is values obtained 

under gravity-stabilized conditions. The best-fit value of 0.63 agreed with previous studies for slow 

gas injections but decreased with increased gas flow rate as a greater portion of the flow cell was 

occupied by gas at higher injection rates. The observed discrepancy between fit and measured 

values was attributed to internal refraction within the gas channels created during gravity-

destabilized gas flow, which increases the light intensity transmitted through gas-filled pores 

adjacent to water-filled pores. Following the methodology proposed for the small-scale 

experiments, gas saturations in the large-scale experiment were fitted to the known volume of 

injected gas. 

The results of the large-scale experiment showed that any conceptual model for free-phase gas flow 

should consider changes in the gas flow pattern with increased height from the injection or leak 

source. For high rate injections, continuous gas flow exists near the injection source creating dense 

channels of high gas saturation. As gas migrates away from the source, flow transitions to 

discontinuous channels of relatively lower gas saturation. This transition is the result of local gas 

flow rates decreasing as gas flow is distributed over a larger cross-sectional area. This finding has 

substantial implications for stray gas migration. First, the resulting gas architecture will affect mass 

transfer. It would be expected that near to the source (continuous region) mass transfer would be 

limited by low interfacial area and a reduced aqueous relative permeability. Further from the source 

where gas becomes discontinuous, mass transfer would be substantially higher as a result of higher 

interfacial area and increased aqueous relative permeability. One possible effect of this variation of 
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gas architecture with height is that the longevity of the free-gas is variable depending on its depth 

within the system, with longer dissolution times for free-phase gas near the source. Secondly, it is 

common that stray gas migration is identified and monitored by means of surface measurement of 

gas (Forde et al., 2018; Molofsky et al., 2016). Based on the findings of this study, depending on 

the leak rate and the depth at which the leakage is occurring, it is likely that gas flow at the surface 

would be intermittent despite a continuous leak at depth. This is expected because of the transition 

of flow from continuous to discontinuous, which would cause gas to reach the surface as 

disconnected clusters. Therefore, it is important that when monitoring for stray gas migration at the 

surface, high temporal resolution monitoring be used, as discrete measurement may not capture the 

intermittent releases of stray gas. Also, depending on the sampling technique, this intermittent 

migration may dilute small intermittent releases below detection limits for longer-duration 

sampling events. 

In these experiments, the source architecture of the free-phase gas was found to be highly dependent 

on whether a leak is active, or relaxation has occurred due to extinction of injection pressure. 

Although the geometric characteristics of free-phase gas remained similar between active and 

relaxed conditions, the local gas saturations varied greatly. Once gas injection had ceased, the 

buoyancy of the gas in the connected gas region allowed gas to continue migrating upward, leaving 

behind average residual gas saturations of approximately 0.1. In the coarse sand used in this study, 

it was found that a critical gas saturation of 0.1 or greater was required to allow for gas to buoyantly 

migrate without a sustained gas injection pressure. In the discontinuous region, gas saturations were 

not substantially affected by the extinction of gas injection. This finding suggests that if a high-rate 

gas leak ceases, gas flow will dramatically decrease the original mass available for mass transfer 

to the groundwater near the source and will likely continue to move vertically toward the surface.  

The development of conceptual models for stray gas migration need to consider spatial and 

temporal variation in free-phase gas architecture. Gas movement occurs as a combination of 
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continuous and discontinuous flow and this variation will affect mass transfer, longevity and release 

characteristics, ultimately influencing strategies to assess and mitigate risk. In a homogeneous 

system, it was found that a high fraction of mass is concentrated at the point of the leak when gas 

is actively being injected, and that this mass will move upwards after injection has ceased. It is 

important to note that stray gas migration is complex and dynamic, but will also depend on the 

scale being considered, particularly with respect to including heterogeneity. Future research efforts 

and conceptual model development must consider the timeframe and proximity to the source, as 

well as potential gas pathways, to accurately assess these systems.  
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Chapter 4 

Visualization of gas dissolution following upward gas migration in 

porous media: technique and implications for stray gas 

Abstract 

The study of gas-water mass transfer in porous media is important in many applications, including 

unconventional resource extraction, carbon storage, deep geological waste storage, and remediation 

of contaminated groundwater, all of which rely on an understanding of the fate and transport of 

free and dissolved gas. The novel visual technique developed in this study provided both 

quantitative and qualitative observations of gas-water mass transfer. Findings included interaction 

between free gas architecture and dissolved plume migration, plume geometry, and longevity. The 

technique was applied to the injection of CO2 in source patterns expected for stray gas originating 

from oil and gas operations to measure dissolved phase concentrations of CO2 at high spatial and 

temporal resolutions. The technique enables CO2 concentrations as low as 10-5 mmol/L to be 

visually quantified. The potential to quantify dissolved gas concentrations at fine spatial resolution 

(1 mm) was validated, with mass balances of 72%, 102% and 123% across triplicate experiments. 

The data set is the first of its kind to provide high resolution quantification of gas-water dissolution 

and will facilitate an improved understanding of the fundamental processes of gas movement and 

fate in these complex systems. 

4.1 Introduction and background 

Unconventional oil and gas plays are becoming prevalent sources of fuel for the increasing global 

population. Technology development in the form of hydraulic fracturing and the use of directional 

drilling is shifting production from conventional to unconventional resources (Rivard et al., 2014; 

US EPA, 2016). The environmental impact and potential human health implications, specifically 

from the contamination of groundwater sources (Vengosh et al., 2014), has sparked controversy 

around shale gas extraction. In their 2014 report, the Council of Canadian Academies (CCA) stated 
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that the greatest concern around hydraulic fracturing and groundwater is the threat of stray gas 

migration (also referred to as fugitive methane) (CCA, 2014).  It is postulated that stray gas could 

travel along pathways from production zones via induced and natural fractures or along damaged 

or improperly sealed wells used for active hydraulic fracturing and inactive and abandoned wells 

(CCA, 2014; Dusseault and Jackson, 2014). The most probable pathway for fugitive methane 

entering shallow aquifers is along wells whose casing integrity has been compromised due to high 

pressures, corrosion, decay of well casings and annulus or poor design and installation of the 

cemented casing (CCA, 2014; Davies et al., 2014; Dusseault and Jackson, 2014; Nowamooz et al., 

2015). This compromised integrity provides a preferential pathway for free gas phase (mostly 

methane) to migrate from pockets of natural gas (both inside and outside the production zone) to 

shallower aquifers. There are multiple risks associated with stray gas in shallow aquifers, including 

the deterioration of drinking water quality for groundwater users, mobilization of contaminants, 

explosion due to methane seeping into basements of residential and commercial buildings, and 

asphyxiation in these basements due to a reduction of indoor air quality (Kelly et al., 1985; Son and 

Carlson, 2015; US EPA, 2016; Van Stempvoort et al., 2005). 

There is a lack of understanding of the movement, dissolution and fate of fugitive methane in 

shallow aquifers as a result of hydraulic fracturing operations. Vidic et al. (2013) in their 

comprehensive review on the impact of shale gas development on groundwater, stated that 

improved understanding of fate and transport of stray gas will help to mitigate the effects of 

activities on water sources. Currently, a large portion of scientific literature on this topic is focused 

at the field scale. Although data have been and are being collected at the field scale (e.g., Cahill et 

al., 2017; Molofsky et al., 2011; Osborn et al., 2011; Van Stempvoort et al., 2005), very few of 

those studies have looked at movement of contaminants coupled with gas flow dynamics and gas-

water mass transfer. Some studies have started to simulate stray gas contamination in aquifers using 

numerical models (e.g., Nowamooz et al., 2015; Reagan et al., 2015; Roy et al., 2016). Field and 

modeling based studies show that work also needs to be done at the laboratory scale to validate 
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conceptual and mathematical models, help to understand the coupled processes of gas migration 

and its dissolution in groundwater, and provide a framework for the development of monitoring 

strategies at the field scale.  Similar concerns are relevant to the geologic storage of CO2, where an 

understanding of the transitions from stratigraphic to capillary to solubility to mineral storage 

require an understanding of multiphase flow and mass transfer (IPCC, 2005). 

Few publications have presented a complete conceptual model for the migration of stray gas in 

shallow aquifers. Ryan et al. (2015) conceptualized the movement, dissolution and fate of stray gas 

migration based on a literature review and clearly distinguished between free phase and dissolved 

phase gas. Cahill et al. (2017) conducted a methane gas injection experiment in the Borden aquifer 

and developed a conceptual model based on their field-scale observations, which highlighted the 

role of macro-scale heterogeneity. Further systematic investigation and development of these 

conceptual models is required, particularly in regard to the migration of free phase gas, its 

dissolution in groundwater and the expression of stray gas migration at the surface. High-resolution 

bench-scale experiments are a useful tool to investigate aspects of the conceptual models for stray 

gas migration. 

Aqueous samples are commonly collected from laboratory experiments to study transport 

processes, but often provide limited resolution and can influence flow. To better study gas-to-water 

mass transfer related to stray gas migration, novel techniques are required to measure aqueous 

concentrations produced by a dissolving trapped gas phase. Light transmission techniques (Niemet 

and Selker, 2001; Tidwell and Glass, 1994) and the use of dyes has been applied to understand 

multiphase flow, aqueous transport and reactive transport in porous media without the use of 

invasive sampling (Werth et al., 2013). However, previous studies have not used visualization 

techniques to measure dissolution from a trapped gas. Related studies have used pH indicator dyes 

to track the dissolution and transport of carbon dioxide (CO2) in porous media in the context of 

geologic storage. These studies applied a gas at one boundary and measured macroscopic 
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properties, such as finger lengths and widths (Kneafsey and Pruess, 2010; Thomas et al., 2015). 

Parker et al. (2006) utilized methyl red indicator dye to investigate the dissolution of CO2 in the 

vadose zone and found that it could be used to detect the boundary of the dissolved plume. These 

previous studies introduced a useful technique but did not investigate the dissolution of trapped gas 

in an otherwise water saturated porous medium and did not investigate dissolution subject to water 

flow. In addition, these studies reported primarily qualitative observations of dissolved CO2 

transport and did not report local (small-scale) aqueous concentrations of interest for the further 

development of conceptual models of stray gas migration.  

The purpose of this study was to develop a non-invasive technique for use in experiments to better 

understand the dissolution and transport of gases dissolved in groundwater at near-atmospheric 

pressure, for application to stray gas migration. The specific objectives of the study were to: (i) 

develop a light transmission technique to track mass transfer from the gaseous to aqueous phase 

with high spatial and temporal resolution using CO2 as a surrogate gas, and (ii) validate the 

technique against laboratory experiments of gas injection and dissolution. A series of bench-scale 

laboratory experiments were conducted using a thin flow cell and gas injections designed to mimic 

the source architecture expected to result from stray gas migration. 

4.2 Materials and methods 

4.2.1 Flow cell 

Experiments were conducted in a two-dimensional flow cell with internal dimensions of 25 × 25 × 

1 cm3 (Figure 4.1). Similar cells have been used for light transmission to study multiphase flow 

and solute transport at similar length scales for a variety of applications (e.g. Krishnamurthy et al., 

2017; Mumford et al., 2010; Rasmusson et al., 2017; Selker et al., 2007). The cell was constructed 

of clear acrylic walls separated by a space of 1 cm, representative of a two-dimensional slice of 

aquifer. The 1 cm thickness is consistent with previous studies that employed light transmission 

imaging (Glass et al., 2000; Mumford et al., 2009; Niemet and Selker, 2001; Selker et al., 2007) 
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and provides an integrated signal through a distance of approximately 14 grain diameters in the 

sand used here (d50 = 0.713 mm). A clear well on one side of the cell distributed the effluent flow, 

while eight influent ports distributed the influent flow. The ports were placed 1 cm from the bottom 

of the cell and spaced 3.3 cm apart for the remainder.  No clear well on the influent edge allowed 

injected gas to remain close to the influent edge, representative of stray gas adjacent to the outside 

of a well casing. The cell was sealed on the top using a hydrophobic neoprene gasket to provide a 

gas-tight seal. 

 

Figure 4.1. Flow cell dimensions and design. The lack of clear well on the left allows for the ability 
to inject gas in a manner which would be expected of an improperly sealed well. 

4.2.2 Sand emplacement, gas injection, and water flow 

The flow cell was packed using 20/30 Accusil sand (AGSCO Corporation), which has a median 

grain size of 0.713 mm (Schroth et al., 1996). Prior to packing, the sand was washed in a three step 

process: (i) with de-ionized water to remove fines, (ii) with 10% sodium hydroxide (NaOH) 

solution and rinsed with distilled water until the supernatant returned to neutral pH, and (iii) using 
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10% nitric acid (HNO3) solution and rinsed with distilled water until the supernatant returned to 

neutral pH. Following washing, the sand was oven dried at 60oC for 48 hours. This procedure (Yee 

et al., 2000) was used to remove any potential buffering capacity of the sand due to the presence of 

trace impurities.  Washed sand was packed into the flow cell by continuously pouring as a wet 

slurry of sand and distilled water to promote a homogeneous pack without trapped atmospheric 

gases. The cell was gently vibrated while the slurry was being poured to ensure reduced settlement 

after packing. Once the packing was complete the cell was allowed to settle for a minimum of 12 

hours, and a small amount of additional sand was added to prevent a gap between the sand and the 

top seal. Sand packs were inspected for signs of bedding and were rejected if bedding was present. 

A similar sand emplacement technique was used by Mumford et al. (2009) using the same sand and 

no gas pooling was observed during gas injection. Despite efforts to create a homogenous sand 

pack, it is expected that gas injection patterns will produce local (small-scale) differences in gas 

saturation due to pore scale heterogeneity (Glass et al., 2000; Ji et al., 1993; Mumford et al., 2009). 

Four gas injection and dissolution experiments were performed (Table 4.1). Prior to gas injection, 

3 to 5 pore volumes of de-ionized water, dyed with either bromocresol green or resazurin, were 

pumped through the cell to ensure uniform initial dye distribution. CO2 was selected as the 

surrogate gas in this study because it has a high acid ionization constant for a gas, dissolves readily 

in water and is non-explosive. CO2 gas was injected through the lowest edge port of flow cell on 

the influent side using a gas tight syringe at 0.25 mL/s, followed by the injection of 2.5 or 3 mL of 

dyed water using the same syringe to remove gas from the injection line. Injection of the total gas 

volume over 10 to 12 s limited dissolution of CO2 during the injection such that dissolution could 

be investigated separate from gas migration. The flow rate selected for these experiments was at 

the low end of flow rates reported for stray gas migration from 0.01 to 5000 m3/day (using surface 

casing vent flow as a surrogate) (Nowamooz et al., 2015). This low flow rate was also selected so 

that gas movement was controlled by gravity and buoyancy, but fast enough such that the injected 
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gas spanned the height of the flow cell quickly to limit dissolution during the gas injection. Flow 

rates less than 1.6 mL/s are expected to be unstable in this sand (Mumford et al., 2009). 

Following gas injection, dyed (bromocresol green or resazurin) de-ionized water was pumped 

(Masterflex L/S 6-600RPM cartridge pump) through the eight influent ports at 1.375 mL/min, 

providing a Darcy flux of 6.3 m/day. The dye solution was sparged with ambient air to be in 

equilibrium with the atmosphere, prepared at room temperature to prevent exsolution due to 

warming, and the influent pH was monitored continuously (Accumet XL500). 

Table 4.1. Summary of experiments performed. 

Experiment Indicator Dye 
Dye 

Concentration 
(mg/L) 

CO2 
injected 

(mL)  

Darcy 
Flux 

(m/hour) 
B1 Bromocresol green 0.040 3.0 0.264 
R1 Resazurin 0.091 2.5 0.264 
R2 Resazurin 0.091 2.5 0.264 
R3 Resazurin 0.091 2.5 0.264 

4.2.3 Dye and color space 

Experiments B1 and R1 were performed to determine an appropriate pH indicator dye. The success 

of an indicator dye at resolving the pH, and therefore CO2 concentration, in space and time within 

the flow cell relies on its ability to span the expected pH values for CO2 dissolution: from 3.9 at its 

solubility limit (1 atm, 25°C) to 5.6 for distilled water in equilibrium with atmospheric CO2 (1 atm, 

25°C). Methyl red (Parker et al., 2006) and bromocresol green (Kneafsey and Pruess, 2010; Thomas 

et al., 2015) have been used in previous studies, which have pH ranges of 4.4 to 6.2 and 3.8 to 5.4, 

respectively. Neither of these dyes span the full range of interest, limiting detection at higher or 

lower concentrations of CO2, respectively. An alternate dye, resazurin, with a pH range of 3.8 to 

6.5 was also considered in this study. Preliminary tests conducted in gas-tight vials filled with CO2 

gas and water showed flocculation of methyl red in water, which could interfere with the image 

processing in this study. Therefore, bromocresol green (changes from blue to yellow) and resazurin 

(changes from purple to orange) were selected for these experiments. Additional preliminary tests 
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conducted in the flow cell showed minimal sorption of bromocresol green and resazurin to sand 

after the sand was washed as described above. Changes in the colour of the indicator dyes were 

assessed using the RGB (red, green, blue), HSV (hue, saturation, value), and YCbCr colour spaces, 

although other spaces can also be used (e.g., Kashuk and Iskander, 2014). To evaluate the suitability 

of each colour space in this study, images from experiments B1 and R1 were captured shortly after 

gas injection and once the dissolved CO2 plume had traveled half the length of cell. Areas of these 

images that first contained no plume and then contained the plume were identified, and histograms 

of each area for the nine colour components (three components per colour space) were compared.  

Experiments R2 and R3 were conducted as replicates of experiment R1. 

4.2.4 Image capture and analysis 

Light transmission images of each experiment were captured using a digital camera (Canon EOS 

Rebel T5i fitted with a Canon EFS 15-22mm lens) at a resolution of 2592 × 1728 pixels every 5 s 

(Canon EOS Utility Software). Camera capture settings were set manually at ISO400, F9.0, and a 

shutter speed of 1/60, which were selected by manual optimization. Focusing was performed 

automatically using the auto-focus setting on the lens at the beginning of each test and manually 

held for the remainder of the test. The cell was back lit by a LED light bank (LEDGO LG-1200s) 

and the flow cell, light bank and camera were covered during the experiments to reduce the effects 

of ambient light. 

Images from each experiment were calibrated by injecting five pore volumes of tap water (used in 

place of distilled water to provide buffering capacity) titrated to a pH of 3.8, 4.0, 4.5, 5.0, or 5.6 

using sulfuric acid (H2SO4) to completely fill each sand pack prior to the start of the gas injection 

experiments.  Images of the water-saturated sand pack at each pH were used to develop an empirical 

calibration relationship.  Because digital imaging was performed at a scale smaller than the average 

grain size (each pixel represents approximately 0.17 × 0.17 mm2) the calibration images were 

analyzed at different upscaled discretizations to determine the sensitivity of the calibration 

relationship to the scale of analysis. Specifically, to determine if a single calibration relationship 
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could be used for all locations in the flow cell. In this analysis, a mean local hue value (see section 

4.3.2 for a discussion of hue as the preferred colour component) was calculated as the mean of 1 to 

5002 pixels from the pH = 5.0 calibration image of experiment R1 (representative of all other pH 

calibration images).  Given the pixels size of 0.17 mm, 1 pixel represents an area of 0.03 mm2 while 

5002 pixels represents an area of 7225 mm2.  This was repeated at 1000 random locations at each 

discretization to generate 1000 mean local hue values, and the variation between these local values 

and the mean over all 1000 local values was investigated. 

Images were processed using the image processing and statistic toolkits in MATLAB R2016a, and 

were processed in uncompressed format to preserve all captured image data. Raw RGB images 

were separated into separate RGB, HSV, or YCbCr components using MATLAB functions. For 

experiments with resazurin dye, which changes colour from purple to orange, hue values were 

rotated by 180 degrees such that they did not include both 1 and 359 degrees. Following analysis 

of each colour component hue-pH calibration relationships were developed, and used to determine 

the total dissolved CO2 concentration based on carbonate equilibrium as:  

𝐶j =
10U9Vl

10UVmn,p	
+ 10UVl (4.1) 

where CT is the total dissolved CO2 concentration and pKa,1 is 6.352 at 25°C (Butler, 1991). Eq. 

(4.1) is a simplification of the fourth-order representation of the carbonate system, based on pH < 

pKa,1 where the total concentration of CO2 would be mainly comprised of H2CO3 and HCO3-.  

Because of the small thickness of the cell, it was assumed that the total dissolved CO2 

concentrations varied in space but were uniform over the thickness of the cell. 

4.3 Results and discussion 

4.3.1 Gas injection and dissolution 

Example images from experiments B1 and R1 (representative of R2 and R3) are shown in Figure 

4.2.  Immediately following CO2 gas injection in each experiment (injected in the bottom-left corner 
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of the images in Figure 4.2) the gas travelled vertically to a height of 20-22 cm above the injection 

port (Figure 4.2a and f). This vertical distance was limited by the injected gas volume, which was 

selected to avoid contact with the flow cell lid.  The resulting gas fingers appeared to be 

discontinuous, with gas trapped throughout the vertical extent of the fingers, as expected due to 

gravity destabilized conditions and as observed during previous gas injections in this sand 

(Mumford et al., 2009), emphasizing that gas movement was capillary-gravity controlled. In some 

experiments, the gas injection was approximately parabolic in shape, and deviated away from the 

injection port with increasing height. In all experiments, the trapped gas was limited to a region 

less than 5 cm laterally away from the influent face.  

The dissolution of trapped gas produced a local colour change from green to yellow in experiment 

B1 (Figure 4.2b) and from purple to orange in experiments R1-R3 (Figure 4.2f) due to the 

acidification of the pore water immediately adjacent to the gas. Horizontal water flow was initiated 

at 20 s and the colour change extended to the right-hand side of the flow cell as the dissolved CO2 

plume was transported in the direction of flow (Figure 4.2b-d and 2f-h). The colour change 

appeared most substantial at early time when the bulk of the CO2 mass from the gas phase dissolved. 

As dissolution progressed, plume fingering occurred (Figure 4.2c, d, g and h), but became less 

pronounced at later time due to transverse hydrodynamic dispersion. Regions of higher CO2 

concentrations (larger colour change) appeared to be spatially correlated to regions of higher gas 

saturation (darker initial intensity during gas injection). At later time, tailing of the plume was 

observed as the trapped CO2 gas was depleted, with fingers of acidified indicator colour persisting 

as the colour returned to the pre-injection conditions. Tailing was particularly pronounced in line 

with the gas injection port until the end of the experiment (Figure 4.2d and 2h). Although these 

experiments were not designed to measure gas saturations, the darker intensity indicative of higher 

gas saturations was sustained throughout the experiment, indicating persistence of a gas phase.  

This was despite the colour in the flow cell having returned to pre-injection conditions, indicating 

depletion of the CO2 gas.  This is consistent with multi-component partitioning, where CO2 
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transfers out of the gas phase but O2 and N2 from the influent water transfer in, sustaining the gas 

saturations (Geistlinger et al., 2005; Mumford et al., 2010). 

 

Figure 4.2. Raw images of gas injection and dissolution for experiment B1 (a-d) and R1 (e-h). 
Images were taken at 10 seconds (a and e), 140 seconds (b and f), 700 seconds (c and g), and 1500 
seconds (d and h) after CO2 gas injection. Images span the entire aqueous phase plume longevity. 
Solid and dashed boxes represent the subsections analyzed for plume and no-plume, respectively, 
used for the selection of a suitable dye and colour space. 
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4.3.2 Dye and colour space selection 

The selection of suitable dyes and colour spaces for mapping dissolved CO2 concentrations was 

based on the results from experiments B1 and R1. A 412 × 88 pixel (7 × 1.5 cm2) section was 

selected from images collected 10 s and 700 s after gas injection, in which the CO2 plume was not 

or was present, respectively (Figure 4.2). A histogram of the 36,256 pixel values was then created 

for each of the nine separate colour components of the RGB, HSV and YCbCr colour spaces, for 

bromocresol green (Figure 4.3) and resazurin (Figure 4).  

For a colour component to be a viable signal, the histograms for when a plume is present and not 

present should be distinct (i.e., clear peak separation and little overlap). Each histogram also needs 

to show a sharp unimodal peak, as a tailing effect or multiple peaks can indicate limitations in 

calibration and dye stability over expected pH ranges. To choose between the nine colour 

components, both the peak separation and overlap (the area of the overlapping histograms 

expressed as a fraction of the 36,256 total pixels) was determined (Table 4.2). 

Table 4.2. Summary of the percentage overlap of signals and peak separation. 

Component1 
Bromocresol Green Resazurin 

Overlap (%) Peak Separation 
(hue) Overlap (%) 

Peak 
Separation 

(hue) 
Red 4.7 0.10 3.5 0.15 

Green 50.3 0.05 34.5 0.01 
Blue 51.5 0.01 19.8 0.05 
Hue 2.8 0.35 0.6 0.25 

Saturation 34.8 0.02 15.7 0.05 
Value 30.5 0.03 9.6 0.07 

Y 100.0 0.00 23.7 0.02 
Cb 100.0 0.00 13.5 0.04 
Cr 100.0 0.00 14.6 0.05 

1all colour components have been expressed here on a scale of 0 to 1. 

All histograms showed a unimodal signal for of each component, however the separation and 

overlap of the peaks varied between components (Table 4.2). The colour component red used with 
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resazurin and hue used with both bromocresol green and resazurin were the most promising, with 

the three lowest overlaps and three highest peak separations. The red component with resazurin 

showed relatively separate peaks (0.15 hue units), however a higher degree of overlap compared to 

the other two combinations (Figure 4a). The hue component with bromocresol green (Figure 4.3d) 

showed a large separation between peaks (0.35 hue units) and only 2.8% overlap. However, a large 

tailing effect in the signal was seen when the plume was present which overlapped with a non-

present plume. This tailing is the effect of the limitations in the dye at resolving low pH values 

(<4.4). 

 

Figure 4.3. Histograms of plume and no-plume regions in experiment B1 using bromocresol green 
in RGB, HSV, and YCbCr colour spaces showing pixel values for the (a) red, (b) green, (c) blue, 
(d) hue, (e) saturation, (f) value, (g) Y, (h) Cb, and (i) Cr components. The YCbCr colour space is 
insensitive to changes between green and yellow, therefore the plume and no-plume regions appear 
identical. 

 In comparison the hue component for resazurin showed two distinct peaks, separated by 0.25 hue 

units with only 0.6% overlap of histograms (Figure 4.4d). Based on this analysis the use of resazurin 
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as the indicator dye coupled with the use of the hue colour component was determined to be the 

most suitable for resolving concentrations of dissolved CO2 and was used for all remaining 

analyses.  It is important to note that this selection was based on the investigation of the aqueous 

phase only, and other signals may be more helpful for quantification of the gas phase. 

 

Figure 4.4. Histograms of plume and no-plume regions in experiment R1 using resazurin in RGB, 

HSV, and YCbCr colour spaces showing pixel values for the (a) red, (b) green, (c) blue, (d) hue, 
(e) saturation, (f) value, (g) Y, (h) Cb, and (i) Cr components. 

4.3.3 Discretization analysis 

This technique was developed to investigate flow processes near the grain size of medium to coarse 

sand. Therefore, a discretization analysis was performed by: 1) calculation of the difference 

between the mean local hue values at different discretizations to the average of all mean local hue 

values at that specific discretization (section 4.2.4) and 2) qualitative inspection of key plume 

features at different discretizations. The first analysis was performed on the pH = 5.0 calibration 

image of experiment R1, using between 1 and 5002 pixels. Results from each of the 1000 
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realizations at each discretization are shown as symbols in Figure 4.5, along with dashed lines 

representing the 95% confidence interval. Figure 4.5 shows that at the pixel scale (0.17 mm 

resolution) there is large variation in the hue values, due to variation in grain colour and lighting 

changes near the edge of the cell, and local hue values can differ from the mean value of the entire 

flow cell. However, as the coarseness of discretization is increased, the difference between the local 

and global is reduced, until it reaches nearly zero (± 0.0002) at a resolution of 85 mm. The 

confidence interval shown in Figure 4.5 can be used to estimate the upper bound of the error for a 

single, local hue measurement at a specific discretization.  The second analysis was performed on 

the hue image of experiment R1 at 700 s at varying discretizations in order to assess the level of 

detail observed in the plume (Figure 4.6).  A very fine discretization (1 mm) shows dissolution 

fingers at multiple locations, with heights of 1 cm and greater (Figure 4.6b). However, these 

characteristics are lost as the discretization size increases above 1 mm (Figure 4.6c and d).  

The differences between mean local hue value and global average of the mean local hue values 

(Figure 4.5) demonstrates that a single hue-pH calibration relationship developed using a mean 

value over the entire cell would not accurately represent local dissolved CO2 concentrations. Local 

calibration relationships, developed at the resolution of interest, would be necessary to resolve CO2 

concentrations accurately, particularly because the resolution of local concentrations is required to 

investigate plume fingers (Figure 4.6). Therefore, one must consider both minimizing the error 

(coarser resolution) and balancing the level of detail which can be observed in an experiment (finer 

resolution).  For the purposes of this study, it was decided based on the preceding analysis that a 1 

mm discretization and local calibration would be used. This would provide the ability to draw 

conclusions about the plume development, pathway, geometry and longevity. 
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Figure 4.5. Discretization analysis plot of the relative difference (%) of the mean local hue value 
at increasingly coarse resolution. 

 

Figure 4.6. Comparison of discretization and its effects on apparent plume shape based on the hue 
of a dissolved CO2 plume dyed with rezasurin (experiment R1). Discretization of each image was 
increased with values of (a) 0.5 mm, (b) 1 mm, (c) 10 mm, and (d) 50 mm. Shown below each 
image is the 95% confidence limit of hue based on Figure 4.5. 
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4.3.4 Calibration relationship 

Unique hue-pH calibration relationships were developed from each of experiments R1-R3, due to 

variations in lighting and distance of separation between the camera and the flow cell, at a 

resolution of 1 mm. An example calibration relationship is shown in Figure 4.7a.  At a resolution 

of 1 mm, 36 pixel-scale hue values were used to calculate the mean hue value at that location for 

each of the five pH values used for calibration (180 total data points), and the 95% confidence limit 

of the second-order polynomial fit to the calibration data is based on the variability of these data.  

Uncertainty in estimated local pH values during each experiment are, therefore, based on both this 

uncertainty in the calibration relationship, as well as variation in hue over the 1 mm × 1 mm 

measurement area.  For example, Figure 4.7a shows the upper and lower limits of a mean local 

measured hue value of 0.30 ± 0.01 (± 2 standard deviations) and their intersection with the 

confidence limits of the calibration relationship, which gives a calibrated pH of 5.38-5.47.  This 

uncertainty is a function of pH, due to the non-linear calibration.  Therefore, a greater value of hue 

with the same measurement error results in greater uncertainty in pH.  For example, a hue of 0.41 

± 0.01 gives a calibrated pH of 4.55-4.94. To determine the influence of this uncertainty on 

estimated dissolved CO2 concentrations, the same data are plotted against the CO2 concentration in 

Figure 4.7b, based on Eq. (4.1).  Because of this log relationship and the non-linear hue-pH 

calibration, there is greater uncertainty at higher dissolved CO2 concentrations.  For example, using 

the same data as above, a hue value of 0.31 ± 0.01 corresponds to an estimated CO2 concentration 

of 0.043-0.029 mmol/L, while a hue value of 0.41 ± 0.01 corresponds to an estimated CO2 

concentration of 1.814-0.308 mmol/L. This uncertainty must be considered when interpreting 

estimated CO2 concentrations following gas injection and dissolution using this technique, 

particularly because the highest concentrations are the most uncertain.  
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Figure 4.7. Calibration relationship for a 1 mm × 1 mm area located 8 cm horizontally and 14 cm 
vertically from the gas injection point in experiment R1, 900 s after gas injection into the flow cell 
expressed as (a) hue-pH and (b) hue-total CO2 concentration (mol/L), where the symbols represent 
pixel hue values, the solid black line represents the fit of second-order regression, the dotted red 
lines represent the 95% confidence intervals and the solid red lines represent the 95% confidence 

intervals for the hue measurement. 

4.3.5 Dissolved CO2 concentrations 

Images from experiment R1 processed from raw images using hue-pH calibration (e.g., Figure 4.7a-

d) and hue-total CO2 concentration (e.g., Figure 4.7e-h) are shown in Figure 4.8. As observed in 

Figure 4.2e-h, these images show the development of the dissolved CO2 plume following 

dissolution from the injected free gas phase, the movement of the plume front, and the plume tail 

and detachment from the gas phase. Concentrations near solubility occur immediately following 

gas injection and are then decreased due to dispersion and depletion of CO2 from the gas phase at 

later times. The concentration is sustained longer at the gas injection location than towards the 

upper extent of the injected gas, likely due to higher gas saturations near the injection point as a 

result of viscous forces during gas injection (Selker et al., 2007).  As the gaseous CO2 dissolves 

into the pore water, the development of dissolved phase CO2 fingers was observed. This fingering 

is related to local areas of higher gaseous CO2 saturation produced during injection by local 

heterogeneity and gravity-capillary controlled gas flow. Fingering was observed in all injections 

performed.  Due to the steeper slope of the calibration curve at lower total CO2 concentrations 
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(Figure 4.7b), the front of the plume appears distinct. However, higher concentrations at the core 

of the plume fingers are sensitive to small changes in hue.   

 

Figure 4.8. Results of experiment R1 as (a-d) pH and (e-h) total CO2 concentration 10 s (a and e), 
140 s (b and f), 700 s (c and g), and 1500 s (d and h) after gas injection, showing fingering of 
dissolved CO2 due to microscopic heterogeneity and spatial variation of trapped gas, and significant 
tailing of dissolved CO2 at later time. 
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Resolved CO2 concentrations (Figure 4.8) were used to determine the CO2 mass balance for each 

of experiments R1-R3. Breakthrough curves were developed at every vertical location (using mean 

values at a 1 mm resolution) at a horizontal location approximately 0.5 cm from the injected gas.  

This location varied between 4 and 6 cm from the influent edge of the flow cell due to different 

pathways followed by the injected gas in each of the experiments. Each of the breakthrough curves 

(using images taken every 5 s at 250 vertical locations) were integrated to estimate the dissolved 

CO2 mass, which was compared to the mass of CO2 injected (Table 4.3) based on the ideal gas law 

(for a temperature of 25 °C and a pressure of 104 kPa).  It is important to note that while ideal gas 

law is appropriate for these laboratory conditions and shallow aquifers, it may not be suitable for 

deeper applications. Mean ratios of the breakthrough mass to the injected mass range from 0.72 to 

1.23. 

Table 4.3. Summary of results of mass balance analysis. 

Test ID 
Ratio of breakthrough mass to injected mass 

Mean  Upper Confidence 
Interval  

Lower Confidence 
Interval 

R1 0.72 0.47 1.29 
R2 1.02 0.37 2.75 
R3 1.23 0.75 2.04 

These estimates are uncertain, with a range as low as 0.37 and as high as 2.75 across all experiments 

(Table 4.2). This is due primarily to uncertainty associated with the highest concentrations in the 

dissolved CO2 plume (section 4.3.4). In all of experiments R1-R3, the 95% confidence interval 

spanned a ratio of 1 (Table 4.3), demonstrating that the mass balance was not significantly different 

than 100%.  However, this is due to the width of the uncertainty, and further research is required to 

improve the precision at high total CO2 concentrations.   
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4.3.6 Potential implications for stray gas migration 

The results of these CO2 gas injection and dissolution experiments, analyzed using the laboratory 

technique developed here, can serve as a surrogate for stray gas migration and dissolution in 

shallow homogeneous aquifers. They demonstrated key characteristics for consideration.  First, the 

combination of gravity and capillary forces during gas migration created local areas of high and 

low gas saturations, and gas was mobilized laterally away from the injection point. This behaviour 

will be more pronounced with increased heterogeneity, with gas able to pool and spread beneath 

capillary barriers.  Second, this variable initial gas saturation led to a non-uniform concentration 

front (plume fingers), which are also expected to be more prominent in more heterogeneous media 

due to both the distribution of gas and the presence of higher-permeability flow pathways. These 

plume fingers could complicate the detection of dissolved gas at stray gas sites, particularly where 

trapping and dissolution below low-permeability layers suppresses any ground surface expression 

of the gas migration (e.g., vegetation stress, gas flux measurements, bubbling in pooled water). 

Third, multi-component mass transfer led to the prolonged presence of the gas phase despite 

depletion of CO2 from the injected gas. This is important for both modelling of these systems, 

where multiple dissolved gas species control gas saturation and, in turn, mass transfer and relative 

permeability, and for detection and monitoring, where detection of gas phase is not synonymous 

with detection of a particular component such as methane. 

4.4 Conclusions 

A novel visualization technique was developed to quantify dissolved gas concentrations following 

dissolution from a trapped gas phase. The technique was tested using replicate injections of CO2 

gas into initially water-saturated porous media. The results showed that using light transmission 

visualization combined with resazurin pH indicator and the hue colour component calibrated to pH 

can facilitate qualitative observations of gas dissolution and dissolved gas transport.  These 

observations could be made at a spatial resolution as fine as 1 mm provided that local calibration 

relationships at the same resolution were employed. Resazurin indicator combined with the hue 
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colour component provided both greater peak separation and less overlap than the histograms of 

other colour components in the RGB, HSV or YCbCr colour spaces using resazurin or bromocresol 

green.  Observations facilitated by this technique included relationships between gas migration 

patterns and plume geometry (plume fingers), the longevity of the gas source and its variability 

over the injected gas distribution, and dispersion of the dissolved gas. In addition, results 

demonstrated the potential to quantify dissolved gas concentrations at this fine resolution, with 

mass balances of 72%, 102% and 123% across triplicate experiments.  However, the non-linear 

hue-total CO2 calibration relationship resulted in greater uncertainty at higher dissolved 

concentrations (which led to uncertainty in the mass balance) than at lower dissolved concentrations 

(which enabled high resolution of the plume front). Although not explored in this study, it is 

believed that the proposed technique could be used for experimental applications at higher 

pressures (for example, CO2 sequestration). Application at higher pressures would require further 

consideration of solubility effects on the choice of dye and calibration of the images.   

The results of these gas injection experiments show important implications with respect to the 

conceptual model and underlying physics of stray gas migration in shallow groundwater systems 

from energy development. Stray gas problems are expected to be complex, and will be affected by 

gas dynamics, multi-component gas-water mass transfer across evolving fluid-fluid interfaces, 

changes in relative permeability, and the overriding influence of geologic heterogeneity.  These are 

in addition to subsequent migration from the saturated zone to the vadose zone, and biogeochemical 

reactions associated with natural gas components. These experiments demonstrated that the 

conceptual models for stray gas migration, and numerical model developed based on those 

concepts, should account for gravity and capillary forces that dominate the upward gas migration, 

as observed in other gas flow applications in porous media, resulting in narrow gas fingers with 

local gas trapping controlled by small-scale heterogeneity. However, observations also suggest that 

the influence of viscous forces on the distribution of gas near a leak location, seen here as the local 

trapping of gas near the injection point and prolonged dissolution of CO2 into the plume, may need 



 

87 
 

to be considered in the assessment of stray gas and its dissolution. These results also demonstrated 

that conceptual and numerical models should account for multi-component mass transfer in 

assessing the effects stray gas, which can alter gas and water flow, and prolong the longevity of a 

stray gas source and the dissolved concentrations of compounds of interest. Further research is 

required to incorporate these coupled processes into the conceptual and numerical models for stray 

gas migration to help develop improved monitoring and remedial techniques and establish best 

practices for risk management. 
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Chapter 5 

Aqueous and surface expression of subsurface GHGs: Mass transfer 

effects on emissions 

Abstract 

Releases of greenhouse gases (GHGs) from the subsurface can result in atmospheric emissions and 

the degradation of water quality. These effects require attention in today’s changing climate to 

properly quantify emissions, reduce risk and inform sound policy decisions. Flowing subsurface 

GHGs, including methane and carbon dioxide, present a risk in the form of two environmental 

expressions: i) to the atmosphere (surface expression) and ii) to shallow groundwater (aqueous 

expression). Results based on high-resolution observations in an analog experimental system and 

analytical modeling show that these expressions depend on the rate of gas flow and the velocity of 

the flowing groundwater. At the high aqueous velocities used in this study, the vertical migration 

of a CO2 plume could be arrested in less than 21 cm. When a plume height was greater than the 

length-scale of the experiment, mass transfer to the aqueous phase was found to limit surface 

expression to 25% of the mass injected. In deeper systems, the emission of flowing subsurface 

GHGs could be significantly limited by dissolution into groundwater, adversely impacting water 

resources without surficial evidence of an underlying issue. This work shows that mass transfer in 

the subsurface must be considered to quantify, monitor and mitigate risks of leaking subsurface 

GHGs. 

5.1 Introduction 

Our reliance on the geological subsurface for energy, including both conventional and 

unconventional resources and the storage of waste products, has created increased interaction 

between the subsurface and the atmosphere. Environmental concern associated with the leakage of 

greenhouse gases (GHGs) such as methane from oil and gas development (Bachu, 2017; Cahill et 

al., 2017; Forde et al., 2019) and storage (Conley et al., 2016), carbon dioxide from carbon 
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sequestration (Celia and Nordbotten, 2009; Apps et al., 2010; Cahill et al., 2013) and hydrogen 

from the storage of nuclear wastes (Shaw, 2015; Woods and Norris, 2016) are increasingly being 

considered. Gas leakage can originate from deep below the surface and travel along naturally 

occurring geological features toward the surface. However, the primary concern is gas migration 

along subsurface infrastructure, including active injection and extraction wells or inactive legacy 

infrastructure from previous operations (CCA, 2014; Dusseault and Jackson, 2014).  

Regardless of the source and mechanism for gas migration to the surface, a pathway for migrating 

subsurface gas is through shallow freshwater aquifers (Vengosh et al., 2014). Once in an aquifer, 

potential impacts of these gases can occur as one of two environmental expressions: i) aqueous 

expression, when the gas dissolves into the flowing groundwater (Vidic et al., 2013; Sherwood et 

al., 2016) or ii) surface expression, when the gas reaches the surface (Forde et al., 2019). Aqueous 

expression can cause gases such as methane and carbon dioxide to degrade the quality of 

groundwater as they dissolve. This degradation can include changes of redox potential, 

acidification, liberation of metals and biological degradation (Kelly et al., 1985; Cahill et al., 2013; 

Roy et al., 2016; Woda et al., 2018). Due to climate change, protecting sources of freshwater 

including groundwater is vital, therefore groundwater quality changes as a result of migrating gas 

need to be understood. Surface expression can present possible effects to the atmosphere and human 

health. GHGs that escape the subsurface have the potential to be a contributor to climate change 

(CCA, 2014). Further, combustible gases such as natural gas could present risk of explosion or 

asphyxiation of occupants in infrastructure in proximity to surface expression (Osborn et al., 2011; 

Jackson et al., 2013). 

It is reasonable to expect that both aqueous expression and surface expression of subsurface gas 

could result from the same source, and that surface expression would dominate if the mass transfer 

from the gas to the aqueous phase was not great enough to dissolve all of the mass from the 

vertically flowing gas. Although emissions of GHGs from surface infrastructure (e.g., leakage from 
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oil and gas infrastructure, industrial emissions, surface casing vent flows) are largely perceived to 

be an important anthropogenic driver of climate change, emissions from migrating subsurface gas 

may also be important. As such, these subsurface sources need to be considered alongside 

emissions from surface infrastructure. If a large fraction of migrating subsurface gases is emitted 

at the surface, this source may require consideration to close bottom-up versus top-down mass 

balances of GHG releases and be accounted for in GHG inventories. The magnitude of surface 

expression from flowing subsurface gases is, however, not well quantified and the underlying 

processes have not been explicitly studied. Accurate estimation of such emissions, if significant, is 

imperative as it can influence national and international policies on the climate as well as trading 

and carbon pricing policy. Competing processes in the subsurface may make it possible for 

substantial gas-to-water mass transfer, therefore increasing aqueous expression and decreasing 

surface expression. To this end, shallow aquifers could be considered as a final line of defense to 

limiting GHG emissions from the subsurface. This defense however comes at the expense of source 

water degradation. To quantify these expressions and their contribution to overall emissions, the 

competition between gas flow and mass transfer needs to be better understood. 

Gas movement in the subsurface is largely influenced by the medium in which it flows and the rate 

at which it flows through that medium (Brooks et al., 1999; Geistlinger et al., 2006; Selker et al., 

2007). The high-density contrast between gas and water causes migration to be strongly influenced 

by buoyancy, resulting in predominantly vertical gas migration toward the surface (Frette et al., 

1992). However, as gas migrates, the resulting gas geometry and gas saturation (fraction of the pore 

volume) in the porous material is influenced by the capillarity of the material at the pore-scale and 

resistance to flow created by the fluid-fluid shear forces (Ji et al., 1993; Roosevelt and Corapcioglu, 

1998; Selker et al., 2007; Geistlinger et al., 2009). The resulting migration pathway and structure, 

referred to here as source architecture, of the gas in the subsurface is therefore highly complex, and 

includes the potential for substantial lateral migration beneath low-permeability units. This 

complexity causes a high degree of variability in the mass transfer rate between gaseous and 
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aqueous phases and, therefore, in the concentration of dissolved gases along the migration pathway 

(Clayton et al., 1996; Imhoff and Miller, 1996; Mayer and Miller, 1996; Mumford et al., 2010). 

At low gas flow rates, gas moves upwards in single channels of disconnected gas, whereas at high 

gas flow rates, gas moves in complex ensembles of continuous gas channels (Ji et al., 1993). The 

mass transfer from these different architectures varies, with single channels allowing for higher 

dissolution rates due to increased interfacial area and higher relative permeability (Clayton et al., 

1996; Sale and McWhorter, 2001). Therefore, the expected mass transfer rate is dependent on the 

gas flow rate. Groundwater velocity also influences mass transfer from the migrating gas (Powers 

et al., 1998; Geistlinger et al., 2005). At low aqueous flow velocities, it is traditionally assumed 

that the concentration in the aqueous phase is in equilibrium with the gaseous phase, referred to as 

the local equilibrium assumption (LEA) (Fry et al., 1996). Gas-to-water partitioning at higher 

aqueous flow velocities depends on the concentration gradient across the gas-water interface, 

referred to as rate-limited mass transfer (Miller et al., 1990; Powers et al., 1991; Geller and Hunt, 

1993). Regardless of the mass transfer kinetics, at high aqueous flow velocities, gas dissolves into 

the water at a higher rate due to a sustained concentration gradient. The coupling of gas flow rate 

with water flow rate will ultimately govern the environmental expression of migrating subsurface 

gas. 

The multicomponent nature of a migrating gas will also influence mass transfer. Subsurface 

systems are inherently multicomponent in nature, with the native water in shallow aquifers 

containing dissolved background gases as a result of contact with the atmosphere, fluctuation in 

water level causing atmospheric gas to be trapped in the pore space, or gas production by microbial 

activity. Gas migrating from deeper regions can also be multicomponent. For example, stray gas 

migrating from oil and gas operations is natural gas composed of multiple hydrocarbons (e.g. 

methane, ethane, propane, butane) and other gases (e.g., CO2, noble gases). Previous studies have 

shown that the transport of dissolved gases is retarded due to multicomponent gas partitioning with 
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a trapped gas phase (Gupta et al., 1994; Fry et al., 1996). This is the result of the partitioning of any 

one dissolved gas being affected by all other gases in a mixture, as they compete to satisfy both 

Henry’s law and Dalton’s law (Cirpka and Kitanidis, 2001; Mumford et al., 2010). This concept 

applies equally to the migration of gas through gas-charged water; depending on the components 

present, dissolution of a gas component may be affected by the presence of another gas component 

in the dissolved phase (Cirpka and Kitanidis, 2001; Geistlinger et al., 2005; Van De Ven and 

Mumford, 2018). This multicomponent mass transfer will influence the environmental expression 

of a flowing gas by affecting mass transfer rates and changing the gas composition.  

It is hypothesized that the rate of gas flow in unconsolidated porous media combined with the 

velocity of the water flow, will strongly influence the environmental expression of migrating 

subsurface gas. This study aims to better understand the interaction between gas flow rate and water 

velocity to elucidate the expected magnitudes of aqueous versus surface expression of migrating 

gas, using quasi-two-dimensional flow cell experiments and a unique visualization technique 

coupled with gas chromatography. Experimental results will allow for the development and 

validation of a screening level model to understand aqueous versus surface expression of flowing 

subsurface gases. 

5.2 Methods 

5.2.1 Analog experimental system 

Slow gas injections were performed in an analog bench-scale experimental system using a quasi-

two-dimensional flow cell constructed of 25 × 25 cm2 acrylic plates (Figure 5.1). The two plates 

were separated by 1 cm in which water-saturated homogeneous sand (0.7 mm average grain size) 

(Schroth et al., 1996) was emplaced to a height of 21 cm from the bottom of the cell. Sand was 

emplaced by continuously pouring a sand slurry while vibrating the apparatus to ensure a 

homogeneous and initially gas-free sand pack. In the top 4 cm a “surface” was constructed using 

glass beads (4 mm diameter) to create a high permeability air-flow layer. This layer remained 
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unsaturated and was used to sample gas that reached the top of the cell. The flow cell was then 

backlit using an LED light bank. 

 

Figure 5.1. Experimental setup used for investigation of the mass transfer from a flowing gas 
phase, the rightmost edge shows the clear well with a hashed line. 

Distilled water, in equilibrium with the atmosphere, was pumped through the flow cell using an 

eight-channel peristaltic pump (Masterflex L/S 6–600RPM cartridge pump). To promote horizontal 

flow, water was injected through eight side ports spaced every 3.3 cm along the influent edge and 

was expelled through an effluent flow port connected to a clear well and set to a constant hydraulic 

head of 21 cm above the bottom of the flow cell. The clear well consisted of a stainless-steel screen 

that separated the sand from the effluent edge of the flow cell. The horizontal flow field was 

confirmed using a dye tracer test conducted prior to the experiments. Aqueous flow velocities 

ranged between 0.005 and 0.343 cm/s, which are relatively high velocities with respect to 

groundwater flow, however, were selected to investigate and demonstrate the effects of mass 

transfer over the height of the small flow cell. It is expected that mathematical models evaluated 

against this data could be used to investigate these effects over larger scales and at lower velocities. 

Gas was injected into the cell through a 21-gauge needle positioned in the center (12.5 cm from 

either edge) of the cell and 2 cm from the bottom. Ultra-high purity carbon dioxide (99.997%, 



 

97 
 

Praxair) was delivered at a constant flow rate of 0.1, 0.5 or 1 mL/min to the cell using a mass flow 

controller (Cole Parmer, RK-32907-55), direct from a gas cylinder. These injection rates were 

chosen to represent low leakage rates that have been previously reported for stray gas migration 

associated with shale gas development (Nowamooz et al., 2015). 

Table 5.1. Summary of experiments performed and the resulting arrested plume heights. 

Experiment 
ID  

Gas Injection Rate 
(mL/min) 

Aqueous Velocity 
(cm/s) 

Arrested 
Plume 

Height (cm)* 

1-A 1 

0.072 10.5 
0.024 18.0 
0.006 Breakthrough 
0.072 10.8 

1-B  1 

0.069 11.3 
0.033 16.5 
0.150 9.2 
0.276 5.8 
0.343 5.9 

0.5-A 0.5 

0.045 9.5 
0.024 11.0 
0.006 Breakthrough 
0.045 8.9 

0.5-B 0.5 

0.045 8.2 
0.024 12.6 
0.005 Breakthrough 
0.045 8.8 

0.5-C 0.5 

0.045 7.9 
0.024 10.1 
0.006 Breakthrough 
0.045 7.6 

0.5-D 0.5 0.111 5.6 
0.250 4.3 

0.1-A 0.1 0.021 3.5 
         * All arrested plume heights have an uncertainty of ± 0.9 cm.  

Each experiment was performed using multiple water flow steps at a single gas injection rate to 

investigate multiple combinations of gas injection rates and aqueous velocities (Table 5.1). 
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Experiments 1-A, 0.5-A, 0.5-B, and 0.5-C were each performed with four steps (high, to medium, 

to low then back to high relative velocity). Experiments 0.5-A, 0.5-B, and 0.5-C were triplicate 

experiments to assess repeatability. Experiments 1-B, 0.5-D, and 0.1-A were used to investigate 

additional combinations of gas flow rate and aqueous velocity for comparison to the screening level 

model. 

5.2.2 Aqueous mass transfer visualization 

Visualization of the mass transfer of CO2 from the gaseous phase to the aqueous phase was used to 

qualitatively assess the dissolution fronts, dissolution fingers and relative concentrations of aqueous 

CO2. This was achieved using a modified light transmission method that uses the pH indicator 

resazurin to track CO2 dissolution based on acidification of the pore water (Van De Ven and 

Mumford, 2018). Resazurin dye changes color from a dark purple to orange/pink color in the pH 

range between distilled water and CO2-saturated water (5.6 to 3.8). The influent water contained 1 

mg/L of resazurin sodium salt, and the colour change was captured using a CMOS camera (Canon 

EOS 6D outfitted with a Canon EF 17-40mm lens) placed 60 cm from the flow cell face. Images 

were captured at high spatial (2736 by 1824 pixel) and temporal (30 s) resolution to investigate the 

coupled gas flow and mass transfer dynamics. Although a qualitative analysis of the images is 

presented here, analysis based on hue can also be used to measure dissolved CO2 concentrations 

(Van De Ven and Mumford, 2018).  

Light transmission was also used to visualize movement of the flowing gas phase (Tidwell and 

Glass, 1994; Niemet and Selker, 2001). Gas in the sand pack changes the refraction of the incident 

light and decreases the light intensity passing through the cell. As such, a captured image appears 

darker at pixels where gas is present. This technique was used to identify gas pathways and gas 

breakthrough at the surface, to aid in interpretation of the measured aqueous and surface expression.  
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5.2.3 Gaseous phase quantification 

The concentration of CO2 in gas that reached the surface layer was analyzed to determine the 

surface expression of CO2 and its relationship to gas migration. Air was injected through the 

unsaturated glass beads at a rate of 2.4 mL/min using a peristaltic pump (Masterflex L/S 6–600RPM 

cartridge pump) to sweep any surface-emitted CO2 gas out of the cell. This gas was immediately 

and directly analyzed using a gas chromatograph (GC) (Agilent Technologies, 7890B) by 

connecting the sweep gas outlet to an automated gas sampling valve on the GC. This valve sampled 

the sweep gas every 10.2 minutes (sample volume of 1 mL). Analysis was conducted using a 

PoraBOND Q (Agilent Technologies) column (50 m length, 0.530 mm diameter, 10 μm film) and 

a thermal conductivity detector (TCD) at a temperature of 250°C. The oven was set to a temperature 

of 32°C and held for 2 mins, then increased to a temperature of 50°C at a rate of 40°C/min then 

held for 1 min. CO2 was identified at a residence time of 1.19 mins and peaks were integrated using 

ChemStation software (Agilent Technologies).  

The GC was calibrated before the start of each experiment using eight blank measurements and 

triplicate measurements using standards of 0.2, 1, 5, and 10% CO2 balanced with nitrogen (Prospec, 

Praxair Canada). A single calibration check was performed at the end of each experiment using the 

5% standard, ensuring that the signal was within the 95% confidence interval of the calibration 

curve. A detection limit was computed as the average plus three standard deviations of the blank 

samples. A single experimental detection limit was applied as the greatest value found in all tests 

(1100 ppmv). Concentration uncertainty was computed using the measured uncertainty of the 

calibration curve and used a 95% confidence value (Miller and Miller, 2005). Measured 

concentrations were converted to mass flux using: 

𝐽 =
𝐶𝑄#
𝐴HaWW

 (5.1) 

where J is the CO2 mass flux (ML-2T-1), C is the CO2 concentration, and Acell is the surface area of 

the sand pack exposed to the sweep gas, equal to 25 cm2. 
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5.2.4 Model development 

The relative amounts of aqueous to surface expression resulting from a flowing gas phase is 

dependent on the rates of gas injection and dissolution. It is postulated that a dissolved plume 

originating from flowing gas could be arrested (environmental expression to be purely aqueous) if 

the aqueous velocity was sufficiently high. The rate at which gas dissolves to the aqueous phase is 

dependent on the interfacial area of the resulting gas channel, and that interfacial area increases 

with the height of the flowing gas phase in contact with flowing water. Therefore, higher injection 

rates result in higher arrested plume heights at steady-state. In this study, a screening-level model 

was developed to predict the arrested plume height, evaluated against experimental data, as a first 

step towards assessing the potential for mass transfer to substantially limit surface expression.   

The proposed screening-level model is based on a mass balance of a single component system (CO2 

in these experiments). The steady-state mass balance of the single component, assuming a sufficient 

height for complete dissolution and an influent aqueous concentration of zero, is: 

𝑀#t%̇ = 	𝑀&'
()*̇  (5.2) 

where �̇� is the mass flow rate, the subscripts g and aq represent the gaseous and aqueous phases, 

respectively, and the superscripts in represent mass entering the gas phase by injection and out 

represents mass leaving the gas phase by dissolution. It is assumed that the gas behaves ideally, 

and the pressure of the aquifer system is constant and sufficiently low such that 𝑀#$% can be 

described using the ideal gas law as: 

�̇�#$% =
𝑃$%v�̇�
𝑅𝑇

 (5.3) 

where Pinj is the injection gas pressure, V is the volumetric gas flow rate, R is the ideal gas constant, 

and T is the temperature. Although ideal gas behavior is used for the low pressures and temperatures 

in these experiments, Eq. (5.3) could be substituted for a different equation of state, as required.  



 

101 
 

Mass transfer from the gaseous phase can be described using stagnant film theory (Miller et al., 

1990; Holocher et al., 2003; Geistlinger et al., 2005) as: 

�̇�&'
()* = −𝑎𝑉𝑘 R𝑐/ −

𝑃#
𝑅𝑇𝐾l

T (5.4) 

where a is the specific interfacial area (per unit volume of porous media), V is the volume of porous 

media occupied by gas, k is the mass transfer coefficient of the gas species of interest, cw is the 

aqueous concentration of gas species at the outer boundary of the stagnant film, Pg is the pressure 

of the gas cluster, and KH is the dimensionless (gas-to-water) Henry’s constant. The specific 

interfacial area of the injected gas cluster is a difficult parameter to measure but can be estimated 

using a thermodynamic equilibrium approach as (Grant and Gerhard, 2007): 

𝑎{𝑆/$ | = 	𝜓{𝑆/$ | ∙ 𝐸� ∙ 𝜑 ∙
[𝛷(𝑆/)]6

𝜎
 (5.5) 

where, 

[𝛷(𝑆/)]6 = −	� [𝑃H(𝑆/)𝑑𝑆/]6
Y��

Y�
= −	� [(𝑑𝑆/)]6

Y��

Y�
	𝑆I ≤ 𝑆/$ ≤ 𝑆/� (5.6) 

and 𝑆/$  is the water saturation, 𝜓 is the ratio of effective to total specific interfacial area, 𝐸� is 

the energy dissipation factor, 𝜑 is the medium porosity, 𝜎 is the gas-water interfacial tension, PC(Sw) 

is the capillary pressure at a respective water saturation, and subscript D denotes primary drainage.  

Eq. (5.6) represents the area under the primary drainage curve (Pc-Sw) which is equivalent to the 

free energy loss during drainage of water filled pores.  

The mass transfer coefficient is also a difficult parameter to measure.  Mass transfer was expected 

to be rate-limited because of the high aqueous velocities of the experiments, therefore a classically 

defined root-square velocity-dependent coefficient was assumed (Levich, 1962)  and defined as: 
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𝑘 = 	𝐷/ �
1
𝑟�
+ �

𝑣
𝜋𝑟�𝐷/

� 
(5.7) 

where Dw is the diffusion coefficient of the gas species in water, rs is the radius of a grain, and v is 

the aqueous phase velocity. 

The volume of porous media which the gas cluster occupies is important for the estimation of the 

arrested plume height: 

𝑉 = 𝐴	𝑥	ℎ (5.8) 

where A is the effective cross-sectional area of the gas channel, dependent on grain size and gas 

injection rate and h is the arrested plume height. Combining Eq. (5.2) to (5.8) and rearranging for 

the arrested height: 

 

ℎ =
𝑃$%v�̇�
𝑅𝑇𝐴

�	 − 𝜓{𝑆/$ | ∙ 𝐸� ∙ 𝜑 ∙
[𝛷(𝑆/)]6

𝜎#&�,/&*aI
�
U;

�	𝐷/ �
1
𝑟�
+ �

𝑣
𝜋𝑟�𝐷/

��

U;

R𝑐/ −
𝑃#

𝑅𝑇𝐾l
T
U;

 
(5.9) 

Eq. (5.9) predicts the arrested plume height for a gas channel dependent on the velocity of the water 

flow. Parameters used in this study are listed in Table 5.2. 
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Table 5.2. Parameters used for mass balance of CO2 experiments. 

Parameter Symbol Value  Units 

Pressure at point of injection* Pinj 2150.94 kgm-1s-2 
Gas flow rate* �̇� 0.1 - 1  mLmin-1 

Ideal Gas Constant R 8.31 kgm2(s2Kmol)-1 
Temperature of experiment (25°C)* T 298.15 K 

Effective gas channel area* A 9x10-6 - 2x10-5 m2 

Average water saturation of channel* 𝑆/ 0.67 -- 

Ratio of effective to total specific interfacial area a 𝜓(𝑆/) 0.72 -- 
Energy dissipation factorb Ed 0.21 -- 

Porosity* 𝜑 0.36 -- 
Gas-water interfacial tensionc 𝜎 0.072 Nm-1 
Area under drainage curveb [𝛷(𝑆/)]6 -337.86 kgm-1s-2 

Diffusion coefficient of CO2
d Dw 1.91x10-9 m2s-1 

Radius of a grain* rs 3.57x10-4 m 
Flow velocity* v 0.006 - 0.343 cms-1 

Equilibrium concentration of CO2 in water (25°C)e cw 0.012 molm-3 

Henry's constantf KH 1.20 -- 
aUsing Brooks-Corey parameters from Hegele (2014) for 20-30 Accusil   
bComputed using Grant and Gerhard (2007), Eq (9)    
cAssumed    
dJahne et al. (1987)    
eCalculated based on atmospheric CO2 in equilibrium with deionized water (408 ppm) 
f Sander (2015)    
* Parameters measured during experiment    

5.3 Results and discussion 

5.3.1 Visualization of mass transfer-influenced gas migration 

An example experiment (Experiment 0.5-B) is shown in Figure 5.2.  The aqueous velocity was 

varied from a relatively high (0.045 cm/s) to moderate (0.024 cm/s) to low (0.005 cm/s) velocity 

then back to the original high (0.045 cm/s) velocity, and the results are representative of the 

behaviour observed in all experiments. Gas flow occurred as a collection of single channels, which 

can be seen as dark areas in the sand pack in Figure 5.2a-d (outlined in white). Although the overall 
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gas pattern appeared as a collection of single channels, gas flow only occurred in one channel at a 

given time. During the high aqueous flow rate (0.045 cm/s), gas migrated vertically with minor 

lateral movement as a result of pore-scale heterogeneity (Figure 5.2). A dissolved CO2 plume (pink 

hue) extended from the gas channel in the direction of flow.  The height of that plume (referred to 

here as the arrested plume height) was 8.2 ± 0.9 cm above the injection needle for most of the 0.045 

cm/s flow period (Figure 5.2e). The arrested plume height showed minor variation as a result of 

pore-scale gas dynamics. Importantly, this height was lower than the maximum height of the gas 

channel, which grew to 15 cm above the injection needle, and no change in colour was observed in 

that upper section. This suggests that the aqueous velocity was sufficiently high to strip all CO2 

from the vertically flowing gas. Decreasing the aqueous velocity to 0.024 cm/s increased the 

arrested height to 12.6 ± 0.9 cm, still less than the height of the flow cell (Figure 5.2b). A further 

decrease in aqueous velocity to 0.005 cm/s resulted in the plume reaching the top of the flow cell 

(Figure 5.2c), and a return to 0.045 cm/s returned the arrested height to 8.8 ± 0.9 cm (Figure 5.2d).  

The measured arrested heights for all experiments are shown in Table 5.1, with good repeatability 

between replicates conducted in different sand packs. Minor variation in arrested plume height is 

the result of variations between sand packings, where minor variations in porosity and pore-scale 

heterogeneity are expected as the flow cell is emptied and repacked. 

Results shown in Figure 5.2 suggest that although gas reached the top of the flow cell when 

subjected to an aqueous velocity of 0.024 cm/s, CO2 reached the top of the flow cell only once the 

aqueous velocity had been decreased to 0.005 cm/s.  This is supported by analysis of the CO2 

concentrations in the sweep gas (Figure 5.2f). At high aqueous velocities (and low arrested plume 

heights) no CO2 was detected in the sweep gas. That is, the injected CO2 exited the flow cell entirely 

by aqueous expression with no surface expression.  Importantly, this was the case even when gas 

reached the top of the flow cell (Figure 5.2e at 0.024 cm/s) because that gas did not contain CO2. 

At low aqueous velocities substantial CO2 was detected in the sweep gas, with a maximum flux of 

27.6 gm-2day-1 across the triplicate sets. This is less than the injected flux of 110.3 gm-2day-1 and 
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shows that at this lowest aqueous velocity 25% of the injected CO2 exited by surface expression 

with the remainder by aqueous expression. 

 

Figure 5.2. Images of Experiment 0.5-B for aqueous velocities of (a) 0.045 cm/s, (b) 0.024 cm/s, 
(c) 0.005 cm/s, and (d) 0.045 cm/s, showing the gas (white outline) and dissolved CO2 plume (pink) 

as well as (e) the arrested plume height and gas height and (f) the CO2 flux reaching the surface. 

5.3.2 Effects of dissolved atmospheric gases 

In addition to showing the arrested plume height, the visualization technique also showed that the 

height of the gas phase (Figure 5.2a-d) extended well above the arrested plume height during much 

of the experiment (Figure 5.2e). A gas height greater than an arrested plume height is the result of 

multicomponent gas dissolution governing the mass transfer from the flowing gas phase. The 

influent water in this system was in equilibrium with the atmosphere and contained dissolved 

atmospheric gases, mainly nitrogen and oxygen. These background gas concentrations create a 

competition between multiple components as the gaseous CO2 dissolves to the aqueous phase. 

When gas-to-water mass transfer occurs in the presence of background dissolved gases, gas 
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partitions both from the gaseous phase (CO2) to the aqueous phase and from the aqueous phase to 

the gaseous phase (nitrogen and oxygen). As the flowing aqueous phase strips CO2 from the 

gaseous phase (lower gas-to-water Henry’s constant), nitrogen and oxygen, which are relatively 

mobile with respect to CO2 (higher gas-to-water Henry’s constant), partition from the aqueous 

phase to the gaseous phase while simultaneously achieving equilibrium of the partial pressures 

within the gaseous phase. This bi-directional partitioning causes the volume of the gaseous phase 

to be sustained and allows continued buoyant migration, albeit of CO2-depleted gas. This illustrates 

that multicomponent mass transfer in aquifer systems that have dissolved background gases can 

have a large influence on the interaction of a flowing gas phase with the flowing aqueous phase.  

5.3.3 Mass transfer-induced dynamic instability 

The interaction between gas flow and the associated mass transfer resulted in dynamic effects, 

governed by the irregularity and heterogeneity inherent in porous media systems. In previous 

experiments of air injection at similar injection rates and in the same sand by Van De Ven and 

Mumford (2019), gas migration occurred as a single disconnected channel. In these single channels, 

gas migration is influenced by local drainage and imbibition events depending on the pore-scale 

heterogeneity of the media (Ji et al., 1993; Mumford et al., 2010).  In this study, however, a steady-

state single gas channel did not form.  Instead, a single channel would initially migrate, CO2 would 

partition from that single finger into the aqueous phase, and then a new single gas channel would 

form. It is hypothesized that mass transfer from the migrating gas phase causes instabilities in the 

gas channel allowing imbibition of the surrounding water phase into drained pores at specific gas-

water interfaces as the radii of curvature was affected due to mass transfer from the gas to the water. 

An example is shown in Figure 5.3, where an originally connected channel (Figure 5.3a) is 

fragmented as mass is lost from a narrow section of the gas channel (Figure 5.3b). As a result of 

this fragmentation, vertically flowing gas finds a new path of least resistance (Figure 5.3b, 

circumventing the original path to the left) creating a new single flowing gas channel, which then 
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begins to dissolve to the aqueous phase (Figure 5.3c).  This mass transfer-induced instability caused 

a dynamic gas migration pathway. 

 

Figure 5.3. Images of Experiment 0.5-A showing mass transfer-induced gas instabilities showing 
(a) the original discontinuous vertical gas finger with the white arrow indicating a point of water 

imbibition as a result of mass transfer induced capillary pressure dynamics (Δt = 0 s), (b) the 
disconnection in the gas channel and a new gas finger being created (Δt = 10 s), and (c) the mass 
transfer initiated from the new gas channel (Δt = 20 s). Images show an area 11.7 × 8.4 cm2. 

The dynamic discontinuity in the migrating gas phase was also observed in the measured gas flux 

in the surface layer. At a low aqueous velocity (Figure 5.2c) the CO2 flux at the surface (Figure 

5.2f) was episodic, with variable, but significant, spikes in the flux. This episodic flux is generated 

both by the discontinuous gas dynamics (small clusters reaching the surface) and time-varying 

dissolution rates from the gas channel. Observations of this mass transfer-induced gas dynamics 

have not been previously reported and are an area of research which needs to be extended to better 

understand its effects on gas migration and trapping and how this influences aqueous versus surface 

expression at various scales.  

  



 

108 
 

5.3.4 Estimation of arrested plume height 

The measured arrested plume heights of the 24 combinations of gas injection rate and aqueous 

velocities, including four replicates, were compared to estimates using Eq. (5.9). Although the 

system being modeled is unavoidably multicomponent (as discussed in Section 5.3.2), we assumed 

that the mass of the component of interest (CO2) partitions to the aqueous phase at a higher rate 

than the background gases (N2 and O2) partition to the gaseous phase as a result of a higher 

concentration gradient of that component and a higher affinity for dissolution (low Henry’s 

constant). This assumption is supported by the observation that the gas finger grew much slower 

above the arrested plume height (where it is dominated by N2 and O2) than below it (where it is 

dominated by CO2). This is seen in Figure 5.2e where the slope of the gas height over time at an 

aqueous velocity of 0.045 cm/s decreases after the arrested height is established. Therefore, the 

component of interest will be the dominant species, dictating the arrested height of the aqueous 

plume. 

The primary drainage curve of the sand used in this study was characterized by Hegele (2014) using 

a Brooks-Corey (Brooks and Corey, 1964) model (more information can be found in the Appendix 

J). Because Eq. (5.9) is dependent on a specific water saturation but the gas saturation throughout 

a gas channel varies, the average gas saturation of a channel was assumed to be 0.33 (Van De Ven 

and Mumford, 2019) and Φ and ψ were calculated at this saturation.   

Gas channels which form during upward gas flow are irregular in shape, dictated by the porous 

media and the resulting flow path. Figure 5.2a-d shows that the cross-section of the gas channel is 

variable over the height of the flow cell and its three-dimensional shape has not been characterized 

in this study or in the literature. The effective cross-sectional area of the flowing gas channel, A 

therefore is difficult to estimate. To incorporate the uncertainty of this parameter in the model, the 

shape of A was calculated using the area of a circle or a square, creating an upper and lower 

uncertainty envelop, respectively, for the estimate using Eq. (5.9) (resulting in a cylindrical or 

prismatic channel, respectively). Along with uncertainty of the shape, its width is uncertain. Gas 
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channel widths over the height of the channel in this study and Van De Ven and Mumford (2019), 

measured 4 to 8 times the average grain size during discontinuous gas flow (2.9 to 5.7 mm, 

respectively) which agrees with other work in the literature measuring channels widths in similar 

sands (Elder and Benson, 1999; Selker et al., 2007). However, within that range the width of a gas 

channel increases with increasing injection rate (Elder and Benson, 1999; Selker et al., 2007; Van 

De Ven and Mumford, 2019). Therefore, the average widths used in the estimate of A were varied 

between 3 and 3.4 mm (circular diameter and square width, respectively) for a gas injection rate of 

0.1 mL/min, 3.7 and 4.2 mm for 0.5 mL/min, and 4.1 and 4.6 mm for 1 mL/min.  

Figure 5.4 shows the comparison of the measured and predicted arrested plume heights with respect 

to the aqueous velocity. The estimates made using Eq. (5.9) encompassed the experimental data, 

with arrested plume height decreasing steeply as velocities increased to approximately 0.1 cm/s 

and becoming asymptotic as velocity continued to increase. This asymptotic behaviour shows that 

the mass transfer from the gaseous phase reaches a limit at which further increase in aqueous 

velocity only marginally affects the arrested height, as expected using a root-square velocity 

dependence for the mass transfer coefficient, Eq. (5.7). 

The agreement between the experimental data and the screening-level model suggests a 

consideration of rate-limited mass transfer combined with an estimate of the interfacial area of a 

gas channel can be used to estimate the influence of mass transfer on gas migration. The assumption 

of a single component gas was adequate for modelling CO2 because it is highly mobile compared 

to oxygen and nitrogen.  This resulted in partitioning from the gaseous to aqueous phase that was 

faster than partitioning of the background gases from the aqueous to gaseous phase. The application 

of this model to other gas components of interest (e.g., methane) requires further investigation to 

assess whether this assumption is valid, and whether the simulation of a multicomponent gas phase 

is required.  
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Figure 5.4. Comparison of arrested plume height versus aqueous velocity for experiments (data 
points) and mass balance model (filled envelops). 

5.4 Conclusions 

The competition between vertical gas flow and water flow in the subsurface was shown to affect 

the environmental expression of subsurface GHGs. The findings of this study offer novel 

observations of this interaction and suggest that the gas flow rate and the aqueous velocity are key 

system parameters which strongly influence the amount of mass that dissolves in the aqueous phase 

or that reaches the surface. It was also found that the rate of mass transfer from the gaseous to 

aqueous phase can influence the gas dynamics by either arresting the vertical gas migration to 

prevent surface expression or causing instability of the flowing gas phase to create migration 

pathways that have not been previously reported in studies of immiscible fluid flow.  

In deep subsurface systems (e.g. stray gas migration from oil and gas and CO2 leakage from 

sequestration), mass transfer may result in a significant fraction of mass loading to the aqueous 

phase and less mass reaching the surface. In the experiments performed with CO2, gas flow was 
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significantly affected (25% of the mass observed as surface expression) at aqueous velocities of 

0.005 cm/s and above, over a height of 22 cm. In this study, high aqueous velocities allowed for 

significant reduction or elimination of surface expression, however in slower systems with high gas 

flow rates, surface expression is likely higher than aqueous expression. Therefore, the 

proportionality of expression is highly dependent on the interplay of the aqueous velocity, gas flow 

rate and depth at which gas flow originates, requiring careful consideration of the studied system. 

This suggests that the estimation of subsurface leakage rates is not a trivial effort and that 

consideration of mass transfer is needed to accurately estimate total leakage rates.  

Due to the potential effects of both aqueous and surface expression on the environment, 

conceptualizing the proportionality of expressions as a percentage of the total mass entering the 

system would be advantageous. However, this proportionality is not only dependent on aqueous 

velocity, gas flow rate and depth of leak but also on the duration of the leak. In this study, a steady-

state was reached between gas flow and dissolution. To properly quantify the proportionality of 

environmental expression, future work needs to consider storage effects, where leaked gas can be 

stored in the subsurface as free phase gas, particularly beneath low-permeability layers.  This 

storage is important for short-duration leaks which have not yet reached steady-state. Storage would 

be expected to increase the amount of aqueous expression over time, therefore altering the 

proportionality of the environmental expressions. It is also noted that immediate environmental 

expression in the aqueous phase does not limit the risk for surface expression entirely. As aqueous 

plumes develop and biological degradation occurs, dissolved mass may flow or partition to the 

atmosphere, creating a latent surface expression of the subsurface GHG.  

Multicomponent mass transfer can alter the composition of the flowing gas phase reaching the 

surface. In systems whose native pore water contains dissolved gases (e.g., dissolved atmospheric 

gases or noble gases) competition of mass transfer from gas-to-water and water-to-gas can cause 

significant alteration in gas composition, such that surface expression of the leak may not contain 
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the gas species of concern. This impacts leak identification and assessment at the surface (e.g., gas 

efflux measurements and observation of flowing gas in water wells or standing water), as the 

measured and observed gas may not present atmospheric concern, however, may be indicative of a 

groundwater concern. 

This study stresses the importance of considering mass transfer in subsurface systems with flowing 

greenhouse gases. The environmental expression of subsurface gases such as carbon dioxide and 

methane are highly dependent on subsurface characteristics. This notion may further complicate 

closing bottom-up versus top-down estimate of emissions from leaking gas sources. Future research 

needs to consider the implication of the competition of gas flow and mass transfer and look to better 

understand the potential impacts for GHG emissions and degradation of groundwater quality. 
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Chapter 6 

Intermediate-scale laboratory investigation of stray gas migration 

impacts: methane source architecture and dissolution 

Abstract 

Stray gas migration as a result of hydrocarbon extraction has caused environmental concern and is 

receiving widespread attention. Natural gas migration in the subsurface can have environmental 

implications when gas components (e.g., methane) dissolve into shallow groundwater or pass 

through groundwater systems to the atmosphere. Because of the complexity of the subsurface 

systems and the parameters affecting stray gas migration, systematic quantification is difficult. To 

focus on key processes of gas migration, laboratory experiments offer a controlled environment to 

collect data, which can be applied to field and modelling. In this study, methane was injected into 

an intermediate-scale (150 × 150 × 2 cm3) two-dimensional flow cell packed with saturated 

homogeneous and heterogeneous unconsolidated sands. The impact of active methane leakage 

versus cessation of leakage was investigated. High-resolution, visualization techniques coupled 

with high-frequency water sampling at multiple depth-discrete intervals allowed for understanding 

of coupled methane migration and mass transfer. Methane concentrations were found to increase 

with increased vertical distance from the injection source and from pooled gas sources below 

discrete heterogeneity, due to higher contact time for mass transfer as a result of a widened source 

architecture from lateral migration. It was also found that the cessation of a gas leak can result in 

temporary but significant increases in dissolve methane as a result of gas redistribution leading to 

higher interfacial areas for mass transfer. Results suggest that methane dissolution is affected by 

heterogeneity, active versus inactive leakage and multicomponent mass transfer. Findings highlight 

the importance of considering geology, hydrogeologic conditions and multicomponent mass 

transfer in gas migration systems at the field-scale. 
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6.1 Introduction 

Extraction of unconventional resources from the subsurface has increased substantially with the 

development of directional drilling and hydraulic fracturing techniques (Osborn et al., 2011; US 

EPA, 2016). This increase has caused increased public and academic concern regarding gas leakage 

in the subsurface as a result of unconventional resource extraction and its infrastructure, termed 

stray gas migration (CCA, 2014; Vidic et al., 2013). Stray gas migration results from natural gas 

(mainly methane) which is able to escape from target formations within the production zone and 

from non-target formations found in the intermediate zone through defective or inadequately sealed 

wellbores (CCA, 2014; Dusseault and Jackson, 2014). Concerns associated with this migration 

include gases intersecting with shallow groundwater, which may be relied upon as a source of 

drinking water (aqueous expression), and gases reaching the atmosphere (surface expression) 

(CCA, 2014; Forde et al., 2018; Gorody, 2012; Jackson et al., 2013; US EPA, 2016). Aqueous 

expression, where methane and other components of migrating gas dissolve into groundwater, may 

degrade groundwater quality through redox changes, acidification, and increased biological activity 

(Kelly et al., 1985; Roy et al., 2016; Woda et al., 2018). Surface expression is a source of 

greenhouse gas to the atmosphere, potentially contributing to climate warming (CCA, 2014). Both 

aqueous (through partitioning) and surface expression may cause combustible gases to enter into 

infrastructure, presenting a risk of asphyxiation or explosion (Jackson et al., 2013). 

As a result of the concerns associated with the environmental expression of stray gas, attention has 

focused on understanding the movement, fate, and transport of stray gas migration. Many studies 

have looked to understand stray gas migration in the field by investigating settings of known gas 

migration issues (Larson et al., 2018; Li and Carlson, 2014; Molofsky et al., 2013; Sherwood et al., 

2016; Vidic et al., 2013). These field investigations allow for better understanding of the origins of 

stray gas migration, detection of migration, and the effects on groundwater systems. In a recent 

controlled natural gas injection into a shallow unconsolidated sand aquifer, high-resolution 

instrumentation for groundwater and biological analysis, geophysical monitoring, and surface gas 
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efflux were employed to better understand stray gas migration (Cahill et al., 2017). This controlled 

release of natural gas was found to have a larger than expected lateral extent of methane as a result 

of free-phase gas migration and dissolution to the aqueous phase which was persistent (Cahill et 

al., 2018; Forde et al., 2019; Steelman et al., 2017). Surface monitoring for methane efflux found 

that gas was able to reach the vadose zone but was oxidized before reaching the atmosphere (Cahill 

et al., 2017; Forde et al., 2018). Numerical modelling studies have also been used to study gas 

migration. Modelling helps to quantify leakage rates (Nowamooz et al., 2015), free-phase 

movement (Klazinga et al., 2019), dissolution, and fate (Lackey and Rajaram, 2019; Moortgat et 

al., 2018; Rice et al., 2018; Roy et al., 2016; Zhang and Soeder, 2016). To date, to the best of the 

authors’ knowledge, no studies have utilized well-controlled laboratory experiments to investigate 

stray gas migration. 

Quantification of the effects and risks of stray gas migration requires understanding of the free-

phase gas movement and the mass transfer that leads to dissolved-phase transport. Free-phase gas 

movement is controlled by the interplay of gas buoyancy, porous media characteristics and the rate 

of gas leakage (Brooks et al., 1999; Geistlinger et al., 2006; Ji et al., 1993; Selker et al., 2006; Van 

De Ven and Mumford, 2019). Actively leaking gas (sustained gas pressure) will move through the 

subsurface as connected or disconnected clusters moving predominantly vertically due to the 

density contrast between gas and water, creating complex gas structures. Capillary barriers (e.g., 

fine grain lenses, natural bedding structure) cause migrating gas to spread laterally and create pools 

of gas (Glass et al., 2000). Inactive leakage occurs when a sustained pressure ceases (e.g., following 

a leak repair) and the gas structure is allowed to relax. During relaxation, connected gas clusters 

tend to break up, migrating vertically until the buoyant gradient is insufficient to allow continued 

migration (Van De Ven et al., 2019). Relaxation has been shown to increase the number of trapped 

blobs and ganglia, creating a residual gas phase (Stöhr and Khalili, 2006; Van De Ven et al., 2019). 

Both active and inactive gas leakage in the subsurface result in complex structures, referred to here 

as the gas source architecture.   
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The mass transfer from stray gas is highly dependent on the source architecture, dictated by the 

amount of gas available to dissolve (gas saturation), aqueous flow through the source, relative 

permeability, and the gas-water interfacial area available for dissolution (Koch and Nowak, 2015; 

Sale and McWhorter, 2001). Residual gas tends to be low in gas saturation with high interfacial 

area, causing favorable conditions for mass transfer (Sale and McWhorter, 2001). In contrast, 

pooled gas can be high in gas saturation but tends to have low interfacial area (Sale and McWhorter, 

2001). Although there is a great deal of knowledge in the literature associated with immiscible fluid 

dynamics and mass transfer, there has been little work to date to understand these effects on stray 

gas migration. 

Systematic investigation of methane migration and mass transfer is required to better understand 

the potential effects of stray gas migration. In this study, intermediate-scale (meter-scale) 

laboratory experiments were performed to investigate methane migration and dissolution in 

saturated sand, representative of shallow unconsolidated aquifers. Visualization techniques were 

used to investigate methane movement coupled with aqueous sampling to quantify the coupled 

processes of free-phase methane movement and dissolution during active and inactive migration. 

The specific objectives of this work were to: 1) assess the impact of heterogeneity on aqueous 

expression of methane migration and dissolution and 2) quantify the temporal evolution of methane 

transport during active and inactive methane leakage. Two sand packing configurations were 

investigated to understand homogeneous and heterogeneous systems. 

6.2 Materials and methods 

6.2.1 Flow cell and sand packing 

Experiments were performed using a quasi-two-dimensional flow cell (Van De Ven et al., 2019). 

The flow cell used is constructed of a rigid stainless-steel frame which separates two glass plates 

(150 × 150 cm2) by a distance of 2 cm. The glass plates are supported by four rigid bars (two on 

each plate) to reduce deflection (Figure 6.1). At both the influent (left) and effluent (right) 
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boundaries of the flow cell, 2 cm-wide perforated channels wrapped in a fine stainless-steel mesh 

create clear wells to distribute water flow along the height of the cell. The top boundary of the cell 

is sealed using a Viton-lined stainless-steel lid, bolted to the rigid frame ensuring limited grain 

rearrangement during injection. The bottom boundary is constructed of stainless-steel and contains 

six drainage ports with 10 μm nylon filter inserts, allowing the cell to be drained under vacuum to 

a uniform residual saturation.  

The flow cell was packed in two configurations to better understand the effects of heterogeneity on 

free-phase methane dynamics and the associated mass transfer. All results in this manuscript for 

the homogeneous configuration are from a single representative experiment. A duplicate 

experiment (see Appendix N) showed similar results. To create the homogeneous sand pack, 1.1 

mm diameter coarse sand (Schroth et al., 1996) was packed into the flow cell as a continuous slurry 

of sand and deionized water through the top of the cell while simultaneously vibrating the apparatus 

to create a gas-free homogenous sand pack (Van De Ven and Mumford, 2018; Van De Ven and 

Mumford, 2019). All sand was acid and base washed prior to packing.  Because of the scale of the 

experiments, a completely homogeneous sand pack was not attainable and some macroscopic 

heterogeneity in the form of bedding structure can be seen in Figure 6.1a (darker, approximately 

horizontal lines). Saturated sand was packed from the bottom of the cell to a height 5 cm from the 

top of the cell. In the remaining 5 cm, unsaturated 1 cm diameter glass beads were packed. This 

layer was used to flow air through the bead pack and over top of the sand, sweeping any emitted 

methane from the flow cell.  

The second configuration tested was constructed with distinct heterogeneity in the form of low 

permeability lenses. This was achieved by packing the flow cell with 1.1 mm diameter coarse sand 

in a similar fashion the homogeneous pack to a height of 67.6 cm from the bottom of the cell. Then, 

0.71 mm diameter medium sand (Schroth et al., 1996) was used to create a 79 cm-wide lens 

extending from the influent boundary toward the center of the cell, with a thickness of 7.8 cm at 
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the rightmost extent. Coarse sand was then again packed into the cell around the lens to a height 12 

cm from the top of the cell. The remainder of the cell was packed with medium sand to create a 

confining layer.   

 

Figure 6.1. Raw images of (a) the homogeneous experiment prior to injection, (b) the homogeneous 

experiment during active injection, (c) the heterogeneous experiment prior to injection, and (d) the 
heterogeneous experiment during active injection. The hashed red lines show the maximum extent 
of the free-phase residual methane, the hashed gray lines show pooled methane and the blue circle 
shows the injection point. 
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6.2.2 Water flow and methane injection 

Water flow was provided by a constant head apparatus connected to the flow cell by 4 ports in the 

influent clear well. Nitrogen-sparged, deionized water was passed through a 150-watt ultra-violet 

filter before entering the clear well to reduce any potential for biological activity within the flow 

cell and sand pack. The effluent boundary connected four effluent ports using PTFE tubing for 

which the outlet  was set at a constant height and water was discharged to a collection barrel. The 

height of the effluent end was set such that the sand was water-saturated, and the glass beads were 

unsaturated. The flow rate was 320 cm/day (2.13 pore volumes per day), optimized to allow for 

adequate sampling. This rate ensured that mass transfer could be assumed to be at local equilibrium 

(Geistlinger et al., 2005) and that there was sufficient flow that all water samples could be taken 

simultaneously while not creating substantial flow variation.  

Prior to each gas injection, an aqueous dye tracer test was performed to assess the flow field within 

the flow cell. As a result of the construction of the flow cell’s influent and effluent clear wells, flow 

was found to not be perfectly horizontal. The tracer test enabled the flow lines associated with each 

sample depth to be measured (Figure 6.2a and e). It is clear that there is a vertical component to the 

flow in both configurations causing flow to move from the bottom left to top right. Understanding 

this flow field was paramount for interpretation of the effects of source architecture on methane 

dissolution. 
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Figure 6.2. Source architecture results showing (a, e) the steady-state gas saturation map, (b, f) gas 
structure width, (c, g) average depth-discrete gas saturation during active (blue) and inactive (red) 
migration, and (d, h) the methane concentrations at steady-state for the homogeneous and 
heterogeneous experiment, respectively. 

Methane (99.9998%, Praxair, Canada) was injected using a mass flow controller (Cole Parmer, 

RK-32907-55) connected to a 0.08 mm inner diameter stainless-steel tube inserted through a port 

at the bottom of the influent boundary of the flow cell. The injection point for the homogeneous 

experiment was placed 11 cm from the bottom boundary and 75 cm from the influent boundary. 

For the heterogeneous experiment, the injection point was set at 6 cm from the bottom boundary 

and 47 cm from the influent boundary. Placement of the injection point in the heterogeneous 

experiment was chosen so that vertically migrating gas would intersect the lens, create a gas pool 
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and then flow along the lens to the right eventually bypassing the lens. For both packing 

configurations, methane was injected at 1 sccm (at the low end of reported stray gas migration rates 

(Nowamooz et al., 2015)). For the homogeneous experiment, gas was injected continuously for 4.7 

pore volumes of water flow and was injected for the heterogeneous experiment for 0.125 pore 

volumes of water flow.  Measurements continued after gas injection ceased in all experiments to 

compare active and inactive leakage. The active injection period was much shorter for the 

heterogeneous experiment to allow for the development of a gas pool underneath the top medium 

sand layer, while not allowing that pool to extend into the effluent clear well and affect aqueous 

sampling. 

6.2.3 Free-phase methane quantification 

To assess gas presence and migration, the light transmission method (LTM) was used. (Niemet and 

Selker, 2001; Tidwell and Glass, 1994) This technique uses the measured light intensity at saturated 

and unsaturated conditions to determine the gas location and to quantify the gas saturation in the 

flow cell. To measure light intensity, images were taken using a CMOS camera (Canon EOS 6D 

outfitted with a Canon EF 17-40mm lens) positioned 2.1 m from the front face of the flow cell, 

which was backlit using a LED light bank. An image of the cell was captured prior to gas injection 

and a calibrated (to injected gas volume) ratio of residual-to-saturated intensity of 0.33 was used 

(Mumford et al., 2015; Van De Ven et al., 2019). During active and inactive methane migration for 

the homogeneous experiment, images were taken every 5 minutes. For the heterogeneous 

experiment during active injection images were captured every 10 seconds and after injection 

images were captured every 5 minutes. Raw RGB images were processed to intensity and converted 

to gas saturations using model C from Niemet and Selker (2001) modified to include the calibrated 

intensity ratio. The gas saturation detection limit for both experiments was 0.05, based on analysis 

of variations in light intensity in areas of the flow that did not contain gas. The porosity and residual 

water saturation used for image processing were 0.36 and 0.026, respectively (Van De Ven et al., 

2019). The discretization of gas saturations was coarsened for both experiments to 5 mm (up from 
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an original pixel size of 0.4 mm) to reduce noise and have saturations at a scale coarser than a grain 

size. 

Table 6.1. Sample identifications and depths for the homogeneous and heterogeneous packing 
configurations. 

Sample Depth 
ID 

Height above injection (cm) 
Homogeneous   Heterogeneous  

D1 124 126.5 
D2 -- 116.5 
D3 104.5 -- 
D4 -- 96.5 
D5 84.5 -- 
D6 -- 76.5 
D7 55 57.5 
D8 -- 42 
D9 24.5 27 

6.2.4 Dissolved methane quantification 

Dissolved methane was measured at multiple depth-discrete points within the flow cell. For the 

homogeneous experiment, samples were collected at five depth intervals (Table 6.1) using 21-gage, 

15.24 cm-long needles installed through the effluent clear well and extending into the sand pack 

10 cm. Similarly, for the heterogeneous experiment, samples were collected at seven depth intervals 

(Table 6.1). Each needle was hydraulically isolated such that sampling through the needle would 

only capture water from that depth interval within the sand pack. To simultaneously sample each 

interval, a multichannel syringe pump (Cole-Parmer, 78-0232C) was used to collected samples into 

separate 25 mL gas tight syringes (Hamilton 82520) through PTFE tubing. To reduce the effect of 

sampling on the flow field, the total flow rate produced by the pump was constrained to 10% of the 

total flow rate through the cell.  Lack of disruption of the flow field during sampling was confirmed 

using a dye tracer test. Prior to the collection of a sample, all tubing was purged, and a 23 mL 

sample was then collected and transferred to a 20 mL headspace vial, which was immediately 
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capped with a silicone/PTFE lined cap. Samples were placed in a refrigerator (4°C) for a maximum 

for 24 hours.  

Dissolved methane was measured using the headspace displacement method described by 

Kampbell and Van Grift (1998). Each sample was prepared by allowing vials to reach room 

temperature. Then 5 mL of water were displaced from the vial by helium injected using a gas tight 

syringe and a pair of 18-gage needles. Once a 5 mL headspace existed, each sample was mixed 

using a vortex mixer for 2 minutes then placed in an ultrasonic bath for 20 minutes to ensure 

equilibrium between water and gas. Samples were analyzed using an Agilent 7890B gas 

chromatograph (GC) with a PoraBOND Q (Agilent Technologies) column (30 m length, 0.530 mm 

diameter, 10 μm film) and a flame ionization detector (FID) at a temperature of 250°C. The oven 

temperature was set to 55°C for 1 min then increased to 140°C at a rate of 20°C and held for 5 

minutes. A 1 mL volume of headspace gas was injected to the column using an autosampler 

maintained at a temperature of 25°C. The GC was calibrated using gas standards of 0.1, 1, 5 and 

10% methane balanced with nitrogen and injected in triplicate. The calibration was checked each 

day using a single injection of each standard. Measurement error was calculated as the 95% 

confidence interval on the calibration curve (Miller and Miller, 2005). An overall experimental 

detection limit was based on the largest 95% confidence interval for the calibration intercept and 

was set to 0.54 mg/L.   

6.3 Results and discussion 

6.3.1 Methane source architecture 

During the homogeneous experiment, gas migrated as discrete channels away from the injection 

point. These gas channels moved predominantly vertically, deviating laterally due to small-scale 

heterogeneity of the sand pack. The gas structure spanned the entire height of the cell, broke through 

the unsaturated bead layer and then reached a steady-state geometry (Figure 6.2a). As expected, 

the steady-state shape of the gas pattern was approximately parabolic; narrow near to the gas 
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injection point and widening over the height of the cell (Figure 6.2a) (Geistlinger et al., 2006; Ji et 

al., 1993; Selker et al., 2006). The gas structure width (Figure 6.2b) varied from 0 cm at the source 

to a maximum width of 50 cm. The horizontally averaged local gas saturation was also calculated 

over the height of the cell considering only locations with a gas saturation above the detection limit 

(Figure 6.2c). The saturation was found to vary between 0.05 (detection limit) and 0.12 over the 

height of the cell.  From the injection point to 55 cm above the bottom boundary, the gas saturation 

increased from 0.05 to 0.12. Above 55 cm to 115 cm the saturation was consistent at 0.1 to 0.12 

and then slightly decreased to 0.08 above 115 cm.  

During the heterogeneous experiment, the resulting gas pattern was affected by the medium sand 

lenses. During active injection, gas initially migrated similar to the homogeneous experiment, as 

discrete channels dictated by the minor variations in capillarity along the migration pathway. Once 

methane contacted the bottom of the lower lens, a gas pool formed, which moved laterally to the 

right along the lens and bypassed the lens at the right-most extent. Gas then migrated vertically 

until forming a pool below the upper confining layer. At this point (0.125 pore volumes) active 

injection was ceased leaving the gas pattern shown in Figure 6.1d and Figure 6.2e. The gas width 

increased as gas traveled away from the source (from 0 cm to 20 cm), and again below the lens (45 

cm) as a result of gas pooling. After bypassing the lens, the shape was similar to immediately above 

the injection point, increasing from 0 cm to a maximum of 15 cm before reaching the upper 

confining lens and creating a 47 cm wide pool. Gas saturations in the coarse sand portions of the 

cell behaved similar to the homogeneous experiment, increasing from 0.05 to a maximum of 0.1 

(Figure 6.2f). Gas width and saturations were found to be marginally lower than in the 

homogeneous experiment, attributed to the heterogeneous experiment not reaching a steady-state. 

At the interface between the coarse sand and the medium sand, the gas pools had gas saturations as 

high as 0.23. The processed images were used to identify thin gas pools, which varied between 1 

to 1.8 cm thick along the extent of the pools. 
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6.3.2 Effect of source architecture on methane dissolution 

The effect of source architecture on dissolution was assessed using methane concentrations (Figure 

6.2d) for each depth interval (D1 - D9) for the homogeneous experiment, averaged over the steady-

state portion of the injection (0.91 to 4.7 pore volumes). The average methane concentration 

generally, increased with increased distance away from the source of methane, ranging from 8.2 ± 

0.58 to 16.3 ± 0.57 mg/L. Relating this to the measured source architecture parameters (depth-

averaged gas saturation and gas structure width), shows that methane concentration increased with 

increasing gas width. This result is expected because the total interfacial area for mass transfer 

would be greater along a longer path length that contained residual gas. Based on the results, it is 

difficult to quantify the more dominant parameter. However, because methane concentration varied 

between 12.5 ± 0.57 and 16.3 5 ± 0.57 mg/L between D3 and D7, yet minimal variation was 

observed in gas saturation over the corresponding flow path, it would appear that gas width, which 

varied by 10 cm over those depth intervals, is more dominant.  

To assess dissolution during the heterogeneous experiment, in which gas injection stopped before 

reaching a steady state, the maximum methane concentrations at each depth interval were used 

(Figure 6.2h). These concentrations were measured at 0.68 (D1, D2, D4, D7, D8, and D9) and 0.96 

(D6) pore volumes and found to range between 3.0 ± 0.13 and 7.0 ± 0.13 mg/L (Figure 6.2h). The 

highest concentration was at depth interval D6, which corresponds to a flow line directly below the 

lens. This suggests that higher mass transfer from gas pools occurs as a result of the increased 

interfacial area created by the greater gas width (45 cm) and higher gas saturations (0.23 based on 

the local scale discretization). As a result of the methane concentrations only being measured after 

the extinction of gas pressure, the high saturation and low interfacial area expected of a pool was 

not captured. The pool which formed likely broke up on the extinction of pressure, decreasing the 

saturation and increasing interfacial area. It is expected that if methane concentrations were 

collected during an extended period of active injection, methane concentrations from the pool 

would be lower with respect to the residual gas structure due to high saturations and low interfacial 
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area.  Because of the flow paths having a vertical component, it is expected that the highest methane 

concentrations would have been present above D6 and below the red hashed line in Figure 6.2e. 

This is the result of flow through the gas pool and intersecting these heights along the effluent edge. 

The vertical component to flow also explains why a high concentration of methane was not 

observed below the confining lens. Similar to the homogeneous experiment, methane 

concentrations in the coarse sand sections of the heterogeneous experiment correspond well to gas 

width, as increased concentration with increased gas width. 

6.3.3 Temporal evolution of methane dissolution 

Multiple water samples were taken over the duration of the gas injections, allowing for 

breakthrough and elution curves to be analyzed (Figure 6.4). For the homogeneous experiment 

during active injection, methane breakthrough occurred between 0.34 and 0.91 pore volumes for 

the deeper sample depths (D9, D7 and D5). In contrast, breakthrough at the shallower depth 

intervals (D1 and D3) was delayed and occurred between 0.67 and 0.91 pore volumes. The observed 

discrepancy of breakthrough times between the shallow and deep intervals is the result of gas travel 

time and a delay in development of the parabolic gas shape, causing shorter transport time for 

shallow dissolved gas. The magnitude of the methane concentration correlated to the height above 

the bottom boundary (highest concentrations in the shallow depths, as stated above). Minor 

methane concentration fluctuations were observed in all depth intervals over the steady-state period 

of the injection (1.28 to 4.7 pore volumes) as a result of dynamic gas movement during active 

injection.  
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Figure 6.3. Gas saturation maps for the homogenous experiment at (a) steady state (4.7 pore 
volumes), (b) 5 pore volumes, and (c) 8 pore volumes of water flow. 
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Gas injection was stopped after 4.7 pore volumes of water flow and the elution curve for the 

dissolved methane was measured. Methane concentration in all five depth intervals increased 2 to 

4 mg/L (statistically significant) immediately following the extinction of gas injection until 5.07 

pore volumes. This result was replicated in the duplicate experiment (Figure N. 1).  When coupled 

with gas saturation maps during this time period, it can be seen that there was a substantial decrease 

in gas saturation (Figure 6.3a and b). This decrease is the result of gas dynamics, where connected 

gas clusters large enough to overcome the capillary pressure in the pore space continued to migrate 

toward the unsaturated glass bead layer, leaving a residual (decreased saturation) gas structure, 

consistent with the results of Van De Ven et al. (2019). Although beyond the scope of this work, 

the reduced saturation likely caused increased interfacial area of the free-phase methane, allowing 

for a higher rate of dissolution. At 5.07 pore volumes, the highest concentration (19.8 ± 0.57 mg/L) 

was measured at D3.  This concentration was just below the solubility of methane at the 

experimental temperature and pressure (22.7 mg/L). Methane concentration decreased after 5.07 

pore volumes with D9 reaching the experimental detection limit at 6.98 pore volumes, D7 at 7.38 

pore volumes and D5, D3, and D1 after 7.69 pore volumes. 

A delay in methane breakthrough for the deep (D6, D7, D8, and D9) depth intervals when compared 

to the shallow (D1, D2, and D4) intervals was observed in the heterogeneous experiment. Methane 

breakthrough for the shallow depth intervals was observed at 0.50 pore volumes, whereas for the 

deep depth intervals at 0.68 pore volumes. The lens enabled methane gas to travel horizontally 

along the bottom of the lens at a velocity greater than the groundwater flow resulting in a shorter 

methane path length for the shallow intervals. For all depths except D6, the maximum methane 

concentration (3.0 ± 0.13 to 5.3 ± 0.13 mg/L, generally increasing with distance from the injection 

source) was observed at 0.68 pore volumes. The maximum methane concentration for D6 (7.0 ± 

0.13 mg/L) was observed at 0.96 pore volumes. This concentration was much higher than the other 

sample depths as a result of the increased gas width and saturation resulting from the gas pool 

formed under the lens. Methane concentrations for the heterogeneous experiment were significantly 
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lower than for the homogeneous experiment as a result of a limited active injection period, which 

caused significantly narrower gas widths over the height of the cell than in the homogeneous 

experiment (Figure 6.2b and f). Following 0.96 pore volumes of flow, the methane concentration 

decreased at all sample depths. Samples at D1, D2, D4, D7, D8, and D9 decreased to below the 

detection limit between 1.3 and 2.5 pore volumes, whereas D6 dropped to non-detect at 2.9 pore 

volumes. Therefore, comparing the longevity of a gas pool to trapped residual gas shows, 

conservatively, a 16% increase in the dissolution time required to reduce methane concentrations 

to a non-detect once a leak becomes inactive. 

 

Figure 6.4. Dissolved methane concentration breakthrough and elution curves for (a) the 
homogenous experiment and (b) the heterogeneous experiment. The shaded areas indicate active 
injection of methane.  
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6.3.4 Effects of multicomponent mass transfer 

Following the extinction of aqueous methane for the homogeneous (7.7 pore volumes) and 

heterogeneous (2.9 pore volumes) experiments, gas remained present in the sand pack (Figure 6.2c 

and Figure N. 2). Dissolved methane concentrations below detection limit offer conclusive 

evidence that this gas was not methane. The remaining gas is the result of multicomponent mass 

transfer causing dissolved background gases (nitrogen) to partition from the aqueous phase into the 

gaseous phase, replacing the gaseous methane over time (Cirpka and Kitanidis, 2001; Van De Ven 

and Mumford, 2019b). This replacement of gas components with background dissolved gases has 

been observed previously in the context of methane and carbon dioxide ebullition in sediments 

(Amos and Mayer, 2006), partitioning of groundwater tracers (Cirpka and Kitanidis, 2001; Gupta 

et al., 1994), reactive transport of groundwater contaminants (Mumford et al., 2010) and the 

environmental expression of subsurface greenhouse gases (Van De Ven and Mumford, 2019b).  

Interestingly, during the homogeneous experiment an increase in gas saturation occurred at the 

upgradient edge of the gas distribution as water flow continued past when gas flow was stopped 

(Figure 6.3 b and c). This increase in saturation is the result of the different Henry’s law constants 

of the background dissolved gases (Cirpka and Kitanidis, 2001). The reduction in saturation from 

Figure 6.3a to b is oxygen replacing methane, then the increase from Figure 6.3b to c is abundant 

nitrogen replacing oxygen and increasing the volume of gas. Therefore, during gas dissolution in 

the subsurface, free phase gas can be replaced with dissolved background gases causing the 

composition of the gas to be altered and a gas phase of altered composition to persist. 

6.3.5 Implications for stray gas migration 

The dissolved methane concentrations and elution rates observed in this study are not intended to 

be directly indicative of what would be expected at sites with stray gas migration. However, the 

trends observed in relative methane concentrations allow for better understanding of what is to be 

expected and potential complications at stray gas migration sites. The current study found that there 

exists a strong link between gas source architecture and dissolved methane down-gradient of that 



 

135 
 

source. Methane concentration was strongly dependent on gas structure width (as a surrogate for 

total interfacial area). This width was affected both in the homogeneous experiment (distance from 

the injection point causing lateral spread of residual gas) and the heterogeneous experiment 

(discrete heterogeneity creating pooled gas). Dissolved methane concentrations in shallow aquifers 

may be elevated at locations further from the source of the gas leak in homogeneous systems and 

elevated at locations that correspond to capillary barriers to gas flow in heterogeneous systems. 

Understanding of site geology and heterogeneity is therefore vital to understanding both aqueous 

and surface expression of stray gas migration. Results of this study and others (Cahill et al., 2018) 

suggest that discrete heterogeneity will cause prolonged methane dissolution at concentrations of 

possible concern.  

The remedy to many stray gas migration issues for impacted hydrocarbon wells is to stop the leak 

by sealing or squeezing the well (CCA, 2014; Ingraffea et al., 2014). If successful, this causes the 

flow of stray gas to stop, eliminating the source of methane to shallow aquifers. In this study, the 

cessation of gas injection caused an increase in dissolved methane concentration above the steady-

state concentration observed during active injection. Gas saturation maps provide evidence that this 

increase is the result of the active gas structure breaking up into blobs and ganglia, thereby 

increasing the interfacial area available for dissolution. This temporary increase may complicate 

interpretation of temporal methane concentrations in the field. Following the extinction of a stray 

gas leak, concentrations may temporarily increase. Consideration by operators and regulators 

regarding the location and frequency of sampling following remedial steps to stop leaks is required 

as sampling immediately or shortly after remedial action may show high methane concentrations 

and trigger further remedial action, when in fact this may be a sign of success. Also, consideration 

of the potentially higher dissolved methane concentration following remedial action and the effect 

that might have down-gradient (e.g., domestic water wells, routes of entry into buildings) is 

required. Water sampling prior to and following remedial action at stray gas sites needs be 

performed at multiple times to understand the success or failure of any remedial action.  
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Free-phase gas movement strongly affects the dissolution of methane within an aquifer. Efforts are 

made in the field to locate and quantify the extent of gas leakage, allowing for delineation of the 

problem. However, in this study multicomponent mass transfer caused gas to persist within the 

sand pack even after the extinction of the dissolved methane. This creates complications which 

need to be considered for the application of geophysical techniques to identify gas in the subsurface 

in the field. Geophysical techniques allow the identification of gas but cannot identify the 

components of that gas. Caution must be exercised when interpreting field methods for gas 

detection without knowledge of gas composition. Identification of gas does not necessarily indicate 

the presence of methane or other components of natural gas as multicomponent mass transfer will 

allow dissolved background gases (e.g., nitrogen, oxygen, carbon dioxide) to replace methane and 

sustaining a gaseous phase. Therefore, not all gas measured in the field using geophysical tools can 

be identified as natural gas and needs to be acknowledged in future interpretation both in research 

and practice. 
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Chapter 7 

Intermediate-scale laboratory investigation of stray gas migration 

impacts: transient gas migration and surface expression 

Abstract 

Unconventional oil and gas development may be a significant contributor of greenhouse gas 

emissions to the atmosphere. A potential source of emissions may result from stray gas migration 

from the subsurface, however its contribution is unknown. To quantify this potential emissions 

pathway, study of the flow and dissolution of stray gas is required. The environmental expression 

(aqueous and surface) was investigated using an intermediate scale (150 × 150 × 2 cm2), two-

dimensional flow cell allowing for visualization and measurement of gas movement using a 

modified light transmission method. Methane was injected into both homogeneous and 

heterogeneous sand packs and real-time measurement of gas fluxes escaping the surface of the sand 

were measured. In addition to gaseous sampling, aqueous samples were collected to investigate the 

relative proportion of methane mass in the form of aqueous and surface expression. It was found 

that methane flux at the surface is highly episodic due to the characteristics of gas flow through the 

sand and that the location of gas flux can vary over the lifetime of a leak. Comparison of the mass 

expressed at the surface and in the aqueous phase showed that in a homogeneous system at the flow 

rates used in this study 61-65% and 35-39% was expressed, respectively. The results of this study 

suggest that stray gas migration can have a significant impact on both groundwater resources and 

the atmosphere, and that subsurface characteristics and gas flow is the key driver for the overall 

impact. 

7.1 Introduction 

Methane (CH4) is a powerful greenhouse gas, which over a 100-year time horizon has 21 times the 

Global Warming Potential of carbon dioxide (IPCC, 1995). A potential source of methane 

emissions to the atmosphere is oil and gas development both from conventional and unconventional 
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sources (Bachu, 2017; Kang et al., 2014). Although in the late 1990’s and early 2000’s it appeared 

that atmospheric methane concentrations were stabilizing (attributed to the oil and gas industry 

reducing fugitive emissions of greenhouse gases), increases in atmospheric methane have 

continued over the last decade (Aydin et al., 2011; Nisbet et al., 2016; Schaefer et al., 2016). This 

increase has been found to be the result of biogenic methane and thought to be from agriculture, 

peatlands, and rice culture (Nisbet et al., 2019; Schaefer et al., 2016). However, recent isotopic 

analysis suggests that the increase in methane concentrations can be linked to unconventional oil 

and gas operations (Howarth, 2019). Howarth (2019) found that shale gas production in North 

America is responsible for a third of the total increase in methane emissions over the past decade. 

Therefore, understanding sources of methane emissions from shale gas extraction is vital to 

controlling and reducing future methane emissions. 

One potential source of methane from unconventional oil and gas development, which is currently 

not well quantified, is stray gas migration (Cahill et al., 2017; CCA, 2014; Forde et al., 2018; 

Jackson et al., 2013; Vidic et al., 2013). Stray gas migration is natural gas from the subsurface 

which is able to migrate along improperly sealed production wells and legacy infrastructure to other 

formations (CCA, 2014; Dusseault and Jackson, 2014; US EPA, 2016). If this gas is able to reach 

shallow groundwater aquifers, it will either dissolve into the water (aqueous expression) (Davies, 

2011; Molofsky et al., 2011, 2013; Osborn et al., 2011) or pass through the system to the surface 

(surface expression) (Cahill et al., 2017; Forde et al., 2019; Van De Ven and Mumford, 2019). 

These environmental expressions are not well understood at this time and the impact to 

groundwater resources and the contribution to global methane emissions requires investigation 

(Cahill et al., 2017).  

Surface expression of methane from stray gas migration is influenced by the conditions under 

which the gas is entering the aquifer, media which the gas migrates through, and the capacity for 

methane to dissolve into flowing groundwater (Brooks et al., 1999; Forde et al., 2018; Forde et al., 
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2019; Geistlinger et al., 2006; Ji et al., 1993; Selker et al., 2006; Van De Ven and Mumford, 2019). 

The pressure at which stray gas enters an aquifer will affect the rate and duration of the methane 

migration. This rate causes gas to flow in either a continuous (complex networks of connected gas 

channels) or a discontinuous (disconnected channels of small gas clusters migrating independently) 

manner and affects the lateral distance over which the gas migrates within the subsurface (Forde et 

al., 2018; Geistlinger et al., 2006; Selker et al., 2006; Van De Ven and Mumford, 2019). However, 

if a leak is deep enough in an aquifer and depending on the media, it is expected that all leakage 

will develop discontinuous channels (Van De Ven et al., 2019). Also affecting the migration is the 

media making up the aquifer (Ji et al., 1993). In homogeneous media, flow will be mostly vertical, 

driven by buoyancy, with some lateral movement associated with local-scale variation in the entry 

pressures of the media (Geistlinger et al., 2006; Ji et al., 1993; Selker et al., 2006). In heterogeneous 

media (e.g., low-permeability lenses, bedding structure), it is expected that gas migration will be 

dictated by the preferential flow paths, pooling below permeability contrasts and migrating 

laterally, affecting the architecture of the gas structure (Glass et al., 2000; Krishnamurthy et al., 

2017; Trevisan et al., 2015). The resulting structure of the gas will ultimately dictate the mass 

transfer from the gas to the water as interfacial area, diffusive driving forces, and aqueous flow will 

be impacted by this structure (Koch and Nowak, 2015; Sale and McWhorter, 2001; Van De Ven 

and Mumford, 2018). The mass of methane that reaches the surface can be reduced through gas-to-

water partitioning, thereby decreasing the surface expression of a leak (Van De Ven and Mumford, 

2019). 

To quantify the contribution of stray gas migration resulting from unconventional oil and gas 

development to atmospheric greenhouse gas emissions, investigation of the relationship between 

subsurface gas dynamics and mass fluxes to the surface is required. This investigation was carried 

out using intermediate-scale experiments which employed visual and analytical techniques to 

quantify the interaction of gas flow, mass transfer, and surface expression of methane in 

unconsolidated homogeneous and heterogeneous sands. The objectives of this study were to 1) 
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quantify the relationship between subsurface gas flow and surface expression in homogeneous and 

heterogeneous systems, and 2) estimate the proportion of mass expected in these systems as 

aqueous and surface expression. The unprecedented data set obtained can be used to empirically 

interpret the implications for gas migration at the field scale and to validate future field-scale 

numerical modelling efforts. 

7.2 Materials and methods 

7.2.1 Flow cell 

A two-dimensional flow cell was used in this study to perform methane injections into water-

saturated sands. The flow cell was constructed of a stainless-steel frame fitted with two 1.5 cm 

thick glass plates. The plates were separated by a distance of 2 cm, allowing for sand to be packed 

in between. The glass plates enable a pack with dimensions of 150 × 146 × 2 cm3 (Figure 7.1). The 

cell was outfitted with clear wells constructed of perforated stainless steel and mesh on the left- 

and right-side boundaries. The steel frame on the side boundaries had multiple ports which allowed 

for water flow and sampling. The lower boundary of the frame was also fitted with ports, which 

contained 10 μm nylon membranes and allowed the sand pack to be drained to a residual saturation. 

The upper boundary used a rigid stainless-steel lid which sealed the cell using a Viton gasket. This 

lid allowed for a confining pressure to be applied to the sand pack, limiting any possible grain 

rearrangement during gas injection. To reduce deflection of the glass plates, steel support bars 

extend vertically on the front and back faces of the glass (Figure 7.1). 

7.2.2 Porous media 

To study gas migration in both homogeneous and heterogeneous material, sand was packed into 

the flow cell in two configurations. A homogeneous sand pack was created by continuously packing 

a wet slurry of 1.1 mm sand into the cell (Schroth et al., 1996), extending from the bottom of the 

cell to a height of 145 cm. During sand emplacement the cell was agitated by tapping the outside 

of the glass plates, promoting a dense sand packing through consolidation. In the remaining 5 cm 
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of the cell, 1 cm unsaturated glass beads were packed to create an artificial ‘surface’ (Figure 7.1a). 

For this study, two replicate homogeneous sand packs were performed (referred to as 

Homogeneous 1 and 2). 

 

Figure 7.1. Schematic of the flow cell for (a) the homogeneous experiments and (b) the 
heterogeneous experiment. The red circles indicate the gas injection point. 
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A heterogeneous sand pack was created by emplacing 0.7 mm sand (Schroth et al., 1996) in discrete 

lenses within the 1.1 mm sand pack. To achieve such a pack, the flow cell was packed with a wet 

slurry of 1.1 mm sand to a height of 67.6 cm. Then a nearly rectangular lens with a thickness of 7.8 

cm was emplaced, extending from the left boundary to a distance of 79 cm into the center of the 

cell. Once this lens was constructed, 1.1 mm sand was then again emplaced in the cell to a height 

of 138 cm from the bottom of the cell (Figure 7.1b). Similar to the homogeneous packings, during 

emplacement the cell was agitated promoting a dense sand packing. In the remaining 12 cm, 0.7 

mm sand was packed into cell to create a confining layer which would minimize the potential for 

high concentration gaseous methane escaping the flow cell, posing a safety risk within the 

laboratory. The heterogeneity was emplaced such that gas flow would migrate upward, pool 

beneath the lower lens, bypass the lens and then migrate upward again to pool below the confining 

lens. 

7.2.3 Methane injection 

Pure methane (Praxair, Canada) was injected into the flow cell at a rate of 1 sccm via a gas cylinder 

plumbed to a mass flow controller (Cole Parmer, RK-32907-55) which flowed through 0.08 mm 

(inner diameter) stainless-steel tubing. The outlet of the tubing was inserted through the bottom-

most port on the left side of the flow cell and extended into the sand pack. For the homogeneous 

experiments the injection point was 75 cm from the left side of the flow cell and 11 cm from the 

bottom of the cell. To ensure that the vertically migrating gas intersected the lens in the 

heterogeneous experiment, the injection point was placed 47 cm from the left side of the flow cell 

and 6 cm from the bottom. The duration of methane injection for the homogeneous experiments 

was selected such that steady-state gas flow was achieved, corresponding to injection for 51 hours 

for Homogeneous 1 and 46 hours for Homogeneous 2, resulting in a total of 2005 and 1809 mg of 

methane injected, respectfully. For the heterogeneous experiment, gas was injected for 1.3 hours 

(51 mg methane) ensuring that gas would pool beneath the upper confining layer and not bypass 

this lens through the clear well on the side boundaries. After each gas injection was stopped, the 
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gas was allowed to redistribute within the flow cell. This allowed for the study of both active and 

inactive gas injection. 

7.2.4 Aqueous flow 

Water flow through the sand packs was used to study dissolution of the migrating methane during 

both active and inactive injection. Flow was controlled using a constant head apparatus which 

provided nitrogen-sparged water through the left side of the flow cell. On the right side the of the 

cell, discharge tubing was set to a constant height and effluent was collected. The aqueous flow 

velocity was optimized for the experiments and was set to a rate of 320 cm/day. This rate was 

selected such that there was sufficient flow to sample all depth-discrete ports simultaneously 

without disrupting the flow field. 

7.2.5 Data collected 

Investigation of the environmental expression of stray gas required multiple lines of data to be 

collected. To understand the aqueous expression (methane dissolution), water samples were 

collected at multiple depths over the height of the flow cell. An in-depth description of the sampling 

and subsequent analysis can be found in Chapter 6.  

To track and quantify transient gas migration, a modified light transmission method (LTM) was 

used (Niemet and Selker, 2001; Tidwell and Glass, 1994; Van De Ven et al., 2019). Light 

transmission is a technique which allows gas saturation within a thin sand pack to be measured by 

the amount of light passing through the media. The flow cell was backlit with an LED light bank 

and still images were taken using a Canon EOS 6D camera fitted with a Canon EF 17-40 mm lens 

placed 2.1 m from the face of the cell. Calculated gas saturations are based on the measured 

saturated light intensity passing through the media (image taken prior to gas injection) and the light 

intensity at residual saturation. An image is then captured during gas injection and the saturation 

can be determined using a log-linear calibration curve produced from the saturated and residual 

images. Because gas was injected and destabilized by gravity, a modification to the calculation 
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method is required, in which the residual intensity is fitted to a known volume of gas (Van De Ven 

et al., 2019). It was found that a ratio of residual to saturated light intensity of 0.33 was required, 

which is in good agreement with previous work (Mumford et al., 2015; Van De Ven et al., 2019). 

For the homogeneous experiments, images were taken every 5 min during both active and inactive 

injection. For the heterogeneous experiment, images were captured every 10 s during active 

injection, then every 5 min during inactive injection. For application of LTM, the residual water 

saturation was measured to be 0.026 and a porosity 0.36 assumed based on previous work in this 

flow cell. Saturation values were upscaled to 5 mm grid blocks (from the 0.04 mm resolution of 

the digital images) making the values more representative at the local scale and to reduce noise. 

The gas saturation detection limit was found to be 0.05 and was determined by measuring the mean 

noise levels in an area of the sand pack which did not have gas flow through it.  

Quantification of the surface expression of methane was also performed. To measure the gas 

concentration reaching the surface of the sand pack for the homogeneous experiments, an 

Ultraportable Greenhouse Gas Analyzer (UGGA 915-0011, Los Gatos Research) was used to pull 

air through the unsaturated glass bead pack. The internal pump pulled air at a rate of 400 ccm 

(specified by manufacturer) through a port on the left side of the cell through the bead pack.  

Methane that reached the sand surface and entered the unsaturated glass bead pack was then 

sampled by the UGGA where the methane concentration was analyzed every 2 seconds. The gas 

was then vented to the laboratory ventilation system. The surface expression was measured during 

the entirety of the experiment. Due to safety concerns, this could not be performed for the 

heterogeneous experiment and the volume of methane injected was limited such that all of the 

methane remained in the flow cell, to dissolve into the aqueous phase. 
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7.3 Results and discussion 

7.3.1 Transient gas migration 

The evolution of the free-phase methane migration was tracked and quantified using LTM. For the 

homogeneous experiments (Homogeneous 1 Figure 7.2a-c, Homogeneous 2 Figure 7.2d-f) gas 

progressed in a discontinuous manner, consisting of incoherent channels which migrated vertically 

due to buoyancy with some lateral movement (Figure 7.2a and b, and Figure 7.2d and e). Gas 

saturation values highlight local-scale heterogeneity in this nearly homogeneous sand pack, varying 

from 0.05 to maximum values of 0.25. Gas continued to migrate vertically until it reached the 

unsaturated glass bead layer (breakthrough) and was then swept from the pack. The structure 

observed at breakthrough for Homogeneous 1 and Homogeneous 2 (Figure 7.2b and e, respectively) 

were similar, narrow near the point of injection then expanding laterally as gas progressed further 

from the source. Homogeneous 1 had a maximum width of 21 cm whereas Homogeneous 2 has a 

width of 33 cm, wider as a result of a bedding structure observed as a high saturation layer at half 

the height of the structure. This bedding structure caused the gas to migrate more laterally due to 

entry pressure contrast, widening the overall structure below. Following breakthrough, the gas 

structure in both homogeneous experiments widened until it reached a steady-state geometry at 

38.8 hours for Homogeneous 1 and at 22.1 hours for Homogenous 2. The resulting structures were 

substantially wider than at breakthrough, measured to be 50.0 cm and 89.7 cm for Homogeneous 1 

and 2, respectively. Overall, the gas saturation increased, reaching maximum values of 0.3 at steady 

state. 
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Figure 7.2. Gas saturations maps for Homogeneous 1 at (a) 0.33 hours, (b) 1.05 hours 
(breakthrough), and (c) 50 hours (steady-state); for Homogeneous 2 at (d) 0.33 hours, (e) 1.0 hours 
(breakthrough), and (f) 46 hours (steady-state); and for the heterogenous experiment at (g) 0.28 
hours (initial contact with lens, (h) 0.55 hours (bypass of lens) and (i) 1.3 hours (total injection). 

This widening was the result of gas flow through dominant conduits during vertical gas migration. 

That is, vertical gas migration did not occur evenly through the entire gas structure which had 

formed. Instead, flow was through single discontinuous channels, allowing gas to move quickly 

from the injection point to the surface. These conduits were difficult to measure; however, they 

were no more than 2 cm wide at a single time. These conduits then became occluded and a new 
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dominant channel formed.  This switching of dominant gas channels is illustrated in Figure 7.3. 

Saturation maps were subtracted between subsequent time intervals, resulting in a difference map 

which show the dominant conduits as regions of large gas saturation change. Figure 7.3a shows a 

conduit which is actively moving gas from the injection point, along the left most extent of the 

structure, then breaking through the surface toward the center of the cell. In contrast, 25 minutes 

later a new conduit had formed, widening the structure and causing lateral disconnection upgradient 

(Figure 7.3c). The occlusion of the dominant channel to initiate the switch is posited to have 

occurred due to snap-off resulting from the hysteretic nature of gas flow in which repeated drainage 

and imbibition events occur (Mumford et al., 2009) and/or mass transfer causing imbibition of pore 

water to gas-filled pores. These imbibition events caused the favorability of the flow conduit to be 

reduced, forcing gas to find a less resistive flow path. These repeated events caused the gas structure 

to widen over time until a steady-state was reached, dictated by local-scale heterogeneity and mass 

transfer conditions. 

The heterogeneous experiment progressed in a similar manner to the homogeneous experiments 

until gas reached the finer sand lens (Figure 7.2g). At this point, a thin (1 to 1.8 cm) high saturation 

pool formed (local saturations as high as 0.6), migrating laterally both up- and down-gradient along 

the interface of the lens. Once the gas spanned the lens and had sufficient pressure, gas bypassed 

the lens (Figure 7.2h) and continued migrating vertically until reaching the upper lens and then 

pooling below that interface (Figure 7.2i). A common observation between the homogeneous and 

heterogenous experiments is the aqueous flow across the flow cell (set to be higher than expected 

under field conditions) did not affect the gas flow pattern. Gas migration was impacted by the local-

scale entry pressure contrasts. Therefore, it is unreasonable to expect gas to migrate preferentially 

in the direction of groundwater flow at the field scale and is expected that geological structure will 

dominate gas flow direction.  
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Figure 7.3. Transient gas saturation subtraction images for Homogeneous 2 at (a) 5.00 minus 4.92 
hours, (b) 5.17 minus 5.09 hours, and (c) 5.34 minus 5.25 hours, as well as (d) measured surface 
expression concentration over a highlighted time period and the corresponding gas volume within 
the sand pack. Shaded areas in (d) correspond to subtracted gas saturation times. 

To better quantify the effect of the discrete heterogeneity on gas migration, the vertical height of 

the gas was measured with respect to volume of gas injected for both the homogeneous and 

heterogeneous experiments (Figure 7.4). For the initial injection (0 to 62 cm of vertical growth), 

the three experiments show reasonable agreement (dictated by variation in sand packs), requiring 

10 to 17 cm3 of methane to migrate this distance. For the homogeneous experiments, the vertical 

gas migration rate decreased over the height of the cell as gas progressed away from the injection 

point. This is the result of gas flow widening due to the pore structure as gas progressed away from 

the source, causing the flow rate to be applied over a wider cross-sectional area. The homogenous 

experiments required 54.6 and 65.3 cm3 of methane to break through the surface of the cell. 

Contrast is observed with the heterogeneous experiment. When the gas reached the lens, as 

expected a lag was observed where the gas did not migrate vertically with increased gas volume as 
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a result of lateral migration along the interface of the lens. At a total injection volume of 39.4 cm3, 

sufficient pressure existed for methane to bypass the lens and continue its vertical migration. The 

rate of vertical growth following bypass was similar to the initial rate observed starting at the 

injection point. This is because the gas bypassed through a single pore conduit therefore 

concentrating all flow through a small cross-sectional area, similar to the initial injection through 

the tubing. This rate was much higher than the rate in the homogeneous experiments at a similar 

volume of injected gas. However, interestingly, in the two-dimensional flow cell a similar volume 

of 59.5 cm3 of methane was required for breakthrough in the heterogeneous experiments as in the 

homogeneous experiments (54.6 and 65.3 cm3), suggesting that average growth rates were 

unaffected by the presence of the short lens. 

 

Figure 7.4. Volume of methane injected versus the height of the gas structure. 
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7.3.2 Surface expression 

Methane passing through the porous media for the homogeneous experiments without dissolving 

into the flowing water was measured (Figure 7.5). This data signal is representative of the surface 

expression of gas migration for the analog experimental system. It should be noted that in aquifer 

systems, this flux would be representative of mass inflow to the unsaturated zone, where natural 

processes may affect the mass reaching the atmosphere. Surface expression was first observed 

when gas was able to break through the interface between the water-saturated sand and the 

unsaturated glass beads (at 1.05 hours and 1.0 hours for Homogeneous 1 and 2, respectively). 

Immediately after breakthrough, episodic methane concentrations were observed ranging from 0 to 

3723 ppm and 0 to 4052 ppm for Homogeneous 1 and 2, respectively. A moving average 

corresponding to 4-minute measurements was also performed (dark lines in Figure 7.5) and shows 

that the methane concentration was highly variable. Once gas injection was stopped, methane 

concentrations immediately responded, decreasing to concentrations less than 20 ppm within 4 

minutes of stopping gas injection for both experiments. This result is expected for the discontinuous 

gas flow that occurred at this injection rate, as minimal relaxation of the gas distribution occurs 

following the extinction of gas injection pressure (see Chapter 3). The average methane 

concentrations in the unsaturated glass beads during active injection were 1610 and 1570 ppm, 

respectively for Homogeneous 1 and 2.  

The episodic nature of the surface expression is the result of gas migration being discontinuous, 

therefore causing large pulses of methane. If methane migration were continuous and unaffected 

by mass transfer to the aqueous phase, it would be expected that the concentration would be 

constant at 2500 ppm (based on the gas injection rate and the gas flow to the UGGA). Therefore, it 

is interesting to see peaks in both experiments greater than 2500 ppm. This means that although 

methane is being injected (leaked) at 1 sccm, it is possible that the flow of methane at the surface 

can be greater than 1 sccm, hence the concentrations greater than 2500 ppm. This is the result of 

local-scale heterogeneity causing gas clusters to pressurize and break through local high entry 
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pressure pores then continue migrating freely at a higher rate than injected. Therefore, surface 

expression is highly influenced by the porous media through which gas flows. Under field 

conditions, where contrasts in entry pressure are likely greater than the experimental system, larger 

methane peaks would be expected. With higher entry pressure contrast, the required pressure for 

breakthrough would be greater and cause significant mass to migrate freely following 

breakthrough. 

Further exploration of the highly-coupled transient gas flow and surface expression was analyzed 

by observation of the temporal surface expression data and measured gas saturations. For example, 

the surface expression during Homogeneous 2 from 4.8 to 5.5 hours (Figure 7.3) shows a decrease 

in surface expression, particularly from 5.25 hours to 5.5 hours. A comparison of the gas volume 

and the surface expression shows that overall increases in surface expression (Figure 7.3di and dii) 

correspond to decreases in the volume of gas in the media (Figure 7.3a and b).  Note that even if 

the overall surface expression is increasing, it is still characterized by short-term increases and 

decreases that result from discontinuous gas flow. Similarly, decreases in surface expression 

(Figure 7.3ciii) correspond to an increase in gas volume (Figure 7.3c). This event corresponded to 

the formation of a new flow conduit for gas, which developed upgradient from the leftmost extent 

of the gas structure. That is, the formation of a new gas pathway resulted in more gas flow to the 

sand and less gas flow to the surface. These results demonstrate that the episodic and highly variable 

surface expression is strongly linked to gaseous methane storage within the system associated with 

gas pressurization requirements due to transient gas flow through dominant conduits within the 

complex structure. It can also be noted from Figure 7.3a-c that the location at which methane is 

released to the surface is variable as the result of the continuously changing dominant conduit for 

flow. 
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Figure 7.5. Measured surface expression of methane for (a) Homogeneous 1 and (b) Homogeneous 
2. Light colored lines represent the raw recorded concentrations at 0.5 Hz and the dark lines 
represent the 120-point (4 minute) moving average concentrations. The error associated with each 
measurement is smaller than can be seen, and the highest errors measured were 16 and 12 ppm, 

respectively. 

7.3.3 Mass Balance 

The data measured in this study enabled the magnitudes of environmental expressions (surface and 

aqueous) to be assessed in the analog experimental system. Because the injected methane was able 

to only dissolve into the aqueous phase (homogeneous and heterogeneous experiments) or pass 

through the system and flow to the surface (homogeneous experiments), it is possible to quantify 

the magnitude of each expression. It was therefore assumed that no mass conversion took place in 

the system (e.g., mineralization, biodegradation or generation). The mass of methane injected was 

calculated using the mass flow controller, which injected pure methane at 1 sccm (25°c and 1 atm) 

for the specified duration of injection. The aqueous expression was calculated by integrating and 

summing the depth-weighted breakthrough and elution curves of each sampling depth (See Chapter 

6) with respect to the measured aqueous flow rate through the system. The surface expression was 
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calculated by integrating the methane concentration over time with respect to the amount of gas 

passing through the UGGA. The results of these calculations are summarized in Table 7.1. Further 

description of the error associated with each mass can be found in Table P. 1. 

The mass balance was closed based on the measured lines of evidence. For the homogeneous 

experiments, the ratios of mass out to mass in were calculated to be 1.03 and 0.96 for Homogeneous 

1 and 2, respectfully. For the heterogeneous experiment, the ratio of mass out to mass in was found 

to be underestimated at 0.9. However, as a result of the derived flow field in the flow cell (See 

Chapter 6) causing a vertical component to flow, mass expected from the upper pool was not 

measured, supporting our finding that the mass out is underestimated. If one assumed that the upper 

depth interval (D1) saw similar concentrations as (D6) and was weighted appropriately, the total 

mass out is calculated to be 50.5 ± 3.7 mg therefore the ratio of mass out to mass in was 0.99. 

By closing the mass balance, it is possible to understand the amount of mass discharged as surface 

or aqueous expression. For the heterogeneous experiment, 100% of the environmental expression 

was in the aqueous phase. This would be expected for a confined aquifer system, unless a sufficient 

gas pressure was reached to allow the gaseous phase to break through the confining layer or if 

substantial diffusion of methane occurred through the confining layer. In contrast, the 

homogeneous experiments saw 39% and 35% of the mass as aqueous expression and 61% and 65% 

of the mass as surface expression for Homogeneous 1 and 2, respectively. The similarity in 

measured proportions of environmental expression suggests that the duplicated experiments are 

accurate and can be used to interpret the implications for the environment. 
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Table 7.1. Summary of experimental mass balance. 

Experiment Mass injected 
(mg) 

Mass out - 
Aqueous (mg) 

Mass out - 
Surface (mg) 

Total mass 
out 

(measured) 
Out/In % 

Surface 
% 

Aqueous 

Homogeneous 1 2005.2 ± 40.1 805.6 ± 49.1 1250.8 ± 24.4 2056.4 ± 54.9 1.03 61% 39% 

Homogeneous 2 1808.6 ± 36.2 617.1 ± +39.4 1127.6 ± 19.0 1744.7 ± 43.8 0.96 65% 35% 

Heterogeneous 51.1 ± 1.0 45.9 ± 2.2 0 45.9 ± 2.2 0.90 0% 100% 

Heterogeneous - 
Adjusted 51.1 ± 1.0 50.50 ± 3.7 0 50.50 ± 3.7 0.99 0% 100% 

7.3.4 Implications for stray gas migration 

Understanding the impact of transient gas movement on the environmental expression of stray gas 

migration is vital to developing sound monitoring approaches, quantifying risk associated with gas 

migration, and reducing the effect on the environment. The surface expression of gas migration is 

highly impacted by the media through which gas moves. In the systems investigated, local-scale 

heterogeneity caused discontinuous gas behaviour leading to meandering dominant conduits for 

gas flow through complex gas structures. These varying pathways show that detection of gas 

migration through surface monitoring or aqueous monitoring may be difficult, as stray gas will 

continuously be following multiple pathways for flow over the duration of a leak. This may lead to 

multiple gas “hotspots” at the surface where high concentrations of methane can be observed for 

short durations or intermittently.  

In addition, it was found that discrete heterogeneity and local-scale heterogeneity dramatically 

influenced the rate at which gas migrates through sand. Due to the varying entry pressure in 

heterogeneous media, gas flow can be hindered, causing pressurization of the gas structure until 

sufficient pressure is reached to overcome the higher entry pressure. This sudden breakthrough or 

bypass of discrete heterogeneities can cause gas to migrate at high rates, moving significant mass 

through the system. This finding has implications for observations of surface expression at the field 
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scale, where it is expected that heterogeneity creates barriers to vertical migration of gas causing a 

lag in observation at the surface that is different between homogeneous and heterogeneous aquifers. 

Further research is required in three-dimensional systems with increased heterogeneity to 

understand if the observed high vertical migration rate following the bypass of low-permeability 

layers is expected in more complex systems, and if this can reduce the expected lag time for surface 

expression. Gas pressurization events were also shown to cause variation in the concentration of 

methane reaching the surface during active leakage. This episodic nature may be difficult to 

measure in the field and requires high-resolution temporal measurement, and it is possible that 

surface expressions can be over- or underestimated. It would also be difficult to estimate the total 

emissions resulting from surface expression using time-discrete sampling as methane 

concentrations can vary substantially over time. 

This study is the first to experimentally constrain the environmental expression of gas migration 

with aqueous expression found to be 35 to 39 % of the injected mass and surface expression 61 to 

65 % at the conditions of this study. Interpretation of these ratios requires consideration of the scale 

of measurement. The flow cell used in this study provided a gas flow path through water-saturated 

sand that was 134 cm high, which is much shorter (one to two orders of magnitude) than in aquifer 

systems that are susceptible to stray gas migration. Therefore, it would be expected that this limited 

flow path would cause a higher portion of mass to be observed as surface expression due to limited 

interfacial area for mass transfer. However, the aqueous velocity used in the laboratory was 

substantially higher (two to three orders of magnitude) than is expected in unconsolidated media at 

field sites. This high aqueous velocity would result in a higher amount of mass dissolving into the 

aqueous phase (Van De Ven and Mumford, 2019). Therefore, the percentage of mass transferred 

to the aqueous phase in this study is likely an upper bound of the mass expected in shallow sand 

aquifers. With that being said, 35-39% of leaked mass could substantially impact fresh groundwater 

systems depending on the rate and duration of a stray gas leak. Similarly, 61-65% of mass reaching 

the surface could prove to be a significant source of greenhouse gas emissions, which are not 
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currently accounted for in greenhouse gas inventories. However, atmospheric emissions resulting 

from stray gas migration require further investigation, focusing on flow through the unsaturated 

zone where methane could be biologically degraded and/or converted to other sources of 

greenhouse gases (e.g., carbon dioxide). Future studies need to pay close attention to the 

quantification of environmental expression of stray gas migration so that both the impact to 

groundwater resources and the atmosphere can be fully understood.   
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Chapter 8 

Conclusions and recommendations 

8.1 Conclusions  

The goal of this research was to systematically investigate the dynamics and mass transfer of 

flowing subsurface gases to better understand the impact of stray gas migration on shallow aquifers. 

As a result of the work conducted and the associated findings, the following conclusions can be 

made: 

1. Gravity destabilized gas flow (as expected for gas migration) in unconsolidated sands is 

strongly dominated by gravity and viscous forces. The magnitude of these forces can be used 

to understand the resulting flow patterns and, therefore, the source architecture of free-phase 

gas. For viscous dominated injections (high flow rate or fine media, |Bo/Ca|<102) the resulting 

gas structures are composed of multiple overlapping gas channels of high saturation. For 

gravity dominated injections (low flow rates or coarse media, |Bo/Ca|>102), resulting gas 

structures are discontinuous, typically composed of a single meandering channel (Chapter 2).  

2. At gas flow rates expected for stray gas migration, the resulting gas patterns can be continuous 

or discontinuous (Chapter 2). However, no matter the injection rate, patterns are expected to 

transition to discontinuous flow patterns with increased distance from the injection source 

(Chapter 3). This transition causes the source architecture of free-phase stray gas to be made 

up of densely arranged, high saturation channels near to the source and lower saturation, single 

channels further from the source. The resulting pattern was shown to cause higher mass transfer 

further from the source of injection (Chapter 6). 

3. Light transmission methods (LTM) can be used to track and quantify free-phase gas migration 

using modified methods (Chapter 3). As a result of internal refraction at the interface between 

gravity-destabilized gas channels and the surrounding water-saturated media, the underlying 
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assumptions of the traditional LTM technique as presented in the literature are violated and 

therefore a fitting parameter is required. LTM provides a high-resolution technique to study 

and quantify the source architecture of free-phase stray gas at the laboratory scale.  

4. The use of pH indicator dye allows a non-invasive means of measuring gas-to-water mass 

transfer. The coupling of pH indicator and two-dimensional flow cells allows for the dissolution 

of carbon dioxide to be visually tracked and quantified (Chapters 4 and 5). 

5. The environmental expression of a flowing subsurface gas is strongly influenced by the 

aqueous velocity and gas flow rate in the system (Chapter 5). If the rate of mass transfer is 

greater than the rate of gas migration, it is possible to arrest the vertical migration of the flowing 

gas. As a result of this finding, quantifying subsurface gas leaks is not possible by solely 

considering surface or aqueous expression. In addition to the aqueous velocity and gas flow 

rate, the depth of leak will also highly influence the environmental expression in deeper 

systems, by providing higher interfacial area for mass transfer, allowing for increased 

dissolution to the aqueous phase 

6. As a result of multicomponent mass transfer, the composition of free-phase gas within 

groundwater systems may be substantially altered. For flowing gas, it is possible that dissolved 

background gases may replace leaked or injected gas and continue flowing through a system 

(Chapter 5). For trapped or residual free-phase gas, dissolved background gases may replace 

this gas and sustain a gas volume in the subsurface (Chapter 6).  

7. The aqueous expression of stray gas migration is strongly linked to the characteristics of the 

media through which it flows and the resulting gas source architecture (Chapters 4 and 6). For 

homogeneous systems, higher concentrations of dissolved methane result from increased 

contact length between gas and water, therefore causing higher concentrations further from the 

source. For heterogeneous systems, the formation of pools leads to prolonged dissolution and 

high aqueous methane concentrations during dissolution.  
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8. Mass transfer between leaking gas and flowing groundwater is affected by the activity of the 

leak (actively leaking or inactive) (Chapters 3 and 6). During active gas injection (sustained 

gas pressure) the continuity of gas channels limits the amount of mass transfer to the flowing 

water. Following the extinction of gas pressure, gas channels are able to break up and induce a 

higher rate of mass transfer leading to higher concentrations following the leak extinction.  

9. The surface expression of a stray gas leak is highly impacted by the porous media (Chapters 5 

and 7). At low injection rates, surface expression is episodic and methane emissions can be 

higher than expected if gas flowed continuously through the media.  

10. The proportion of mass resulting from a stray gas leak as aqueous or surface expression is 

highly dependent of the geological characteristics of an aquifer (confined or unconfined, 

heterogeneous or homogeneous). In unconfined aquifers it may be possible that 35-39 % of the 

mass from a leaking source dissolves into flowing groundwater. In contrast, in confined 

aquifers 100% of the mass is can dissolve into the aqueous phase (Chapter 7). 

The conclusions from this work provide improved insights into the  conceptual model of stray gas 

migration in shallow aquifers using accurate and controlled laboratory experimentation. This 

understanding is of the free-phase (gaseous phase stray gas) transient movement, the resulting gas 

structure, and the mass transfer leading to dissolved phase fate and transport. These conclusions 

allow for critical reevaluation of the results and conclusions generated from field-scale studies on 

gas migration as a result of the systematic approach taken to understand the conditions of gas leaks, 

migration of the gas, dissolution to the aqueous phase and flow from the system. Furthermore, these 

conclusions provide insight to a variety of other applications which involve the transient migration 

and mass transfer of gases in the subsurface including carbon sequestration, energy storage, nuclear 

waste disposal, and groundwater remediation. 
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8.2 Contributions  

In addition to the conclusions made on stray gas migration, this research has provided results and 

findings which apply to the broader scientific community in multiphase flow, mass transfer, 

visualization experimentation, and atmospheric sciences. The following contributions have been 

made to engineering and science: 

1. The repeated gas injection experiments (Chapter 2) developed a novel dimensionless number 

which can be used for a variety of applications to quantify gas flow in porous media. This 

approach provides a simplistic means for estimating the expected flow characteristics of 

immiscible fluids. 

2. The high rate air injection into the large flow cell provided the first observation of gas 

transitioning from continuous to discontinuous flow with increased distance from the source 

(Chapter 3). Prior to this experiment, this result was hypothesized by a number of authors 

however never experimentally verified.  

3. Gas injection experiments classifying flow type provide concrete evidence that experimental 

work looking to quantify gas flow requires multiple lines of evidence to support 

characterization (Chapters 2 and 3). Visual classification is insufficient to classify gas flow 

patterns as a result of transitional flow regimes, and pressure measurements are required.  

4. A refined conceptual model and approach for light transmission techniques for gravity 

destabilized flow have been developed (Chapter 3). This technique can be employed for a 

variety of applications allowing for accurate measurement of gas saturations at high spatial and 

temporal resolutions.  

5. The novel visual technique to quantify gas-to-water mass transfer provides a non-invasive and 

high-resolution approach for mass transfer experimentation (Chapter 4). This technique can be 

applied to multiple applications in the laboratory and provides a substantial improvement over 
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data collection using other techniques which look to quantify gas-to-water mass transfer 

(Chapter 4 and 5). 

6. This research is the first to observe and discuss mass transfer-induced dynamic instability of 

flowing gas channels (Chapter 5, 6, and 7). This phenomenon has implications with respect to 

our understanding of multiphase flow and the associated mass transfer from the resulting gas 

structure. The splitting and occlusion of gas channels during flow has been shown to 

dramatically affect the resulting pattern of flowing gas. This observation is an initial step 

toward developing a coupled multiphase flow and mass transfer numerical modelling approach. 

7. The experiments performed in the small and large flow cells on coupled gas flow and mass 

transfer provide unprecedented datasets which can be used in the future to constrain and 

validate numerical models (Chapter 5, 6, and 7). As a result of the high spatial and temporal 

resolutions of the data, numerical models can be developed to include key processes which 

were not before observed or captured with such detail. 

8.3 Recommendations 

The research conducted has provided advanced understanding of stray gas migration in shallow 

aquifers. Additional insight could be gained from the following recommendations for future work: 

1. The current research was limited to two dimensions. It is expected that the addition of the third 

dimension could result in variation in the resulting source architecture of free-phase gas 

migration. Study of three-dimensional flow either through experimentation or numerical 

modelling is required to understand the impact of additional flow pathways on the formation 

of residual and pooled gas structures, the differences in trapped mass within these structures, 

and the resulting aqueous flow and, therefore, mass transfer through the structures. 

2. Explore the effect of increased heterogeneity on gas flow and the resulting mass transfer. 

Within this expansion, the inclusion of geostatistics to quantify heterogeneity, inclusion of 
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multiple discrete heterogeneities, and the inclusion of more realistic heterogeneous sand packs 

would be beneficial to the field. 

3. Investigate the impact of microbially-mediated reactions on the environmental expression of 

stray gas migration. This investigation should extend to the consumption of methane in both 

the saturated and unsaturated zones and how this might impact the mass flux to both 

groundwater systems and the atmosphere. 

4. Determine the conditions under which dynamic effects on gas migration occur, including 

branching of flow gas at low injection rates, formation and occlusion of dominant flow 

conduits, and circumvention of connected channels.  

5. Develop numerical tools which can be used to simulate gas flow as observed in this research. 

These tools would require the ability to simulate discontinuity, snap-off, fragmentation, 

mobilization, tip splitting, and dynamic instabilities in gas flow. 

6. Develop numerical tools which can couple transient gas flow and mass transfer. These tools 

will need to be multicomponent and be able to simulate the dynamic instability of flowing gas. 

This research also presented a number of implications for studying, identifying, and remediating 

stray gas migration at the field scale. Therefore, the following recommendations are for future 

practice around stray gas migration: 

1. It is imperative that underlying geology at sites impacted by stray gas migration be understood. 

As a result of the sensitivity of free-phase gas movement in porous media to minor variations 

in entry pressure, gas migration can be complex and unpredictable if the level of heterogeneity 

is not well understood. When designing field programs to monitor for gas migration, 

practitioners need to consider geological conditions which will impact the flow of subsurface 

gases. This consideration is also important for regulators. Currently in many jurisdictions, 

regulatory bodies define an arbitrary boundary for which gas migration impacts need 
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consideration (e.g., within a specified radius of a leaking well, stray gas must be investigated). 

However, the extent to which migrating gas may travel is site dependent and will be dictated 

by contrasts in geologic material which will act as capillary barriers for gas flow, leading to 

lateral migration. Therefore, these arbitrary boundaries may be over- or under-estimated for 

many sites depending on underlying geology, and this boundary should be defined on a case-

by-case basis. 

2. Monitoring of stray gas migration in the field requires both high spatial- and temporal-

resolution data collection. As shown in this research, both aqueous and surface expression of 

stray gas migration is highly variable as a result of gas flow through porous media. To 

effectively monitor for the impact of gas migration on the environment, sampling needs to be 

performed often and at multiple locations. If this is not feasible, understanding of the possible 

variation needs to be incorporated into the interpretation of sampling results.  

3. Multicomponent mass transfer needs to be considered at all sites to in order to interpret both 

surface and aqueous data. Unavoidably, groundwater systems are multicomponent as a result 

of contact with the atmosphere, biological activity, and geochemical reactions. Therefore, 

background dissolved gases will impact mass transfer of flowing natural gas. This 

consideration is of greatest importance for the interpretation of surface gas fluxes and the use 

of geophysical techniques to delineate gas structures. 

4. Monitoring and investigation of stray gas migration in the field relies on the detection of 

dissolved methane and other hydrocarbons. This has been described to done using domestic 

water wells (likely longer-screened wells) and high-resolution multi-level wells. High-

resolution multi-level wells are required if the goal of the sampling campaign is to identify the 

highest concentrations created by the gas architecture. However, these high dissolved methane 

concentrations may be isolated at discrete heterogeneities, with minimal vertical extent and 

averaged when they meet a receptor (e.g., a domestic water well). Therefore, multi-level wells 
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provide high-resolution characterization of the leak geometry but may not be necessary if the 

overall concern is down-gradient receptors. 

5. There are currently limited techniques to measure the leakage rate of stray gas. Typically, 

surface casing vent flows are used as a surrogate for stray gas leakage rates, however, the 

validity of this has not been investigated. This research performed has shown that the ratio of 

surface expression to aqueous expression must be carefully considered for leak rate estimates. 

Because of mass transfer within a groundwater system, the estimation of leak rates from a 

single line of evidence is not possible. 
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Appendix A 

Raw injection images (Chapter 2) 

Raw images of each experiment were captured at 30 fps. Analysis was performed using images 

captured when gas reached the surface of the flow cell (Figure A. 1). 

 

Figure A. 1. Raw images captured for experiments (a) 10-A, (b) 10-B, (c) 10-C, (d) 100-A (e) 100-
B, (f) 100-C, (g) 250-A, (h) 250-B, (i) 250-C, (j) 498-A, (k) 498-B and (l) 498-C.  
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Appendix B 

Gas injection pressure measurements (Chapter 2) 

The increase in gas pressure for all injections was measured. For all A-replicate experiments the 

data is presented in the manuscript. Replicates B and C are presented below.  

 

Figure B. 1. Measured pressure signal for experiment 10-B. 

 

Figure B. 2. Measured pressure signal for experiment 10-C. 
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Figure B. 3. Measured pressure signal for experiment 100-B. 

 

Figure B. 4. Measured pressure signal for experiment 100-C. 

 

Figure B. 5. Measured pressure signal for experiment 250-B. 
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Figure B. 6. Measured pressure signal for experiment 250-C. 

 

Figure B. 7. Measured pressure signal for experiment 498-B. 

 

Figure B. 8. Measured pressure signal for experiment 498-C.  
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Appendix C 

Dimensionless number analysis data (Chapter 2) 

Data was tabulated from relevant literature to analyze the relationship between the ratio of bond to 

capillary number on gas flow type (Figure 2.6 in Chapter 2). 

Table C. 1. Raw data used to populate Figure 2.6 of the ratio of bond to capillary number and the 
corresponding flow type. 

|Bo/Ca| Flow Type 
Ji et al. (1993)  

2.66E+03 Discontinuous 
3.55E+02 Discontinuous 
3.29E+00 Continuous 
1.97E-01 Continuous 
3.33E+01 Transitional 

Brooks et al. (1999) 
1.15E+02 Continuous 
2.89E+01 Continuous 
1.15E+01 Continuous 
3.08E+00 Continuous 
1.57E+00 Continuous 
1.20E+00 Continuous 
4.99E+03 Transitional 
1.11E+03 Transitional 
5.70E+02 Transitional 
2.22E+02 Transitional 
8.68E+01 Continuous 
6.14E+01 Continuous 
5.40E+01 Continuous 
6.14E+01 Continuous 
2.20E+04 Discontinuous 
6.74E+03 Discontinuous 
3.37E+03 Discontinuous 
7.49E+02 Discontinuous 
3.89E+02 Discontinuous 
2.41E+02 Discontinuous 
3.12E+02 Transitional 
8.91E+01 Continuous 
4.52E+01 Continuous 
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1.13E+01 Continuous 
5.09E+00 Continuous 
3.42E+00 Continuous 
1.58E+03 Transitional 
3.95E+02 Transitional 
1.05E+02 Continuous 
3.95E+01 Continuous 
2.18E+01 Continuous 
1.54E+01 Continuous 

Geistlinger et al. (2006)  
1.54E-01 Continuous 
6.57E-01 Continuous 
9.53E-01 Continuous 
1.81E+00 Continuous 
1.24E+01 Continuous 
1.66E-01 Continuous 
1.85E+01 Continuous 
1.90E+00 Continuous 
1.03E+00 Continuous 
6.66E-01 Continuous 
5.17E-01 Continuous 
4.08E-01 Continuous 
3.45E-01 Continuous 
2.91E-01 Continuous 
5.30E+01 Continuous 
2.76E+01 Continuous 
1.92E+01 Continuous 
4.53E+00 Continuous 
2.71E+00 Continuous 
1.97E+00 Continuous 
1.54E+00 Continuous 
1.23E+00 Continuous 
3.70E+02 Discontinuous 
1.37E+02 Continuous 
7.42E+01 Continuous 
4.97E+01 Continuous 
3.80E+01 Continuous 
3.03E+01 Continuous 
2.53E+01 Continuous 
2.14E+01 Continuous 
1.18E+01 Continuous 
1.27E+03 Continuous 
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1.96E+02 Continuous 
1.05E+02 Continuous 
7.03E+01 Continuous 
5.36E+01 Continuous 
4.28E+01 Continuous 
3.56E+01 Continuous 
3.12E+01 Continuous 
2.73E+01 Continuous 
2.38E+01 Continuous 
1.43E+01 Continuous 
9.91E+00 Continuous 
7.82E+00 Continuous 
1.85E+03 Continuous 
6.45E+03 Discontinuous 
6.82E+02 Discontinuous 
3.65E+02 Continuous 
2.43E+02 Continuous 
1.77E+02 Continuous 
1.08E+02 Discontinuous 
5.79E+01 Discontinuous 
4.06E+01 Discontinuous 
3.10E+01 Discontinuous 
2.58E+01 Discontinuous 
1.22E+04 Discontinuous 
1.69E+03 Discontinuous 
9.37E+02 Continuous 
6.46E+02 Discontinuous 
1.49E+02 Discontinuous 
8.95E+01 Discontinuous 

Chao et al. (2008)  
2.66E+01 Discontinuous 
5.32E+01 Discontinuous 
7.83E-02 Continuous 
1.57E-01 Continuous 

Mumford et al. (2009) 
9.13E+05 Discontinuous 
9.13E+05 Discontinuous 
9.13E+05 Discontinuous 
9.13E+06 Discontinuous 
9.13E+06 Discontinuous 
9.13E+06 Discontinuous 
1.50E+05 Discontinuous 
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1.50E+05 Discontinuous 
1.50E+05 Discontinuous 
1.50E+06 Discontinuous 
1.50E+06 Discontinuous 
1.50E+06 Discontinuous 
3.90E+05 Discontinuous 
3.90E+05 Discontinuous 
3.90E+05 Discontinuous 

Hu et al. (2010)  
4.03E+01 Continuous 
6.65E+02 Continuous 
1.33E+02 Continuous 
4.42E+01 Continuous 
2.70E+00 Continuous 
8.28E+00 Continuous 

Hu et al. (2011)  
3.96E+04 Discontinuous 
1.10E+05 Discontinuous 
4.37E+05 Discontinuous 
1.27E+06 Discontinuous 
5.93E+06 Discontinuous 
1.01E+05 Discontinuous 
3.09E+05 Discontinuous 
2.02E+05 Discontinuous 
6.49E+05 Discontinuous 
3.16E+06 Discontinuous 
1.01E+07 Discontinuous 
5.50E+07 Discontinuous 
1.01E+06 Discontinuous 
3.24E+06 Discontinuous 
1.58E+07 Discontinuous 
5.06E+07 Discontinuous 
2.75E+08 Discontinuous 

Mao et al. (2017)  
5.85E-02 Continuous 
7.31E-03 Continuous 
4.88E-03 Continuous 
3.44E-03 Continuous 
2.93E-03 Continuous 
2.25E-03 Continuous 
1.23E+00 Continuous 
3.08E-01 Continuous 
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1.76E-01 Continuous 
1.23E-01 Continuous 
7.26E-02 Continuous 
5.88E-02 Continuous 
1.97E+01 Continuous 
3.29E+00 Continuous 
2.19E+00 Continuous 
1.65E+00 Continuous 
1.10E+00 Continuous 
8.97E-01 Continuous 
3.16E+02 Transitional 
5.26E+01 Transitional 
3.16E+01 Transitional 
1.97E+01 Transitional 
1.37E+01 Transitional 
1.09E+01 Transitional 
8.10E+03 Discontinuous 
1.35E+03 Discontinuous 
8.10E+02 Discontinuous 
5.06E+02 Discontinuous 
3.68E+02 Discontinuous 
2.79E+02 Discontinuous 
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Appendix D 

Raw gas injection images (Chapter 3) 

Raw images were collected of the large cell injection at a rate of 30 fps. These high-resolution 

videos have been converted to still images and used for interpretation of the gas dynamics during 

injection. 

 

Figure D. 1. Raw saturated image for large cell injection (t = 0s). 
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Figure D. 2. Raw image for large cell injection (t = 17.63 s). 

 

Figure D. 3. Raw image for large cell injection (t = 23.64 s). 
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Figure D. 4. Raw image for large cell injection (t = 24.98 s). 

 

Figure D. 5. Raw image for large cell injection (t = 26.32 s). 
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Figure D. 6. Raw image for large cell injection (t = 27.99 s). 

 

Figure D. 7. Raw image for large cell injection (t = 43.02 s). 
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Figure D. 8. Raw image for large cell injection (t = 65.95 s). 
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Appendix E 

Total carbon dioxide solution (Chapter 4) 

To solve for the total concentration of carbon dioxide in the aqueous phase, consideration of the 

speciation of CO2 is required. The carbonate system can be represented as a system of equations: 

 

𝐶j = [𝐻9𝐶𝑂�∗] + [𝐻𝐶𝑂�U] + [𝐶𝑂�9U] (E. 1) 

[𝐻�] = [𝑂𝐻U] + [𝐻𝐶𝑂�U] + 2[𝐶𝑂�9U] (E. 2) 

 

𝑝𝐾&,; =
[𝐻�][𝐻𝐶𝑂�U]
[𝐻9𝐶𝑂�∗]

= 6.35 (E. 3) 

 

𝑝𝐾&,9 =
[𝐻�][𝐶𝑂�9U]
[𝐻𝐶𝑂�U]

= 10.3 (E. 4) 

 

𝑝𝐾/ = [𝐻�][𝑂𝐻U] (E. 5) 

 

Substituting (E. 3) and (E. 4) into Equation (E. 1) and isolating for [𝐻9𝐶𝑂�∗]: 

[𝐻9𝐶𝑂�∗] =
𝐶j[𝐻�]9

[𝐻�]9 + 𝑝𝐾&,;[𝐻�] + 𝑝𝐾&,9𝑝𝐾&,;
 (E. 6) 

 

Now subbing Equation (E. 3), (E. 4), and (E. 5) into Equation (E. 2) and isolating for [𝐻9𝐶𝑂�∗]: 

[𝐻9𝐶𝑂�∗] =
([𝐻�]� − 𝑝𝐾/[𝐻�])

𝑝𝐾&,;[𝐻�] + 𝑝𝐾&,;𝑝𝐾&,9
   (E. 7) 

Setting Equation (E. 6) and   (E. 7) equal and solving for CT: 

𝐶j =
{[𝐻�]K + 𝑝𝐾&,;[𝐻�]� + {𝑝𝐾&,;𝑝𝐾&,9 − 𝑝𝐾/|[𝐻�]9 − 𝑝𝐾/[𝐻�] − 𝑝𝐾&,;𝑝𝐾&,9𝑝𝐾/|

𝑝𝐾&,;[𝐻�]9 + 𝑝𝐾&,;𝑝𝐾&,9[𝐻�]
 

 

  (E. 8) 
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  (E. 8) can be used to solve the total carbon dioxide concentration in the system. 
 

As a result of the 𝑝𝐾&,; = 6.35 and the pH of water at equilibrium with the atmosphere being 5.6, 

one can simplify this system and only consider the concentration of [𝐻9𝐶𝑂�∗] as representative of 

CO2(aq). 
Stoichiometrically: 
 

[𝐻9𝐶𝑂�∗] = [𝐻𝐶𝑂�U] + [𝐻�] (E. 9) 

 
Therefore: 

[𝐻𝐶𝑂�U] = [𝐻�] 

Combining (E. 9)with (E. 3): 

[𝐻9𝐶𝑂�∗] =
[𝐻�]9

𝑝𝐾&,;
+ [𝐻�] 

Converting to pH and using pKa,1 gives: 
 

[𝐻9𝐶𝑂�∗] =
10U9Vl

10U�.��
+ 10UVl 

 

  (E. 10) 
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Appendix F 

Raw gas injection images (Chapter 4) 

 
Figure F. 1. Raw images of gas injection and dissolution for experiment R2 at 10 s. 

 

Figure F. 2. Raw images of gas injection and dissolution for experiment R2 at 140 s. 
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Figure F. 3.  Raw images of gas injection and dissolution for experiment R2 at 700 s. 

 

Figure F. 4. Raw images of gas injection and dissolution for experiment R2 at 1500 s. 
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Figure F. 5. Raw images of gas injection and dissolution for experiment R3 at 10 s. 

 

Figure F. 6. Raw images of gas injection and dissolution for experiment R3 at 140 s. 
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Figure F. 7. Raw images of gas injection and dissolution for experiment R3 at 700 s. 

 

Figure F. 8. Raw images of gas injection and dissolution for experiment R3 at 1500 s. 
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Appendix G 

Gas chromatography calibration curves (Chapter 5) 

To measure carbon dioxide flowing from the sand pack after passing through the saturated sand, a 

gas chromatography automatically sampled the sweep gas. For each test a unique calibration curve 

was measured. The upper and lower 95% confidence interval used to calculate sample error is 

displayed as hashed lines. Each concentration was measured in triplicate and displayed as red points 

(note that all three points are displayed for each concentration). The curves for each test can be 

seen below:  

 

Figure G. 1. Carbon dioxide calibration curve for experiment 1-A.  
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Figure G. 2. Carbon dioxide calibration curve for experiment 1-B.  

 

Figure G. 3. Carbon dioxide calibration curve for experiment 0.5-A.  
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Figure G. 4. Carbon dioxide calibration curve for experiment 0.5-B.  

 

Figure G. 5. Carbon dioxide calibration curve for experiment 0.5-C.  
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Figure G. 6. Carbon dioxide calibration curve for experiment 0.5-D and 0.1-A.  
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Appendix H 

Raw gas injection images (Chapter 5) 

Raw images were collected for each experimental set. The dark purple colour indicates that the 

water is at equilibrium with the atmosphere and the orange/pink colour that this saturated with 

carbon dioxide. 

 

Figure H. 1. Representative arrested plume height for experiment 1-A at an aqueous velocity of 

0.072 cm/s (initial velocity). 
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Figure H. 2. Representative arrested plume height for experiment 1-A at an aqueous velocity of 
0.024 cm/s. 

 

Figure H. 3. Representative arrested plume height for experiment 1-A at an aqueous velocity of 
0.006 cm/s. 
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Figure H. 4. Representative arrested plume height for experiment 1-A at an aqueous velocity of 
0.072 cm/s (final velocity). 

 

Figure H. 5. Representative arrested plume height for experiment 1-B at an aqueous velocity of 

0.069 cm/s. 
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Figure H. 6. Representative arrested plume height for experiment 1-B at an aqueous velocity of 
0.033 cm/s. 

 

Figure H. 7. Representative arrested plume height for experiment 1-B at an aqueous velocity of 
0.150 cm/s. 
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Figure H. 8. Representative arrested plume height for experiment 1-B at an aqueous velocity of 
0.276 cm/s. 

 

Figure H. 9. Representative arrested plume height for experiment 1-B at an aqueous velocity of 
0.343 cm/s. 
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Figure H. 10. Representative arrested plume height for experiment 0.5-A at an aqueous velocity 
of 0.045 cm/s. 

 

Figure H. 11. Representative arrested plume height for experiment 0.5-A at an aqueous velocity 
of 0.024 cm/s. 
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Figure H. 12. Representative arrested plume height for experiment 0.5-A at an aqueous velocity 
of 0.006 cm/s. 

 

Figure H. 13. Representative arrested plume height for experiment 0.5-A at an aqueous velocity 
of 0.045 cm/s. 
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Figure H. 14. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.045 cm/s. 

 

Figure H. 15. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.024 cm/s. 
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Figure H. 16. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.006 cm/s. 

 

Figure H. 17. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.045 cm/s. 
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Figure H. 18. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.111 cm/s. 

 

Figure H. 19. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.250 cm/s. 
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Figure H. 20. Representative arrested plume height for experiment 0.5-C at an aqueous velocity of 
0.021 cm/s. 
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Appendix I 

Sweep gas concentration analysis (Chapter 5) 

The concentration of carbon dioxide flowing from the cell during gas injection was measured 

during the duration of each experiment. The measured concentration (gray) and corresponding 

aqueous velocity (blue) can be seen for each experiment: 

 

Figure I. 1. Measured CO2 concentration over the duration for gas injection and the corresponding 
aqueous flow rate for experiment 1-A. 

 

Figure I. 2. Measured CO2 concentration over the duration for gas injection and the corresponding 
aqueous flow rate for experiment 1-B. Note that all measured concentrations were less than the 
detection limit. 
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Figure I. 3. Measured CO2 concentration over the duration for gas injection and the corresponding 
aqueous flow rate for experiment 0.5-A. 

 

Figure I. 4. Measured CO2 concentration over the duration for gas injection and the corresponding 
aqueous flow rate for experiment 0.5-B. 
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Figure I. 5. Measured CO2 concentration over the duration for gas injection and the corresponding 

aqueous flow rate for experiments 0.5-D and 0.1-A. 
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Appendix J 

Calculation of effective interfacial area (Chapter 5) 

Hegele (2014) measured the characteristics of 20-30 Accusil in a similar flow cell to the one used 

in this study (Hegele, 2014). They recorded the Brooks-Corey (Brooks and Corey, 1964) 

parameters for six separate sand packs: 

Table J. 1. Measured Brooks-Corey parameters for 20-30 Accusil from Hegele (2014). 

Curve Porosity Pd (m of water) Pd (Pa) λ 
PDC1 0.371 0.101 987.5 5.2 
PDC2 0.372 0.1 977.7 5.1 
PDC3 0.38 0.1 977.7 5.4 
PDC4 0.371 0.097 948.4 5.2 
PDC5 0.367 0.105 1026.6 5.5 
PDC6 0.372 0.104 1016.8 6.3 

Average 989.1 5.5 
 
Because the porosities were similar to those measured in this study the average Pd and λ were used 

to create a representative Pc-Sw Curve for the sand in this study. This curve is presented in Figure 

J. 1. 

 

Figure J. 1.  Pc-Sw curve for 20-30 Accusil. 
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To obtain [𝛷(𝑆/)]6	the curve was integrated using the composite trapezoid rule in Sw increments 

of 0.01.  

𝜓{𝑆/$ | was solved using the expression from Grant and Gerhard (2007)(Grant and Gerhard, 2007) 

(their Equation 9): 

𝜓{𝑆/$ | =
𝑎/%

𝑎%
= −4.8871(𝑆/)K + 13.18(𝑆/)� − 11.901(𝑆/)9 + 4.6119(𝑆/) − 0.0073 (J. 1) 

where 𝑎 is the interfacial area, 𝑆/	is the water saturation and subscript w is for the wetting phase 

and n is for the non-wetting phase.  

As stated in the text the water saturation of interest was 0.67, which corresponds to a specific 

interfacial area of 260 m2/m3. The entire specific interfacial area curve can be seen in Figure J. 2. 

 

Figure J. 2. Specific interfacial area curve over all water saturation values. 
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Appendix K 

Raw gas migration images (Chapter 6)  

 

Figure K. 1. Raw image from homogeneous experiment (4.7 pore volumes) 

 

Figure K. 2. Raw image from homogeneous experiment (5 pore volumes) 



 

213 
 

 

Figure K. 3. Raw image from homogeneous experiment (8 pore volumes) 

 

Figure K. 4. Raw image from heterogeneous experiment (0.125 pore volumes) 
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Figure K. 5. Raw image from heterogeneous experiment (3 pore volumes) 
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Appendix L 

Dissolved methane Gas Chromatography calibration curves (Chapter 6) 

To measure the dissolve methane concentrations in the samples collected a headspace technique 

was used which measures the gaseous methane concentration trapped within a sample vial. For 

each test a unique calibration curve was measured. Each concentration was measured in triplicate 

and displayed as red points (note that all three points are displayed for each concentration). The 

curves for each test can be seen below: 

 

 

Figure L. 1. Methane calibration curve for the homogeneous experiment. 



 

216 
 

 

Figure L. 2. Methane calibration curve for the duplicate homogeneous experiment. 

 

 

Figure L. 3. Methane calibration curve for the heterogeneous experiment. 
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Appendix M 

Dissolved methane concentrations (Chapter 6 and 7) 

The dissolved methane concentrations for all experiments performed. 

Table M. 1. Dissolved methane concentrations for the homogeneous experiment. 

 D1 D3 D5 D7 D9 

Pore 
Volumes 

[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 

0.17 DL -- DL -- DL -- DL -- DL -- 
0.34 DL -- DL -- DL -- DL -- DL -- 
0.67 0.71 0.59 2.10 0.58 6.09 0.58 6.22 0.58 7.32 0.57 
0.76 4.17 0.58 6.07 0.58 10.58 0.57 10.79 0.57 11.03 0.57 
0.91 12.14 0.57 11.90 0.57 14.52 0.57 12.27 0.57 12.21 0.57 
1.28 14.43 0.57 14.68 0.57 13.19 0.57 12.71 0.57 10.10 0.57 
2.36 15.79 0.57 16.61 0.57 14.82 0.57 14.47 0.57 9.82 0.57 
2.81 18.19 0.57 17.98 0.57 15.71 0.57 14.66 0.57 8.70 0.57 
3.14 16.21 0.57 16.25 0.57 15.08 0.57 12.88 0.57 8.73 0.57 
3.67 14.71 0.57 15.46 0.57 14.72 0.57 10.38 0.57 6.60 0.58 
4.70 15.60 0.57 15.43 0.57 14.94 0.57 10.62 0.57 5.81 0.58 
4.89 17.57 0.57 17.75 0.57 16.62 0.57 11.64 0.57 7.71 0.57 
5.07 18.79 0.56 19.80 0.56 17.82 0.57 12.98 0.57 9.88 0.57 
5.39 16.16 0.57 16.30 0.57 13.95 0.57 8.99 0.57 4.02 0.58 
5.69 15.40 0.57 16.04 0.57 11.94 0.57 6.04 0.58 1.25 0.58 
6.98 2.47 0.58 2.06 0.58 1.43 0.58 0.79 0.59 DL -- 
7.38 1.01 0.59 0.91 0.59 0.60 0.59 0.54 -- DL -- 
7.69 DL -- DL -- DL -- DL -- DL -- 
9.34 DL -- DL -- DL -- DL -- DL -- 
9.89 DL -- DL -- DL -- DL -- DL -- 
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Table M. 2. Dissolved methane concentrations for the duplicate homogeneous experiment. 

 D1 D3 D5 D7 D9 

Pore 
Volumes 

[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
0.20 DL -- DL -- DL -- DL -- DL -- 
0.28 DL -- DL -- DL -- DL -- DL -- 
0.36 DL -- DL -- DL -- DL -- DL -- 
0.62 DL -- 2.21 0.53 4.87 0.53 5.97 0.53 8.27 0.53 
0.81 6.04 0.53 13.80 0.53 7.73 0.53 8.53 0.53 9.00 0.53 
2.04 15.06 0.53 13.60 0.53 8.10 0.53 6.06 0.53 6.82 0.53 
2.37 16.14 0.53 14.02 0.53 13.65 0.53 11.71 0.53 8.76 0.53 
2.78 14.78 0.53 11.89 0.53 12.58 0.53 9.43 0.53 6.22 0.53 
3.16 12.49 0.53 9.73 0.53 11.57 0.53 9.90 0.53 6.63 0.53 
4.28 13.60 0.53 10.32 0.53 11.89 0.53 8.96 0.53 5.50 0.53 
4.45 15.61 0.53 16.43 0.53 13.39 0.53 14.60 0.53 6.88 0.53 
4.70 15.42 0.53 13.57 0.53 11.74 0.53 12.82 0.53 5.75 0.53 
5.02 17.71 0.54 13.51 0.53 12.76 0.53 11.69 0.53 2.15 0.53 
5.21 17.34 0.53 12.18 0.53 10.54 0.53 8.29 0.53 0.85 0.53 
6.54 4.80 0.53 1.58 0.53 1.20 0.53 1.04 0.53 DL -- 
6.93 2.04 0.53 DL -- DL -- DL -- DL -- 
7.29 0.84 0.53 DL -- DL -- DL -- DL -- 
7.58 0.52 0.53 DL -- DL -- DL -- DL -- 
8.80 DL -- DL -- DL -- DL -- DL -- 
9.53 DL -- DL -- DL -- DL -- DL -- 
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Table M. 3. Dissolved methane concentrations for the heterogeneous experiment. 

 D1 D2 D4 D6 D7 

Pore 
Volumes 

[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
[CH4] 
(mg/L) 

Error, 
± 

(mg/L) 
0.15 DL -- DL -- DL -- DL -- DL -- 
0.32 DL -- DL -- DL -- DL -- DL -- 
0.50 2.41 0.13 3.60 0.13 2.57 0.13 0.25 0.13 DL -- 
0.68 4.27 0.13 5.33 0.13 4.00 0.13 4.66 0.13 4.11 0.13 
0.96 1.98 0.13 3.18 0.13 1.41 0.13 7.04 0.13 3.89 0.13 
1.30 0.55 0.13 0.97 0.13 0.34 0.13 3.93 0.13 1.02 0.13 
2.46 DL -- DL -- DL -- 0.43 0.13 DL -- 
2.67 DL -- DL -- DL -- 0.22 0.13 DL -- 
2.90 DL -- DL -- DL -- DL 0.00 DL -- 
3.39 DL -- DL -- DL -- DL 1.00 DL -- 
4.89 DL -- DL -- DL -- DL 2.00 DL -- 

D8 D9        

[CH4] 
(mg/L) 

Error, 
± 
(mg/L) 

[CH4] 
(mg/L) 

Error, 
± 
(mg/L)        

DL -- DL --        
DL -- DL --        
DL -- DL --        
3.01 0.13 3.52 0.13        
2.40 0.13 3.17 0.13        
0.47 0.13 0.76 0.13        
DL -- DL --        
DL -- DL --        
DL -- DL --        
DL -- DL --        
DL -- DL --        
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Appendix N 

Supporting information (Chapter 6) 

 

Figure N. 1. Dissolved methane concentration breakthrough and elusion curves for the duplicate 
homogenous configuration. The shaded area indicates when gas was being injected into the cell.   

 

 

Figure N. 2. Gas saturation maps for the heterogenous experiment at (a) immediately following 

active injection (0.125 pore volumes) and (b) after extinction of dissolved methane (3 pore 

volumes). 

  



 

221 
 

Appendix O 

Raw gas migration images (Chapter 6) 

 

Figure O. 1. Homogeneous 1 raw image at 0 hours (saturated image). 

 

 

Figure O. 2. Homogeneous 1 raw image at 0.33 hours. 
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Figure O. 3. Homogeneous 1 raw image at 1.05 hours. 

 

Figure O. 4. Homogeneous 1 raw image at 50 hours. 
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Figure O. 5. Homogeneous 2 raw image at 0 hours (saturated image). 

 

Figure O. 6. Homogeneous 2 raw image at 0.33 hours. 
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Figure O. 7. Homogeneous 2 raw image at 1.0 hours. 

 

Figure O. 8. Homogeneous 2 raw image at 46 hours. 
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Figure O. 9. Heterogeneous raw image at 0 hours (saturated image). 

 

Figure O. 10. Heterogeneous raw image at 0.28 hours  
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Figure O. 11. Heterogeneous raw image at 0.55 hours.  

 

Figure O. 12. Heterogeneous raw image at 1.3 hours.  
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Appendix P 

Supporting Information (Chapter 7) 

Table P. 1 Explanation of errors associated with the mass balance calculations.  

Component of mass balance Error Calculation 

Mass in Calculated assuming the manufacturer stated 
FSS of ±0.2% on the mass flow controlled, 
therefore a rate of 1 ±0.02 sccm. 

Mass out -aqueous Integration of the upper error of measured 
methane concentration based on 95% 

confidence of the calibration curve. 

Mass out – surface 95% confidence (z-statistic) of measured 
standard errors outputted by the UGGA 
apparatus. 

Total mass out Errors added in quadrature. 

 

 

 

 


