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Fugitive-gas migration tracked via 55 monitoring points installed in 37,500 m3 of heterogeneous
near-surface sediments over 760 days
Highly irregular migration patterns observed with a variable wetness ratio altered by
multicomponent gas dissolution
Fugitive gas likely remains in the ground in areas with clay-rich surface sediments, limiting
emissions but impacting groundwater
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Fugitive natural gas released in the subsurface from leaking oil and gas wells can affect groundwater
quality and generate significant greenhouse gas emissions to the atmosphere. We released natural gas into
a Western Canada Sedimentary Basin (WCSB) groundwater system located in an area of petroleum
resource development. Through 55 depth-discrete monitoring points installed up to 26 m deep, we tracked
spatiotemporal evolution of dissolved gases over 760 days. Fugitive gas was diverted and mostly retained
in the subsurface by capillary barriers, resulting in highly irregular distribution and dissolution of
multicomponent gas constituents. Gas wetness changed significantly during migration, although stablecarbon isotope ratios did not. We expect that where a surface diamict is present, typical of the WCSB, a
significant portion of fugitive gas released from leaky wells will be retained in the subsurface, mitigating
greenhouse gas emissions to the atmosphere but inferring greater risk on groundwater.
Plain Language Summary
The impacts of fugitive gas from leaky oil and gas wells remain poorly understood but include greenhouse
gas emissions to the atmosphere and degradation of potable groundwater resources. To assess migration
patterns, environmental impacts and fate of fugitive gas, we released natural gas in a shallow groundwater
system, representative of much of the Western Canada Sedimentary Basin (WCSB) where extensive
petroleum resource development takes place and ~0.6% of wells have been confirmed as releasing natural
gas into the subsurface. Our results indicate that for clay-rich surficial sediments typical of the WCSB,
fugitive gas is likely to remain trapped in the subsurface and to slowly dissolve in groundwater in an
irregular manner over a long period. The different constituents that form natural gas dissolved at different
rates, changing their molecular ratios; stable-carbon isotope ratios remained stable. Our findings suggest
that where glacial till forms the surficial geology, subsurface fugitive gas released from leaky oil and gas
wells remains trapped in the ground, limiting emissions of greenhouse gases to the atmosphere but
potentially impacting groundwater.
1. Introduction
Natural-gas leakage from energy-well integrity failure presents a risk to the environment (Cahill

et al., 2019; CCA, 2014). Released free-phase “fugitive” gas, comprised primarily of methane (C1), ethane
(C2) and propane (C3), tends to migrate vertically due to buoyancy, along two possible pathways towards
surface: 1) within or along the surface casing of an energy well (termed surface-casing vent flow, SCVF,

This article is protected by copyright. All rights reserved.

or sustained casing pressure depending on if the annulus is shut-in or vented) and/or 2) outside of the well
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assembly, directly into the natural ground, a process termed gas migration, (GM). The release depth,
migration patterns, environmental impacts and fate of GM are highly uncertain and strongly controlled by
the subsurface geologic environment. Dissolved fugitive gas from GM can affect water quality if
metabolized by microorganisms (Osborn et al., 2011; Vengosh et al., 2014; Woda et al., 2018). A portion
of GM derived fugitive gas may also reach ground surface and emit to the atmosphere as a potent
greenhouse gas (Allen et al., 2013; Kang et al., 2016; Saint-Vincent et al., 2020) or accumulate in enclosed
spaces of nearby infrastructure, generating an explosion hazard and/or risk of asphyxiation (Chilingar &
Endres, 2005; Gorody, 2012).
To assess the concerns posed by GM, it is crucial to first understand fugitive-gas migration,

distribution and dissolution in the shallow subsurface. Few studies have investigated these processes,
particularly in the field and at relevant scales, therefore our current understanding and ability to assess and
predict risks posed by fugitive gas remains limited. Numerical simulation of fugitive-gas migration has
provided insights into: i) the role low-permeability layers may play to hinder vertical movement of freephase gas and enhance lateral accumulation (Klazinga et al., 2019); and ii) the role of gas dissolution on
delaying upward gas migration and therefore retaining gas in sandy aquifers (Schout et al., 2020). Fugitive
gas dissolution is largely controlled by the free-phase gas configuration and geometry in the subsurface
(herein referred to as source architecture) and groundwater flow (Van De Ven et al., 2020; Van De Ven
& Mumford, 2020a, 2020b).
Modeling and experimental efforts provide insight into our understanding of gas migration and

dissolution in idealized and controlled environments, but knowledge of in-situ, field-scale behavior of
fugitive gas in realistic groundwater systems is still very limited. It is challenging to investigate GM and
dissolution at energy wells suffering integrity failure because access and groundwater data are often
restricted by proprietorship, confidentiality agreements and landowner privacy concerns (CCA, 2014;
Soeder, 2018). In this context, controlled-release field experiments offer the best opportunity to
characterize gas migration at the field scale and at high resolution. However, to date, there is only one
such study, and that in a relatively homogeneous system (Cahill et al., 2017, 2018). While this controlledrelease experiment demonstrated multiple key behaviors of fugitive gas and its reactive transport in the
subsurface, the relatively homogeneous sand-dominated geology of the study site is not typical of the
more heterogeneous subsurface conditions associated with sedimentary basins where significant
petroleum resource development takes place.
This article is protected by copyright. All rights reserved.

It is therefore crucial that we understand GM in relevant geological contexts. Relatively little is
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known about GM in the near-surface (i.e. < 30 m) geologic materials of the Western Canada Sedimentary
Basin (WCSB), which hosts >500,000 energy wells, some ~7 – 11% of which have been identified as
suffering integrity issues (Bachu, 2017; Wisen et al., 2020). The surficial geology of the WCSB is typically
highly heterogeneous (Chao et al., 2020; Fenton et al., 1994), consisting of interlayers of tills, glaciofluvial
and glaciolacustrine sediments. Similar highly heterogeneous glacial sediments also dominate the surficial
geology of the Appalachian and Michigan basins in the United States, regions of extensive historic
conventional and active unconventional gas extraction (McIntosh et al., 2014). These highly
heterogeneous environments are likely to exhibit far more complex patterns of GM than equivalent
leakage in more homogenous systems, such as described in the pioneering work of Cahill et al. (2017,
2018). Furthermore, a heterogeneous gas architecture affects the free-phase gas - groundwater interfacial
area, and consequently the fugitive-gas dissolution rate (Kueper et al., 1993; Lemke et al., 2004; Van De
Ven & Mumford, 2020b), making it likely to be extremely challenging to monitor, detect or assess overall
risks posed by GM from energy wells.
The effective-solubility dynamics of multicomponent gas causes preferential mass transfer of

individual natural-gas components, strongly affecting dissolution rates and therefore fate (Cirpka &
Kitanidis, 2001; Fry et al., 1995; Van De Ven & Mumford, 2020b). These processes can confound the
use of wetness ratios (e.g., C1/(C2 + C3)) (Ashmore, 2021), which are often used along with stable-carbon
isotopes (δ13C), to identify gas origin and to quantify subsurface processes such as biodegradation (Etiope
et al., 2007; Prinzhofer & Pernaton, 1997; Zhang & Krooss, 2001). Surprisingly, alteration of wetness
ratios by multicomponent mass transfer in realistic shallow-subsurface environments has received
relatively little attention (Ashmore, 2021). Consequently, the effects of field-scale, in-situ multicomponent
gas dissolution needs to be explored in near-surface systems to improve our ability to assess fugitive gas
origins, degradation and to aid design of the most effective monitoring and detection strategies.
To enhance understanding of fugitive-gas migration processes in relevant geological contexts, we

conducted a unique controlled natural-gas release experiment in a near-surface (<26 m), glaciofluvial
environment in the western part of the WCSB, northeastern British Columbia (NE BC), Canada. In NE
BC, 145 out of a total population of 21,252 energy wells (0.6%) had confirmed GM (Wisen et al., 2020).
Our aims were to: 1) assess the migration patterns, environmental impacts and fate of fugitive gas in a
representative heterogeneous subsurface system, and 2) characterize in-situ multicomponent fugitive-gas
dissolution to assess the dynamics of gas depletion. During our controlled-release experiment the
This article is protected by copyright. All rights reserved.

evolution of dissolved gas was tracked in the near-surface saturated glaciofluvial deposits by sampling
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and analyzing dissolved compositions and stable-carbon isotopes of methane, ethane and propane at 55
discrete groundwater monitoring points over 760 days.
2. Materials and Methods
The study site for the controlled subsurface natural-gas injection was 15 km northeast of the town

of Hudson’s Hope in NE BC, located in the western portion of the WCSB (Fig. 1A). The site is situated
within the Montney Resource Play, which encompasses an area of approximately 130,000 km2 in NE BC
and northwestern Alberta and hosts 80 – 700 tcf of natural gas (CCA, 2014). There are 531 hydrocarbon
wells within a 30 km radius of the site, 67 of which have confirmed cases of SCVF and 1 has confirmed
GM (Chao et al., 2020; Wisen et al., 2020).
The geology of the site is comprised of diamict and glaciofluvial sediments, typical of the WCSB

(Chao et al., 2020). It is characterized by four distinct hydrostratigraphic units that vary in hydraulic and
physical properties (Figs. 1B & S1; Table S1). A spatially extensive, 11 to 12-m thick low-permeability
diamict (Unit 4) at the surface overlies a relatively permeable zone of interbedded sand and silt (Units 1,
2 and 3). The silt- and clay-dominated diamict is a prevalent feature across much of the WCSB (Evans et
al., 2012; Whitaker & Christiansen, 1972). Unit 1 and Unit 3 consist of fine-medium sand with silt lenses,
separated by a slightly inclined, sandy-silt layer (Unit 2). The groundwater flow direction was oriented
E30°S and hydraulic gradient was 0.004, with an average linear groundwater flow velocity of 0.005 to
0.035 m/day. The piezometric surface was observed at ~ 1 m below ground surface (bgs) in the summer
seasons of 2017 – 2019 and 3 m bgs in the winter seasons of 2017 – 2019 (fluctuating ±0.5 m). The study
site geology and hydraulic properties are described in detail by Chao et al. (2020).
The injection well, fitted with a 0.9 m long, 20 µm pore-size sparge screen, was installed by sonic

drill rig at 26 m vertical depth inside a borehole inclined at 45°. The inclination fostered collapse of the
borehole, and inhibited vertical migration of injected gas along the well structure (Cahill et al., 2014,
2017). A synthetic natural gas (82 kg at STP, modelled on typical Montney play natural gas; CH4: 85%,
C2H6: 8%, C3H8: 5%, CO2: 1%, N2: 0.5%, Table S2) was injected over 69 days between June 12, 2018
and August 20, 2018 at a constant rate of 1.17 kg/day STP, governed by a mass-flow controller. Initially,
the monitoring infrastructure consisted of thirteen multilevel monitoring wells (termed MW1 – MW13)
and five single-screen wells (termed PW) (Fig. 1A). Six additional multilevel monitoring wells (termed

This article is protected by copyright. All rights reserved.

MW14 – MW19) were installed 390 days after the injection ceased. All wells were installed using a sonic
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drilling rig except for wells MW1 – MW7, which were installed using an air-rotatory rig. The 19 multilevel
monitoring wells and five single-screen wells provided a total of 55 monitoring points. Multilevel wells
were generally screened at 12, 16, 18, 20, and below 20 m depths but the specific screened interval varied
(Table S3). Groundwater was sampled before, during and up to 760 days after gas injection at a frequency
ranging from 9 to 270 days (Table S4). Samples were analyzed for dissolved gases (C1, C2, C3, and O2)
and stable-carbon isotopes (δ13C-C1, δ13C-C2 and δ13C-C3), performed by the Isotope Science Laboratory
at University of Calgary within 14 days. Details of gas composition, well design, well installation,
equipment, field and laboratory methods, and equilibrium solubilities at respective monitoring depths are
described in Supporting Information.

3. Results and Discussion
3.1 Dissolved Methane During Injection
Baseline groundwater samples at the study site were anoxic (i.e., <0.5 mg/L O2) with dissolved C1

uniformly less than 0.2 mg/L at all monitoring points, with an average of 0.01 mg/L. The first increase in
dissolved C1 was identified 45 days after injection began at 16 m depth, 10 m upgradient of the injection
well (MW2 in Fig. 1D). From Day 45 to 69, C1 concentrations above baseline were found at 16 and 18 m
depths in MW2 (7 – 16 mg/L) and 18 m depth in MW5 (0.3 mg/L), with no increase in C1 observed at 12
m depth in either well (Fig. 1C). Injected gas was not detected at any other monitoring locations during
the injection period.
That C1 concentrations did not increase in most monitoring points during the injection can be

explained by a combination of a highly heterogeneous free-phase gas distribution governed by local
capillary barriers to vertical gas flow, limited interfacial area between free-phase gas and water during
injection and insufficient travel time for groundwater advection (Cahill et al., 2018; Nambi & Powers,
2000; Powers et al., 1998; Van De Ven & Mumford, 2020b). From this, it can be inferred that free-phase
gas must be in close proximity to MW2 and MW5. During injection, the sustained injection pressure likely
maintained high gas saturation and low interfacial areas in the free-phase gas source architecture, limiting
mass transfer (Cahill et al., 2018; Van De Ven & Mumford, 2020b). Meanwhile, increased C1
concentrations observed in monitoring points upgradient of the injection well can only be explained by

This article is protected by copyright. All rights reserved.

channeling and lateral movement of free-phase gas along the low-permeability Unit 2 (Fig. 2A) or through
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preferential channels in the heterogeneous subsurface.
The migration and distribution of free-phase gas can be inferred through the configuration of

capillary barriers. The small-scale silt interbeds characterized in Unit 1 suggest that the injected freephase gas presents as discrete subzones of channels and pools (Ji et al., 1993; Sale & McWhorter, 2001;
Van De Ven et al., 2020) as shown in Fig. 2A. The vertical movement of the free-phase gas away from
the injection point was likely impeded by the high entry pressure associated with Unit 2, causing the freephase gas to pool and move laterally against groundwater flow along the inclination of Unit 1 - 2 interface.
Eventually, a portion of the injected free-phase gas found a pathway to the base of Unit 4, through a
discontinuity in Unit 2 or by a build-up of gas pressure with time until the entry pressure of the finergrained Unit 2 material was exceeded. The vertical movement of free-phase gas was found to be restricted
in the subsurface due to the high entry pressures of Units 2 & 4 (~102 to 104 kPa, Table S1). We estimate
approximately 75% of injected gas was retained in the subsurface and diverted up to ~150 m horizontally
below Unit 4, as inferred from surface efflux and electrical resistivity data collected during the experiment
(Cary, 2019; Chopra, 2020; Soares, 2020).

3.2 Post-Injection Dissolved Methane
Based on previous studies of non-aqueous phase liquids (NAPLs) and gas migration in the

subsurface, it can be expected that free-phase gas will quickly stop migrating following the cessation of
injection (Gerhard et al., 2007), creating a stationary free-phase source zone as has also been observed in
other studies (Van De Ven et al., 2020). During the post-injection period, C1 was detected above baseline
concentrations at more monitoring points (Figs. 1C-E) as groundwater flow through the stationary freephase gas promoted gas dissolution (Cahill et al., 2018; Van De Ven & Mumford, 2020b).
C1 increased above baseline in more monitoring points from Day 340 to the last sampling event

on Day 760 (Figs. 1C-E & Figs. S2-S5). Most C1 concentrations above baseline at 12 m depth ranged
from 0.1 – 0.7 mg/L, approximately 2 orders-of-magnitude lower than the equilibrium solubility of 57
mg/L, with the exception of MW2 (3 to 13 mg/L) and MW19 (3 to 8 mg/L), both upgradient of the
injection well (Fig. 1C). At 16 m depth, C1 concentrations above baseline were only observed at MW6,
12, and 18, with concentrations ranging from 1 to 16 mg/L (Fig. 1D). At 18 m depth, MW2, 6, 9, 13, 14,
15, 17, 18, and 19 exhibited high C1 concentrations ranging from 2 to 27 mg/L (Fig. 1E). C1 concentrations

This article is protected by copyright. All rights reserved.

in MW2 were above baseline (~3 – 18 mg/L) from the injection phase to the end of the monitoring period,
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indicating that a pathway of free-phase gas and therefore source of dissolved gas likely formed upgradient
of MW2 (Fig. 2A). C1 concentrations at 20 m depth throughout the monitoring period were either close to
the baseline level (~ 10-2 – 10-3 mg/L) or marginally above (< 0.8 mg/L) (Fig. S5). C1 concentrations above
baseline were not observed in monitoring points on the perimeter of the monitoring network.
The suspected development of multiple, highly-dispersed zones of high gas saturation with low

interfacial areas for mass transfer (e.g., local gas pools below Units 2 and 4 and throughout Unit 1 in Fig.
2A) can slow gas dissolution rates relative to that of a homogeneous system (Christ et al., 2006; Nambi &
Powers, 2000; Parker & Park, 2004; Sale & McWhorter, 2001; Van De Ven & Mumford, 2020b).
Additionally, groundwater will physically bypass or be diverted around the zones of higher gas saturations
where the relative permeability of water is reduced. This can trap gas in relatively stagnant zones, which
in turn leads to a limited contact with flowing groundwater for mass transfer (Frind et al., 1999). This
prolonged mass transfer and bypass of groundwater is evident from the low C1 concentrations measured
across the site, well below the maximum equilibrium solubility (for example, 72 mg/L at 18 m below
ground). The spatially sporadic C1 distribution observed at the site is also attributed to the combined
effects of subsurface geology and resulting gas architecture. Despite being relatively thin (~1 to 2 m) and
discontinuous in places, the lower-permeability Unit 2 likely acted as a capillary barrier, limiting the
vertical migration of injected free-phase gas beneath it, retaining significant gas which then slowly
dissolves into ambient water. This explains why the majority of C1 concentrations above baseline were
found within Unit 1 at 18 m depth below Unit 2.

3.3 Multicomponent Hydrocarbon Gas Dissolution and Stable Carbon Isotopes
Baseline C2 concentrations ranged from 0.0004 to 0.004 mg/L, with an average of 0.001 mg/L at

all depths. C3 was not detected in baseline samples, as expected for natural systems. During the monitoring
period, C1 was above baseline in 48% of 529 post-injection samples, while C2 was above in 25% and C3
above detection limit (i.e., 0.001 mg/L) in 20%. To understand why we observed variability in dissolved
concentrations of the multiple components of the source gas, we focus on monitoring wells, MW2 at 12
and 18 m depth, and MW9 at 18 m depth. Analysis of data from these monitoring points allows us to
compare the effects of multicomponent mass transfer near the source of free-phase natural gas (MW2)
with the effects of advective transport (MW9, ~10 m downgradient of MW2, Fig. 1A).

This article is protected by copyright. All rights reserved.

C2 increased simultaneously with C1 at MW2 at both 18 m and 12 m depth (Figs. 3A&C). While
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these changing proportions are more difficult to delineate at 12 m depth (i.e., Figure 3C), they are more
apparent by considering wetness (i.e., Figure 3D). Due to the difference in equilibrium solubility (average
of 68 mg/L for C1, 21 mg/L for C2 and 16 mg/L for C3 with an expected wetness ratio of 4), C1-3
concentrations were quite different, ranging from 3.3 – 18.6 mg/L for C1, 0.11 – 2.6 mg/L for C2 and 0.01
– 1.3 mg/L for C3, with wetness ratios of 7 – 215 for 18 m depth and 7 – 28 for 12 m depth (Figs. 3B&D).
The trends in concentration were similar for a period of time of 160 and 460 days for 18 m and 12 m
depths, respectively. Following this period, C2-3 concentrations diminished while C1 concentrations
remained relatively high (Figs. 3A&C). MW9, showed only small increases in C2 (0.006 mg/L on Day
430 and 0.24 mg/L on Day 760) and C3 (0.005 mg/L on Day 400 and 0.02 mg/L on Day 430), despite C1
concentrations above baseline following Day 340, with a wetness ratio of 6 but reaching as high as 23,656
(Figs. 3E&F). The slightly increased C2-3 concentrations observed at later phase of the monitoring period
were likely advected from a source further upstream (Fig. 2B).
The non-constant wetness ratio and earlier depletion of C2-3 is caused by their stronger affinity to

dissolve into groundwater than C1, (higher Henry’s constants of 3.4 x 10-3 M/atm for C2 and 3 x 10-3
M/atm for C3, to 2 x 10-3 M/atm for C1), coupled with the lower initial proportion of ethane/propane in
the injected gas. As dissolution from the free-phase gas source began, the proportions of C1-3 are
approximately congruent with the source gas wetness ratio of 4 (Day 60 – 160 and Day 110 – 460 for
MW2 at 18 and 12 m depths, with both wetness ratios of 7 to 12, Figs. 3B&D). However, ethane and
propane are more expediently depleted compared to methane in the source gas, therefore, C2-3
concentrations decrease relatively faster than C1 as the source gas dissolves. This difference in the
dissolution rate of the components of natural gas (C2 and C3 followed by C1) has been described in the
laboratory investigations and numerical study of Ashmore (2021). Additionally, the more expedient
depletion of gases with larger Henry’s constants has also been observed for other gases (Cirpka &
Kitanidis, 2001; Geistlinger et al., 2005).
Variability of observed wetness during dissolution, (Fig. 3G & S6), presents challenges if the ratio

is to be used to identify potential fugitive gas sources (Ashmore, 2021). The baseline dissolved gas wetness
ratio was on the order of 102 to 103 and baseline δ13C-C1 ranged from -57.8 to -65.4‰, indicative of
biogenic origin, while the injected gas had a δ13C-C1 of -40.3‰, which falls inside a thermogenic range
(Milkov & Etiope, 2018). δ13C values remained stable temporally and spatially as the injected gas migrated
downstream. Post-injection δ13C-C1-3 values at MW2 and MW9 were similar to the injected gas with
This article is protected by copyright. All rights reserved.

variations within ±2‰ (Fig. 3G & Table S6), indicating that C1-3 concentrations were not affected by
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biodegradation (Whiticar, 1999). However, over the course of dissolution, the wetness ratios at MW2
increased by one order of magnitude from Day 340 to 490, while the gas remained within the thermogenic
region. In contrast, the wetness ratio at MW9 increased between Day 340 and 490 resulting in values
expected of biogenic gas (i.e., 1,192 – 23,656).
The distinct temporal variation of the wetness ratio observed in MW2 and MW9 can be explained

by the conceptual model where free-phase gas architecture is comprised of multiple discrete sources
throughout the source zone (Fig. 2). The variable rate of C1-3 dissolution will change the composition and
wetness ratio of the dissolved gas leaving each of these discrete sources over time. At any sampling time,
the dissolved gas from the source closest to the sampler will be the most depleted of C2-3, whereas the
dissolved gas from the source farthest away will be the least depleted, and the wetness ratio at the sample
point will be a composite of these sources with varied wetness ratios. The dissolved gas measured at MW9
is an integration of mass eluting from multiple upstream sources diluting the less abundant C2 and C3,
whereas a monitoring point such as MW2 is likely the signal for a single gas source (Fig. 2B). Therefore,
dissolved gas composition can be altered over time by multicomponent dissolution, complex source
architecture and the resulting transport, such that the wetness ratio of an originally thermogenic natural
gas can become biogenic over relatively short travel path lengths (e.g., 10 m for this study).

4. Conclusions
This is the first field-scale controlled subsurface gas injection experiment to study fugitive natural-

gas migration patterns, environmental impacts and fate in a highly heterogeneous sediments representative
of extensive regions of petroleum resource development where energy wells are known to leak. We found
free-phase fugitive gas moved in a highly irregular and complex manner where natural capillary barriers
effectively trap gas in-situ, limiting upward migration to surface and emissions to atmosphere. Here, we
show that free-phase fugitive gas released at depth may be significantly retained in the subsurface by
capillary trapping, where it will slowly dissolve into groundwater. This shallow geologic trapping of
fugitive gas is beneficial from a climate standpoint, mitigating greenhouse gas emissions to atmosphere
but poses greater risk to groundwater resources, if present. Furthermore, most fugitive-gas leakage
monitoring and detection regulations rely on surface-focused methods with little emphasis on the
identification or quantification of subsurface gas migration (Karion et al., 2013; Lackey et al., 2021).

This article is protected by copyright. All rights reserved.

These surface-based methods will likely not be able to delineate subsurface leakage in regions with
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surficial geology similar to the WCSB. While alternative methods (e.g. examining sustained casing
pressure and considering depth of surface casing (Lackey et al., 2017)) could offer evidence for GM, such
methods are not definitive nor are they feasible for all energy wells (e.g. fully decommissioned wells.).
While a relatively thin capillary barrier was found to effectively retain fugitive gas beneath it (and

therefore within the subsurface), forming an ongoing source for dissolution into groundwater, gas
dissolution at the site was nonetheless seen to be slow (i.e., most C1 concentration breakthroughs were
observed 40 to 360 days after injection stopped with the greatest extent of dissolved-phase impacts seen
on Day 490). The slow gas dissolution observed in this heterogeneous near-surface environment shows
that the potential impacts to groundwater from GM may take time to manifest and then persist for
substantial durations (i.e., more than 2 years in this setting, even for a small mass of released gas). GM
will persist even after the cessation of leakage, after the borehole has been repaired. Thus, long-term
monitoring may be required to assess environmental impacts. We observed that gas migration and
multicomponent gas dissolution processes altered the wetness ratio of injected fugitive gas over time and
with travel distance away from the source. However, the anoxic conditions at our site seemingly limited
biodegradation whereby δ13C values appeared highly stable both temporally and spatially, maintaining the
source-gas signature. Under oxic conditions dissolved natural gases would more readily biodegrade and
affect isotope ratios (Forde et al., 2019). So, while alteration of dissolved gas wetness will hinder attempts
to delineate origins of fugitive gases and limit efficacy of monitoring and detection strategies, at our site
with little biodegradation, stable-carbon isotopes were a robust indicator of fugitive-gas origin. Overall,
we show that to assess the environmental impacts of subsurface gas migration, the extent of fugitive-gas
retention in the subsurface and its potential impacts on groundwater quality should be weighed against
potential GHG emissions to the atmosphere.
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Figures

Figure 1 (A) Study site location in NE BC, overlying the Montney Resource Play in the WCSB, and multilevel wells (MW), injection
well, single-screen wells (PW), and groundwater (GW) flow direction. (B) Partial profile of the site geology. (C-E) C1 distributions
during injection (Day 45 and 60) and post injection (Day 340, 490 and 760) at 12 m, 16 m and 18 m depths, with injection depth at 26
m depth. Above baseline C1 concentrations are presented in colored circles scaled to the colorbar. Equilibrium solubility of C1 at each
depth is listed (Table S5).
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Figure 2 (A) Injected free-phase gas migration pattern at the site was conceptualized as discrete channels
and pools, accumulated along inclined Unit 2, upgradient of the injection well. (B) Plan view of free-phase
gas distribution (not to scale) and GW flow path in the area outlined by white dashed line.
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Figure 3 Temporal evolution of C1-3 concentrations and corresponding wetness ratio of monitoring points
at (A & B) 18 m depth in MW2, (C & D) 12 m depth in MW2 and (E & F) 18 m depth in MW9. (G)
Bernard diagram of selected monitoring points. The ranges of biogenic and thermogenic origins are
highlighted in grey areas. The alternation in gas composition is indicated by the orange arrow.
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