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Abstract 
 

Light non-aqueous phase liquid (LNAPL) sources can pose a significant threat to indoor air 

through vapour intrusion (VI). Most conceptual and numerical models of VI assume that the 

transport of volatile organic compounds (VOCs) is a diffusion-limited process. Recently, alternate 

conditions have been identified that could lead to faster transport, including the presence of 

preferential pathways and methanogenic gas production. In this study, an additional mechanism 

that could lead to faster transport was investigated: bubble-facilitated VOC transport from LNAPL 

smear zones. A laboratory investigation was preformed using pentane in one-dimensional 

laboratory columns and two-dimensional visualization experiments.  

Results of the column experiments showed that average VOC mass fluxes in the bubble-

facilitated columns were over two orders of magnitude greater than in the diffusion-limited 

columns. In addition, the flux signal was intermittent, consistent with expectations of bubble-

facilitated transport as bubbles expand, mobilize and are released to the vadose zone at various 

times during the test. The results from the visualization experiments showed gas fingers growing 

and mobilizing over time, which supports the findings of the column experiments. In conclusion, 

these results demonstrate the potential for bubble-facilitated VOC transport to affect mass 

transfer in LNAPL smear zones, and lead to increased indoor air concentrations by VI. 
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Chapter 1: Introduction 

 

1.1 Introduction 

Vapour intrusion (VI) is a process by which vapour phase contaminants present in the subsurface 

migrate through the soil, ultimately entering buildings through cracks in the foundation (Johnson 

and Ettinger, 1991; Yao et al., 2011). This results in a decrease of indoor air quality, potentially 

leading to adverse human health effects (Provoost et al., 2010). The soil VI-to-indoor air pathway 

has been studied since the late 1980’s, with initial investigation focused on mitigating the effects 

of naturally occurring radon gas and later studies focused on volatile organic compounds (VOCs) 

from contaminated sites (Johnson and Ettinger, 1991). At these sites, vapours emitted from 

contaminant sources disperse into air-filled pores in the subsurface and migrate below structures 

(Olson and Crosi, 2001). Lower air pressure in the building, compared to the outdoor air, then 

leads to transport of VOCs into the building and contamination of the indoor air (Johnson and 

Ettinger, 1991).  

It is, therefore, common for regulators to require buildings in proximity to a contaminated zone 

to be screened for VI risk and, in some cases, to require prolonged indoor air sampling and 

mitigation measures. Assessing the potential for VI into buildings at contaminated sites is 

regulated and typically follows three stages (Government of Ontario, 2011): 

1. Initial screening stage, considering all buildings in and around the zone of contamination. 

2. Indoor air sampling of all buildings identified as ‘at risk’. 

3. Decide what action must be taken based on data (no action, long term monitoring or 

active remediation). 
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A comprehensive evaluation of the VI pathway that considers multiple lines-of-evidence is 

recommended before drawing conclusions on risks (Government of Ontario, 2013). However, 

there are significant differences between jurisdictions in their approaches, demonstrating a limit 

of knowledge on the topic (McAlary and Johnson, 2009; Government of Ontario, 2011; 

Government of Ontario, 2013).  

Vapour transport models (screening-level models) are commonly used for identifying those sites 

that require more detailed characterization or the collection of indoor air samples. The most 

common screening-level VI model is the Johnson and Ettinger (J&E) model (Johnson and Ettinger, 

1991), which couples one-dimensional vertical steady-state diffusion through soil with advection 

and diffusion through cracks in the building foundation and air exchange through the building. 

Most VI models, from the simplest to the most complex, assume diffusion-limited transport 

through soil gas to the building (Little et al., 1992; Olson and Crosi, 2001; Abreu and Johnson, 

2005; Abreu and Johnson, 2006; Devaull, 2007; Pennell et al., 2009; Yao et al., 2016). In these 

models, regardless of the conditions under which vapour is transported through the building 

foundation or removed from the building through air exchange, transport to indoor air cannot 

exceed the transport by diffusion through the soil gas.  If, in fact, conditions existed such that 

advection through the soil gas occurred, resulting in transport rates greater than those by 

diffusion alone, an assumption of diffusion-limited transport could lead to the underestimation 

of indoor air concentrations using these screening-level models (Petri et al., 2015). 

One example of advection-dominated VI conditions was demonstrated by Ma et al. (2013).  These 

authors conducted a 3-D numerical model investigation of methane VI due to the biodegradation 

of high ethanol blended fuels that produced methane gas in the subsurface. Their study 



3 
 

simulated a single building with perimeter cracks located at the center of an open field with 

vapour transport from a methanogenic source, through the vadose zone and into the building. 

Their results demonstrated that if methanogenic activity near the source zone can produce a 

sufficiently high gas pressure, that pressure can cause advective gas transport through the vadose 

zone. In their simulations, this resulted in indoor air concentrations of methane that were 1-2 

orders of magnitude above their low pressure, diffusion-dominated simulations. Advection 

dominated VI systems were also identified by Molins et al. (2010) and Sihota et al. (2013). 

Through numerical simulations, Molins et al. (2010) showed that the occurrence of advective gas 

transport near the water table resulted in significant methane release from a crude oil smear 

zone. Similarly, Sihota et al. (2013) showed that advection played an important role in the 

transport of methane and carbon dioxide through the subsurface above an ethanol source zone.  

In this study, a second condition that could lead to advection-dominated VI conditions is 

investigated: the bubble-facilitated transport of volatile organic contaminants (VOCs) from a 

three phase light non-aqueous phase liquid (LNAPL) smear zone. LNAPLs are a common group of 

contaminants that when released, percolate downwards through the subsurface until they reach 

the capillary fringe, where they begin to spread laterally forming pools. If the elevation of the 

water table remains constant, LNAPL is distributed according to vertical equilibrium (Kim and 

Corapcioglu, 2004), with interface zones of air-LNAPL and air-LNAPL-water overlaying LNAPL-

water. Fluctuations of the water table, however, affect the spatial distribution of LNAPLs (Fayer 

and Hillel, 1986; Reddi et al., 1998; Dobson et al., 2007; Petri et al., 2015).  These fluctuations 

create smear zones where the LNAPL is distributed as a residual (disconnected blobs and ganglia), 

but that also contain trapped air (Fry et al., 1995; Williams and Oostrom, 2000).  This air exists 
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alongside LNAPL creating a three-phase (air-LNAPL-water) smear zone (Lenhard et al., 1993; 

Dobson et al., 2007). 

LNAPLs are a common group of contaminant comprised mainly of petroleum products. Many 

LNAPLs are volatile, or have volatile components, and examples of volatile LNAPLs are gasoline, 

jet fuel, pentane, benzene and xylene. Vapour pressures of these LNAPLs range significantly 

between 6.75 mm Hg and 462 mm Hg (TCEQ, 2014). VOC contamination from three-phase LNAPL 

smear zones can also be mobilized in the form of gas bubbles. Previous studies have shown that 

where trapped gas exists adjacent to VOCs, that trapped gas can repeatedly expand, fragment 

and vertically mobilize (Roy and Smith, 2007; Mumford et al., 2009; Mumford et al., 2010). Sihota 

et al. (2013) stated that the transport of VOCs to the ground surface by ebullition (bubble-

facilitated VOC transport) is more effective than volatilization from groundwater by diffusive 

mass transfer. If the bubble movement supplies VOCs to the water table at a rate higher than can 

be removed by diffusion alone, this would result in pressure differences between soil gas 

immediately above the water table and the shallower vadose zone leading to advection-

dominated conditions through that zone. These advection-dominated conditions cannot be 

modeled using current screening-level VI models, such as the J&E model, and would result in 

higher indoor air concentrations than those predicted by these diffusion-limited models. This 

under prediction of vapour intrusion could potentially result in high risk environments not being 

sufficiently investigated, increasing the risk to human health.  

https://en.wikipedia.org/wiki/Gasoline
https://en.wikipedia.org/wiki/Benzene
https://en.wikipedia.org/wiki/Xylene
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1.2 Research Objectives 

The goal of this research study was to investigate the effects of bubble-facilitated VOC transport 

on the mass flux from LNAPL smear zones. Specific research objectives were to: 

i. Compare the vertical mass flux of gas-phase VOC from smear zones that contained 

trapped gas to those that did not, and  

ii. Understand the potential for bubble-facilitated VOC transport to shorten source lifetime 

or increases the risk to indoor air receptors by increasing the rate of VI. 

This research will help to identify the conditions under which bubble-facilitated VOC transport 

from LNAPL smear zones can result in VOC mass fluxes greater than those estimated using typical 

diffusion-limited VI screening models. 

1.3 Organization of Thesis 

This thesis is organized in a manuscript format and includes a total of 4 chapters. Chapter 2 

provides a summary of relevant literature. Chapter 3 presents results from laboratory 

experiments of bubble-facilitated VOC transport. Chapter 4 includes a concluding summary and 

discussion of the results, as well as recommendations for future work. Supporting information is 

included in the appendices. 
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Chapter 2: Literature Review 

2.1 LNAPL Smear Zones 

2.1.1 Multiphase Systems  

LNAPLs, are a common group of contaminants comprised mainly of petroleum products. When 

released, LNAPLs percolate downwards through the ground until they reach the capillary fringe, 

where they begin to spread laterally, forming pools (Figure 2.1).  

LNAPL in the subsurface can be found in three configurations: free LNAPL (Figure 2.2a), residual 

LNAPL and occluded LNAPL. Free LNAPL consists of pools, residual LNAPL consists of blobs and 

ganglia trapped by hysteretic drainage and imbibition processes, and occluded NAPL is residual 

NAPL that is separated from the unsaturated zone by a water saturated zone (Petri et al., 2015).  

Figure 2.1: Typical distribution of LNAPL in the subsurface after a surface spill (Newell, et al., 1995) 



11 
 

Fluctuations of the water table elevation on a contaminated site affect the spatial distribution of 

LNAPLs within the aquifer. A change in spatial distribution is seen in all directions but is primarily 

in the vertical direction. As the water table and capillary fringe fall, LNAPL migrates downwards 

into the soil matrix leaving behind LNAPL in the unsaturated zone. Similarly, a rise in the water 

table leads to the reverse process, an upward migration of LNAPL, resulting in an entrapment of 

residual LNAPL below the water table. These fluctuations result in a two-phase (LNAPL-water) 

smear zone, which is an area where residual LNAPL remains in an otherwise water-saturated 

porous medium (Reddi et al., 1998; Lenhard et al., 1993).  A continued rise of the water table 

above the original location, or infiltration of water above LNAPL, can lead to the formation of 

occluded LNAPL (Figure 2.2b). Fluctuations in the water table can also cause trapped gas to be 

present in an otherwise water-saturated aquifer (Fayer and Hillel, 1986a; Fayer and Hillel, 1986b; 

Lenhard et al., 1993; Fry et al., 1995; Williams and Oostrom, 2000; Dobson et al., 2007). This 

trapped gas can exist alongside residual LNAPL below the water table resulting in a three-phase 

(air-LNAPL-water) smear zone (Figure 2.2c). 
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In a 2007 laboratory study (Dobson et al., 2007), water-table fluctuations resulted in LNAPL and 

air entrapment below the water table, an increase in the vertical extent of the LNAPL source zone 

(by a factor of 6.7), and an increase in the volume of water passing through the source zone (by 

a factor of 18).  The disconnected blobs and ganglia formed in this region due to water table 

fluctuations enhanced the dissolution of LNAPL in the source zone due to the large interfacial 

b 

c 

a 

Figure 2.2: A representation of potential NAPL (Red) 
configurations in the subsurface (a) A free phase LNAPL 
pool at equilibrium, prior to any water table fluctuation. 
(b) A 2-phase LNAPL smear zone due to a fluctuation of 
the water table trapping residual LNAPL below the water 
table in an occluded manner. (c) A 3-phase LNAPL smear 
zone due to water imbibition, trapping air and LNAPL 
residual below the water table. 
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area between the LNAPL and the water (Reddi et al., 1998; Dobson et al., 2007). Although Dobson 

et al. (2007) did not report the volume of trapped gas in their experiments, the volume of trapped 

gas typically ranges from 1.1 % to 6.3 % of the bulk soil volume in the aquifer, and continuous 

fluctuations of the water table can increase initial entrapped air of between 8 % - 16 % (Fayer 

and Hillel, 1986a).  

2.1.2 Double Displacement Mechanisms  

When three phases are present in a pore space (air-LNAPL-water), six double displacements are 

possible, where one fluid displaces another, which in turn displaces a third. For these 

displacements to occur, the first and third fluids must be continuous in the pore space. Double 

drainage (NAPL displacing water followed by air displacing NAPL, Figure 2.3) and double 

imbibition (NAPL displacing air followed by water displacing NAPL, Figure 2.4) are mechanisms 

that can mobilize residual NAPL. This allows NAPL to move freely until it is trapped again or 

dissolved into the groundwater (Fenwick and Blunt, 1998; Piri and Blunt, 2004). 

Lenhard et al. (1993) carried out a multiphase flow experiment to investigate the distribution of 

NAPL in the subsurface, using a 1:9 volumetric mixture of 1-iodoheptane and Soltrol-170 as the 

NAPL. Their results indicated that air can be trapped by NAPL imbibition whereas both air and 

NAPL can be trapped by water imbibition.  
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Figure 2.4: Double imbibition- NAPL displacing air followed by water displacing NAPL (Fenwick 
and Blunt, 1998) 

 

Figure 2.3: Double drainage-  NAPL displacing water followed by air displacing NAPL (Fenwick 
and Blunt, 1998) 
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2.1.3 The Role of Occlusion Zones 

A major challenge for understanding vapour intrusion (VI) from LNAPL sources lies in considering 

the role of gas and NAPL arrangement in controlling the partitioning and transport of VOCs. For 

example, mass transfer from occluded NAPL sources depends on aqueous diffusion through the 

occluded zone, whereas mass transfer in residual and free NAPL sources is sensitive to bulk phase 

gas transport, as well as advection and diffusion in the aqueous phase (Petri et al., 2015). The 

higher mass transfer contributions from the residual and free NAPL configurations initially 

dominate smaller contributions from the occluded configuration.  However, as the source ages 

the residual and free phase NAPL sources are depleted, while the occluded LNAPL remains as a 

long-term source that contributes to lasting vapour concentrations (Petri et al., 2015).  

As an example of the importance of considering the occlusion zone, Petri et al. (2015) conducted 

laboratory experiments to test trichloroethylene (TCE) NAPL volatilization under two soil 

moisture scenarios: a source zone fully occluded from the bulk air phase and a source zone 

directly exposed to the bulk air phase. Their experiments were conducted in a 2-dimensional 

sand-packed flow tank, with both a saturated zone and an unsaturated zone, that operated under 

positive pressure with a left-to-right flow of air. The effluent air stream was directed into a gas 

chromatograph (GC) for analysis of gas phase TCE once every 8 minutes. The results for the 

occluded source case indicated that stepwise changes of the air inflow rate resulted in step-like 

behaviour in the effluent concentration, where slower flow rates resulted in higher effluent 

vapour concentrations. Effluent concentrations in the cell were found to be lower than 1% of the 

equilibrium saturation concentrations. This suggests that the occlusion layer provides significant 

resistance to mass transfer of the TCE (Petri et al., 2015). In contrast to the occluded source, the 
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concentrations in the exposed NAPL source approached the saturation concentration in air. At 

the time of each NAPL injection, the cell’s effluent air concentrations rose quickly to approach 

the saturation concentration until the NAPL source was depleted, with an overall NAPL recovery 

of 97.8% (Petri et al., 2015).  Petri et al. (2015) discussed the need to include the role of NAPL 

arrangement in predictions of VI and stated that further work is needed to understand NAPL 

volatilization for a full range of multiphase saturation distributions. While not mentioned 

specifically by Petri et al. (2015), the full range of multiphase saturation distributions needs to 

include LNAPL smear zones that contain trapped gas. 

2.2 Bubble Transport 

2.2.1 Bubble Mass Transfer  

The presence of trapped gas in an LNAPL smear zone can affect both the transport of dissolved 

and gas-phase VOCs.  Trapped gas will reduce both the effective permeability of the LNAPL and 

water phases, thereby decreasing aqueous flow through the smear zone and potentially limiting 

dissolution rates (Fry et al., 1995).  In addition, the partitioning of VOC to trapped gas can result 

in the expansion and mobilization of gas bubbles and a subsequent increase in vertical transport 

rates. The growth of gas bubbles in water is defined by two main processes: mass transfer of VOC 

and dissolved gasses across the gas-liquid interface and the physical adjustment of the gas phase 

interface based on the pressures and interfacial properties (Roy and Smith, 2007). The mass 

transfer of VOCs and dissolved gasses is driven by concentration gradients in the aqueous phase, 

where the concentration at the gas-liquid interface is defined by Henry’s Law (assuming 

thermodynamic equilibrium) (Li and Yortsos, 1995): 
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𝑃𝑝
𝑖 = 𝐾𝐻

𝑖 𝐶𝑎
𝑖            (1) 

where 𝐾𝐻
𝑖

 is the Henry’s law coefficient for gas component ‘i’, 𝐶𝑎
𝑖  is the aqueous phase 

concentration of compound ‘i’ [L3/T] and 𝑃𝑝
𝑖 is the partial pressure of gas component ‘i’ [ML/T2]. 

The capillary pressure [ML/T2] is described by the Laplace equation: 

𝑃𝑐 = 𝜎 (
1

𝑟1
+

1

𝑟2
)           (2) 

where 𝜎 is the gas-liquid interfacial tension [M/T2], and r1 and r2 are the principal radii of 

curvature of the gas–liquid interface [L]. An increase in the partial gas pressures or capillary 

pressure results in an increase in the total gas pressure, according to Dalton’s Law: 

𝑃𝑔 = 𝑃𝑐 + 𝑃𝑤 = ∑ 𝑃𝑝
𝑖𝑛

𝑖=1          (3) 

where Pg is the total gas pressure in the system [ML/T2] and 𝑃𝑤is the water pressure [ML/T2]. 

Changes in the pressure and volume of the gas phase follows from the ideal gas law: 

𝑃𝑝
𝑖𝑉 = 𝑛𝑖𝑅𝑇           (4) 

where V is the total volume of gas phase [L3], 𝑛𝑖 is the moles of component ‘i’ [mol], R is the ideal 

gas constant [L2M/T3mol] and T is the temperature [Kelvin]. 

If the rate at which the dissolved gas in the aqueous phase transfers into the trapped gas is not 

equal to the rate at which compounds in the trapped gas phase transfer into the aqueous phase, 

the size of the trapped gas bubbles will vary in time and space until an equilibrium is met within 

the system (Geislinger et al., 2006). The rate of expansion (or dissolution) and the time to reach 

equilibrium of a bubble can be affected by the composition of the gas phase, which can be 
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significantly altered by oxygen depletion, volatilization of contaminants, or microbial production 

of gaseous compounds (Cirpka and Kitanidis, 2001). 

2.2.2 Bubble Expansion and Mobilization 

The conceptual model for the expansion, snap-off, and vertical mobilization of a discontinuous 

gas phase above a NAPL pool due to the partitioning of VOCs and other dissolved gases was 

established by Mumford et al. (2008) (Figure 2.5). To illustrate the growth of a discontinuous gas 

phase in the presence of NAPL, lab experiments were conducted by Mumford et al. (2008) that 

confirmed that the mass transfer of VOCs does not require NAPL-gas contact. In these 

experiments the radius of a single gas bubble emplaced in a 2.5 mL glass vial doubled over 215 

days for experiments conducted with tetrachloroethylene (PCE) and doubled over only 22 days 

for experiments conducted with trans-1,2-dichloroethene (tDCE). The differences in rates can be 

attributed to the lower vapour pressure of PCE relative to tDCE (Mumford et al., 2008). Bubble 

growth has been shown to occur where VOCs are in proximity of a discontinuous, trapped, gas 

phase (Roy and Smith, 2007; Mumford et al., 2009; Mumford et al., 2010). Although previously 

demonstrated for DNAPLS, it is expected that this process may also be active in three-phase 

LNAPL smear zones (air-LNAPL-water).  
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 In order for a gas cluster to expand in porous media the gas pressure in the cluster must 

overcome the sum of the hydrostatic and entry pressures in one of the adjacent pore throats. 

𝑃𝑔 > 𝑃𝑤 + 𝑃𝑒           (5) 

where 𝑃𝑔 is the gas cluster pressure [ML/T2] and  𝑃𝑒 is the gas entry pressure [ML/T2] of the throat 

which can be expressed as: 

 

𝑃𝑒 =
2𝜎

𝑟𝑡
           (6) 

Figure 2.5: Illustration of the conceptual model of 
discontinuous gas phase phenomenon such as expansion 
and mobilization (Mumford, et al., 2009) 
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where 𝑟𝑡 is an effective pore throat radius [L]. 

As VOCs and dissolved gases partition to the trapped gas phase, the capillary and gas pressures 

increase until the entry pressure of an adjacent throat is reached, after which the gas expands 

into the adjacent pore creating a gas cluster. This gas expansion causes the capillary pressure to 

change, however the new capillary pressure can be greater or less than the capillary pressure in 

the previous pore. Continued mass transfer into the gas phase causes pressurization and pore-

entry sequences that result in fluctuating gas pressures in the system as expansion continues.  

This expansion out of the original pore to span multiple pores is primarily in the vertical direction, 

due to buoyancy forces (Figure 2.6). 
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The bubble will continue to expand as long as the gas pressure is sufficiently high (Eq 5). 

Mobilization of the gas cluster will occur when the buoyancy force exceeds the capillary force 

trapping the cluster. Two types of bubble displacement, mobilization and fragmentation, can 

occur and are illustrated in Figure 2.6d and 2.6e, respectively (Mumford et al., 2009). 

Mobilization occurs at a higher capillary pressure than fragmentation and, therefore, is favoured 

Figure 2.6: Illustration of stages of growth of a gas 
cluster in porous media showing (a) initial gas 
cluster, (b) expansion to adjacent pore space, (c) 
vertically-dominated expansion, (d) Mobilization, 
and (e) fragmentation (Mumford et al., 2009) 
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during imbibition, but can only occur if the adjacent pore throat is already completely filled with 

wetting phase (Fenwick and Blunt, 1998).  A mobilized cluster can become re-trapped at a 

different location, due to higher local capillary forces and can become subsequently re-mobilized 

if it coalesces with another mobilized bubble or if expansion continues due to mass transfer. This 

repeated trapping and coalescence is crucial when considering the mass transfer from mobilized 

gas clusters to the surrounding groundwater. 

2.2.3 Methanogenesis 

A condition where gas mobilization is likely to occur is where methane is being produced by 

methanogenesis. Gasoline blends that contain ethanol (ethanol blended fuels) are prone to 

methanogenesis during biodegradation, causing methane to be produced in an anaerobic 

subsurface environment (Ma et al., 2013). Ma et al. (2013) conducted a 3-D numerical model 

investigation of methane VI due to the biodegradation of high ethanol blended fuels. Their study 

simulated a single building with perimeter cracks located at the center of an open field with vapor 

transport from a methanogenic source, through the vadose zone and through the building 

enclosure in the absence of any preferential pathways. While they did not consider bubble 

mobilization, their study demonstrated that if methanogenic activity near the source zone can 

produce sufficiently high gas pressure, that pressure can cause advective gas transport through 

the unsaturated zone, significantly increasing the transport of methane. In their simulations, this 

resulted in indoor air concentrations of methane that were 1-2 orders of magnitude above their 

low pressure, diffusion-dominated simulations. Other studies have shown that in cases where 

methanogenesis occurs, the production of gases may also result in the formation and growth of 

gas bubbles below the water table (Amos and Mayer, 2006). 
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2.3 Gas Transport and Vapour Intrusion Models 

Current VI models each simulate many VI processes, including mixing within the house and 

transport in the subsurface. Overall, the models can be split into two main categories: analytical 

and numerical. 

2.3.1 Analytical Models 

Analytical models are commonly used in practice despite their overarching simplifications due to 

their limited parameter input and ease of application. The majority of these models assume 

steady-state conditions and present results in terms of indoor air concentration or attenuation 

factor (a ratio of indoor air concentration to the gas phase concentration at the source). The 

factors within analytical models that often differ include building foundation parameters, 

intrusion pathway parameters, subsurface properties, contaminant type and whether or not 

biodegradation is considered. A summary of some VI analytical models can be found in Table 2.1.  

Table 2.1: Summary of some Analytical models of VI 

Analytical 
Models 

Type Subsurface 
Transport 
Mechanism 

Description 

Johnson and 
Ettinger 
(1991) 

1D SS 
& TR  

Diff Subsurface model considering diffusion of vapour in the 
vadose zone from source to a building, followed by advection 
through foundation cracks.  

Little et al. 
(1992) 

1D SS 
& TR 

Diff + Adv Grouping of three models: 
i. Transient solution for diffusive vapour source 
ii. Transient diffusion from an initially uniformly 
contaminated vadose zone 
iii. Steady-state advection only system 

Olson and 
Crosi (2001) 

1D SS none Subsurface transport model that considers mixing in the 
building between the basement and the rest of the house. 

Devaull 
(2007) 

1D SS Diff Two-layer analytical oxygen-limited aerobic biodegradation 
model, considering advection and mixing into the building. 

SS: steady-state; TR: transient; Diff: diffusion; Adv: advection 
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2.3.2 Johnson and Ettinger Gas Transport Model 

The most accepted VI model, the J&E model (Johnson and Ettinger, 1991), couples one-

dimensional, steady-state diffusion through soil to diffusion and advection through the 

foundation and air exchange in the building (Figure 2.7). In this model and all modifications 

thereof, it is assumed that contaminant vapours are transported from the contaminant source 

to a region near the structure, by diffusion through pore vapour and soil moisture phases.  

The J&E model considers two main processes that drive the movement of the contaminant, 

advection and diffusion. Advection is driven by the multiphase flow and movement of the bulk 

water or air phase, while diffusion refers to the spreading of a solute due to local concentration 

gradients. Molecular diffusion in VI systems is typically more dominant than in aqueous systems, 

because gaseous diffusion coefficients are typically four orders of magnitudes higher than 

aqueous diffusion coefficients. As a result, within pores where gas and aqueous phases are both 

present, an effective diffusion coefficient is used (Johnson and Ettinger, 1991): 

𝐷𝑒𝑓𝑓 = 𝐷𝑔
𝜃𝑔

3.33

∅2 + (
𝐷𝑤

𝐾𝐻
)

𝜃𝑤
3.33

∅2                                   (7) 

where 𝐷𝑒𝑓𝑓 is the effective diffusion coefficient [L2/T], 𝐷𝑔 is the gas phase diffusion coefficient 

[L2/T], 𝜃𝑔 is the soil gas content, 𝜃  is the porosity, 𝐷𝑤 is the aqueous phase diffusion coefficient 

[L2/T], 𝐾𝐻 is the dimensionless Henry’s Law constant and 𝜃𝑤 is the soil water content. 

There exist subsurface processes that help to attenuate the vapour mass as it passes through the 

soil towards the building. This results in a lower vapour concentration in the building than 

measured in the subsurface. This is presented as an attenuation factor (α) (Johnson, 2005): 
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𝛼 =
𝐶𝑖𝑛𝑑𝑜𝑜𝑟

𝐶𝑠𝑜𝑢𝑟𝑐𝑒
=

𝐴𝑒𝑥𝑝(𝐵)

exp(𝐵)+𝐴+
𝐴

𝐶
[exp(𝐵)−1]

                      (8) 

where 𝐶𝑖𝑛𝑑𝑜𝑜𝑟 is the indoor air contaminant concentration [M/L3], 𝐶𝑠𝑜𝑢𝑟𝑐𝑒 is the gas phase 

contaminant concentration at the source, determined using Henry’s law if necessary (Eq 1) [M/L3] 

and A, B & C are parameters calculated as: 

𝐴 =
𝐷𝑡

𝑒𝑓𝑓

𝐸𝐵
𝑉𝐵
𝐴𝐵

𝐿𝑇

                         (9) 

where 𝐷𝑡
𝑒𝑓𝑓

 is the effective diffusion coefficient [L2/T], 𝐸𝐵 is the indoor air exchange rate [D-1], 

𝑉𝐵 is the enclosed volume [L3], 𝐴𝐵 is the surface area of the enclosed space [L2] and 𝐿𝑇 is the 

length between the concentration sample point and basement slab [L]. 

𝐵 =
(

𝑄𝑠𝑜𝑖𝑙
𝑄𝐵

)𝐸𝐵(
𝑉𝐵
𝐴𝐵

)𝐿𝑐𝑟𝑎𝑐𝑘

𝐷𝑐𝑟𝑎𝑐𝑘
𝑒𝑓𝑓

𝜂
                        (10) 

where 𝑄𝑠𝑜𝑖𝑙 is the soil gas intrusion rate [L3/T], 𝑄𝐵 is the enclosed volumetric air flow rate [L3/T], 

𝐿𝑐𝑟𝑎𝑐𝑘 is the foundation thickness [L] and 𝜂 is the fraction of slab open for VI [L2 cracks/L2 total]. 

𝐶 =
𝑄𝑠𝑜𝑖𝑙

𝑄𝐵
                      (11) 

Figure 2.7: Johnson and Ettinger (1991) Model Illustration (Johnson, 2005) 
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 Although a simplified model, a field-based evaluation of the J&E model (Hers et al. 2003) 

compared measured VI for 11 sites with model predictions. Vapour attenuation ratios predicted 

by the J&E model were reasonable, indicating that the J&E model is accurate to the same order 

and up to two orders of magnitude higher than values measured in the field. Yao et al. (2011) 

completed a systematic comparison in the open literature of J&E model predictions with the 

results of more complex 3-D models. These results suggest that there are conditions under which 

the J&E model predictions are reasonable, but there are also others in which the predictions are 

inaccurate.  

2.3.3 Numerical Models 

In contrast to analytical models, numerical models of VI have been used to model a much wider 

variety of scenarios, including heterogeneous systems, and two- and three-dimensional systems. 

The advantage of incorporating these complexities is that they provide more accurate predictions 

of real systems at the field scale. A summary of some VI numerical models can be found in Table 

2.2. 
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Table 2.2: Summary of some Numerical models of VI 

Numerical 
Models 

Type Soil Description 

Hers et al. 
(2000)  

2D TR Hetero Model evaluated oxygen limited biodegradation in a 
homogeneous system and in a system with a high moisture 
surface layer.  
4 different kinetic approaches: 1) 1st-order, 2) combined 
zero-order and 1st-order, 3) instantaneous stoichiometric 
reaction, 4) zero-order and 1st-order with fully coupled O2 
transport. 

Abreu and 
Johnson 
(2005) 

3D SS Homo Simulated model of vapour plume as a function of source 
lateral separation, source depth and building parameters. 
Some biodegradation modelling present.  

Abreu and 
Johnson 
(2006) 

3D SS Homo Evaluated aerobic biodegradation with oxygen transport. 
Considers both basement and slab-on-grade scenarios.  

Bozkurt et al. 
(2009) 

3D SS Hetero System model consists of air-phase Darcy flow coupled with 
advection-dispersion equation for gas phase in heterogeneous 
soils. 

Pennell et al. 
(2009) 

3D SS Homo System model consists of air-phase Darcy flow coupled with 
advection-dispersion equation for gas phase in homogeneous 
soil.  

SS: steady-state; TR: transient; Hetero: heterogeneous; Homo: homogeneous 
 

2.3.4 Dusty Gas Model  

Diffusion processes can be characterized as Fickian or non-Fickian. When a diffusion process 

follows Fick’s Law it is referred to as a Fickian model (FM). Similarly, a diffusion process that does 

not follow FM is defined as non-Fickian. Two of the ways to characterize a non-Fickian process 

are to use the Stephen Maxwell Model (SMM) or the Dusty Gas Model (DGM) (Suwanwarangkul 

et al., 2003; Fen and Abriola, 2004). 

There are a variety of differences between FM, the SMM and the DGM. First of all, the SMM does 

not include the Knudsen diffusion term to account for pore size effect (Figure 2.8), while both FM 

and the DGM can. Secondly, equimolar counter diffusion is assumed to determine the flux ratio 
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in both FM and the SMM, whereas the flux ratio in the DGM is calculated from the ratio of the 

square root of the gas molecular weight. Overall, the DGM model is superior to FM and SMM due 

to its capability to predict fluxes in all porous media. However, FM is more frequently used since 

it allows the derivation of explicit analytical expressions of flux (Suwanwarangkul et al., 2003; 

Molins and Mayer, 2007). The DGM accounts for interactions between all gas phase species in 

multicomponent gas mixtures, and includes Knudsen diffusion (Figure 2.8), which is important in 

very fine grained, low permeability soils (Thorstenson and Pollock, 1989; Sleep, 1998). 

A complete understanding of multicomponent transport in porous media requires a knowledge 

of Knudsen transport, the molecular and non-equimolar components of diffusive flux, and 

advective flux. In reactive systems, reaction driven gas advection (e.g., methanogenesis, 

denitrification, biodegradation) can be a relevant mechanism because even small (< 1 Pa/m) 

pressure gradients generated by geochemical processes can create advective flux components 

larger than or equal to the diffusive component in a gas transport system (Thorstenson and 

Pollock, 1989; Molins and Mayer, 2007; Molins et al., 2010). Despite its potential significance, gas 

Figure 2.8: Illustration of Molecular and Knudsen diffusions. Molecular diffusion occurs due to 
collisions between gas molecules, and Knudsen diffusion is a process where molecules of gas diffuse 
by colliding with the surrounding faces of soil particles (Hibi, 2008) 
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advection has only been included in a limited number of models (Mayer et al., 2012). One 

particular example is the MIN3P-Dusty model, a multicomponent gas diffusion and advection 

code enhancement (Mayer et al., 2012). 

MIN3P is a multicomponent reactive transport code for use in variably-saturated media in the 

vadose zone. In its most basic form, the code includes Richard’s Equation for the solution of 

variably-saturated flow, and solves mass balance equations for advective-diffusive solute 

transport and diffusive gas transport (Mayer et al., 2012). These transport processes are coupled 

with a reaction network that includes redox processes, ion exchange and non-electrostatic 

surface complexation, non-competitive sorption, aqueous complexation, mineral dissolution-

precipitation reactions and phase partitioning of gases in the vadose zone. The need to better 

describe gas migration processes in the vadose zone and the fate of gases in the region of the 

capillary fringe motivated enhancements to the basic MIN3P mode, specifically the inclusion of 

an advective term and a diffusive term based on the DGM. The capabilities of this enhanced code 

include transport in binary and multicomponent mixtures by molecular diffusion, Knudsen 

diffusion and advection. 

Mayer et al. (2012) completed a numerical simulation (using MIN3P-DUSTY) of an oil spill site, 

representing conditions encountered at many sites where an LNAPL spill has occurred. Their 

simulation considered a 9-m-deep one-dimensional column of a sandy vadose zone (porosity of 

0.38 and permeability of 5x10-12 m2), with a 30 cm crude oil smear zone undergoing natural 

attenuation processes as the source. Their results highlighted changes of gas phase compositions 

in the source zone as the spill aged and changes in pressure as the gas phase evolved. Initially 
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during the simulation, the gas plume in the unsaturated zone was characterized by elevated VOC 

concentrations due to fast volatilization. As the source aged, methane concentrations increased 

significantly over time. This methanogenesis became a dominant pathway for degradation after 

15 years. These changes in gas phase composition resulted in changes of pressure. At early stages 

large volume of VOCs caused an initial increase in gas pressure, which decreased in time as gas 

phase concentration decreased. However, as methanogenesis developed, pressure increased 

again. These simulations demonstrate the importance of considering advection in LNAPL smear 

zone environments caused by gas generation, as gases and VOCs were transported away from 

the reaction zone by diffusion and advection, which cannot be described by models that consider 

only diffusion by Fick’s Law.  
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Chapter 3: Laboratory investigation of the effects of bubble-

facilitated VOC transport from LNAPL smear zones 
 

3.1 Introduction  

Vapor intrusion (VI) is a process by which vapor phase contaminants present in the subsurface 

migrate through the soil, ultimately entering buildings through cracks in the foundation (Yao et 

al., 2011). This results in a decrease of indoor air quality, potentially leading to adverse human 

health effects (Provoost et al., 2010). Vapor intrusion has been studied since the late 1980’s, with 

initial investigations that emphasized the mitigation of naturally occurring radon gas (Abreu and 

Johnson, 2005). It is common for regulators to require buildings in proximity to a contaminated 

zone to be screened for vapor intrusion risk and, in some cases, to require prolonged indoor air 

sampling and mitigation measures. Approaches to vapor intrusion risk assessment vary 

significantly between jurisdictions, (McAlary and Johnson, 2009; Government of Ontario, 2011). 

Both diffusion and advection contribute to vapor intrusion, and site characteristics determine the 

magnitude of each. The driving force for vapor intrusion is the pressure difference that often 

exists between indoor and outdoor air (Olson and Crosi, 2001). However, vapors emitted from 

contaminant sources must first be transported through air-filled pores in the subsurface to below 

buildings (Olson and Crosi, 2001).  Models of vapor intrusion must account for both contaminant 

transport from the source to the building, and then into the building from the subsurface. The 

most common screening-level vapor intrusion model is the Johnson and Ettinger model (Johnson 

and Ettinger, 1991), which couples one-dimensional vertical steady-state diffusion through soil 

with advection or diffusion-dominated movement through cracks in the building foundation. 

Most models, from the simplest to the most complex, assume diffusion-limited transport through 
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soil gas to the building (Little et al., 1992; Olson and Crosi, 2001; Abreu and Johnson, 2005; Abreu 

and Johnson, 2006; Devaull, 2007; Pennell et al., 2009; Yao et al., 2016). That is, in these models, 

regardless of the conditions under which vapor is transported through the building foundation 

or removed from the building through air exchange, transport to indoor air cannot exceed the 

transport by diffusion through the soil gas.  If, in fact, conditions exited such that advection 

through the soil gas occurred, resulting in transport rates greater than those by diffusion alone, 

an assumption of diffusion-limited transport could lead to the underestimation of indoor air 

concentrations using these screening-level models.    

One example of advection-dominated conditions is where gas is produced by methanogenesis. 

Ma et al. (2013) conducted a 3-D numerical model investigation of methane VI due to the 

biodegradation of high ethanol blended fuels. Their study simulated a single building with 

perimeter cracks located at the center of an open field with vapor transport from a methanogenic 

source, through the vadose zone and the building enclosure in the absence of any preferential 

pathways. Their study demonstrated that if methanogenic activity near the source zone can 

produce sufficiently high gas pressure, that pressure can cause advective gas transport through 

the unsaturated zone. In their simulations, this resulted in indoor air concentrations of methane 

that were 1-2 orders of magnitude above their low pressure, diffusion-dominated simulations. 

Similar situations were identified by Sihota et al. (2013) and Molins et al. (2010). Through 

numerical simulations, Sihota et al. (2013) showed that advection played an important role in the 

transport of methane and carbon dioxide through the subsurface above an ethanol source zone. 

Similarly, Molins et al. (2010) showed that the occurrence of advective gas transport near the 

water table resulted in significant methane release from a crude oil smear zone. 
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A second condition that could lead to advection-dominated conditions is the vertical transport of 

volatile organic contaminants (VOCs) by gas bubble mobilization. This bubble-facilitated 

transport has been shown to occur where VOCs are in proximity of a discontinuous (trapped) gas 

phase (Roy & Smith, 2007; Mumford et al., 2009; Mumford et al., 2010). Although previously 

demonstrated for volatile chlorinated solvents, it is expected that this mechanism could be 

significant in light non-aqueous phase liquid (LNAPL) source zones. LNAPL source zones are often 

present as smear zones, created by fluctuations of the water table. As the water table and 

capillary fringe fall, LNAPL migrates downwards as air invades the soil matrix, leaving behind 

LNAPL in the unsaturated zone. A subsequent rise in the water table leads to an upward migration 

of LNAPL and water, resulting in the entrapment of LNAPL at residual saturation (Reddi et al., 

1998; Dobson et al., 2007).  These smear zones are deeper than the original source prior to any 

oscillation, and have a higher aqueous phase permeability than a LNAPL pool.  In addition, a rise 

in the water table can also trap air alongside the trapped LNAPL (Dobson et al., 2007). Partitioning 

of VOCs from the LNAPL to the neighbouring trapped gas, or the biogenic production of gases 

under favourable biodegradation conditions, could result in bubble transport (Mumford et al., 

2009; Ye et al., 2009). If the bubble movement supplies VOCs to the water table at a rate higher 

than could be removed by diffusion alone, this would result in pressure differences between the 

water table and the shallower vadose zone leading to advection through that zone, and the 

potential for increased vapour intrusion.   

To model vapor intrusion more accurately further knowledge of the mechanisms that control 

vapor generation from the NAPL source may be required (Petri et al, 2015), particularly under 

conditions where advective-dominated conditions may occur leading to higher indoor air 
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concentrations. The goal of this study is to investigate the effects of bubble-facilitated VOC 

transport from LNAPL smear zones. Specific research objectives are to: (i) compare the vertical 

flux of gas-phase VOC from smear zones that contain trapped gas to those that do not and (ii) 

understand the potential for bubble-facilitated VOC transport to shorten source lifetime or 

increases the risk to indoor air receptors by increasing the rate of vapor intrusion. This research 

will help to identify the conditions under which bubble-facilitated VOC transport from LNAPL 

smear zones can result in VOC mass fluxes greater than those estimated using typical diffusion-

limited vapor intrusion screening models. 

3.2 Background 

3.2.1 LNAPL Smear Zones 

LNAPLs are a common group of contaminants composed mainly of petroleum products such as 

kerosene, home heating oil, diesel fuel, and gasoline. When released, LNAPLs migrate 

downwards through the vadose zone until they reach the capillary fringe, where they begin to 

spread laterally forming pools. If the elevation of the water table remains constant, LNAPL is 

distributed according to vertical equilibrium (Kim and Corapcioglu, 2004) where air is continuous 

and connected to the atmosphere (Figure 3.1A). Fluctuations of the water table, however, affect 

the spatial distribution of LNAPLs (Fayer and Hillel, 1986; Reddi et al., 1998; Dobson et al., 2007; 

Petri et al., 2015). As the elevation of the water table decreases, LNAPL saturations increase 

(following the primary drainage path of a capillary pressure-saturation curve) and then increase 

as the elevation of the water table increases (following the secondary imbibition path). The result 

of these fluctuations is the formation of LNAPL residual, in the form of blobs and ganglia (Figure 

3.1B), but at lower saturations than in the vertical equilibrium prior to fluctuation (Dobson et al., 
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2007). This distribution of LNAPL residual is commonly referred to as a smear zone, in which the 

LNAPL is distributed over a greater depth than its initial equilibrium state.  The disconnected 

blobs and ganglia formed in this region typically enhance the dissolution of LNAPL due to the 

larger LNAPL-water interfacial area of blobs and ganglia compared to pools (Reddi et al., 1998).  

LNAPL in the subsurface can be found in three configurations: free LNAPL, residual LNAPL and 

occluded LNAPL. Free LNAPL consists of pools, residual LNAPL consists of blobs and ganglia 

trapped by hysteretic drainage and imbibition processes, and occluded NAPL is residual NAPL 

that is separated from the unsaturated zone by a water saturated zone (Petri et al., 2015). This 

definition of occluded LNAPL refers to the macroscopic separation LNAPL from the vadose zone, 

and is different from the definition of occluded LNAPL at the pore scale used in studies of three 

phase fluid saturations (Lenhard et al., 2004).  Zones of occluded LNAPL may occur where LNAPL 

smear zones are subject to water infiltration or when trapped by a fine lens (Petri et al., 2015). 

The occlusion of the LNAPL decreases the mass transfer rate from the smear zone because there 

is no direct LNAPL-gas contact and VOC must first be transported through the water in the 

occlusion zone prior to volatilizing into the unsaturated zone.  

Water table fluctuations can also trap air below the water table (Fry et al., 1995; Williams and 

Oostrom, 2000). In smear zones this air exists alongside LNAPL creating a multiphase air-LNAPL-

water system (Figure 3.1C) (Lenhard et al., 1993; Dobson et al., 2007). For example, Lenhard et 

al. (1993) carried out a multiphase flow experiment to investigate the distribution of NAPL in the 

subsurface. Their results indicated that air can be trapped by NAPL imbibition and both air and 

NAPL can be trapped by water imbibition. These three-phase systems allow a series of six double 

displacement mechanisms. Double drainage (NAPL displacing water followed by air displacing 
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NAPL) and double imbibition (NAPL displacing air followed by water displacing NAPL) are 

mechanisms that can mobilize residual NAPL. This allows NAPL to move freely until it is trapped 

again or dissolved into the groundwater (Fenwick and Blunt, 1998; Piri and Blunt, 2004). 

A major challenge for understanding VI from LNAPL sources lies in considering the role of three-

phase entrapment arrangement in controlling the partitioning and transport of VOCs. For 

example, mass transfer from occluded LNAPL sources depends on aqueous diffusion through the 

occluded zone, whereas mass transfer in residual and free NAPL sources is sensitive to bulk phase 

gas transport, advection and diffusion (Petri et al., 2015). The higher mass transfer contributions 

from the residual and free NAPL configurations initially dominate smaller contributions from the 

occluded configuration, but as the source ages causing the residual and free phase NAPL sources 

to deplete, occluded NAPL remains as a long-term source that contributes to lasting 

concentration (Petri et al., 2015). Petri et al. (2015) discussed the need to include the role of 

NAPL arrangement in predictions of VI and stated that further work is needed to understand 

NAPL volatilization for a full range of multiphase saturation distributions. This could include a 

three-phase smear zone with LNAPL and trapped gas. 
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3.2.2 Effect of Gas Bubbles 

The presence of trapped gas in a LNAPL smear zone can affect both the transport of dissolved 

and gas-phase VOC.  Trapped gas will reduce both the effective permeability of the LNAPL and 

water phases, thereby potentially decreasing aqueous flow through the smear zone and limiting 

dissolution rates.  In addition, the partitioning of VOC to trapped gas can result in the expansion 

b 

c 

a 

Figure 3.1 : A representation of potential NAPL (Red) 
configurations in the subsurface (a) A free phase LNAPL 
pool at equilibrium, prior to any water table fluctuation. 
(b) A 2-phase LNAPL smear zone due to a fluctuation of 
the water table trapping residual NAPL below the water 
table in an occluded manner. (c) A 3-phase LNAPL smear 
zone due to water imbibition, trapping air and NAPL 
residual below the water table. 
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and mobilization of gas bubbles and a subsequent increase in vertical transport rates.  Previous 

studies focused on pools of chlorinated solvents have demonstrated that where trapped gas 

exists adjacent to volatile NAPL, the partitioning of VOCs to the trapped gas results in its repeated 

expansion, fragmentation and vertically mobilization (Roy and Smith, 2007; Mumford et al., 2009; 

Mumford et al., 2010).  It is expected that this process may be active in three-phase LNAPL smear 

zones that contain trapped gas (air-LNAPL-water), particularly for shallow smear zones containing 

volatile LNAPL.      

The growth of gas bubbles due to the partitioning of VOC and dissolved gases in water is defined 

by two main processes: (i) the mass transfer across the gas-liquid interface (Cirpka & Kitanidis, 

2000) and (ii) the physical adjustment of the gas phase interface based on the phase pressures 

and interfacial properties (Roy & Smith, 2007). The partitioning of VOC and dissolved gases to a 

trapped gas bubble results in its pressurization and expansion.  If the adjacent pore throats are 

sufficiently large, the gas phase continues to expand out of its original pore to create a cluster 

that spans multiple pores. The bubble will continue to expand as long as the sum of the water 

pressure and entry pressure of the porous medium is less than the gas pressure of the bubble. 

This expansion will be biased in the upwards direction due to buoyancy (Mumford et al., 2009).  

Mobilization of the gas cluster will occur when the buoyancy force exceeds the capillary force 

that trapped the cluster. Because this transport by buoyant advection is orders of magnitude 

higher than transport by aqueous phase transverse vertical dispersion, the gas phase VOCs are 

transported quickly through the saturated zone to the vadose zone. Sihota et al. (2013) stated 

that the transport of VOCs to the ground surface by ebullition (bubble-facilitated VOC transport) 

is more effective than volatilization from groundwater by diffusive mass transfer. If the transport 
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rate of VOCs from the saturated zone to the vadose zone by ebullition is higher than the rate at 

which VOCs can be transported upwards by gas-phase diffusion in the vadose zone, then gas 

pressures will increase and advective transport through the vadose zone will occur. 

3.2.3 Proof-of-Concept 

It has long been recognized that VI is an exposure pathway, but an understanding and 

characterization of the basic mechanisms and methods have been lacking (Illangasekare et al., 

2014).  The expansion and mobilization of trapped gas from a three-phase LNAPL smear zone due 

to the partitioning of VOC and dissolved gases is shown in Figure 3.2. This preliminary proof-of-

concept visualization experiment was conducted in a two-dimensional flow cell designed to allow 

visualization of the evolving LNAPL and gas through glass walls.  Details of the flow cell 

construction are presented in Hegele and Mumford (2014).  In summary, the flow cell is 40 cm × 

20 cm × 1 cm, has 8 ports on each side as well as 4 ports on the bottom, and consists of two glass 

plates sealed to a Polytetrafluoroethylene (PTFE) frame.  A three-phase LNAPL smear zone (air-

LNAPL-water) was created by first wet-packing a 9 cm-high section of clean sand (Accusand 

20/30, Schroth et al., 1996) in the bottom of the flow cell.  This sand layer was drained through 

bottom ports to allow air to invade from the top of the pack.  Once drained, pentane (C5H12) 

LNAPL was injected into the pack through the bottom ports. Following the emplacement of 

pentane, water was allowed to invade the pack through the bottom ports, trapping residual 

LNAPL and air. Finally, an additional 10 cm-high section of the cell was wet-packed with the same 

clean sand. This created a two-layer system, where the bottom 9 cm contained sand, water, 

trapped air and trapped pentane as a three-phase smear zone and the top 10 cm contained 

water-saturated sand. Once packing was complete, water flow was initiated from left to right at 
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a rate of 170 cm/day.  A digital camera, light source, and image processing software was used to 

visualize the extent of gas bubble expansion and mobilization from the smear zone.  

Early on in Figure 3.2 gas expansion was evident and can be seen in panel b at the interface 

between the layers and as gas fingers. With continued expansion additional fingers were formed 

as can be seen in panels c & d. The fingering seen in Figure 3.2 is a buoyancy-driven movement 

of gas within a water saturated, homogeneous, porous medium. The fingering patterns here, are 

similar to those observed in modeling and laboratory experiments using DNAPL (Glass and 

Yarrington, 2003; Roy and Smith, 2007; Mumford et al., 2009; Mumford et al., 2010). These 

results illustrate the potential for bubble-facilitated VOC transport to affect mass transfer in 

smear zones, and provided a basis for the incorporation of this mechanism into qualitative results 

on similarly run column experiments that will be disused throughout this paper. 

0 min 35 min 45 min 65 min a b c d 

e f g h 

Figure 3.2: Photos from the proof of concept experiments in their raw (top) and subtracted form (bottom). The 
0.7 mm silica sand is saturated and the shaded section in the top snapshots is the three phase source zone 
(pentane, air and water). The yellow outlines are gas fingers that can be seen in the raw image snapshot, the 
lower picture represent the subtraction of snapshots to more easily identify the gas fingers and therefore 
differences in gas saturations. 
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3.3 Materials and Methods 

3.3.1 Column Experiments 

The enhanced removal of VOCs from three-phase LNAPL smear zones (air-LNAPL-water) was 

investigated through a series of laboratory-scale column experiments using pentane as the 

representative LNAPL. A test column (T-F-3P) was run along with two control columns (C-NF-2P 

and C-NF-3P) (Table 3.1). In this naming convention “T” and “C” refer to test and control columns; 

“F” and “NF” refer to flow and no flow of water; and “2P” and “3P” refer to LNAPL-water and air-

LNAPL-water smear zones, respectively.  In Table 3.1, the suffixes “A” and “B” refer to duplicates 

of the same experimental conditions.  Bubble mobilization requires both an initial trapped gas 

phase and the flow of dissolved gas. Therefore, control experiment C-NF-2P was conducted to 

investigate the effect of no trapped gas and no dissolved gases while control experiment C-NF-

3P was conducted to investigate the effects of trapped gas with no dissolved gasses.  

Table 3.1: Experiment conditions 

Experiment 
name 

Average water 
flow rate (L/day) 

Darcy Flux 
(cm/day) 

Trapped fluids 
in source zone 

Air flow 
rate 

(mL/min) 

Test 
duration 

(days) 

T-F-3P-A 2.24 19.60 Pentane and Air 59.15 13.8 

T-F-3P-B 1.84 16.10 Pentane and Air 60.04 14.0 

C-NF-2P-A 0.00 0.00 Pentane 10.62 13.9 

C-NF-2P-B 0.00 0.00 Pentane 10.67 14.0 

C-NF-3P-A 0.00 0.00 Pentane and Air 10.49 16.9 



48 
 

Experiments were conducted in a stainless steel column (27.5 cm high x 7.5 cm diameter), that 

was split into four sections along its length (Figure 3.3).  The first section from the bottom 

contained the LNAPL smear zone, consisting of either water and residual pentane (C-NF-2P) or 

water, residual pentane and trapped air (T-F-3P and C-NF-3P) in medium sand.  The second 

section contained uncontaminated, water-saturated sand.  The third section contained dry glass 

beads, and the fourth section contained no porous media and acted as a pathway for air flow 

over the top of the glass bead layer. The second, third and fourth sections were the same in all 

experiments. The column included seven ports along its length: one port in section 4 (for air flow), 

and two ports in section 1 and four ports in section 2 for water flow, spaced every 2 cm.  

Sand, glass beads and pore fluids were emplaced in the column in a series of steps.  First, sand 

was packed in section 1 by pouring wet sand into the partially water-filled column section to 

prevent air entrapment.  The sand used in sections 1 and 2 was medium grade silica sand (#20/30 

Figure 3.3: Schematic of a one-dimensional column showing the parts of the system, 
the four sections of the column and the water and air flow and sample paths. 
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Accusand, Schroth et al., 1996).  Next, LNAPL was emplaced using one of two methods, for either 

the 2P or 3P experiments.  For the 3P experiments, an air-LNAPL-water smear zone was created 

by initiating water drainage while air invaded the sand from the top by lowering a water reservoir 

connected to the base of section 1 to an elevation that was 10 cm below the top of the column. 

Drainage occurred through a pair of water-wet membranes (10μm Nylon Net Filters, Merck 

Millipore Ref. NY1002500) and continued until air was present throughout the pack, to ensure 

residual wetting conditions. Once drainage was complete, the water reservoir was disconnected 

and 95-110 mL of pentane was injected into the sand through the bottom port using a syringe 

pump (Cole-Parmer, model # 230). The water reservoir was then reconnected and raised above 

the top of section 1 to trap residual LNAPL and atmospheric air bubbles by double displacement 

(LNAPL imbibed against air followed by water imbibed against LNAPL). For the 2P experiments, 

an LNAPL-water smear zone was created by initiating water drainage while 106-113 mL pentane 

invaded the sand from the top by lowering a water reservoir connected to the base of section 1 

to an elevation that was 10 cm below the top of the column. Drainage occurred through a pair of 

water-wet membranes and continued until pentane was present throughout the pack. Once 

drainage was complete, the water reservoir was raised above of the top of section 1 to trap 

residual LNAPL. Once the smear zone was emplaced, excess water and pentane above the sand 

were removed. Section 2 was packed with water-saturated sand in the same manner as the initial 

packing of section 1, and section 3 was packed with dry 4 mm-diameter glass beads (Fisher 

Scientific, Series 11-312) by pouring.  Using 4 mm glass beads over top of medium sand produced 

a sharp transition from saturated to unsaturated conditions.  
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Immediately after column packing and smear zone emplacement, air and water flow were 

introduced to the column. Water was pumped through sections 1 and 2 of the column at a rate 

of 2.07 ± 0.27 L/day (Masterflex peristaltic pump, model 07528-10 with 6 Masterflex cartridges, 

model 7519-08) from a 4 L influent reservoir (Table 3.1).  This is equivalent to a Darcy flux of 16.1-

19.6 cm/day, calculated using the maximum cross sectional area of the column perpendicular to 

the flow direction. The water in this reservoir was in equilibrium with the laboratory air, and 

water flow to the column was used to transport dissolved gases to the smear zone in each of the 

experiments.  Air was pumped through section 4 of the column at flow rates of between 10-65 

mL/day (KD scientific continuous syringe pump, model KDS-270) to maintain column boundary 

conditions while sampling.  The air flow rate differed between experiments to dilute the sample 

to keep it within calibration range.  Water and air flow continued for 13-16 days.   

3.3.3 Sample Collection and Analysis  

Vapor samples were collected using a 25 mL glass syringe from outlet of section 4 at intervals (2-

8 hours), and analysed directly and immediately using a gas chromatograph (GC) equipped with 

a gas sampling valve. Additionally, for experiments with water flow (T-F-3P), the water flow rate 

was measured every 2-3 days to ensure consistent flow, and water samples were collected for 

analysis of dissolved pentane concentration.  

All samples were analysed on by GC (Agilent Technologies type 7890B) equipped with a flame 

ionization detector (FID). Air samples were injected through the back inlet of the gas sampling 

valve. The method used a maximum temperature of 150 ˚C, a run time of 13.7 minutes, and 

PoraBOND Q 50 m x 0.53 mm column, and was modified from the CCME standard for petroleum 

hydrocarbons in soil- Tier 1 method (CCME , 2001). The detection limit for the analysis of pentane 
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in air was 0.67 mg/L. Water samples were analysed using an autosampler (PAL GC Sampler 80) 

by solid phase microextraction (SPME) (fused silica SPME fiber, 75 μm CAR/PDMS). This method 

used a maximum temperature of 220 ˚C and a runtime of 10 minutes, and Agilent Technologies 

Inc. DB-624, 60 m x 0.530 mm column. The detection limit for the analysis of pentane in water 

was 0.059 mg/L.  

Air sample concentrations were determined using a four-point calibration curve.  Calibration 

curves were generated at the start and end of each experiment, and were verified using samples 

from an independent pentane source.  In addition, blank samples, single calibration points and 

verification samples were analysed daily throughout each experiment to ensure GC consistency 

and accuracy. Water samples were also determined using a four-point calibration curve, and 

analyzed at the end of each experiment. Because they were analyzed at the end of each 

experiment holding times between sampling and analysis ranged between 0 and 14 days. 

Independent checks on samples held for a maximum of 14 days resulted in a maximum depletion 

in concentration of 42 %. Water concentration results were corrected to consider the holding 

times based on results from samples checks at 2, 4, 7 and 14 days in order to maintain 

conservative estimates for mass of contaminant in water and attenuation factor calculations. 

3.4 Results and Discussion 

3.4.1 Bubble-Facilitated Vapor Intrusion 

The mass flux of pentane in the gas phase from all experiments, calculated from measurements 

of gas phase concentrations from the top of the column (section 4), the air flow rate across the 

top of the column and the column cross-sectional area, is shown in Figure 3.4.  The mass flux for 

the T-F-3P experiments represents conditions where bubble-facilitated transport from the smear 
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zone is expected.   This mass flux had a mean value of 8.7 × 103 mg/m2·d, across all times and 

both replicates. However, the fluxes are intermittent and ranged between 6.9 × 101 mg/m2·d and 

9.4 × 104 mg/m2·d (approximately 0.01× to 10× the mean value) throughout the tests. This 

fluctuation in the pentane mass flux is consistent with expectations of bubble-facilitated 

transport, as bubbles can expand, mobilize and be released at various times as a result of the 

partitioning of VOCs and dissolved gases (Roy & Smith, 2007; Mumford et al., 2009; Mumford et 

al., 2010). The irregularity of bubble mobilization can be due to many variables including different 

sizes of trapped gas bubbles, variable path lengths for mobilized gas, different pore throat sizes, 

changing water or atmospheric pressures, and pore-scale variations in the transport of dissolved 

gases. Intermittent signals, including pressure and gas flow, are commonly observed in gas 

systems (Geistlinger et al., 2006; Sakaki et al., 2013) 

In contrast to the results of the T-F-3P experiments, the mass flux from the C-NF-2P experiments 

showed a mean mass flux of 8.2 × 101 mg/m2·d, and did not show major fluctuations, illustrated 

by the large differences in standard deviations between the T-F-3P and C-NF-2P experiments 

which were 1.2 × 104 mg/m2·d and 2.4 × 101 mg/m2·d, respectively.  These experiments represent 

conditions where the smear zone does not contain trapped gas and there is negligible 

groundwater flow. The lack of fluctuation is expected for the diffusion-dominated conditions of 

these experiments, where transport of pentane occurs by diffusion from trapped LNAPL residual 

through the pore-water in the smear zone and the occlusion zone, partitioning to the gas phase 

in the vadose zone, and subsequent transport through the gas-occupied pore space. In these 

column experiments, this transport through the vadose zone may be a combination of diffusion 

and advection, caused by a portion of the air injected across the top of the column (section 4) 
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flowing down through the glass beads (section 3) and back up to the column outlet that can 

transport gas-phase VOCs from the occlusion zone interface. These air flow conditions were the 

same in all experiments, which allows comparisons between the T-F-3P and C-BF-2P experiments.  

In addition, VOC transport is still expected to be limited by diffusion in the aqueous phase 

(through the occlusion zone) in the C-NF-2P experiments because diffusion of pentane in water 

is 5 orders of magnitude lower than diffusion of pentane in gas (Yoon et al., 2008; Petrie et al., 

2015). All mass flux values in Figure 3.4 have an uncertainty between ±3% and ±14.5% based on 

calculations using standard deviation of the calibration data from each experiment. The 

similarities in both magnitude and fluctuations in the replicate test (T-F-3P-A and T-F-3P-B) and 

control (C-NF-2P-A and C-NF-2P-B) experiments demonstrate the reproducibility of the column 

method used.  

Figure 3.4: Mass discharge rates of test and control columns in duplicate over a 14-day period of time. It 
can be seen that the results from test columns are 1-2 orders of magnitude greater than the results of the 
control columns. 
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The mean VOC mass flux of 8.7 × 103 mg/m2·d in T-F-3P experiments was two orders of magnitude 

greater than the 8.2 × 101 mg/m2·d in the C-NF-2P columns, and the maximum flux was four 

orders of magnitude higher.  In addition, 98% of the mass flux values at the sampling times in the 

T-F-3P experiments were greater than the highest mass flux from the C-BF-2P experiments. These 

large differences in mass flux demonstrate the potential for the bubble-facilitated transport to 

increase transport rates linked to VI, and support the qualitative results of the proof-of-concept 

experiment.  

An additional difference between the T-F-3P and C-NF-2P experiments was the mass transfer of 

VOC to water flowing through both the smear zone (section 1) and occlusion zone (section 2). 

Therefore, the vertical mass flux through the vadose zone (Figure 3.4) is only a portion of total 

mass flux from the smear zone in the T-F-3P experiments. This mass transfer to flowing 

groundwater is typically the concern for smear zones, where an increased cross-sectional to flow 

and an increased LNAPL-water interfacial area compared to pooled LNAPL at vertical equilibrium 

near the water table results in increased mass transfer (Reddi et al., 1998; Dobson et al., 2007).  

In these experiments, however, mass transfer to the flowing water flow was not the dominant 

mass removal mechanism.  Water samples showed average effluent concentrations of less than 

0.7 mg/L, and an average mass discharge of 1.26 mg/d.  This is less than 4% of the average mass 

discharge of 39.68 mg/d leaving the system in the gas phase. Therefore, although increased 

dissolution from smear zones is a concern, for smear zones containing volatile LNAPL and with 

sufficient influx of dissolved gases mass removal by bubble-facilitated VOC transport may be 

equal to or greater than mass removal by dissolution.   
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The importance of dissolved gas transport to the trapped gas in the smear zone is illustrated by 

the results of the second control column (C-NF-3P) (Figure 4).  The mass flux values from this 

experiment showed a similar intermittent trend as the T-F-3P experiments. However, the onset 

of higher mass fluxes was slower than in the T-F-3P experiments (3.5 days), and the mass flux 

began to decrease after 10.5 days and reached a value consistent with the C-NF-2P experiments 

after 13.5 days. Mass flux higher than the C-NF-2P control are expected, due to the presence of 

trapped gas in the smear zone at the beginning of the experiment, which allows bubble-

facilitated transport. However, the trapped bubbles do not expand as quickly because of the lack 

of additional dissolved gases supplied by water flow.  Only the dissolved gases in the originally-

emplaced pore water are available for gas expansion.  At later time, the trapped gas reaches an 

equilibrium with these dissolved gases in the original pore water, and expansion and mobilization 

cease. This lack of gas mobilization results in diffusion-dominated conditions, and mass flux 

values similar to those observed in the C-NF-2P experiments.  

3.4.2 Attenuation Coefficients 

Results from simulations conducted using the common Johnson and Ettinger (1991) model are 

typically expressed as an attenuation factor (α), expressed as the ratio of indoor concentration 

to gas-phase source concentration.  Indoor air concentrations used to determine attenuation 

coefficients were calculated for the T-F-3P and C-NF-2P experiments using the average gas-phase 

pentane concentrations from the test, while considering both a high (300 m3/h) and low (60 

m3/h) air exchange rate that have been used in previous studies (Johnson and Ettinger, 1991; US 

EPA, 2012). Source concentrations used to determine attenuation coefficients were calculated 

using the average water concentrations from the T-F-3P experiments, converted to gas 
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concentrations using a dimensionless Henry’s Law constant for pentane of 45 (TCEQ, 2014) (Table 

3.2).  

Table 3.2: Estimated attenuation coefficients 

 T-F-3P C-NF-2P 

𝑬𝑳𝒐𝒘 =  𝟔𝟎 𝒎𝟑/𝒉 1.57 x 10-7 1.45 x 10-9 

𝑬𝑯𝒊𝒈𝒉 =  𝟑𝟎𝟎 𝒎𝟑/𝒉 7.84 x 10-7 7.25 x 10-9 

3.5 Conclusion 

These experiments provide insight into the interactions between bubbles in the subsurface and 

gas transport processes in a three phase LNAPL smear zone. The results from this study 

demonstrate the potential for bubble-facilitated VOC transport to affect mass transfer rates in 

smear zones by up to two orders of magnitude, with an intermittent signal resulting in peaks up 

to four orders of magnitudes higher than diffusion limited columns. Moreover, this study showed 

that the introduction of dissolved gasses to the system is essential in bubble-facilitated VOC 

mobilization. Finally, results indicated that over 95 % of LNAPL mass leaving the column was in 

vapour form.  

These results can serve as a basis for further development of conceptual and numerical models 

to investigate the conditions under which bubble-facilitated VOC transport may play an 

important role and where diffusion-limited screening models may fail to identify some conditions 

where risk assessment, indoor air sampling and vapor intrusion mitigation could be necessary. 

Considering the increased mass transfer rate produced by bubble-facilitated transport, this 

mechanism could also be investigated as a method for accelerating the depletion of a source 

zone.  
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Chapter 4: Conclusions and Recommendations 

4.1 Summary and Conclusions 

The overall goal of this research study was to investigate the effects of bubble-facilitated VOC 

transport on the mass flux from LNAPL smear zones. Specific research objectives were to (i) 

compare the vertical mass flux of gas-phase VOC from smear zones that contained trapped gas 

to those that did not, and (ii) understand the potential for bubble-facilitated VOC transport to 

shorten source lifetime or increases the risk to indoor air receptors by increasing the rate of 

vapour intrusion (VI).  

Two types of experiments were performed in order to address these objectives: laboratory 

columns and visualization experiments. Visualization experiments were conducted to establish a 

conceptual model of trapped gas phase movement in an LNAPL smear zone. Laboratory columns 

were completed to investigate the role of a trapped gas phase in an LNAPL smear zone, under 

conditions of homogeneity, heterogeneity and varying water flow rates. In the column 

experiments, pentane LNAPL was emplaced in a sand-packed source zone using sequential 

drainage and imbibition steps to mimic a water table oscillation and to trap air alongside LNAPL 

residual. Each column also contained a zone of clean saturated sand (occlusion zone), and a 

vadose zone. Water was pumped laterally through the source zone and occlusion zone to deliver 

the dissolved gases that are required for the expansion of trapped gas bubbles. Gas-phase 

samples were collected from the top of the column and analyzed immediately by gas 

chromatography. In the visualization experiments, pentane LNAPL was emplaced in a two-

dimensional cell designed to allow visualization of mobilized LNAPL and gas through glass walls. 
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Conclusions of this study were: 

(i) The onset of gas expansion occurs early on, as demonstrated in the visualization 

experiments, with continued expansion causing additional gas fingers to form over 

time. The gas fingering is a buoyancy-driven movement of gas within a water 

saturated porous medium. This demonstrates the potential for bubble-facilitated 

VOC transport to affect mass transfer in three-phase LNAPL smear zones, and 

provides a conceptual understanding for the future incorporation of this 

mechanism into models to predict source lifetime and potential risk to indoor air 

receptors under conditions where gas generation is significant. 

(ii) The mean VOC mass flux of 8.7 × 103 mg/m2·d in the T-F-3P experiments (which 

contained an air-LNAPL-water source zone) was over two orders of magnitude 

greater than the mean VOC mass flux of 8.2 × 101 mg/m2·d in the C-NF-2P columns 

(which did not contain gas), and the maximum flux was four orders of magnitude 

higher. Moreover, 98% of the mass flux results in the T-F-3P experiments were 

greater than the highest mass flux results from the C-NF-2P experiments. These 

large differences in mass flux demonstrate the potential for the bubble-facilitated 

transport to increase transport rates linked to VI. 

(iii) The mass flux signal in the T-F-3P experiments was intermittent, and ranged 

between 6.9 × 101 mg/m2·d and 9.4 × 104 mg/m2·d.  This intermittent signal is 

consistent with expectations of bubble-facilitated transport as bubbles expand, 

mobilize and are released to the vadose zone at various times. 
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(iv) The fine sand layer in the heterogeneous experiments did not have any effect on 

the average mass flux results from the column. This is likely due to the presence 

of gas fingers that were longer than the fine sand layer intersecting and spanning 

the heterogeneity and creating a preferential pathway for gas mobilization.  

(v) The mass flux out of the column was on average 26 times higher at a flow rate of 

8 L/day than at a flow rate of 0.5 L/day. This demonstrates that mass flux in the 

column will increase and decrease relative to a change in the water flow rate. This 

type of relationship is expected as the rate of dissolved gasses entering the 

system, and therefore the rate at which bubbles can expand, is increased as the 

flow rate of water is increased. 

In summary, these results all identify bubble-facilitated transport of VOCs as a potentially 

influential mechanism on the VI pathway. If the transport of VOCs to the vadose zone by 

mobilized gas bubbles is higher than the rate at which VOCs can be transported upwards by 

diffusion through the vadose zone, then gas pressures will increase and advective transport 

through the vadose zone will occur. It is expected that the mass flux produced would be higher 

under conditions of increased water flow, higher LNAPL saturation, lower Henry’s constant, 

higher temperature or under conditions of biological activity where denitrification or 

methanogenesis occur. This advective transport through the vadose zone can play an important 

role, and assumptions of diffusion-limited transport could lead to the underestimation of indoor 

air concentrations using current VI screening level models.  An underestimation of indoor air 

concentrations would fail to identify conditions where further risk assessment, indoor air 

sampling and/or vapor intrusion mitigation could be necessary. 



66 
 

4.2 Recommendations and Future Work 

For future research, the recommendations listed below will be helpful to better understand the 

effects of bubble-facilitated VOC transport on the mass flux from LNAPL smear zones: 

(i) Further studies on bubble-facilitated VOC transport could include effects of 

methanogenesis and other common contaminants. Methane is produced in the 

subsurface by many processes, and the presence of methane in the subsurface 

may facilitate the frequency of bubble movement from a smear zone. An 

additional set of experiments could be conducted using common LNAPL 

contaminants or a mix of contaminates in order to identify variability of bubble 

activity between contaminants. 

(ii) It is expected that subsurface heterogeneity can interact with vapor transport, 

however, this was not seen in these studies and therefore future experiments 

could identify systems with thicker heterogeneous layers and a variety of 

permeabilities to determine the effects of bubble-facilitated VOC transport on 

heterogeneous systems similar to those that could be found in the field. 

(iii) Considering the increased mass transfer rate produced by bubble-facilitated VOC 

transport, this mechanism could also be investigated as a method for accelerating 

the depletion of a source zone and could potentially be used as a remediation 

technique.  

(iv) Quantitative experiments conducted in this study only considered a one-

dimensional system. Mass flux measurements in two-dimensional experiments 

could help to gain a more complete understanding of bubble-facilitated VOC 
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movement. The bubble movement in a two-dimensional system could be 

influenced by water flow bypassing a zone of high gas saturation. 

(v) Results from this study can serve as a basis for further development of conceptual 

and numerical models to investigate the conditions under which bubble-

facilitated VOC transport may play an important role. Results from this study could 

be used to further develop and validate models such as MIN3P, or they could be 

used as a conceptual model to write a numerical model identifying the bubble 

mobilization mechanism independently.  
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Appendix A 

Experiment Apparatus and Set 

 

 

 

 

 

Figure A1: Parts of the custom made stainless steel 
column 
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 Figure A2: Sands and glass beads used for packing the column 

Figure A3: Column set-up while packing (picture shows 
configuration for the water drainage step) 
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Figure A4: Column set-up for C-NF-2P and C-NF-3P 
experiments 

Figure A5: Column set-up for T-F-3P, hetero and flow rate experiments 
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Figure A6: GC set-up showing location of gas sampling valve input 

Figure A7: 2D visualization experiment set-up 
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Appendix B 

Effects of varying water flow rates 

A column experiment with varied water flow rates was completed in order to illustrate the 

importance of dissolved gas transport into the system. The presence of dissolved gasses in the 

system is important in the expansion of bubbles since bubbles can expand due to the mass 

transfer of dissolved gasses across the gas-liquid interface. This column was run as described in 

the methods sections for 3P columns with one exception being the rate of water flow which 

was changed from 8 L/day to 0.5 L/day 4.4 days into the test.  

 

The results from this experiment indicate that the mass flux out of the column was on average 

26 times higher at a flow rate of 8 L/day than a flow rate of 0.5 L/day. This test demonstrates 

that mass flux in the column will increase and decrease relative to a change in water flow rate. 

This type of relationship is expected as the rate of dissolved gasses entering the system, and 
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Figure B1: Mass flux rates from the experiments with varying water flow rates over 7 days 
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therefore the rate at which bubbles can expand, is increased as the flow rate of water is 

increased.  
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Figure C1: Mass flux rates for the heterogeneous column experiment compared to the T-F-3P experiment 
over 7 days. 

Appendix C 

Effects of Heterogeneity 

A column experiment with a heterogeneous sand layer was conducted in order to investigate the 

outcome of bubble facilitated flow on a stratified system. A heterogeneous layer in the system will result 

in a different entry pressure required for a bubble to expand in the pores. This column was run as 

described in the methods sections for 3P columns with one exception being a 2 cm layer of finer sand 

(Accusand 30/40, Schroth et al., 1996) was packed at the bottom of section 2. 

 

 

The results from this experiment indicate that the heterogeneous layer did not have any effect on the 

mass flux out of the column. This is likely due to the presence of a gas finger longer than the fine sand 

layer intersecting the heterogeneity and creating a preferential pathway for gas mobilization. 
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Appendix D 

2D Visualization tests 

Appendix D presents subtracted images from experiments, where pentane LNAPL was emplaced 

in a two-dimensional glass cell to allow visualization of mobilized LNAPL and gas through glass 

walls. This experiment was conducted under both homogeneous and heterogeneous packing 

scheme. The homogeneous packing schemes included a 10 cm pentane smear zone packed in 

medium grade silica sand overlain by 10 cm of saturated medium grade silica sand. 

Heterogeneous packing started similarly to homogeneous packing with a 10 cm pentane smear 

zone packed in medium grade silica sand however it was overlain with a 2 cm layer of fine (Figure 

D3 30/40) or very fine (Figure D4 40/50) saturated silica sand followed by 8 cm of saturated 

medium grade silica sand. These test were run at a flow rate of 1.5 L/day which based on cross 

sectional area is about 3.5 times faster flow than the column experiments. The results from the 

visualization experiments showed gas volume growing and mobilizing over time, and supports the 

findings of the column experiments. 
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Figure D1: Visualizations experiments for 20/30 homogeneous sand pack 
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2 h 40 min 3 h 40 min 5 h 55 min 

Figure D2: Visualizations experiments for 20/30 homogeneous sand pack duplicate test 
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Figure D3: Visualizations experiments for 30/40 heterogeneous layered sand pack 
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Figure D4: Visualizations experiments for 40/50 heterogeneous layered sand pack 
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Appendix E 

Sample Calculations for Mass Flux 

Sample calculation was completed with data from the T-F-3P-A column at 6.05 days. 

1. Find sample concentration in ppm 

𝐶𝑝𝑝𝑚 =
𝐴𝐺𝐶

𝑆𝑙𝑜𝑝𝑒
 

𝐶𝑝𝑝𝑚 =
209.6

1.002
 

𝐶𝑝𝑝𝑚 = 209.18 𝑝𝑝𝑚 

2. Convert concentration from ppm to mg/m3 

𝐶𝑚𝑔/𝑚3 = 𝐶𝑝𝑝𝑚 ∗ 3.01 

𝐶𝑚𝑔/𝑚3 = 209.18 ∗ 3.01 

𝐶𝑚𝑔/𝑚3 = 629.64 𝑚𝑔 𝑚3⁄  

3. Find Mass Discharge rate for sample 

𝑀𝐷 = 𝐶𝑚𝑔/𝑚3 ∗ 𝐹𝑅  

𝑀𝐷 =

629.64𝑚𝑔
𝑚3 ∗

59.11𝑚𝐿
𝑚𝑖𝑛

∗
1440𝑚𝑖𝑛

𝑑𝑎𝑦
∗

1000𝜇𝑔
𝑚𝑔

10002𝑚𝐿
𝑚3

 

𝑀𝐷 = 53593.67𝜇𝑔/𝑑𝑎𝑦 

4. Find Mass Flux rate for sample 

𝑀𝐹 =
𝑀𝐷

𝐴𝑐𝑜𝑙
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𝑀𝐹 =

53593.67𝜇𝑔
𝑑

∗
1002𝑐𝑚2

𝑚2

45.604𝑐𝑚2 ∗
1000𝜇𝑔

𝑚𝑔

 

𝑀𝐹 = 11752.05𝑚𝑔/𝑚2𝑑 
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Appendix F 

Mass Flux Results from Column Experiments 

Table F1: Mass flux results from the T-F-3P-A experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 60.20 0.00 0.00 0.00 

0.10 60.20 88.19 7.64 1676.38 

0.23 60.20 793.79 68.81 15089.11 

0.59 60.30 383.95 33.34 7310.63 

0.77 60.30 40.87 3.55 778.10 

0.85 60.30 348.88 30.29 6642.86 

1.18 60.30 7.32 0.64 139.36 

1.32 58.54 118.20 9.96 2184.85 

1.66 58.54 384.07 32.38 7099.38 

1.75 58.54 136.95 11.54 2531.56 

1.92 58.54 514.77 43.39 9515.37 

2.13 58.54 253.07 21.33 4677.89 

2.27 58.54 1208.47 101.87 22338.28 

2.66 60.73 510.88 44.68 9796.91 

2.82 60.73 182.23 15.94 3494.51 

3.02 60.73 498.66 43.61 9562.45 

3.22 60.73 286.44 25.05 5492.97 

3.76 56.80 92.31 7.55 1655.63 

3.81 56.80 65.81 5.38 1180.25 

3.99 56.80 12.49 1.02 224.03 

4.07 56.80 105.11 8.60 1885.12 

4.21 56.80 58.19 4.76 1043.65 

4.56 57.40 2783.52 230.07 50450.84 

4.68 57.40 2289.77 189.26 41501.77 

4.81 57.40 1379.14 113.99 24996.77 

4.95 57.40 60.14 4.97 1090.05 

5.09 57.40 3.81 0.32 69.13 

5.31 59.11 356.57 30.35 6655.38 

5.65 59.11 385.71 32.83 7199.25 

5.81 59.11 314.52 26.77 5870.42 

5.92 59.11 436.48 37.15 8146.82 

6.05 59.11 629.64 53.59 11752.05 

6.29 59.11 534.41 45.49 9974.67 

6.67 58.88 1052.11 89.21 19560.96 
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6.82 58.88 202.06 17.13 3756.74 

6.96 58.88 69.68 5.91 1295.43 

7.12 58.88 564.65 47.88 10498.15 

7.32 60.42 392.09 34.11 7480.52 

7.67 60.42 46.92 4.08 895.10 

7.84 60.42 214.17 18.63 4086.09 

8.02 60.42 44.48 3.87 848.61 

8.33 59.23 352.39 30.06 6590.65 

8.38 59.23 59.96 5.11 1121.33 

8.66 59.23 635.95 54.24 11894.07 

8.86 59.23 106.76 9.11 1996.65 

9.08 59.23 134.29 11.45 2511.54 

9.31 59.23 576.92 49.21 10789.90 

9.70 59.76 573.97 49.39 10830.88 

9.83 59.76 807.03 69.45 15228.77 

9.90 59.76 402.15 34.61 7588.51 

10.10 59.76 285.46 24.57 5386.70 

10.32 57.92 13.32 1.11 243.68 

10.68 57.92 402.75 33.59 7365.85 

10.80 57.92 526.60 43.92 9630.99 

11.01 57.92 185.93 15.51 3400.48 

11.16 57.92 363.38 30.31 6645.88 

11.33 58.08 715.64 59.85 13124.59 

11.66 58.08 716.87 59.96 13147.12 

11.79 58.08 779.22 65.17 14290.59 

11.95 58.08 888.26 74.29 16290.26 

12.11 58.08 445.97 37.30 8178.93 

12.28 58.08 281.65 23.56 5165.34 

12.64 62.24 460.62 41.28 9052.66 

12.81 62.24 567.04 50.82 11144.03 

13.03 62.24 574.33 51.47 11287.44 

13.27 62.24 394.04 35.32 7744.06 

13.67 62.24 364.85 32.70 7170.42 

13.75 62.24 234.39 21.01 4606.41 

 

  



84 
 

 Table F2: Mass flux results from the T-F-3P-B experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 63.49 27452.11 2371.86 520103.39 

0.23 63.49 1141.26 98.61 21622.22 

0.34 63.49 4936.27 426.49 93521.80 

0.47 63.49 478.80 41.37 9071.36 

0.86 61.22 489.46 42.29 9273.14 

0.98 61.22 1649.89 142.55 31258.54 

1.24 61.22 1463.74 126.47 27731.87 

1.45 61.22 4158.88 359.33 78793.54 

1.58 62.76 1167.30 100.85 22115.49 

1.91 62.76 1368.38 118.23 25925.08 

2.10 62.76 1142.01 98.67 21636.37 

2.23 62.76 589.05 50.89 11159.99 

2.38 62.76 1089.58 94.14 20643.07 

2.53 61.16 1354.82 117.06 25668.26 

2.86 61.16 3034.22 262.16 57485.90 

3.16 61.16 372.37 32.17 7054.95 

3.22 61.16 300.03 25.92 5684.34 

3.37 61.16 243.19 21.01 4607.44 

3.53 59.11 243.06 21.00 4604.94 

3.85 59.11 164.02 14.17 3107.49 

3.99 59.11 123.91 10.71 2347.51 

4.16 59.11 400.84 34.63 7594.22 

4.35 59.11 253.76 21.92 4807.61 

4.53 59.35 294.00 25.40 5570.08 

4.90 59.35 319.33 27.59 6050.04 

5.04 59.35 259.67 22.44 4919.60 

5.24 59.35 159.67 13.80 3025.02 

5.26 59.35 680.33 58.78 12889.49 

5.44 59.35 123.67 10.68 2342.97 

5.56 61.79 219.24 18.94 4153.61 

5.86 61.79 296.51 25.62 5617.58 

6.04 61.79 417.81 36.10 7915.69 

6.22 61.79 173.41 14.98 3285.44 

6.35 61.79 348.32 30.09 6599.24 

6.52 61.79 227.62 19.67 4312.49 

6.88 55.15 215.32 18.60 4079.44 

7.10 55.15 109.10 9.43 2067.08 
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7.23 55.15 162.05 14.00 3070.22 

7.34 55.15 102.69 8.87 1945.48 

7.53 56.29 39.45 3.41 747.50 

7.93 56.29 298.77 25.81 5660.50 

8.11 56.29 89.41 7.72 1693.93 

8.27 56.29 136.50 11.79 2586.11 

8.52 56.29 547.24 47.28 10367.99 

8.56 57.97 174.84 15.11 3312.42 

8.86 57.97 433.25 37.43 8208.25 

9.02 57.97 133.53 11.54 2529.81 

9.19 57.97 270.58 23.38 5126.36 

9.50 57.97 111.43 9.63 2111.21 

9.99 59.94 220.88 19.08 4184.80 

10.10 59.94 89.06 7.69 1687.22 

10.39 59.94 108.21 9.35 2050.07 

10.58 58.48 23.42 2.02 443.74 

10.84 58.48 57.92 5.00 1097.36 

11.03 58.48 80.08 6.92 1517.12 

11.17 58.48 160.79 13.89 3046.24 

11.35 58.48 175.35 15.15 3322.08 

11.53 59.06 120.01 10.37 2273.78 

11.84 59.06 96.91 8.37 1836.05 

12.02 59.06 128.68 11.12 2437.93 

12.16 59.06 173.28 14.97 3283.00 

12.27 59.06 44.60 3.85 845.07 

12.46 59.06 43.00 3.72 814.67 

12.56 57.97 122.24 10.56 2315.97 

12.83 57.97 80.65 6.97 1527.94 

13.02 57.97 130.81 11.30 2478.39 

13.18 57.97 162.57 14.05 3079.94 

13.33 57.97 53.66 4.64 1016.62 

13.49 57.97 134.62 11.63 2550.57 

13.83 59.41 390.73 33.76 7402.77 

14.00 59.41 206.23 17.82 3907.18 
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Table F3: Mass flux results from the C-NF-2P-A experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 10.61 199.21 3.04 667.41 

0.30 10.61 32.72 0.50 109.61 

0.48 10.61 34.17 0.52 114.48 

0.65 10.61 29.08 0.44 97.43 

0.74 10.61 29.45 0.45 98.65 

0.95 10.25 25.30 0.37 81.89 

1.27 10.25 22.77 0.34 73.70 

1.32 10.25 24.22 0.36 78.38 

1.49 10.25 24.94 0.37 80.72 

1.71 10.25 25.30 0.37 81.89 

1.93 10.16 30.89 0.45 99.09 

2.26 10.16 34.63 0.51 111.10 

2.30 10.16 37.44 0.55 120.11 

2.46 10.16 32.29 0.47 103.59 

2.64 10.16 34.63 0.51 111.10 

2.80 10.16 37.44 0.55 120.11 

2.94 10.42 27.15 0.41 89.33 

3.24 10.42 19.81 0.30 65.19 

3.45 10.42 27.88 0.42 91.75 

3.60 10.42 23.11 0.35 76.05 

3.76 10.42 32.29 0.48 106.23 

3.95 11.41 32.07 0.53 115.55 

4.25 11.41 22.45 0.37 80.89 

4.42 11.41 21.25 0.35 76.55 

4.57 11.41 24.46 0.40 88.11 

4.74 11.41 35.68 0.59 128.55 

4.97 11.42 30.99 0.51 111.77 

5.24 11.42 28.14 0.46 101.49 

5.45 11.42 19.95 0.33 71.94 

5.57 11.42 23.51 0.39 84.79 

5.75 11.42 28.14 0.46 101.49 

5.94 10.28 32.20 0.48 104.52 

6.24 10.28 22.79 0.34 73.98 

6.44 10.28 34.73 0.51 112.74 

6.59 10.28 22.79 0.34 73.98 

6.74 10.28 24.24 0.36 78.68 

6.94 10.44 32.55 0.49 107.32 

7.26 10.44 26.45 0.40 87.19 
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7.42 10.44 30.52 0.46 100.61 

7.58 10.44 26.45 0.40 87.19 

7.76 10.44 32.15 0.48 105.97 

7.98 10.32 39.38 0.59 128.34 

8.28 10.32 35.63 0.53 116.11 

8.45 10.32 28.60 0.43 93.20 

8.58 10.32 45.01 0.67 146.67 

8.77 10.32 32.35 0.48 105.42 

8.94 11.48 49.20 0.81 178.35 

9.28 11.48 38.84 0.64 140.80 

9.43 11.48 31.07 0.51 112.64 

9.48 11.48 34.18 0.57 123.91 

9.75 11.48 40.91 0.68 148.31 

9.97 10.40 38.31 0.57 125.81 

10.26 10.40 31.22 0.47 102.51 

10.43 10.40 29.80 0.45 97.85 

10.58 10.40 25.07 0.38 82.32 

10.74 10.40 35.47 0.53 116.49 

10.97 10.21 19.91 0.29 64.20 

11.25 10.21 21.00 0.31 67.71 

11.44 10.21 22.45 0.33 72.38 

11.58 10.21 22.45 0.33 72.38 

11.76 10.21 28.24 0.42 91.05 

11.97 11.21 20.58 0.33 72.86 

12.29 11.21 19.89 0.32 70.39 

12.44 11.21 23.03 0.37 81.50 

12.59 11.21 18.49 0.30 65.45 

12.76 11.21 25.82 0.42 91.38 

12.98 10.90 24.62 0.39 84.74 

13.25 10.90 20.64 0.32 71.04 

13.44 10.90 22.81 0.36 78.51 

13.59 10.90 21.00 0.33 72.28 

13.71 10.90 24.98 0.39 85.99 

13.94 11.32 26.31 0.43 94.05 

14.01 11.32 27.06 0.44 96.74 
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Table F4: Mass flux results from the C-NF-2P-B experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 11.41 0.00 0.00 0.00 

0.11 11.41 0.00 0.00 0.00 

0.35 10.49 14.68 0.22 48.62 

0.81 10.49 30.07 0.45 99.61 

1.02 10.49 22.55 0.34 74.71 

1.23 10.49 22.20 0.34 73.52 

1.35 11.25 21.50 0.35 76.38 

1.65 11.25 9.89 0.16 35.13 

1.87 11.25 14.62 0.24 51.94 

1.99 11.25 15.48 0.25 54.99 

2.18 11.25 21.50 0.35 76.38 

2.36 10.23 15.76 0.23 50.91 

2.67 10.23 14.89 0.22 48.09 

2.84 10.23 15.76 0.23 50.91 

3.06 10.23 19.26 0.28 62.23 

3.18 10.23 22.77 0.34 73.54 

3.35 10.61 16.25 0.25 54.43 

3.67 10.61 14.77 0.23 49.48 

3.83 10.61 15.14 0.23 50.72 

3.91 10.61 15.14 0.23 50.72 

4.15 10.61 11.08 0.17 37.11 

4.35 10.43 12.21 0.18 40.22 

4.62 10.43 9.16 0.14 30.16 

4.82 10.43 8.85 0.13 29.16 

4.98 10.43 10.38 0.16 34.18 

5.13 11.43 14.04 0.23 50.68 

5.35 10.25 18.31 0.27 59.25 

5.62 10.25 16.36 0.24 52.95 

5.81 10.25 15.97 0.24 51.69 

5.96 10.25 34.28 0.51 110.94 

6.24 10.25 17.53 0.26 56.73 

6.35 10.50 17.53 0.27 58.14 

6.63 10.50 22.01 0.33 72.98 

6.82 10.50 27.23 0.41 90.30 

6.97 10.50 19.77 0.30 65.56 

7.09 10.50 22.76 0.34 75.45 

7.35 10.90 21.69 0.34 74.67 

7.63 10.90 14.25 0.22 49.04 
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7.83 10.90 12.95 0.20 44.58 

7.98 10.90 18.13 0.28 62.41 

8.10 10.90 29.14 0.46 100.30 

8.35 11.37 28.76 0.47 103.27 

8.62 11.37 34.84 0.57 125.08 

8.80 11.37 25.93 0.42 93.09 

8.97 11.37 19.45 0.32 69.81 

9.11 11.37 37.68 0.62 135.26 

9.35 11.56 24.93 0.41 90.99 

9.65 11.56 25.71 0.43 93.83 

9.82 11.56 21.81 0.36 79.62 

9.98 11.56 35.44 0.59 129.38 

10.13 11.56 19.47 0.32 71.09 

10.40 10.36 31.58 0.47 103.32 

10.45 10.36 27.07 0.40 88.56 

10.78 10.36 28.58 0.43 93.48 

10.99 10.36 27.07 0.40 88.56 

11.14 10.36 25.57 0.38 83.64 

11.35 10.54 19.02 0.29 63.29 

11.66 10.54 15.29 0.23 50.88 

11.83 10.54 15.66 0.24 52.12 

12.00 10.54 16.78 0.25 55.84 

12.23 10.54 16.78 0.25 55.84 

12.66 10.44 17.63 0.27 58.13 

12.84 10.44 17.63 0.27 58.13 

12.95 10.44 26.97 0.41 88.90 

13.11 10.44 32.15 0.48 106.00 
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Table F5: Mass flux results from the C-NF-3P-A experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 10.27 11.16 0.16 36.18 

0.17 10.27 8.08 0.12 26.20 

0.38 11.27 9.79 0.16 34.85 

0.70 11.27 7.24 0.12 25.76 

0.87 11.27 5.54 0.09 19.70 

0.99 11.27 4.68 0.08 16.67 

1.20 11.27 5.54 0.09 19.70 

1.38 10.20 7.74 0.11 24.94 

1.65 10.20 4.73 0.07 15.24 

1.84 10.20 33.56 0.49 108.09 

2.00 10.20 24.95 0.37 80.37 

2.12 10.20 73.57 1.08 236.96 

2.38 11.18 12.48 0.20 44.05 

2.70 11.18 9.90 0.16 34.93 

2.85 11.18 10.33 0.17 36.45 

2.99 11.18 10.76 0.17 37.97 

3.15 11.18 14.20 0.23 50.12 

3.38 10.76 8.77 0.14 29.80 

3.65 10.76 1633.91 25.32 5551.42 

3.83 10.76 36.61 0.57 124.40 

4.01 10.76 11442.35 177.29 38876.76 

4.15 10.76 732.67 11.35 2489.33 

4.38 10.54 3229.67 49.02 10748.84 

4.69 10.54 2648.95 40.20 8816.10 

4.84 10.54 2647.57 40.18 8811.50 

5.03 10.54 85.20 1.29 283.55 

5.17 10.54 180.53 2.74 600.82 

5.38 10.40 52.26 0.78 171.63 

5.69 10.40 1880.23 28.16 6174.57 

5.85 10.40 1216.33 18.22 3994.36 

5.97 10.40 979.92 14.68 3218.02 

6.14 10.40 1309.42 19.61 4300.08 

6.35 10.37 4361.89 65.14 14282.88 

6.66 10.37 7198.77 107.50 23572.17 

6.73 10.37 4821.63 72.00 15788.31 

6.84 10.37 7129.76 106.47 23346.22 

7.00 10.37 11590.87 173.08 37953.99 

7.16 10.37 5791.76 86.49 18964.96 
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7.68 10.05 12416.99 179.70 39404.42 

7.85 10.05 8745.05 126.56 27751.80 

8.02 10.05 3798.21 54.97 12053.35 

8.18 10.05 10122.30 146.49 32122.41 

8.68 9.40 9785.75 132.46 29045.89 

8.84 9.40 5334.59 72.21 15834.03 

9.04 9.40 5396.90 73.05 16018.98 

9.16 9.40 9034.59 122.29 26816.30 

9.68 9.16 1408.82 18.58 4074.87 

9.84 9.16 8468.78 111.71 24495.08 

9.96 9.16 6625.53 87.39 19163.68 

10.15 9.16 948.10 12.51 2742.28 

10.69 9.30 6542.66 87.62 19213.22 

10.85 9.30 2368.50 31.72 6955.36 

11.03 9.30 1015.70 13.60 2982.72 

11.14 9.30 915.94 12.27 2689.75 

11.69 11.47 29.53 0.49 106.94 

11.93 11.47 1029.82 17.01 3729.83 

12.20 11.47 55.77 0.92 202.00 

12.70 11.76 196.00 3.32 727.83 

12.95 11.76 18.68 0.32 69.38 

13.17 11.76 398.60 6.75 1480.15 

13.72 10.32 36.30 0.54 118.29 

13.84 10.32 25.52 0.38 83.15 

14.04 10.32 39.89 0.59 130.00 

14.17 10.32 26.24 0.39 85.50 

14.70 11.88 42.95 0.73 161.10 

14.85 11.88 29.64 0.51 111.20 

14.99 11.88 53.97 0.92 202.45 

15.18 11.88 23.94 0.41 89.82 

15.64 10.28 26.47 0.39 85.91 

15.86 10.28 23.86 0.35 77.44 

16.01 10.28 24.97 0.37 81.07 

16.20 10.28 227.75 3.37 739.30 

16.69 10.44 33.46 0.50 110.31 

16.83 10.44 26.55 0.40 87.52 

16.95 10.44 18.19 0.27 59.95 
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Table F6: Mass flux results from the Hetero-A experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 64.72 175.04 16.31 3577.07 

0.20 64.72 97.07 9.05 1983.79 

0.27 64.72 29.81 2.78 609.20 

0.52 64.72 21.02 1.96 429.56 

1.00 6.18 111.38 0.99 217.34 

1.13 11.81 283.96 4.83 1058.94 

1.20 11.81 115.16 1.96 429.46 

1.40 11.81 90.55 1.54 337.69 

1.51 11.81 817.81 13.91 3049.76 

1.83 11.58 1024.50 17.08 3746.15 

1.99 11.58 1617.53 26.97 5914.58 

2.13 11.58 1492.57 24.89 5457.67 

2.51 11.58 1382.81 23.06 5056.29 

2.78 11.35 76.16 1.24 272.97 

2.99 11.35 1164.17 19.03 4172.28 

3.12 11.35 6730.23 110.00 24120.62 

3.28 11.35 7834.23 128.04 28077.25 

3.29 11.35 7288.89 119.13 26122.82 

3.51 11.35 3575.14 58.43 12813.01 

3.76 11.51 6661.20 110.41 24209.76 

3.94 11.51 1412.60 23.41 5134.02 

4.03 11.51 2357.60 39.08 8568.57 

4.16 11.51 3740.10 61.99 13593.19 

4.35 11.51 10377.50 172.00 37716.45 

4.36 11.51 14308.00 237.15 52001.63 

4.37 11.51 8999.20 149.16 32707.09 

4.49 11.51 14084.00 233.43 51187.51 

4.86 11.51 1539.98 25.52 5596.98 

5.12 57.92 2804.72 233.93 51295.61 

5.17 57.92 391.03 32.61 7151.64 

5.36 57.92 1561.29 130.22 28554.58 

5.52 57.92 2195.97 183.15 40162.18 

5.87 59.06 2495.81 212.26 46544.45 

6.02 59.06 46.54 3.96 868.01 

6.04 59.06 889.11 75.62 16581.03 

6.16 59.06 8.06 0.69 150.36 

6.38 59.06 96.75 8.23 1804.37 

6.51 59.06 856.13 72.81 15965.91 
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6.88 57.64 2102.06 174.47 38258.88 

6.94 57.64 32.08 2.66 583.85 
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Table F7: Mass flux results from the Hetero-B experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 64.72 656.19 61.16 13410.11 

0.11 64.72 509.82 47.51 10418.80 

0.25 64.72 420.01 39.14 8583.41 

0.45 64.72 1068.56 99.59 21837.31 

0.76 62.24 625.37 56.05 12290.49 

0.96 62.24 1618.42 145.05 31807.06 

1.14 62.24 1407.78 126.17 27667.37 

1.24 62.24 780.86 69.98 15346.27 

1.45 62.24 450.57 40.38 8855.03 

1.71 59.11 1355.12 115.35 25293.10 

1.91 59.11 2214.08 188.46 41325.40 

2.08 59.11 876.11 74.57 16352.47 

2.26 59.11 1442.18 122.76 26917.94 

2.41 59.11 1056.22 89.90 19714.21 

2.73 61.54 1208.86 107.13 23490.77 

2.93 62.54 577.68 52.02 11408.05 

3.13 63.54 175.33 16.04 3517.71 

3.31 64.54 567.45 52.74 11564.22 

3.42 65.54 662.40 62.52 13708.58 

3.68 60.24 1530.90 132.80 29120.29 

3.76 60.24 933.41 80.97 17754.90 

3.95 60.24 1396.71 121.16 26567.72 

4.10 60.24 1245.53 108.04 23692.04 

4.28 60.24 932.56 80.90 17738.74 

4.45 60.24 594.95 51.61 11316.93 

4.78 62.18 507.43 45.43 9962.97 

4.97 62.18 643.98 57.66 12643.98 

5.11 62.18 2507.11 224.48 49225.14 

5.23 62.18 5361.70 480.08 105272.83 

5.46 62.18 1600.51 143.31 31424.83 

5.77 59.41 1159.40 99.19 21749.73 

5.93 59.41 2725.89 233.20 51136.46 

6.11 59.41 577.65 49.42 10836.41 

6.28 59.41 1966.63 168.25 36893.01 

6.45 59.41 2183.50 186.80 40961.47 

6.80 59.00 1816.86 154.36 33848.25 

7.00 59.00 1192.04 101.28 22207.79 
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Table F8: Mass flux results from the water Flow Rate experiment 

Time (d) 
Flow Rate 
(mL/min) 

Concentration 
(mg/m3) 

Mass Discharge 
(mg/d) 

Mass Flux 
(mg/dm2) 

0.00 58.48 2900.90 244.29 53567.61 

0.05 58.48 1808.41 152.29 33393.96 

0.23 58.48 6096.28 513.37 112573.11 

0.40 58.48 3671.86 309.21 67804.17 

0.56 58.48 5726.48 482.23 105744.56 

0.85 58.48 8459.53 712.39 156212.68 

1.04 179.10 878.19 226.49 49664.86 

1.27 127.66 912.93 167.82 36800.65 

2.50 115.83 1192.41 198.89 43612.17 

2.61 100.30 1712.03 247.27 54221.79 

2.72 100.30 1018.42 147.09 32254.66 

2.87 100.30 1313.80 189.75 41609.48 

3.10 100.30 1546.76 223.40 48987.54 

3.26 100.30 1086.99 157.00 34426.31 

3.39 100.30 1175.78 169.82 37238.33 

3.57 100.30 1118.20 161.50 35414.69 

3.86 127.60 2724.48 500.61 109773.30 

4.09 127.60 1374.01 252.47 55360.94 

4.22 127.60 1951.57 358.59 78631.51 

4.34 62.38 719.82 64.66 14178.46 

4.42 62.38 216.90 19.48 4272.29 

4.55 31.80 421.77 19.31 4235.12 

4.63 31.80 603.44 27.63 6059.32 

4.88 31.80 82.09 3.76 824.30 

5.09 31.80 127.46 5.84 1279.83 

5.25 31.80 303.16 13.88 3044.12 

5.39 31.80 248.07 11.36 2490.97 

5.52 22.92 28.80 0.95 208.46 

5.61 22.92 526.92 17.39 3813.52 

5.87 22.92 15.36 0.51 111.20 

6.06 22.92 412.39 13.61 2984.60 

6.22 22.92 517.50 17.08 3745.28 

6.34 22.92 16.76 0.55 121.30 

6.50 22.92 223.48 7.38 1617.40 

6.55 22.92 266.43 8.79 1928.24 

6.63 20.83 23.93 0.72 157.42 
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Appendix G 

Water Concentration and Flow Rate Results 
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Figure G1: Water flow rate results from the T-F-3P-A experiment 
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Figure G2: Water flow rate results from the T-F-3P-A experiment 
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Table G1: Concentration of water samples from the bottom two ports, middle two ports and top two 
ports during the T-F-3P experiments 

T-F-3P-A T-F-3P-B 

  
Concentration of Pentane 

(mg/L)   
Concentration of Pentane 

(mg/L) 

Time (d) Top Middle Bottom Time (d) Top Middle Bottom 

0 0.074 0.091 0.553 0 1.133 0.436 2.646 

2 0.209 0.374 0.731 2 1.075 1.187 1.963 

5 0.404 0.235 0.849 5 1.439 1.553 2.906 

7 0.351 0.579 1.232 7 0.761 0.731 2.408 

10 0.325 0.544 1.473 10 0.627 0.812 2.620 

12 0.357 0.645 1.632 12 0.521 0.953 2.698 
Table G1: Concentration of water samples from the bottom two ports, middle two ports and top two ports during the T-F-3P 
experime 
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Figure G3: Water flow rate results from the Hetero-A experiment 
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Table G2: Concentration of water samples from the bottom two ports, middle two ports and top two 

ports during the Hetero experiments 

Hetero-A Hetero-B 

  
Concentration of Pentane 

(mg/L)   
Concentration of Pentane 

(mg/L) 

Time (d) Top Middle Bottom Time (d) Top Middle Bottom 

0 0.034 0.153 9.551 1 0.567 0.795 2.853 

5 1.093 2.739 10.626 4 0.811 0.664 2.600 

7 0.562 1.004 5.699 6 0.752 0.490 2.091 
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Figure G5: Water flow rate results from the water Flow Rate experiment 

Figure G4: Water flow rate results from the Hetero-B experiment 
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Appendix H 

Residual Saturation and Porosity for all Column Experiments 

Table H1: Porosity and Residual Saturation for all experiments 

 T-F-3P-A T-F-3P-B C-NF-2P-A C-NF-2P-B C-BF-3P-A Hetero-A Hetero-B Flow Rate 

Porosity 
Section 1 0.364 0.337 0.320 0.341 0.333 0.329 0.326 0.332 

Porosity  
Section 2 0.302 0.352 0.355 0.350 0.312 0.344 0.333 0.365 

Srpent(+air) 13.8% 8.0% 8.5% 8.3% 9.7% - 5.8% 7.0% 

 

  



100 
 

Appendix I 

Calibrations for Mass Flux Results 

 

  

 

 

 

 

 

Figure I2: Calibration curve for the T-F-3P-B experiment at the start of the 
 test 
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Figure I1: Calibration curve for the T-F-3P-A experiment at the start of the 
test 
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          Figure I4: Air flow rate from column exhaust during the T-F-3P-B experiment 

Table I1: Blanks, calibration point and calibration checks each day during the T-F-3P-A experiment 

T-F-3P-A 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 9.1 

1.00 

0 50 48.9 

0 250 254.6 

0 700 531.8 

0 700 528.4 

0 700 579.0 

1 0 0.0 

0.97 1 50 48.9 

1 700 606.4 

2 0 0.0 

0.99 2 250 252.8 

2 700 615.8 

56

58

60

62

64

0 2 4 6 8 10 12 14

C
o

lu
m

n
 E

xh
au

st
 R

at
e 

(m
L/

m
in

)

Time (d)

Rate of Air Flow Exhaust (T-F-3P-A)

Figure I3: Air flow rate from column exhaust during the T-F-3P-A experiment 
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3 0 0.0 

1.02 3 50 51.7 

3 700 515.5 

4 0 0.0 

0.97 4 50 49.4 

4 700 626.6 

5 0 0.0 

1.01 5 50 51.3 

5 700 993.7 

6 0 0.0 

0.99 6 50 50.1 

6 700 671.7 

7 0 0.0 

1.06 7 50 54.0 

7 700 576.9 

8 0 0.0 

0.97 8 50 49.4 

8 700 545.0 

9 0 0.0 

0.97 9 50 49.2 

9 700 681.5 

10 0 0.0 

0.97 10 50 49.4 

10 700 621.4 

11 0 0.0 

0.98 11 50 49.7 

11 700 624.3 

12 0 0.0 

0.96 12 50 49.0 

12 700 538.5 

13 0 0.0 

0.97 13 50 49.5 

13 700 582.2 

14 0 0.0 

0.96 14 50 48.8 

14 700 548.3 
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Table I2:  Blanks, calibration point and calibration checks each day during the T-F-3P-B experiment 

T-F-3P-B 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 46.3 

0 700 542.9 

0 700 552.6 

0 700 575.9 

1 0 0 

0.98 1 250 227.9 

1 700 562.4 

2 0 0 

1.05 2 1000 975.9 

2 700 716.2 

3 0 0 

1.01 3 50 55.7 

3 250 222.5 

4 1000 934.1 

1.09 4 700 499.8 

4 0 0 

5 250 253.3 

0.98 5 700 689.9 

5 0 0 

6 1000 902.8 

1.09 6 700 619.3 

6 0 0 

7 250 251.4 

1.01 7 700 547.1 

7 0 0 

8 250 234.4 

1.02 8 700 532.7 

8 0 0 

9 250 236.6 

1.02 9 700 483 

9 0 0 

10 250 234.9 

1.02 10 700 749.5 

10 0 0 

11 250 235.8  
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Figure I5: Calibration curve for the C-NF-2P-A experiment at the start of the test 
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Figure I6: Calibration curve for the C-NF-2P-B experiment at the start of the test 
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Figure I7: Air flow rate from column exhaust during the C-NF-2P-A experiment 

Figure I8: Air flow rate from column exhaust during the C-NF-2P-B experiment 
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Table I3: Blanks, calibration point and calibration checks each day during the C-NF-2P-A experiment 

C-NF-2P-A 

 
Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 31.5 

0 250 191.3 

0 1000 830.5 

0 700 691.1 

0 700 555 

0 700 589.9 

1 0 0 

1.00 1 1000 828 

1 700 576.1 

2 0 0 

1.01 2 250 208.2 

2 700 568.5 

3 0 0 

0.78 3 250 160.8 

3 700 603.2 

4 0 0 

0.99 4 1000 820.4 

4 700 499.5 

5 0 0 

0.91 5 250 187.7 

5 700 505.7 

6 0 0 

1.02 6 1000 844.9 

6 700 449 

7 0 0 

1.01 7 250 208 

7 700 715.3 

8 0 0 

0.90 8 1000 739.7 

8 700 525.7 

9 0 0 

0.78 9 250 160.5 

9 700 625.5 

10 0 0  
0.70 10 250 145.3 
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10 700 367.5 

11 0 0 

0.77 11 250 159.1 

11 700 366 

12 0 0 

1.01 12 1000 831.3 

12 700 520.9 

13 0 0 

1.04 13 1000 862.8 

13 700 633.6 

14 0 0 

1.01 14 250 192.6 

14 700 562.3 

15 0 0 

0.97 

15 50 40.5 

15 250 159.3 

15 1000 811 

15 700 583.1 

 

Table I4: Blanks, calibration point and calibration checks each day during the C-NF-2P-B experiment 

C-NF-2P-B 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 42.4 

0 250 167 

0 1000 784.2 

0 700 636 

0 700 519 

0 700 567 

1 0 0 

1.09 1 1000 840.8 

1 700 990.2 

2 0 0 

0.90 2 250 175 

2 700 499.1 

3 0 0 

0.88 3 1000 687.5 

3 700 460.4 
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4 0 0 
 

1.05 4 1000 815.2 

4 700 718.3 

5 0 3 

1.27 5 50 49.3 

5 700 401.5 

6 0 0 

0.99 6 250 193.2 

6 700 498.3 

7 0 0 

1.04 7 1000 806.8 

7 700 510.3 

8 0 0 

1.20 8 250 232.4 

8 700 464 

9 0 0 

0.96 9 1000 743 

9 700 544.4 

10 0 0 

0.99 10 250 193.2 

10 700 616.7 

11 0 0 

0.77 11 250 150.1 

11 700 451.4 

12 0 0 

1.04 12 1000 807.3 

12 700 496.6 

13 0 0 

0.75 13 250 145.1 

13 700 407.8 

14 0 0 

1.00 

14 50 48 

14 250 183.8 

14 1000 777.7 

14 700 391.5 
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Figure I9: Calibration curve for the C-NF-3P-A experiment at the start of 
the test 
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Figure I10: Air flow rate from column exhaust during the C-NF-3P-A experiment 
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Table I5: Blanks, calibration point and calibration checks each day during the C-NF-3P experiments 

C-NF-3P-A 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 41.6 

0 250 171.2 

0 1000 788.4 

0 700 544.3 

0 700 551.4 

0 700 542.4 

1 0 0 

0.90 1 1000 706.9 

1 700 571.8 

2 0 0 

0.89 2 250 174.9 

2 700 521.7 

3 0 0 

1.01 3 1000 788.7 

3 700 676.9 

4 0 0 

1.01 4 250 197.3 

4 700 737 

5 0 0 

0.84 5 250 163.4 

5 700 381.5 

6 0 0 

0.94 6 1000 737.2 

6 700 397.2 

7 0 0 

0.88 7 250 172.2 

7 700 399.6 

8 0 0 

1.04 8 250 204.4 

8 700 482.6 

9 0 0 

1.01 9 1000 787.4 

9 700 425.6 

10 0 0 
1.07 

10 1000 835.6 
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10 700 435.3 

11 0 1.4 

1.13 11 250 221 

11 700 441.6 

12 0 0 

1.06 12 1000 825.7 

12 700 616.9 

13 0 0 

1.05 13 1000 821.6 

13 700 631.4 

14 0 0 

1.07 14 1000 837.5 

14 700 404.9 

15 0 0 

1.01 15 250 198 

15 700   

16 0 0 

1.03 16 1000 807.5 

16 700 544 

17 0 0 

1.06 

17 50 71.4 

17 250 196.9 

17 1000 828.6 

17 700 521.9 
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Figure I11: Calibration curve for the Hetero-A experiment at the start of 
the test 
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Figure I12: Calibration curve for the Hetero-B experiment at the start of 
the test 

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7

C
o

lu
m

n
 E

xh
au

st
 R

at
e 

(m
L/

m
in

)

Time (d)

Rate of Air Flow Exhaust (Hetero-A)

58

59

60

61

62

63

0 1 2 3 4 5 6 7

C
o

lu
m

n
 E

xh
au

st
 R

at
e 

(m
L/

m
in

)

Time (d)

Rate of Air Flow Exhaust (Hetero-B)

Figure I13: Air flow rate from column exhaust during the Hetero-A experiment 
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Figure I14: Air flow rate from column exhaust during the Hetero-B experiment 
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Table I6: Blanks, calibration point and calibration checks each day during the Hetero experiments 

Hetero-A 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 35.9 

0 250 150.1 

0 1000 799.5 

0 700 671.4 

0 700 545.7 

0 700 533.7 

1 0 0 

1.21 1 50 47.7 

1 700 391.9 

2 0 0 

1.11 2 50 43.6 

2 700 542.8 

3 0 0 

1.00 3 250 197.6 

3 700 428.3 

4 0 0 

1.09 4 50 43 

4 700 430.9 

5 0 0 

1.08 5 1000 847.5 

5 700 507.6 

6 0 0 

1.04 6 1000 821.3 

6 700 318.2 

7 0 0 

1.06 

7 50 45.5 

7 250 192.5 

7 1000 839 

7 700 369 
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Table I7: Blanks, calibration point and calibration checks each day during the Hetero experiments 

Hetero-B 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 55.5 

0 250 193 

0 1000 828.4 

0 700 481.5 

0 700 525.2 

0 700 447.8 

1 0 0 

1.17 1 50 48.3 

1 700 523.8 

2 0 0 

0.85 2 1000 701.9 

2 700 562.3 

3 0 0 

1.42 3 50 58.8 

3 700 615.7 

4 0 0 

0.86 4 250 177.2 

4 700 721.8 

5 0 0 

12.04 5 1000 861.9 

5 700 698.3 

6 0 0 

0.89 6 1000 734.2 

6 700 523.2 

7 0 0 

0.99 

7 50 47.3 

7 250 195.4 

7 1000 822.5 

7 700 631.5 
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Figure I15: Calibration curve for the Flow Rate experiment at the start of 
the test 
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Figure I16: Air flow rate from column exhaust during the Flow Rate experiment 
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Table I8: Blanks, calibration point and calibration checks each day during the Flow Rate experiments 

Flow Rate Experiment 

Day 

Expected 
Concentration 
(ppm) 

Area 
(From 
GC) 

Calibration 
Curve 
Factor 

0 0 0 

1.00 

0 50 31.7 

0 250 142.1 

0 1000 626.9 

0 700 542.8 

0 700 545.5 

0 700 381 

1 0 0 

1.08 1 1000 675.9 

1 700 468.3 

2 0 0 

1.16 2 1000 721.7 

2 700 553.2 

3 0 0 

1.10 3 250 171.2 

3 700 574 

4 0 0 

0.96 4 1000 600.9 

4 700   

5 0 0 

1.34 5 50 41.8 

5 700 419.5 

6 0 0 

1.38 6 50 43.1 

6 700 489.5 

7 0 0 

1.35 

7 50 43.2 

7 250 194.9 

7 1000 846.5 

7 700 591.7 
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Appendix J 

Calibration for Water Concentration Results 

 

Figure J1: Percent Reduction of dissolved pentane in time 
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Figure J2:T-F-3P-A Calibration curve for dissolved pentane in water, orange dot 
represents calibration check 
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Table J1: Triplicate concentration with average and standard deviation for the T-F-3P experiments 

 T-F-3P-A T-F-3P-B 

Concentration of 
Triplicate (mg/L) 

1.266 0.839 0.570 1.040 0.797 0.558 

1.461 0.806 0.645 1.200 0.766 0.632 

1.510 0.816 0.641 1.240 0.776 0.628 

Average 1.412 0.820 0.619 1.160 0.780 0.606 

Standard 
Deviation 0.105 0.014 0.035 0.086 0.013 0.034 
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Figure J3: T-F-3P-B Calibration curve for dissolved pentane in water, orange dot 
represents calibration check 
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Figure J4: Hetero-A Calibration curve for dissolved pentane in water, orange dot 
represents calibration check 
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Table J2: Triplicate concentration with average and standard deviation for the Hetero experiments 

  Hetero-A Hetero-B 

Concentration of 
Triplicate (mg/L) 

3.460135 0.810029 

5.136633 0.805306 

5.49823 0.806486 

Average 4.698 0.807 

Standard 
Deviation 0.888 0.002 
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Figure J5: Hetero-B Calibration curve for dissolved pentane in water, orange dot 
represents calibration check 
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