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ABSTRACT

Canada’s energy sector accounts for approximately 44% of this country’s
methane (CH4) emissions, with contributions identified to originate from production
infrastructure and natural resource recovery processes. To reduce emissions and
mitigate hazards such as asphyxiation, explosions, and groundwater contamination,
provincial regulators [e.g., Alberta Energy Regulator (AER)] responsible for
regulating the life cycle of oil and gas projects in Canada set guidelines for the
identification of gases released from energy sector assets. Diverse field assessment
techniques and instrumentation are used by energy sector stakeholders to identify
point source emissions. Limited supporting information is available related to the
comparative success of the different approaches deployed. This study characterized
the reliability of field-deployable gas measurement instrumentation under laboratory
and field settings and assessed the applications of these instruments for surface and
subsurface gas migration (GM) testing approaches suggested by the AER. The
primary focus was to evaluate the most widely available, cost-effective
instrumentation, which measures combustible gases with a catalytic combustion
detector (CCD). CCD reliability under ideal laboratory conditions was adequate
across the concentrations and temperatures typically observed under field
conditions. Field applications showed greater variability, likely due to the impact of

environmental conditions such as soil moisture, soil compaction, and barometric

pressure. |
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CHAPTER |

INTRODUCTION

Canada’s energy sector is a vital component of the economy and the world’s fifth-
largest producer of crude oil, accounting for 5% of global crude production (Government
of Canada, 2020a). Canada is positioned as a global leader with respect to minimizing the
impact of energy production on the environment; however, greenhouse gases (GHGS)
released into the atmosphere are thought to have a contributing role in global warming
(Dean et al., 2018). The energy sector accounted for roughly 1.7% of global CO>
emissions, and nationally 26% of Canada’s GHG emissions in 2019 were dominated by
carbon dioxide (CO) and methane (CH4) (Environment and Climate Change Canada,
2021; Kemfert and Schill, 2009). CH4 has gained more attention in recent years because
it is a potent GHG with a global warming potential 25 times that of CO> over a 100-year
period (Kemfert and Schill, 2009). The oil and gas industry accounts for approximately
44% of Canada’s CH4 emissions, with agriculture and solid waste disposal accounting for
much of the remainder (Dean et al., 2018; Environment and Climate Change Canada,
2016). Resulting from CH4’s potency as a GHG, action is being taken by the Alberta
government to reduce CH4 emissions by 45% by 2025, contributing to Canada’s
commitment to the Paris agreement in reducing GHG emissions by 30% below 2005
levels before 2030 (ICF International, 2015; Government of Alberta, 2018). To achieve
reduced emissions, the Alberta Energy Regulator (AER) drafted amendments to their
Directives 60 and 17 (AER, 2022a,b). These amendments set out to reduce any potential
fugitive CH4 emissions from surface casing vents of active and abandoned oil and gas
wells. With estimates of 370,000 abandoned oil and gas wells throughout Canada, the
potential for fugitive CH4 emissions released from surface casing and wellbore failures at
even a marginal percentage can lead to notable GHG contributions from the sector
(Williams et al., 2021; Kiren et al., 2017; Erno & Schmitz, 1996). Fugitive and vented
CHas emissions from producing and abandoned oil and gas wells in Canada are estimated
to continue at 45 Mt CO> per year between 2012 and 2035, with Alberta accounting for
the majority (Environment Canada, 2014).



Fugitive CHs release from the subsurface to the surface at oil and gas
infrastructure (production wells, pipelines, injection wells) is a known issue in the energy
sector and has been identified as a concern (Canadian Environmental Protection Agency,
2018; Rostron, 2014). Fugitive emissions released from the subsurface are typically
described as a gas migration (GM), where hydrocarbons such as CHa, ethane (C2Hs), and
propane (CsHs) are released from local infrastructure to surrounding soils. Migration of
fugitive gases is a concern that requires mitigation because the gases may contaminate
shallow aquifers, contribute to GHG emissions, and, in more extreme cases, present an
asphyxiation/explosion hazard (Baldassare et al., 2014; Cabhill et al., 2017; Osborne et al.,
2011; Rowe & Muehlenbachs, 1999). To mitigate GHG emissions and reduce hazards
associated with oil and gas infrastructure, the AER set out guidelines for the
identification of gases migrating from oil and gas wells. Current regulatory requirements
described in AER Directives 20 and 79 (AER, 2014, 2022b) provide helpful guidelines
used by service providers offering GM testing services, describing different detection
systems and field sample collection approaches. Of the recommended detection
approaches, service providers typically choose between infrared (IR) detectors or

catalytic combustion detectors (CCDs) when selecting a CHa screening device.

Current GM testing approaches largely rely on the use of handheld explosive
detectors, e.g., CCDs, which are widely used in GM testing because of their low entry
costs, ability to detect multiple gases, and robustness in the field. However, CCDs are
typically considered less reliable at accurately identifying the concentrations of gases,
such as CHa, within the lower concentration ranges that are used to dictate the GM status
of a tested well. Minimal information is available on the reliability of CCDs when used in
a field setting, where environmental factors complicate measurements and affect the
reliability of results, and even less so on their ability to identify GM status when paired
with various gas sampling approaches (Szatkowski et al., 2002; Mayer et al., 2013).
Because of the widespread adoption of CCDs in GM testing, and with most assessment of
these devices being performed under ideal laboratory settings, this study aims to identify
the reliability of CCDs under both ideal (lab) and typical field conditions as well as
understand the effectiveness of various field sampling techniques when using a CCD to

identify the GM status of energy sector infrastructure.
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1.1 Gas Migration

1.1.1 Gas Migration Classification

Gas migration refers to the movement and transport of gas from its source. In the
context of Alberta’s oil and gas sector, the AER has defined what is considered a GM, as
released from an oil and gas well, in its Directive 87 (AER, 2022d). This Directive
classifies GM into two categories based on severity. The first category is denoted as a
“serious gas migration,” where only one of three conditions must be present: 1) If there is
a fire, public safety hazard, or off-lease environmental impact, for example groundwater
contamination; 2) If the well was previously abandoned, meaning the well has been cut
and capped and production is no longer occurring; or 3) There are producing domestic or
agricultural water wells from an unprotected aquifer within a 1 km radius (AER, 2022d).
If a well is tested for GM and does not meet any of the above requirements, but there is
an indication of gases migrating, i.e., gases observed at the surface and subsurface around

the well, it is denoted as a “non-serious gas migration” (AER, 2022d).

1.1.2 Gas Migration Flow Regimes

The migration of gases through the subsurface is generally described by two flow
regimes: advection and diffusion. Advection refers to the transport of a gas through bulk
motion of the fluid, with gases moving from areas of high pressure to low pressure; this
means pressure differentials dictate the direction and rate of gas flow (Phillips & Castro,
2014; Seely et al., 1994). Advection is predominantly how gases are released from
infrastructure damage in oil and gas wells due to pressures associated with the connected
reservoir (Kiren et al., 2017; Erno & Schmitz, 1996). Proximal to the release point,
advective flow is the primary driving force of gas flow to the lower pressure soil
surrounding the well (Gao et al., 2021), where gases spread laterally and vertically and
contribute to aquifer contamination (Videc et al., 2013), explosive conditions in soil gas
(Kelly et al., 1985), and the addition of GHGs into the atmosphere (Bachu et al., 2017,
Forde et al., 2018). In contrast, diffusion is a process in which concentration gradients

rather than pressure gradients act as the driver for migration (Kruczek, 2016). Diffusion
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can act both independently and cooperatively with advection to drive the migration of
gases. Diffusion becomes the driving force for GM after pressure gradients weaken

further away from an infrastructure failure (Gao et al., 2021).

1.1.3 Role of Soil Properties in Gas Migration

GM is primarily influenced by pressure and concentration gradients but also by
environmental factors that can vary between sites, or even from day-to-day (Phillips &
Castro, 2014; Kruczek, 2016). Near-surface soils, through which gases flow through
before breaching the surface, play an important role in GM. Soil type and properties
influence how gases will migrate through the subsurface. Soil permeability describes the
ease with which a fluid flows through a soil and largely correlates to the tortuosity of
flow paths and gas flow-through rates (Niya & Selvadurai, 2018). Low permeability soils
can be described in terms of the level of soil heterogeneity, size of soil grains present, and
compaction state (Smith, 2006; Chapuis, 2012). Such variables largely influence the void
space between soil grains, where a decrease in void space is associated with a significant
decrease in permeability; however, scenarios do occur in which the degree of void space,
termed the porosity, is not the only variable influencing soil permeability (Dolzyk &
Chmielewska, 2014).

1.1.4 Role of Soil Moisture Content in Gas Migration

Soil moisture content refers to the relative amount of water filling in the pores or
void space of a soil (Civeira, 2019) (Figure 1a). During rainfall events, the infiltration of
rainwater into the subsurface allows for the temporary increase in soil gas surface flux
through the displacement of existing soil gas (Koorevaar et al., 1983). However, after a
rainfall event the moisture can be retained in the soil pores for extended periods,
depending on the soil type and drying conditions (Li et al., 2016) (Figure 1b). The
amount of diffusive gas transport can be reduced substantially when soils have elevated
soil moisture content, as gas phase molecular diffusion is approximately 10,000 times
faster than aqueous diffusion (Whalen et al., 1990). This causes complications to typical
soil gas flow pathways and contributes to the trapping of gases in blocked pores, which



has been observed to play a dominant role in increasing observed subsurface soil CH4
concentrations (Gao et al., 2021). In addition to reduced diffusion rates, moisture content
can influence advective flow pathways, causing increased tortuosity and further lateral
migration of fugitive gases from an infrastructure rupture point (Benevente & Pla, 2018)
(Figure 1a). This effect is further evident in soil types that can hold larger volumes of
water (Figure 1b), with soils featuring smaller grain sizes having a larger capacity to
retain water and soils with larger grains behaving in the opposite manner (Arya & Paris,
1981).

0 Soil wetness -
100 (em’/em’)

100 9 80 70 60 50 4 30 20 10 0
Sand 20-2,000 um (%)

a) b)

Figure 1: (a) Visual representation of the influence of soil moisture on advective flow pathways. (b) Representation of
various soil types and their capacity to hold moisture relative to their total volume based on ratios of grain sizes. From
https://www.terragis.bees.unsw.edu.au/terraGIS_soil/sp_water-soil_moisture_classification.html (retrieved 2022).

1.1.5 Role of Barometric Pressure in Gas Migration

Barometric pressure is the measurement and representation of the pressure exerted
by the weight of air in the atmosphere at a given location on the Earth’s surface.
Barometric pressure can vary spatially and temporally, largely due to density shifts
associated with local temperatures. Colder, denser air will result in higher barometric
pressures, while warmer, less dense air results in lower barometric pressures (B., 1918).
Local topographic elevation will also influence barometric pressures; for example, sea
level will typically be at higher barometric pressure compared to mountain tops because
the amount of air exerting force at the Earth’s surface decreases with altitude (B., 1918;



Forde et al. 2019). A common scenario influencing temporal shifts in barometric pressure
is the introduction of a storm front, where air from two regions collides, causing the
warmer, less dense air to rise and create a vacuum effect that will locally decrease
observed barometric pressures (B., 1918; Forde et al. 2019). Of greater importance to
GM studies is the observation of diurnal barometric changes, with pressures increasing at
night when the air cools and becomes denser and then decreasing during the day when
daily temperatures peak and atmospheric gases expand (Forde et al., 2019). All of the
above causes of barometric pressure shifting can lead to a process known as ‘barometric
pumping’, where the decrease/increase of atmospheric pressure can influence the strength
of pressure gradients between soil gas in the subsurface and the Earth’s surface. A
decrease in barometric pressure can strengthen such a gradient and allow for the release
of fugitive gases to the surface or enhance already existing surface efflux, while an
increase in barometric pressure can cause the inverse effect where a downward
displacement of gases can occur (Massmann & Farrier, 1992; Forde et al., 2019) (Figure
2). Despite the potential influence on soil efflux rates, barometric pressure is rarely
considered in GM investigations, likely due to high day-to-day variability that cannot

always be accounted for when planning a GM investigation.
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Figure 2: Schematic of the barometric pumping effect on soil gas observed at an oil and gas infrastructure failure:
trapping of gas below surface during barometric high (left) and release of gas during barometric low (right).

1.2 Current Procedures for Gas Migration Testing

Current approaches to GM testing laid out by the AER are broad and cover a wide
range of potential factors influencing GM; however, less focus is directed at the quality
of sampling and analytical approaches used for detecting gases found at active gas
migration site (AER, 2022b). Licensees have requirements based on temporal factors
when performing testing: they must begin in frost-free months, avoid periods
immediately after rainfall, and prevent water and ice from potentially blocking the flow
of gas to the surface and impacting the result of the GM investigation (AER, 2022b).
Background work must also be done at each site, with the soil horizon examined to
ensure the site is not contaminated with volatile compounds such as diesel fuel, solvents,
or oil, which may breakdown into CH4 and influence detection readings and site
interpretation (AER, 2022b). Surface sampling involves using a calibrated explosive
meter, described as a CCD, at two points 30 cm from the wellbore on each side. Tests are

7



also conducted at 2 m intervals outwards up to 6 m in each cardinal direction from the
wellbore or to where vegetation stress is identified (AER, 2022b). If CHys is detected at
surface sampling locations, subsurface sampling is required. Subsurface testing begins
with boring a hole 50 cm in depth with a diameter of 64 mm. The probe of a CCD is then
inserted into the borehole and the surface is covered to reduce atmospheric interactions as
the sample gas is drawn from the hole. In doing such, ground disturbance requirements
described in the Alberta Pipeline Act must be followed (Province of Alberta, 2021).
Current AER procedures for GM testing provide valuable ‘common sense’ approaches
for service providers; however, further optimization may still be required to increase the

effectiveness of such procedures.

1.3 Catalytic Combustion Detection

To diagnose active and abandoned wells that are potentially releasing fugitive
CHa, the AER sets out guidelines in their Directive 20 that detail various identification
techniques (AER, 2022Db). A focus of the Directive is the utilization of “explosive”
detectors to identify hydrocarbons that are typically only found in association with a
nearby well. More specifically, CCDs are used to identify the concentration of CHa
relative to its lower explosive limit (LEL), at depths of at least 50 cm below the surface
radially around the well in question (AER, 2022b). A CCD works on the basis that
oxidation of a hydrocarbon gas is an exothermic reaction (Wang et al., 2011). A sensor
then detects the increase in temperature associated with the reaction and converts it to a
signal that is proportional to the gas concentration (Government of Canada, 2020b; Wang
etal., 2011). Typically, the active element is embedded within a catalyst, with the
reaction taking place on the surface of a catalyst that reduces the activation energy
required for the reaction to take place (Government of Canada, 2020b). Additionally,
combustible gases entering a CCD are required to react exothermically with oxygen for
the essential change in temperature that is used for their measurement (see Eq. 1 for an
example hydrocarbon combustion reaction involving methane) (Government of Canada,
2020b; Wang et al., 2011; RKI Instruments, 2019). Handheld CCDs are a staple in
environmental field sampling and have many advantages such as cost effectiveness, ease

of use, and robustness (Government of Canada, 2020b). However, limitations include
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sensor poisoning from corrosive gases and oxygen requirements for catalytic reactions to

create the temperature variances that are used to sense the gases (RKI Instruments, 2019).
CHs + 202 — CO2 + 2H20 + energy 1)

Oxygen requirements aside, a CCD works based on changes in heat to obtain
information about the concentration of gases present (Government of Canada, 2020b). As
such, irregularities in temperature have the potential to influence the concentrations of
observed gas readings by the device itself and may lead to an over/underestimation of the
severity of a potential GM issue. Example scenarios exist in fall sampling seasons when
seasonal/local temperatures begin to decrease towards 0 °C, while still within the
timeframe of spring-to-fall AER sampling guidelines (AER, 2022b), or even within the
course of a day. These cool temperatures provide a scenario in which a handheld CCD
can be colder prior to and during sampling, with cooler condensed gases reacting with a
warmer detector, or warmer, less condensed gases insulated by a warmer subsurface. A
reference sensor is widely used in handheld CCDs to account for general background
fluctuations that may influence observed CH4 concentrations (RKI Instruments, 2019).

1.4 Infrared Gas Detection

In contrast to CCDs, infrared (IR)-based detectors are also commonly used for the
detection of fugitive CH4 in GM investigations. However, IR detectors have no
concentration limitations with respect to the gases they can detect. An IR detector can
detect CH4 concentrations of up to 100% versus the CCD limit of 5% (100% LEL); IR
detectors are also not bound to the same oxygen requirements, nor are the sensors
vulnerable to poisoning by acid gases such as hydrogen sulfide (H2S) (Aldhafeeri et al.,
2020; Government of Canada, 2020b; RKI Instruments, 2019). Although concentration
ranges of IR detectors are much wider than for CCDs, the added value to an actual GM
investigation is unclear because a GM would still be classified as serious at the detection
limit of a CCD (5% CHa4). IR detectors are more expensive than CCDs and are less robust
to factors such as humidity, temperature, and wind speed that affect the performance of
the sensor (Aldhafeeri et al., 2020; Government of Canada, 2020b). IR techniques

provide CHas concentrations rather than a bulk combustible gas measurement; however,
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minimal information is available on the ability of optical filters within handheld IR
devices to distinguish between absorption frequencies of alkane species with comparable
chemical functional groups and IR frequencies commonly found in oil and gas
infrastructure (CHa, C2Hs, C3Hs, etc.). Due to the robust and inexpensive nature of
handheld CCDs, they are commonly the first choice for field operators in the GM space,
and thus understanding the limits and capabilities of these devices in the context of actual

GM investigations should be a priority for identifying best practices.

1.5 Gas Blending

The requirement of O for catalytic reactions to occur can provide gaps in the
testing of handheld CCD instruments across a range of CH4 concentrations that still
contain the minimum O3 threshold of 10% (RKI Instruments, 2019). Finding multiple gas
standards across a range of CH4 concentrations that contain sufficient concentrations of
O2 may introduce logistical and financial constraints, reducing the cost-benefit of
performing what would normally be an inexpensive and simple set of tests. However,
these issues are easily avoided when portable gas mixers are used. Portable gas mixers
can mix gases down to the ppb level (GOW-MAC Instrument Co., 2018), reducing the
number of gas standards used when testing various gas detection approaches. Gas
blending using such technology is achieved by manipulating the flow rate of both a
dilutant and dilution gas to achieve a gas concentration anywhere below that of the
dilutant gas, within the defined operational capability of the device (GOW-MAC
Instrument Co., 2018).

1.6 Study Objectives

CCDs are currently used to diagnose wells with potential GM issues on a large
scale due to their cost effectiveness, robust nature, and ease of use (Government of
Canada, 2020b). However, limited testing has been performed on the reliability of such
instruments in the context of GM investigations. This study aimed to provide insights into
best practices for GM investigations by defining the error in measurement capability of
handheld CCDs under ideal laboratory conditions. This included testing performed at the
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lower detection limits of CHa, detector linearity, accuracy, and precision compared to GC
approaches. The reliability of CH4 detection using a handheld CCD was then tested
through observations made in a typical field setting at conventional oil and gas operations
and compared to those made in a controlled laboratory setting. The second objective was
to provide insight on the AER approaches currently used in GM investigations to identify
potentially leaking oil and gas wells. This included surface CH4 detection with and
without the use of soil gas domes, as well as subsurface testing using soil gas probes and
augured boreholes. This involved an evaluation of GM investigations conducted through
surface detection alone, determining the quality of data produced using current
subsurface detection approaches, and identifying potential temporal factors that may

influence such detection.

11



CHAPTER Il

MATERIALS & METHODS

2.1 Catalytic Combustion Laboratory Testing
2.1.1 Sample Gas Preparation

Sample gases were prepared at CH4 concentrations between 500 ppm and 1.5%
v/v, ensuring concentrations of each sample had the minimum O requirement (10% v/v)
for catalytic combustion in the device to occur. A portable gas blender (Figure 3) was
used to prepare the sample gases, where both 1% and 3% CHya standards in molecular
nitrogen (N2) were diluted using compressed air that contained 21% O». The gas blender
drew gas at calculated flow rates from both the CH4 standard and dilution gas
(compressed air) using the dilution calculation described in Eq. 2 to achieve the desired
concentration (GOW-MAC Instrument Co. 2018). By inputting the concentration of CH4
in the gas standard, desired CH4 concentration, and flow rate of the gas standard, the
required flow rate of the dilution product was determined. Flow rates for the dilution and
sample gases used are described in Table 1. After the desired gas concentrations were
achieved, samples were then directly transferred to 3 L Tedlar bags from the gas blender
using a three-way Swagelok valve to reduce air contamination. Tedlar bags (in triplicate)
were filled and purged with the desired gas, then filled to 75% capacity before analysis.
Additionally, one set of samples was refrigerated for 24 h to achieve temperatures of
approximately 3 °C and simulate colder field settings.

_ Qs
Ci = Qs+Qq xCr, (2)

where C; is the concentration of component i in the diluted sample, C is the
concentration of component I in the original sample, Qs is the sample flow rate, and Qq is

the dilution flow rate.
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Figure 3: Visual representation of the portable gas blender approach utilizing CHs and compressed air to achieve
desired CHa4 concentrations.

Table 1: Flow rates used with the portable gas blender to achieve the desired CH4 dilutions.

Desired CH; | Methane | Sample Gas Dilution

Concentration | Standard | Inflow Rate | Gas Inflow

(ppm) (ppm) (sccm) Rate (sccm)
250 10000 20 780
500 10000 30 570
750 10000 36 444
1000 30000 35 315
1500 30000 36 204
2000 30000 35 490
3000 30000 35 315
4000 30000 34 221
5000 30000 35 175
6000 30000 35 140
7000 30000 35 115
8000 30000 32 88
9000 30000 33 77
10000 30000 30 60
15000 30000 35 35
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2.1.2 Sample Gas Analysis

The RKI Eagle 1l handheld CCD (RKI Eagle II; RKI Instruments) was chosen for
sample gas analysis because of its widespread use by service providers and was
configured with a catalytic combustion sensor designed to detect O», CO2, H>S, and CHa,
with a detection limit of 5% v/v CH4 (100% LEL). Manufacturers outline effective
operation between temperatures of -20 to 50°C and humidity levels between 0-100%,
with a standard measurement error of 5% (RKI Eagle 11,RKI Instruments). The handheld
CCD was calibrated using a demand flow regulator set to the manufacturer’s suggested
calibration gas mixture of 2.5% CHa, 12% O, 25 ppm H>S, and 50 ppm CO, replicating a
typical calibration prior to field operation of the device. After being filled with CHa,
sample bags were connected to the handheld CCD using silicone tubing and a three-way
Swagelok to prevent any low-flow errors in the device and allow samples to be drawn
with minimal air contamination. The device was left to read for approximately 15-30 s,
i.e., the point at which stable readings were recorded for CHs and O2. To simulate lower
temperatures that may be typical within early or late field seasons, the detector was
cooled to approximately 3°C over a 12-h period in a refrigerator, then taken out briefly
for the analysis of room temperature gas and 3 °C cooled gas at concentrations of 250,
500, 750, 1000, and 1500 ppm. The device was then returned to the refrigerator and
cooled between each gas sampling event. Prior to each handheld CCD reading, 50 mL of
sample gas were drawn from each triplicate Tedlar bag via a 50 mL syringe with a two-
way lock and ran in triplicate utilizing a gas chromatograph (GC) for each separate
triplicate Tedlar bag. Samples were drawn from the bag itself rather than directly from
the gas blender to ensure any air contamination was accounted for when determining the
effectiveness of the handheld CCD.

2.2 Gas Migration Field Sampling

2.2.1 Surface Gas Detection

A handheld CCD was used to identify the concentrations of gases, particularly
CHa, observed at the surface-subsurface interface. Sampling approaches were consistent
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with approaches widely used in GM testing under AER Directive 20 guidelines (AER,
2022b). The first approach was performed by holding the probe of the device
approximately 3 cm above the interface and then the observed reading recorded after 15-
30 s, i.e., after the reading had stabilized. This approach continued at 1 m intervals in
each cardinal direction away from the well centre up to 6 m, i.e., beyond the 2 m interval
required by AER Directive 20 guidelines (AER, 2022b) (Figure 4). A secondary
approach was used in a previous investigation performed in 2019 to reduce the influence
of wind speed and external gas sources using a subset of surface domes. On the dome a
sampling port was made with a two-way syringe lock attached to silicone tubing. The
domes were inserted approximately 3 cm into the ground and gases were allowed to
equilibrate for 30 min before a handheld CCD was attached to the sampling port and a
reading recorded (Figure 4).

Figure 4: Representation of surface methane detection approaches used, showing a handheld CCD detecting surface
efflux by holding the probe above the ground interface (left) and the placement of the surface dome (right).

2.2.2 Subsurface Gas Detection

A variety of approaches were used to obtain data on subsurface concentrations of
CHa and other gases. The first approach used holes augured into the subsurface at the
maximum allowable depth before a ground disturbance permit is required (30 cm). This

approach exclusively involved measurements taken using a handheld CCD. Once holes
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were augured, the handheld CCD probe was inserted, and a weak seal created between
the filter of the device and the top of the hole to help reduce atmospheric interactions.
This approach is consistent with current AER Directive 20 guidelines for subsurface CH4
detection (AER, 2022b). The second and main approach used 12” soil gas probes to
collect data with minimal atmospheric contamination. Probes were inserted to a depth
proximal to 30 cm, sampling ports then sealed with silicone tubing and a two-way
Swagelok, and gases allowed to equilibrate over 30 min. After equilibration, a field-
dedicated GC or handheld CCD was used to measure concentrations of subsurface gases
(Figure 5). To sample gas from the probe for the GC, a 50 mL syringe with a two-way
lock was attached at the probe sampling port and a sample was drawn. Careful
consideration was given to drawing a sample slowly so as to not create a strong pressure
differential between the surrounding soil gas and the probe after equilibration. Once a
sample was collected, it was promptly analyzed by the field GC configured with a
thermal conductivity detector (TCD). At select locations, soil gas probes were also
sampled using a handheld CCD, with the device probe hooked up to a two-way valve on
the soil gas probe. Peak readings from the handheld CCD were then recorded. After field
GC analysis, any probe samples that contained over 3000 ppm CH4or CO2 were
subsampled into either 30 or 50 mL bottles and sealed with a rubber butyl stopper.
Discrete samples were taken to validate gas concentrations and for further analysis in the

laboratory.
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Figure 5: Representation of subsurface methane detection approaches used, showing a probe inserted to a depth
proximal to 30 cm with sample then analyzed by a handheld CCD or collected for field GC analysis.

2.2.3 Subsurface Moisture Sampling

To understand the influence of soil moisture on GM status, soil moisture readings
were taken promptly after, and next to, soil gas sampling locations. The probe was placed
approximately 10 cm below the surface to reduce impacts from shallow vegetation and to
gather a sample more representative of the soil profile. Soil moisture conditions were
identified using a Delta-T SM150 soil moisture kit, with a SM150T moisture sensor
hooked up to an HH150 moisture meter, configured to a mineral-type soil. Given the soil
type in the sample areas was defined as a brown chernozemic soil and assuming an
approximate soil porosity of 0.4, soil moisture values would range from ~0-40% v/v, with
40% soil moisture representing full saturation, and the remaining 60% representing

packed soil contents (Canadian Society of Soil, 2020; Etnyre, 1989).
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CHAPTER Il

RESULTS & DISCUSSION

3.1 Laboratory Testing

3.1.1 Accuracy and Precision of Catalytic Combustion vs. Gas Chromatography

Identifying potential GM events from energy infrastructure requires the use of
analytical instrumentation to quantify the presence of CH4 being released from soils.
However, various types of analytical tools are used when performing site assessments.
Typically, three detection approaches are used: CCD, IR, and GC, each with their own
benefits. Catalytic combustion measures a bulk combustible gas concentration, provides a
cheap, robust, widely available, and portable platform for gas detection, and requires
minimal training to use. IR detection provides the same benefits as catalytic combustion
with a trade-off in cost but gains in terms of a broader detection limit for CH4 (0-100
vivol%). IR detectors typically provide an accuracy of £10% and detection range that is
greater than for CCD detectors (Heath Consultants Incorporated, 2019). When identifying
the presence of a GM, concentrations detected above the 5% CHj threshold of a CCD
lead to the same conclusion; however, the accuracy of portable gas detectors near lower
detection limits (10-2000 ppm) provides more value when determining whether a site has
GM status as defined by the AER or not. Further, minimal information is available on the
accuracy of handheld IR detectors within CH4 ranges that may dictate whether a GM is
present (e.g., 10-2000 ppm). Additionally, IR provides a measure of CH4 concentrations
rather than bulk combustible gas; however, minimal information is available on the
ability of optical filters within handheld IR devices to distinguish between absorption
frequencies of alkane species with comparable chemical functional groups and IR
frequencies (CHa, C2He, C3Hs, etc.). Compared to catalytic combustion and IR
approaches, GC is the most species-specific approach for identifying concentrations of
gases. Although GC can often provide the most reliable results across concentration

ranges, it is less accessible to the service sector due to high initial infrastructure costs and
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added expenses associated with bringing a trained technician to a field setting, lack of
portability, the requirement of numerous calibration gases, and more maintenance. The
higher costs and technical knowledge needed to use GC, positions catalytic combustion
as the typical instrument of choice of many service providers. As such, understanding
how CCDs compare to GC across lower concentration ranges that are typically used to
identify the presence of a GM (1000-15000 ppm) may provide the strongest indicator of
CCD effectiveness. Further, errors in measurements made at the 1000 ppm mark are of
greatest importance because over/under representation of gases at this threshold may lead

to the misclassification of GM status at oil and gas infrastructure.

The handheld CCD showed varied levels of success when compared to the GC. At
lower concentrations of CH4 (1000-5000 ppm), readings were between 267 to 633 ppm
above the expected concentration of respective mixtures, representing an experimental
error of 13 to 26% (Table 2). Although a high degree of error is associated with low
concentration CH4 mixtures, in the context of a GM investigation, CH4 readings above
1000 ppm would in most cases indicate a potential GM issue and therefore this method
would meet the intended objective of GM identification. The accuracy of detection for
higher concentrations of CH4 was also determined to gain preliminary insight into the
potential risk and severity of a GM. CCDs have an upper threshold detection limit of 5%
(100% LEL), which is well above the concentration needed to identify a potential GM
issue and reflects a more serious concentration of gas. The additional precision and
accuracy gained above 100% LEL using IR approaches ultimately does not provide
information that will change the interpretation for this application. As the concentration
of gas mixtures increased to 6000-8000 ppm, the absolute value above expected slightly
increased (533-667 ppm) while the error dropped to 8-10%. At the higher range of tested
concentrations (9000-15000 ppm), the absolute difference slightly increased again (450-
833ppm) but the error dropped to below 5%. With increasing accuracy in mid to higher
concentration ranges, the CCD begins to provide results more closely resembling GC
approaches. As expected, the GC was quite accurate across all concentration ranges, with
readings at most 3% above expected values (Table 2). Further, when comparing the
values obtained from the handheld CCD and GC, the GC is marginally more accurate (by

at most 3%).
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Table 2: Expected and measured concentration of analyzed gas mixtures, and the differences between them, using
catalytic combustion and gas chromatography.

Expected CCD [CH4] Difference: GC [CH4] Difference Difference
[CH4] Observation Ei;:e[():t;d Observation | GC — Expected CCD-GC
(ppm) (ppm) (ppm) (ppm) (ppm)

(Ppm)
1000 1267 + 76 267 (27%) 1029 + 48 29 (3%) 237 (23%)
2000 2383 +29 383 (19%) 2063 + 105 63 (3%) 320 (16%)
3000 3467 + 76 467 (15%) 3043 + 110 43 (1%) 423 (14%)
4000 4500 + 50 500 (13%) 4039 + 110 39 (1%) 460 (11%)
5000 5633 + 189 633 (13%) 5121 + 30 121 (2%) 511 (10%)
6000 6583 + 57 583 (10%) 6109 + 95 109 (2%) 474 (8%)
7000 7533 + 189 533 (8%) 7118 + 84 118 (2%) 414 (6%)
8000 8667 + 173 667 (8%) 8144 + 133 144 (2%) 522 (6%)
9000 9450 + 520 450 (5%) 9040 + 315 40 (0.5%) 410 (5%)
10000 9833 £ 722 833 (2%) 9835 + 509 177 (2%) 2 (0.02%)
15000 15583 * 15 583 (4%) 15363 + 374 363 (2%) 220 (1%)

CHjs readings using the CCD were reasonably accurate at lower concentrations
and the reproducibility of measurements was very good. The linearity of concentrations
observed using the CCD relative to the expected concentration was characterized by an
R? of 0.998 (Figure 6a); the corresponding value for GC analysis was 0.999 (Figure 6b).
Both approaches provided reproducible readings; however, the CCD provided readings
closer to the expected gas concentrations when above concentrations of 8000 ppm while
the GC was accurate across all observed concentrations. Notably, the CCD uses a single
point calibration at 2.5% (50%LEL) CH4 and the observation that accuracy falls as the
concentrations decrease from the calibration concentration is not surprising.
Comparatively, GC uses a series of calibration points that contribute to its performance
across a larger concentration range. The good agreement in terms of the linearity in
concentration measurement demonstrated in this study suggests the handheld CCD
performs well and, despite greater error in measurement, is suitable for GM applications.
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Figure 6: Observed methane concentrations using catalytic combustion (a) and gas chromatography (b) versus the
expected concentration of gas mixtures.

3.1.2 Defining Measurement Error Associated with CCD

Scenarios may exist in GM investigations in which subsurface CH4 concentrations
can be near a decision-making threshold for identifying a GM issue. Error in
measurement raises concerns that an overrepresentation of gases present may lead to a
false positive GM identification, or underrepresentation to a false negative GM
identification. To avoid the financial liability of both outcomes, understanding the
reliability of CCDs and determining the level of measurement error is of importance. The
CCD showed a high degree of reproducibility for CHs measurements with concentrations
above 1000 ppm, but readings were less accurate for concentrations below 8000 ppm.
This study suggests CCD measurements below 5000 ppm will likely have errors of ~
+500 ppm, and those above 5000 ppm will have errors of ~+1000 ppm in practice. In the
GM investigative platform, these error thresholds represent the largest difference between
expected and observed measurements of CH4 needed to definitively account for the
change in output increments on a typical handheld CCD. Such error ranges may reduce
the quantification ability of these devices; however, it is important to note that GM status
within these thresholds would remain the same, and so these errors have little impact with

respect to the identification of a potential GM issue.
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3.1.3 Reliability of Catalytic Combustion with Temperature

The CCD showed comparable performance to GC approaches in CH4 detection
when testing was performed under an ideal (lab) scenario in which environmental
conditions such as temperature and humidity were controlled, and the detector provided
with an adequate supply of Oz and gas volume. However, such conditions are typically
not the case in a field setting. To account for temporal variation in environmental
conditions, the AER GM testing guidelines suggest that sampling occur in frost free
months. However, even within “frost free” months, large temperature variations can
occur between spring and fall sampling seasons. Controlling for all temporal variables
found in a field setting is near impossible but understanding the potential impacts of
temperature on a CCD is important. A typical CCD determines concentrations based on
relative changes in resistivity within the device caused by heat generated from the
catalytic combustion of CHa. As such, temperature variations outside the device may
influence observed resistivity within the device and potentially reduce detector reliability.
As shown in Table 2, the largest error in CCD measurement was at CH4 concentrations of
~1000 ppm, which is an important concentration threshold for GM identification.
Because the greatest variability occurred at these low CH4 concentrations, testing to
assess temperature effects on CCD performance were performed for a CH4 concentration
range of 250-1500 ppm; this also provided additional insight into detector performance at
concentrations near the AER minimum detection limit for CCDs (500 ppm) (AER,
2022b).

CHa values measured within the lower sensing capability of the CCD (250-1500
ppm) showed a standard deviation ranging from 13 to 58 ppm (Table 3) when device and
gas temperatures were slightly above freezing (3 °C). The reproducibility of
measurements, as a percentage, generally increased as the expected concentrations rose.
However, this trend was also observed in previous experiments conducted at room
temperature (Table 3). A standard deviation of 16% (58 ppm) was observed for an
expected CH4 concentration of 250 ppm, down to 5% (32 ppm), 1.3% (13 ppm), 1.2% (16
ppm), and 1.8% (34 ppm) for expected concentrations of 500, 750, 1000, and 1500 ppm,
respectively; these values represent a greater degree of reproducibility compared to room
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temperature testing. The greatest variability is observed at the lowest CH4 concentration
tested (250 ppm). At such low concentrations, this variability is unlikely to create a
scenario in which a well would be misclassified with a GM issue. Values of 313 + 15,
343 £ 10, and 425 + 7 ppm were respectively observed for situations in which the CCD
and gas were at room temperature (19 °C), when the CCD was cooled to 3 °C but the gas
was at room temperature (19 °C), and when both the instrument and gas were cooled to 3
°C. As such, using the CCD at concentrations below 500 ppm may introduce some
variation in CHa detection at low temperatures observed through sampling seasons. For
example, a site may provide different results if sampled in mid-summer vs. late fall, when
temperatures can reach below freezing (0 °C). Although accuracy dips at CHa
concentrations below 500 ppm, the error is low enough that GM status would likely be
unaffected due to any small shift in concentration. This means that temperature should
not substantially impact the ability of a CCD to determine GM status. However, in
accordance the AER Directive 20, field implemented “explosive” gas detectors, i.e.,
CCDs, are only required to read CH4 concentrations above 500 ppm, so handheld CCDs
should perform as required within AER guidelines (AER, 2022b).

Table 3: Expected and observed methane values with standard deviations for a handheld CCD (top) and GC (bottom-
italicized) at room temperature (19 °C) and near freezing (3 °C) conditions.

Expected CH4 Observed CH4 Observed CH4 Observed CHa4 Standard
Concentration Concentration (ppm) Concentration Concentration Deviation Across
(ppm) at Room (ppm) Using Cold (ppm) Using Cold Temperatures
Temperature (19 °C) Device (3 °C) Device & Gas (ppm)
3°C)
313+ 15 340 + 10 425+ 7 58
250 (198 £ 15) (219 £ 4) (224 £ 15) (1)
643 + 23 623 £33 686 + 40 32
°00 (464 £9) (446 £ 15) (420 £ 14) (18)
9900 1000+ 0 97312 13
70 (717 59) (688 * 14) (645 £ 42) (30)
1267 + 76 1283 + 29 1250+ 0 16
1000 (1030 + 48) (925 £ 28) (927 £ 28) (49)
1850 = 50 1867 + 29 1800 = 50 34
1500 (1351 + 106) (1402 + 13) (1392 + 45) (22)
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3.2 Field Testing

3.2.1 Field Applications of Catalytic Combustion

Under ideal laboratory conditions and across expected field temperature ranges,
the performance of the handheld CCD compared well to field GC approaches. However,
minimal information is available related to the performance of the CCD device in
unconstrained environments in which conditions are not always ideal for catalytic
combustion. Various factors in the field may deleteriously affect the detection of CHa
using catalytic combustion, such as humidity, dust, and the presence of acid gases.
Additionally, sampling factors such as Oz content, volume requirements, and atmospheric
contamination are also possible. With such a range of potential issues, it is increasingly
difficult to account for everything that may influence gas detection during an
investigation. Instead of attempting to control all such variables, understanding the
performance of the device on any given day may provide a more general assessment of
detector effectiveness. To provide such an assessment, GC and CCD approaches were
compared using the same sampling approach, with gas drawn from the same soil gas

probe after a brief equilibration period.



Figure 7: Relationship between observed methane concentrations drawn from samples from a soil gas probe and
determined using a handheld CCD or a field gas chromatograph.

3.2.2 Factors Influencing Catalytic Combustion in the Field

Handheld CCDs are reliable in a laboratory setting, where readings are compared
with known gas concentrations, with results demonstrating excellent linearity similar to
that observed for GC (Figure 6a,b). However, when CCDs are used in the field with soil
gas probes, linearity changes from R? values of 0.998 (Figure 6a) to 0.644 (Figure 7). It
should be noted that comparisons made in the field were with GC measurements made on
soil probes while laboratory measurements are compared to expected concentrations of
gas mixtures. However, assessments made between field and laboratory measurements
are comparable because GC measurements are shown to be accurate when compared to
expected gas mixtures (Figure 6b). The potential sources of error are numerous and
cannot all be accounted for when introducing instrumentation into an environmental
setting; however, key issues addressed in this study include GC performance, O

requirements for catalytic combustion, and gas volume constraints related to pump rates
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on CCD readings. By addressing such errors, further improvements in detector linearity

may be possible in the future.

Achieving a linear relationship between field GC and CCD CHg detection relies
on both instruments operating optimally and providing reliable values. To verify that the
field GC was not responsible for the reduced linearity, discrete gas samples collected
from the same sample probes were analyzed in the laboratory on a separate GC. A linear
relationship was achieved between these two approaches (R? = 0.972; Figure 8), and
provided evidence with respect to the reliability of field GC measurements. Minor
observed differences between lab and field GC observations are likely related to
sampling; field GC samples were collected directly from a soil gas probe, while lab GC
samples were injected into an evacuated gas-tight sample bottle for transport to the lab
and analysis, providing opportunities for atmospheric contamination. Detection quality
was good using the field GC and soil probe; therefore, the handheld CCD is the most

likely source of measurement error for this application.

Figure 8: Observed methane concentrations from samples taken soil gas probes using field level gas chromatography
versus discrete samples collected from the same probe and analyzed using gas chromatography in a laboratory setting
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With respect to potential detection issues in the handheld CCD, special
consideration should be given to the O requirements for catalytic combustion. For
catalytic combustion to occur in a handheld CCD, sample gas must contain at least 10%
oxygen by volume (RKI Instruments, 2019). To address the potential of oxygen
limitations in catalytic combustion, O concentrations obtained from discrete gas
samples, and analyzed on the laboratory GC, were compared to the ratio of CH4 detected
using field gas GC and the handheld CCD. Ideal ratios would be 1:1 with CCD
measurements being equal to GC measurements; movement away from that optimal
range represents measurements with the largest discrepancies (Figure 9). The relationship
between oxygen concentrations and CHj ratios revealed no trend to suggest that any
value below the 5% CHj, threshold was due to depleted O in the sample gases. However,
it should be noted that O concentrations obtained using the field GC only require small
quantities of gas in the range of 5-10 mL, whereas the handheld CCD requires larger
volumes of gas that may deplete O levels throughout a reading because of low flow
errors within the device. It was not possible to quantitatively account for low flow errors

using the CCD instrumentation.

Figure 9: Oxygen concentrations of discrete laboratory samples versus the ratio of CH4 detected in soil gas probes
using a handheld CCD to the same sample analyzed using a field level gas chromatograph.
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Although low flow errors could not be quantitatively assessed, the volume of gas
available for analysis was likely the factor causing the different measurement results for
handheld CCD gas detection vs. field GC. In a best-case scenario, the handheld CCD
requires approximately 10 to 15 s of draw time for sample collection. With a draw rate of
1.0 to 1.2 L/min, an average sample would require between 167 and 300 mL of gas.
Given the dimensions of soil gas probes typically used in GM investigations are
approximately 30.5 cm in length and 1.3 cm in diameter, less than 40 mL of gas are
available for analysis; this is much lower than the above calculated minimum volume
required. Leak-sealed probes will trigger a flow error and probes with poorly sealed
pathways to surface will pull gas from the surrounding soil and/or air that will contribute
to atmospheric contamination of the sample. The trend in Figure 7 shows the GC
measuring higher concentrations than the CCD, which supports the suggestion that
dilution with air affected the gas concentrations measured and resulted in the loss of
linearity observed. This observation raises concerns about the reliability of

instrumentation with pump rates that exceed the volume of in-soil probes.

3.3 Methane Detection in Augured Boreholes

Gases collected from soil gas probes and analyzed by the handheld CCD returned
results that reflected poor detector linearity. However, this approach features constrained
volumes, requires extended equilibration times that progressively increase with larger
volume probes, and can face installation difficulties in regions with highly compacted
soil. Augured boreholes can be drilled to depth and quickly covered/sampled to provide
an approach that overcomes many of these limitations for identifying GM status. AER
Directive 20 (AER, 2022b) promotes the augured borehole approach for use in GM
investigations, and therefore identifying the reliability of CH4 concentrations obtained
using this approach is of importance. To assess this subsurface borehole sampling
approach, holes were augured proximal to soil gas probes used for GC and CCD analysis
above, with the results from the different approaches then compared. No linear relation

was found when comparing CCD measurements made on borehole samples and field GC
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measurements made on soil gas probe samples (R? = 0.00921; Figure 10). The poor
correlation between these results is most likely due to a trend whereby the CCD appears
to, in some cases, measure higher or lower concentrations of combustible gas relative to
GC measurements made on gases collected from the soil probes. Several factors likely
contribute to this observation, including differences in atmospheric contamination
causing dilution of sample gases, resulting in underestimations of actual soil gas
concentrations, and larger open volumes in boreholes, resulting in the measurement of
higher gas concentrations. Although the borehole approach does not provide accurate
readings when directly compared to the soil probe approach, it can successfully measure
elevated soil gas concentrations. Concentrations measured by each technique likely
provide comparable relative differences; however, the absolute magnitudes of data
reflecting soil gas concentrations as measured by these two techniques cannot be directly

compared.

Figure 10: Observed methane concentrations measured using an augured borehole with handheld CCD versus a soil
gas probe with gas chromatography detection.
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3.4 Effectiveness of Current AER Approaches to Determine Gas Migration Status
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Figure 11: Various approaches to GM testing showing different results with respect to GM status

3.4.1 Effectiveness of Surface Methane Detection for Gas Migration
Identification
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Figure 12: Effectiveness of methane detection approaches using a point-by-point comparison of data collected with
and without the use of soil gas domes.
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Figure 13: Percentage of measurements misclassifying a GM on a point-by-point basis for different surface/subsurface
sampling techniques.
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3.4.2 Potential Sources of Error Associated with Surface Methane Detection
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Figure 14: Observed methane concentrations detected at the surface-subsurface interface using a handheld CCD
versus volumetric soil moisture content.
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Figure 15: Observed (a) CH4 and (b) CO2 concentrations obtained from soil gas probes and analyzed using gas
chromatography versus volumetric soil moisture content.

3.4.3 Effectiveness of Soil Gas Probes and CCDs for Gas Migration Identification
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3.4.4 Effectiveness of Augured Boreholes for Gas Migration Identification
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Table 4: Methane detection using various GM testing approaches at site 1-sample event 1.




Table 5: Methane detection using various GM testing approaches at site 1-event 2 day 1.




Table 6: Methane detection using various GM testing approaches at site 1-event 2 day 2.







Table 7: Methane detection using various GM testing approaches at baseline control site.




3.5 Recommendations of Use for CCDs in Gas Migration Testing
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3.6 Considerations for Future Gas Migration Procedures
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CHAPTER IV

CONCLUSIONS
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