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Introduction

Fugitive gas, comprising primarily methane, can be unin-

tentionally released from upstream oil and gas develop-

ment either at surface from leaky infrastructure or in the

subsurface through wellbore integrity failure. For the latter,

compromised cement seals around well casings can permit

flow of natural gas into the subsurface, tending toward

ground surface and potentially into the atmosphere. Con-

cerns associated with fugitive gas release at surface and in

the subsurface include contributions to greenhouse gas

emissions, subsurface migration leading to accumulation in

nearby infrastructure and explosive risk, and impacts to

groundwater quality. Current knowledge of fugitive gas is

incomplete, including how to best detect and monitor it

over time, particularly its migration and fate in the sub-

surface at the individual event scale. Consequently, an ex-

perimental field observatory has been established to evalu-

ate surface and subsurface fugitive gas leakage in an area

hosting historic and ongoing hydrocarbon resource devel-

opment within the Montney resource play of the Western

Canada Sedimentary Basin, northeastern British Columbia

(BC). At the field laboratory, natural gas was intentionally

released at various low rates (<10 m3 per day), durations

and configurations. Resulting migration patterns and im-

pacts are being evaluated through examination of the geol-

ogy, hydrogeology, hydrogeochemistry, isotope geochem-

istry, hydrogeophysics, vadose zone and soil gas processes,

microbiology and atmospheric conditions.
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The ongoing progress through 2018 is outlined here, in-

cluding a summary of the unsaturated zone experiment, fi-

nal preparation and enabling works for the saturated zone

injection experiment, completion and installation of the

saturated zone injection system, execution of the saturated

zone injection experiment, multidisciplinary monitoring

activities and some initial example results.

Background

Fugitive methane (CH4) from energy wells causes concern

as it poses three potential risks to human health and/or the

environment. Firstly, fugitive CH4 poses an explosion haz-

ard if released into a confined space (lower explosive limit

5% in air [LeBreton, 2009]). Secondly, CH4 is a potent

greenhouse gas (a factor of 25 times greater in a 100-year

period than carbon dioxide [CO2]; Intergovernmental Pan-

el on Climate Change, 2014). Considering emissions of

CH4 from energy-resource development (particularly shale

gas operations) have been identified as potentially signifi-

cant (Caulton et al., 2014), fugitive CH4 therefore has po-

tential to contribute significantly to climate change (Shin-

dell et al., 2009). Thirdly, fugitive CH4 can impact

groundwater resources by migrating in the aqueous phase

and forming an explosion risk following extraction, and

also following microbial attenuation (based on availability

of electron acceptors, according to the redox sequence;

Christensen et al., 2000; Le Mer and Roger, 2001) where it

may generate undesirable byproducts (e.g., H2S, Fe2+, Mn2+)

or potentially induce the release of trace metals (Bennett

and Dudas, 2003; Van Stempvoort et al., 2005, 2007; Amos

et al., 2012; Ng et al., 2015). Although much research has

recently been undertaken with respect to fugitive CH4, it

has for the most part taken the form of retrospective envi-

ronmental forensic studies to assess if detectable impacts to

groundwater have occurred. Unfortunately, little research

has comprehensively assessed migration, impacts and fate

of fugitive CH4 in a holistic manner or at the single event

scale. Exceptionally, a recent multidisciplinary study

(Cahill et al., 2017), upon which the current study builds,

monitored groundwater, soil gas and surface efflux at high

spatiotemporal resolution during release of a small volume

of natural gas into a shallow (i.e., ~9 m depth) unconfined

aquifer system. Results from this study showed that al-

though a significant proportion of injected gas reached the

surface and emitted to atmosphere (with some oxidation

observed in the unsaturated zone), a large portion remained

in the saturated zone where it created a dispersed and later-

ally extensive volume of impacted groundwater (Cahill et

al., 2017). Although this study provided important and de-

tailed insights regarding fugitive CH4, it forms only a single

site specific study and its overall applicability and rele-

vance to regions of resource development (e.g., Western

Canada Sedimentary Basin) is limited. Consequently,

many knowledge gaps remain and more studies such as this

are needed in a range of geological settings where petro-

leum resource development takes place in order to improve

an understanding of fugitive CH4.

In March 2017, Geoscience BC entered into a contribution

agreement with The University of British Columbia’s En-

ergy and Environment Research Initiative (UBC EERI; co-

directed by R. Beckie and A. Cahill), located at the Depart-

ment of Earth, Ocean and Atmospheric Sciences, in order

to better understand fugitive gas impacts, particularly in a

BC context. Cahill et al. (2018) described the initiation of

this project including the significant leveraging of base

funding provided by Geoscience BC to bring more disci-

plines into the research program. Subsequently, it de-

scribed activities undertaken in order to select and attain

two separate field locations near Hudson’s Hope in north-

eastern BC: 1) a saturated (i.e., a confined aquifer) zone site

and 2) an unsaturated zone (vadose zone) site (Figure 1).

This paper includes a description of the follow-on work
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Figure 1. Location of unsaturated and saturated zone sites, Hudson's Hope area, northeastern British Columbia.



from this successful first year. Activities at both sites are

described but there is a focus on the saturated zone site, in-

cluding final set-up for the injection experiment, execution

of the injection and ongoing monitoring activities with

some examples of experimental results.

Summary of Activities and Progress

Unsaturated Zone Injection Experiment

Following attainment and set-up at the unsaturated zone

site (as described in Cahill et al., 2018), 29 m3 of com-

pressed natural gas were injected at 12 m depth over five

days with monitoring of gas migration and fate conducted

for a further 28 days at the end of 2017. After 28 days (i.e.,

as of early November 2017), monitoring was unexpectedly

ceased prematurely by a severe snowstorm and damage to

equipment by cattle following an escape. No further sam-

pling was undertaken during the winter and spring period

(2018) and one final round of soil gas samples were

collected at the site in August 2018.

The unsaturated zone injection experiment has proved

highly successful and generated data of great significance

in the context of gas migration and fugitive gas. Currently

EERI is in the process of publishing several peer-reviewed

journal articles related to this experiment:

1) barometric-pumping controls fugitive gas emissions

from a vadose zone natural gas release by O.N. Forde,

A.G. Cahill, R.D. Beckie and K.U. Mayer (submitted to

Nature Geoscience), and

2) quantification of attenuation capacity and fate of fugi-

tive gas leakage into unsaturated soils by O.N. Forde,

A.G. Cahill, I. Hawthorne, A. Black, R.D. Beckie and

K.U. Mayer (to be submitted to Science of the Total En-

vironment or a similar journal).

Figure 2 shows methane and ethane percent composition

for the final soil gas samples taken in August 2018, nearly

one year after the injection of gas. Results show gas still

present where elevated ethane is correlated to elevated

methane. The presence of ethane above detection is conclu-

sive evidence for persistence of the injected gas (as ethane

is not naturally present in this shallow soil system). All

other results are being reviewed and assessed with full con-

clusions on the migration, impacts and fate of injected gas

to follow in short order.

In order to insure integrity of overall findings from this

study and to avoid compromising publication of results in

top journals (which stipulate results must not have been

previously published elsewhere) no further results from

this experiment will be presented in this Summary of Activ-

ities paper. However, published journal articles will be pro-

vided to Geoscience BC and intermediate results will be

made available via the Geoscience BC website in due

course.

Saturated Zone Injection Experiment

Preparation and Execution

In 2017, significant effort was made to characterize the ge-

ology, hydrogeology and groundwater quality of the satu-

rated zone site (as described in Cahill et al., 2018). Follow-

ing on from this, in 2018, the site was further characterized,

various multidisciplinary monitoring networks were estab-

lished/installed, injection infrastructure constructed (in-

cluding a synthetic Montney gas designed by the experi-

ment team) and the injection experiment was conducted. In

summary, 100 m3 of a synthetic Montney gas (Table 1) was

injected at 26 m vertical depth into the aquifer at a rate of

1.5 m3/day, commencing on June 12, 2018, and continuing

for 72 days. Figures 3 and 4 show the injection system and

an aerial image of the experimental site with all infrastruc-

ture in place. The following sections describe the activities

of each discipline-specific team. It should be noted that this

experiment is still ongoing and results are still being col-

lected and interpreted. Consequently, only example results

are shown and no full results, conclusions or key findings

are presented here.

Discipline-Specific Activities

Hydrogeology

In the first half of 2018, additional hydrogeological-fo-

cused intrusive investigations were performed to prepare

for the injection experiment. In January 2018, nine cone

penetration test (CPT) holes were pushed to depths ranging

from 12.2 to 23 m below ground level (bgl) directly around

the injection zone. These tests allowed greater character-
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Figure 2. Methane versus ethane percent composition in soil gas
samples taken in August 2018, showing persistence of low levels
of natural gas one year following injection of compressed natural
gas at the unsaturated zone site, northeastern British Columbia.

Table 1. Proportional composition of a typical Montney gas and The
University of British Columbia’s Energy and Environment Research
Initiative (EERI) synthetic Montney gas formulated for the saturated
zone injection experiment. Abbreviations: C1, methane; C2, eth-
ane; C3, propane; C4, butane; >C4, all hydrocarbons with a chain
length greater than 4.



ization of stratigraphy and heterogeneity and showed the

confined upper diamict layer to be relatively continuous

(i.e., 12 m thick) with the underlying confined aquifer

(composed of interbedded sand, silt, gravel) being highly

heterogeneous with limited lateral continuity of permeable

zones. The detailed stratigraphy provided by CPT results

allowed identification of horizons of potentially higher per-

meability in which to install sampling screens. Conse-

quently, 13 multilevel monitoring wells (MW), with moni-

toring ports at various depths (e.g., 12, 16, 18, 20 m bgl),

and six single-screened larger diameter (12.5 cm) monitor-

ing wells were drilled and installed around the injection

zone in March and April 2018. In summary, prior to injec-

tion a total of six single-screened (PW) and 13 multilevel

MW with 35 water-flowing monitoring ports were installed

(Figure 5). Subsequently, background groundwater sam-

ples were collected prior to the injection through various

sample points and several sampling campaigns showed a

weakly basic (pH ranging from 7.1 to ~7.48) Ca-Mg-HCO3

water type with relatively moderate

to ta l d isso lved so l ids (620–

735 mg/L) and very low dissolved

natural CH4 (~0.01–0.1 mg/L) of

biogenic origin.

Physical (i.e., temperature, specific

conductance, pH, oxidation-reduc-

tion potential) and aqueous chemis-

try (cation, anion, dissolved gas

composition) were subsequently

monitored through all groundwater

sampling infrastructure every one

to two weeks before, during and af-

ter injection. Monitoring will be

ongoing through 2019.

Geophysics

The geophysics team visited the

site approximately every two

weeks from the time of injection

until the end of September. During

these visits, refraction seismic sur-

veys and electrical resistivity to-

mography (ERT) surveys were car-

ried out. These surveys were

designed for time-lapse analysis.

Hence, the location of each survey
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Figure 3. Completed injection system at the saturated zone site,
northeastern British Columbia.

Figure 4. Aerial drone image of saturated zone experimental site
with solar array, injection control laboratory and various multidisci-
plinary monitoring systems around the injection point, northeastern
British Columbia.

Figure 5. The layout of the 13 multilevel monitoring wells (filled-in circles), six single-screened
monitoring wells (open circles) and gas injection zone (red star), northeastern British Colum-
bia.



was the same for each visit. To accomplish this, permanent

electrodes were installed in the ground in early June. Dur-

ing the May drilling campaign, fibre optic cables were in-

stalled in four wells. These cables were used to measure

temperature variations in the subsurface during injection,

known as distributed temperature sensing (DTS). Vertical

seismic profile (VSP) data were collected pre-injection

(June 5) and post-injection (September 25) to create a time-

lapse dataset (Figure 6). In total there are seven ERT and

refraction seismic datasets. Analysis of the data is ongoing.

Microbiology

Background sampling for microbiological analyses com-

menced in October 2017 (Table 2). At that time only the six

PW wells had been installed. Those wells were sampled to

recover microbial biomass through chemical flocculation.

Samples were also collected for cell counting and single

cell genomic analyses, as well as for ΣH2S determination.

The samples collected for ΣH2S will also be used for deter-

mining the S-isotopic composition of relevant S-pools.

During well installation consolidated materials were recov-

ered for microbial community analyses.

Further sampling was conducted June 6–13, 2018, immedi-

ately prior to gas injection. All wells were sampled at this

time for ΣH2S, microbial community analyses, cell count-

ing and single cell genomics. Process rate measurements

(methane oxidation, methanogenesis, sulphate reduction)

were conducted on wells MW2, MW7 and MW10 in early

August. This subset was justified given that MW2 was up-

stream of the injection well, serving as a pseudocontrol,

MW7 and MW10 were downstream at varying distances

and thus likely to capture a time-resolved response to injec-

tion. Following injection, the majority of the sampling was

focused on MW wells in the immediate vicinity of the injec-

tion well. Samples were collected roughly every two

weeks, however, low temperatures precluded sampling in

late September. Going forward, the sampling strategy will

capture wells where CH4 is detected in addition to the two

innermost rings of wells around the injection well, so as not

to miss wells receiving migrating gas. Microbial sample

analyses and interpretation is ongoing.

Soil Gas and Surface Efflux

To monitor soil gas concentrations and surface effluxes, 12

dynamic long-term chambers (8100-104, LI-COR, Inc.)

were deployed and 21 soil gas sampling ports were in-

stalled around the field site, primarily along two transects

radiating from the injection zone. The 12 long-term dy-

namic chambers each periodically measure CO2 and CH4

effluxes at the designated locations, providing high-resolu-

tion time series data. The 21 soil gas sampling locations

were manually augured with sampling ports at 0.45 and

1.15 m below ground surface, allowing for the collection of

soil gas samples for compositional and isotope analyses.

Additionally, 103 survey collars were placed in the ground

and an additional set of analyzers allowed for survey flux

measurements of CH4 and CO2 to be obtained across the

site, providing detailed spatially distributed data at selected

times. Figure 7 shows installed infrastructure at the site.

Survey flux measurements and soil gas samples for isotopic

and compositional analysis were collected every 2–4 weeks

starting on May 28, 2018, and ending on October 1, 2018,

due to weather restrictions. An example of CO2 efflux from

the site as measured from long-term chambers is shown in

Figure 8.

Eddy Covariance and Micrometeorology

The eddy-covariance (EC) system was installed at the satu-

rated zone site on May 14, 2018, and was powered up on

June 1 (Figure 9). It was located at 56.1649°N, 121.860°W.

Various climate sensors were added in the following few

weeks, and the entire system, with all the necessary compo-

nents has been fully operational since June 28, 2018. The
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Figure 6. Vertical seismic profile set-up, saturated zone site,
northeastern British Columbia.

Table 2. Samples taken for microbial community analy-
ses and process rate measurements at the saturated
zone site, northeastern British Columbia. Abbreviations:
10X, first borehole drilled; CC, cell counts; MD, microbial
diversity; MG, methanogenesis; MOX, aerobic methane
oxidation; MW, multilevel monitoring well; PW, single-
screened monitoring well; SAG, single cell amplified
genomes; SRR, sulphate reduction rates.



EC system comprises a 3-D sonic anemometer (CSAT3B,

Campbell Scientific, Inc. [CSI]), which measures wind di-

rection and speed in three dimensions and also provides the

sonic air temperature (Figures 10, 11). The gas analyzers

being used are the LI-COR, Inc. LI-7700 for CH4, which is

an open-path system, and a LI-COR, Inc. LI-7200 for CO2

and water vapour, which is an enclosed infrared gas ana-

lyzer. There is also a flow module (7200-101) with the LI-

7200, which is responsible for maintaining a precise and

controllable flow of air. An LI-7550 analyzer interface unit

(AIU) was also set-up, which integrates data from the sonic

anemometer, and LI-7200 and LI-7700 analyzers. A self-

contained climate system was also set-up and has been fully

operational since June 28, 2018. This consists of a net radi-

ometer (CNR4, Kipp & Zonen B.V.), a 2-D anemometer

(WindSonic, Gill Instruments Limited), and CSI sensors

(manufactured by Vaisala Corporation) for barometric

pressure (CS106), temperature and relative humidity

(HMP155A). Three sensors (GS3, Decagon Devices, Inc.)

were also installed to measure soil moisture content, soil

electrical conductivity and soil temperature over the 0 to

5 cm depth. Two soil heat flux plates (HFP01-L, HFP01SC-

L, Hukseflux Thermal Sensors B.V.) were installed at a

depth of 5 cm, the latter being self-calibrating. There is also

a tipping bucket rain gauge (TE525WS, Texas Electronics,

Inc.), which is designed to be used with a precipitation

adapter in case of snow.

A datalogger (CR1000, Campbell Scientific, Inc.) at the

site collects all the climate data from the various compo-

nents, and compiles it giving the averages, maximum and

minimum values of these traces for each half hour. These

data together with the computed EC fluxes (by a SmartFlux

2 System, LI-COR, Inc.) are transmitted to the UBC Bio-

meteorology Soil and Physics Group lab daily at 6 a.m. via

a modem (RV50, Sierra Wireless S.A.). The high-fre-

quency data are collected onto a USB data stick present at

the site, which is sent back and forth between the site and

UBC on a biweekly basis. This arrangement allows for the

continual reprocessing of the high-frequency data, the use
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Figure 7. Long-term chambers (rectangular-based instruments),
survey collars (green circles) and soil gas sampling wells (white
standpipes) at saturated zone site, northeastern British Columbia.

Figure 8. Example of carbon dioxide fluxes as measured from the long-term dynamic chambers, saturated zone site, northeastern British
Columbia. It shows natural fluctuation before and shortly after injection (June 12) commenced.



of different computational methods and the application of

corrections to flux calculations.

Routine tests were carried out to ensure accurate function-

ing of the components. Regular filtering of the data is done

to account for the effects of wind direction and turbulence.

For the LI-7700 gas analyzer to adjust to the onset of win-

ter, its temperature settings were changed, as recommended

by LI-COR staff, from warm to cool mode on September

20. This was done because the sensor would not be able to

perform a line-lock as lasers drift during cool temperatures.

Following this, analyses to assess energy balance closure

were carried out, because good closure indicates correct

functioning of the EC system, and hence reliable flux mea-

surements.

The complete EC system has collected continuous high-

resolution data (including concentrations of CH4 and CO2

as well as complementary detailed micrometeorology mea-

surements), which will allow the detection, quantification

and assessment of any experimental injected gas that

reaches the atmosphere. Measurements are ongoing and

planned to continue until summer 2019. Processing of

results is also ongoing.

Public and First Nations Engagement

The UBC EERI team has taken care to create opportunities

for engagement by First Nation communities and other in-

terested stakeholders. In late 2017, two information letters

were sent to neighbouring First Nations communities to in-
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Figure 9. Eddy-covariance flux tower at the saturated zone site,
northeastern British Columbia.

Figure 10. The instruments shown are the 1) sonic anemometer
(CSAT3B, Campbell Scientific, Inc.), 2) open-path methane ana-
lyzer (LI-7700, LI-COR, Inc.), and 3) air sampling tube connected to
the enclosed infrared gas analyzer for carbon dioxide and water
vapour (LI-7200, LI-COR, Inc.).

Figure 11. Windrose generated from eddy-covariance system
measurements recorded at the saturated zone site, northeastern
British Columbia. The majority of the winds are from the northwest,
along with a portion of the high-speed winds from the southwest.
Wind speeds at the site were usually between 1.5 and 3 m/s.



form them of the upcoming controlled natural gas release

experiment to be performed in the summer of 2018, as well

as to ask for input and provide details on a line of communi-

cation for questions, concerns or comments. These were

sent in October and December of 2017. On March 13, 2018,

the UBC EERI team attended the Northeast Water Strategy

meeting in Fort St. John. They described their projects, in-

cluding the controlled natural gas release experiment, to

various stakeholders. Once the experiment was underway,

a Field Demonstration Day was held on July 25 for funders,

government officials, industry and community leaders. Un-

fortunately, no First Nations members attended. Starting

with a tour of the resource development in the Montney re-

gion, proximal to the sites, and a quick geology and hydro-

geology lesson, the 32 attendees ended the day with a tour

and ‘show-and-tell’ of the saturated zone site and the vari-

ous monitoring methodologies in use. The day was a great

success and generated discussion and insights, formed new

relationships and increased buy-in from the various stake-

holders (Figure 12).

Ongoing Work

Research is ongoing at two separate but closely located

sites at which controlled gas release experiments have been

performed. Data from the unsaturated zone gas injection

experiment is being processed and publications are being

formulated to report key findings and conclusions to the

wider scientific community. This experiment has generated

an extensive and important dataset from which many in-

sights with respect to fugitive gas leakage into unsaturated

soils is set to be gained. The saturated zone experiment is

ongoing. Monitoring to track and assess migration, impacts

and fate of injected gas will continue in a multidisciplinary

manner into 2019. Reporting of results in peer-reviewed

publications will begin in due course.

Summary of Progress

The following forms a summary of the progress made to

date with respect to The University of British Columbia’s

Energy and Environment Research Initiative’s controlled

natural gas release experiment:

• the unsaturated zone experiment was completed and

manuscripts are being formulated for submissions to

top-tier journals (one article in submission with Nature

Geoscience);

• preparations for injection and set-up of the extensive

multidisciplinary monitoring networks to track migra-

tion, impacts and fate of fugitive gas at the saturated

zone site were successfully performed;

• 100 m3 of a synthetic Montney gas analogue was suc-

cessfully injected at 26 m vertical depth into the satu-

rated zone site aquifer at a rate of 1.5 m3/day, commenc-

ing on June 12, 2018, and continuing for 72 days;

• large multidisciplinary datasets are being developed to

show in high spatiotemporal resolution the impacts of

the injected gas migration and its fate in the environ-

ment following its release into the saturated zone; and

• reporting of main findings and conclusions from the sat-

urated zone experiment in peer-reviewed literature will

follow in short order.
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