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This paper presents the various tools and data sources in British Columbia (Canada) that can be used by environmental consultants to assess the potential of cross-contamination between shale gas formation ﬂuids and
shallow aquifers from hydraulic fracturing and related oil and gas activities. A systematic approach for evaluating the potential of cross-contamination using these data sources is applied to a speciﬁc case study at an
undisclosed location in the northeastern part of the province. This approach includes deﬁning and then evaluating the basic criteria for assessing the potential of cross-contamination. These criteria are: a leak source; a
driving force such as buoyancy or head diﬀerential and a leakage pathway. This study has revealed that there is a
potential of cross-contamination due to hydraulic fracturing activities and wellbore integrity issues. Wellbore
integrity can be compromised by induced seismic events or by unintentional communication with oﬀset hydraulic fractured wells. Induced seismicity is linked to the activity of hydraulic fracturing as well as to the deep
disposal of wastewater.

1. Introduction

and Jackson, 2014; MacDonald, 2016). At least 19% of wells in British
Columbia report leakage (Wisen et al., 2017). Additionally, the water
consumption required by hydraulic fracturing could have a negative
impact on the quantity of freshwater resources (Canadian Council of
Academies (CCA 2014)). Due to these concerns, a moratorium has been
placed on shale gas development in the Canadian provinces of Quebec,
New Brunswick and Nova Scotia.
Shale gas is exploited through the combined techniques of horizontal drilling and multi-stage hydraulic fracturing (“fracking”).
Fracking is the process by which perforated sections of a horizontal
wellbore are sequentially injected with high volumes of water, chemical
additives and sand, in order to create and prop open a fracture network
(CCA 2014). This network is composed of existing fractures, formerly
closed fractures, and new fractures (CCA 2014). The created fracture
network increases the bulk permeability of the shale, allowing the release of hydrocarbons that would otherwise remain trapped in the rock
matrix. Shale gas is considered an example of unconventional gas in that
it relies upon an enhanced stimulation technique (i.e. fracking) in order
to generate economically viable production. Conventional gas, on the

Production of natural gas from tight shale reservoirs (shale gas) has
been steadily increasing worldwide since 2005 and is projected to
constitute 30% of worldwide gas production by 2040 (US Energy
Information Administration (EIA 2015)). For many countries, the possibility of shale gas production oﬀered by new exploitation techniques
presents a pathway towards energy independence in the near future
(EIA 2015). Signiﬁcant reserves of shale gas exist in Canada, where nine
gas-bearing shale formations are spread out over ﬁve provinces and two
territories (Rivard et al., 2014). The method used to exploit shale gas
has raised some environmental concerns, particularly concerning the
possible cross-contamination of aquifers and surface waters, either from
hydraulic fracturing of the shale or from disposal of co-produced wastewater at depth (Jackson et al., 2013; Vengosh et al., 2014; Rozell,
2014). In either case, the presence of defective seals in wellbores is
considered to be a major factor inﬂuencing the potential for leakage
(Erno and Schmitz, 1996; Dusseault et al., 2001; Chesnaux et al., 2013;
Jackson et al., 2013; Darrah et al., 2014; Davies et al., 2014; Dusseault
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In almost all sedimentary basin settings, the ﬁrst criterion is met.
That is to say, at some depth there is a formation permeable enough to
contain either hydrocarbons and/or brines. The second criterion stipulates that in order for contamination ﬂuids to reach aquifers near the
surface, there must be a suﬃcient driving force. For hydrocarbon and
related gasses (carbon dioxide and hydrogen disulﬁde), the buoyancy of
the gas itself is typically suﬃcient to drive ﬂuids towards the surface.
Otherwise, as is the case for formation brines and liquid sources, the
hydraulic head of the contamination source must be greater than that of
the potential receptor (aquifer or surface waters). Even if there is a
suﬃcient driving force, there must also be a leakage pathway that
connects the two zones (this pathway is called a hydraulic connection)
in order for contaminating ﬂuids to make their way into a potable water
source. The pathway can be comprised of either natural geological
features such as faults, or artiﬁcial connections created by drilling activity, such as wellbores or hydraulically-induced fractures. A combination of these pathways could also create a hydraulic connection between two zones of interest (Chesnaux et al., 2013).
2.2. Model of cross-contamination
All modern oil and gas wellbores follow a basic design which aims
to maintain wellbore stability and prevent contamination of overlying
potable water sources (Fig. 2). In most jurisdictions, this design consists
of an outer surface casing that is set and cemented in place below the
depth of useable groundwater. Inside the surface casing lies the production casing which conveys production or injection ﬂuids between
the target formation and the wellhead. The production casing may be
fully or partially cemented in place and sometimes is equipped with an
additional replaceable inner production tubing. The wellhead includes
a surface casing vent that allows any ﬂuids entering the annular space
between the surface and outer casings to vent at the surface rather than
build up in the subsurface. This phenomenon is referred to as “surface
casing vent ﬂow” (SCVF). Gases exiting the vent will enter into the
atmosphere rather than entering into and possibly contaminating the
surrounding soils or groundwater; however, these gases, primarily
composed of methane, contribute to atmospheric greenhouse gas
emissions (Dusseault et al., 2014). Furthermore, vented liquids such as
brines and liquid hydrocarbons may spread at the surface and inﬁltrate
into soil and the groundwater table below. These vented ﬂuids can also
be indicative of the uncontrolled release of ﬂuids under pressure at
depth. This phenomenon, called “around the casing leakage” (ACL)
between the surface casing and the bedrock, whether it be gaseous or
liquid, can allow such contaminants to come into contact with aquifers.
In the oil and gas industry, gas leaking around a wellbore is commonly
referred to as gas migration.

Fig. 1. Map of shale gas basins in northeastern British Columbia.

other hand, does not require stimulation to make economic amounts of
gas ﬂow to the surface. Both conventional and unconventional productions generate large volumes of co-produced wastewater that require disposal. In BC, as in most jurisdictions, the only accepted method
for permanent disposal of oil and gas wastewaters is re-injection into
the subsurface via deep disposal wells. Thanks to hydraulic fracturing,
BC now constitutes one of the world's largest exploitable reserves of
recoverable unconventional gas (EIA, 2015), contained in 4 shale gas
basins in the northeastern British Columbia (NEBC). These are the
Montney, Horn River and Liard Basins, and the Cordova Embayment
(Fig. 1). Historically, NEBC has been a major producer of conventional
gas. However, conventional production has been declining since 2005,
increasingly replaced by unconventional production from hydraulic
fracturing in the Montney Basin. In addition to the Montney, there are
still vast reserves of gas remaining to be exploited in the relatively less
developed Horn River, Cordova and Liard shale gas basins.
Due to concerns about contamination of freshwater sources, groups
aﬀected by existing or proposed oil and gas activity often hire environmental consulting companies to evaluate the risk of cross-contamination and/or related environmental issues. These aﬀected groups
include towns, farmers, First Nations and land owners.
This article demonstrates the various tools and sources of data in BC
that are available to environmental consultants and how they can be
leveraged to evaluate the issue of cross-contamination. This is accomplished by 1) deﬁning the main criteria for cross-contamination, 2)
detailing the sources of data and tools that are available in BC to
evaluate these criteria, and 3) using these data sources to evaluate the
criteria of cross-contamination in a speciﬁc study area. Our study is
illustrated by a ﬁeld investigation for a consultancy project located in
NEBC.

2.3. Data required for assessing cross-contamination
Diﬀerent types of data are required to assess the potential of crosscontamination based on the three criteria previously introduced in
Section 2.1. Firstly, well drilling information (from multiple wells) is
required concerning locations and depths of geological formations in
order to deﬁne the subsurface geology. This way, the potential leak
sources may be identiﬁed. Secondly, information on hydraulic heads
are required, to evaluate driving forces, as well as data on well completion and integrity, to identify potential leakage pathways.

2. Methodology
2.1. Criteria for cross-contamination

3. Results: case study

As summarized by Watson and Bachu (2009), three criteria must be
met in order for cross-contamination to occur; these criteria have been
adopted in the present study:

3.1. Site location
An investigation of the potential for cross-contamination from oil
and gas activities was conducted at an undisclosed location within the
Montney basin (Figs. 1 and 3). Local ranchers are concerned about the
impact of proposed hydraulic fracturing of the Montney formation on

1 a leak source;
2 a driving force such as buoyancy or head diﬀerential; and
3 a leakage pathway.
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Fig. 2. Simpliﬁed illustration showing oil and gas wellbore construction and the two primary leakage pathways: (1) Surface casing vent ﬂow (SCVF) and (2) Around
the casing leakage (ACL).

Otherwise, leakage can occur outside of the wellbore.
Hydraulic fracturing wells and disposal wells have both been linked
to incidences of seismicity in British Columbia (BC OGC, 2012, 2014;
Atkinson et al., 2016), and other hydrocarbon basins (US
Environmental Protection Agency 2014). In both cases, macro earthquakes (> magnitude 0.5) are triggered along pre-existing faults rather
than creating new ones. The increase of ﬂuid pressure along pre-existing faults counteracts against the normal pressure holding the fault
closed (Rubinstein and Mahani, 2015). This in turn reduces the frictional resistance to slip. Most often, faults activated by injection activities were unmapped before their presence was revealed by induced
earthquakes (Rubinstein and Mahani, 2015). Earthquake magnitudes
and locations in Canada are provided by the National Earthquake database which is maintained by Natural Resources Canada.
Information on groundwater wells is maintained by the British
Columbia Ministry of Environment in its Wells database. Each entry in
the database relating to a well may contain information on its location,
total depth and geology, as well as yield rates. The level of detail varies
substantially between wells, however. Groundwater level and geochemical monitoring data is available in the Provincial Groundwater
Observation Well Network.

their water supply, in particular concerning four natural springs that
are used to feed livestock (Fig. 3a).
3.2. Available data sources in British Columbia
The databases available for evaluating the potential of cross-contamination are listed in Table 1.
The majority of databases are maintained by the British Columbia
Oil and Gas Commission (BC OGC), including the Integrated Resource
Information System (IRIS) available in spreadsheet format. It contains
all data pertaining to well drilling construction, production and testing
and is regularly updated and available to download from the BC OGC
website. All recorded oil and gas wells are indexed by a unique well
approval number (WAN) with their corresponding geographical coordinates. Once an oil and gas well has been identiﬁed within a study
area, additional geological and engineering information can be researched in the IRIS and other databases using the WAN. This includes
the depth of geological formations encountered during drilling (“tops”),
which allows a three-dimensional modelling of the subsurface geology
between multiple wellbores. Drill surveys are available to project directional well paths in the plan view. Additionally, drill stem tests
(DSTs) and pressure survey tests (PSTs) allow the calculation of hydraulic head, and hence the evaluation of driving forces. The tabulation
of data in the IRIS database facilitates manipulation of large amounts of
data; however, more detailed descriptions of well construction, completions and testing are available in the Elibrary database. For instance,
the Elibrary database contains actual well drilling and completion reports which detail the entire step-by-step process of well drilling, construction, workovers, and eventual abandonment. It is important to
note that in the oil and gas industry, the term “abandonment” actually
refers to the plugging and decommissioning of a well in a manner that is
meant to prevent any future cross-contamination. “Orphan well”, on
the other hand, is a term referring to those wells abandoned in the
literal sense of the word; that is to say, not properly decommissioned.
The BC OGC also maintains a database of well leakage occurrences,
of which there are two main types. In most cases, leaking gases and
ﬂuids exit the well at the surface casing vent installed at the wellhead.
This phenomenon is referred to as surface casing vent ﬂow (SCVF).

3.3. Geological model
The four (4) springs on the ranch which are the focus of this study
are located on the walls of a 200 m-deep river valley cutting a plateau of
glacial sediments of low permeability (Fig. 3b). Very little hydrogeological information is available for the study area. Two nearby
water wells provide the depth to bedrock, but no other information is
available pertaining to shallow bedrock geology or piezometry. Although many oil and gas wells are located within the estimated recharge area (Fig. 3a) that extend from the surface to a depth of nearly
2 km, the lithology was generally not recorded for these wells until they
had reached several hundred meters of depth. This makes the estimation of the recharge zone problematic. One approach would be to deﬁne
the recharge boundary as the topographic high between the river
valley, where the springs are located, and the river itself, located to the
northwest. This approach would assume that the hydrogeological
277
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Fig. 3. Aerial view (a) and 3-dimensional surface geology map (b) of the study area. The red sinuous line corresponds to the location of the river.

that case, springs would be sourced from a conﬁned aquifer system that
could extend beyond the topographic high. In either case, without any
further hydrogeological information to aid in the interpretation, a
conservative approach was taken whereby the recharge area was

system resembles an unconﬁned aquifer and that the spring recharge
limits are deﬁned by the direction of surface run-oﬀ. But it seems more
plausible, based on the integration of topography and surﬁcial geological mapping, that the sediments could extend under the glacial till. In

Table 1
Available data sources in BC and their purpose for investigating and evaluating the potential of cross-contamination.
Database

Description of available information

Integrated Resources Information System (IRIS)

Well drilling and construction information: location, depths, directional surveys, casing, cementing and completion events
Geological: depth of geological formations, chemical analysis of gas and brines
Production and injection volumes
Formation ﬂuid pressure
Hydraulic fracturing data
Well construction and integrity: completion reports, wellbore integrity testing, cement bond logs
Geological: core analysis, petrophysical logs, drill logs
Pressure surveys
Communications between regulatory bodies and wells operators concerning allowable pressures and other restrictions
based on reservoir engineering
Documented occurrences of surface casing vent ﬂow (SCVF) and/or migration of ﬂuids around the casing
Locations, magnitude, and timing of seismic events
Groundwater data, geological and hydraulic
Groundwater level and chemistry
Surface water ﬂow and chemistry
Regional geological mapping and reports

Elibrary

Reservoir Engineering Applications and Approvals
Surface Casing Vent Flow Database
National Earthquake Database
Wells Database
Provincial Groundwater Observation Wells Network
Water Portal
Geoscience BC
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Fig. 4. North-south trending geological cross-section of the study area as deﬁned by the line X-X′ in Fig. 3a. The springs are located in the river valley as indicated in
Fig. 3.

however, because there is no local production or injection into this
formation, these measurements are considered representative of the
current hydraulic head. There are no available pressure measurements
for the Peace River saline aquifer. The hydraulic heads of formations
were compared to hydrostatic gradients starting from two diﬀerent
elevations: the plateau and the river.
Hydraulic heads in the Baldonnel and Carboniferous aquifers plot
on or near the hydrostatic gradient for the plateau and above the gradient for the river. Given the level of uncertainty concerning the location of the water table, it is considered that the Baldonnel and the
Carboniferous aquifers have hydraulic heads greater than shallow
aquifers everywhere within the study area. It should be noted that gas
production from the Halfway has signiﬁcantly drawn down the hydraulic head below both hydrostatic gradient lines. Hydraulic heads in
the Montney, however, are much greater than the hydrostatic gradient.
Like many other shale gas formations, the Montney constitutes a regional over-pressured system. In summary, the Montney, Baldonnel,
and Carboniferous aquifers are considered potential sources of contamination, due to their hydraulic head and the presence of buoyant
gasses.

estimated to extend approximately 1 km beyond the topographic high.
In addition to the proposed well sites, there is already a high density of
gas-producing wells located in the estimated recharge area (Fig. 3a).
Gas is produced from vertical wells completed in the Halfway formation
and from hydraulically fractured horizontal wells in the Montney formation. To the southeast, disposal wells inject into cretaceous sandstone units.
Geological data obtained from the IRIS database was used to create
a three-dimensional geological model of the study area. Fig. 4 displays a
north-south trending cross-section of this model (dashed line in Fig. 3a).
The plateau has an elevation of approximately 640 m above sea level
(masl), whereas the bottom of the river valley is located at about 435
masl. According to limited shallow geological information derived from
only a few groundwater wells, the thickness of the overburden is approximately 200 m and terminates close to the bottom of the river
valley. Deeper geological units are divided between aquifers and
aquitards. It is important to note that in petroleum geology, the term
“aquifer” refers to any formation that is permeable and contains water
regardless of its salinity. Such deep “aquifers” rarely contain freshwater
below several hundred meters of depth. All saline aquifers are considered potential sources of contamination to fresh water systems.
These deep saline aquifers include the Peace River, Cretaceous, Baldonnel, and Halfway formations. Additionally, hydraulic fracturing
near the top of the Montney aquitard is considered a potential source of
contamination. Potential contaminants include brines from the saline
aquifers, injected hydraulic fracture ﬂuids as well as gas from the
Montney and Halfway formations.

3.5. Evaluation of pathways for cross-contamination
Horizontal drilling and hydraulic fracturing are used throughout the
study area (Fig. 3a) to access gas near the top of the Montney aquitard
located between 1000 and 1200 m below sea level (Fig. 4). This long
vertical distance between the location of hydraulic fracturing and the
surface makes it highly unlikely that a direct connection could be created between hydraulic fractures and potential contamination receptors. For example, hydraulic fracture lengths in the Montney shale
typically extends less than 100 m vertically (Maxwell, 2014). A hydraulic fracture having a vertical extension of more than 500 m is
considered extremely rare in any geological setting (Davies et al.,
2012).
Alternatively, “short-circuits” created by leaky wellbores seem to
present a more probable leakage pathway. A combination of pathways
involving wellbores and natural features such as faults is also possible.
However, there are no available maps that demonstrate the presence of
faulting in the studied case area, nor does the interpretation of the
geological model suggest the presence of faulting.

3.4. Evaluation of driving force
The buoyancy of gases in the Halfway and Montney formations is
considered to constitute a driving force suﬃcient to bring contaminants
to the surface. The driving force of brines, on the other hand, must be
evaluated based on their hydraulic head.
Evaluating the driving force of brines based on hydraulic head is a
complex, 4-dimensional problem. In order for brines to have a suﬃcient
driving force to reach a potential receptor (i.e. shallow aquifer and
surface waters), the hydraulic head of the brines must be greater than
that of the receptor. Fig. 5 displays the calculated hydraulic head of
deep formations. Hydraulic head is calculated from PST measurements
in the IRIS database, whereby the reported reservoir pressure is divided
by the density of brine waters. For all formations, the most recently
available pressure measurements were plotted. The most recent pressure measurements from the Baldonnel date from around 2000;

3.5.1. Induced seismicity and wellbore damage
Data obtained from the National Earthquake database reveal that
before 2013 no recorded earthquakes occurred in the study area, and
279
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Fig. 5. Hydraulic heads of formations derived from pressure survey tests compared to hydrostatic gradients starting from the elevations of the plateau and of the
river. The range of years in which these measurements were taken is displayed in the legend.

Fig. 7. Link between hydraulic fracturing and seismic activity in the recharge
zone (Box S in Fig. 6a).

events occurred shortly after the ﬁrst well was hydraulically fractured.
In addition, at least two wells in the study area were damaged by induced seismicity during two separate seismic events (D1 and D2 in
Fig. 6a). The ﬁrst event of wellbore damage (D1) occurred in 2013 and
was linked to hydraulic fracturing of the Montney, at a distance ranging
from 2 to 4 km away from the aﬀected well (BC OGC, 2014). The damage was reported as wellbore deformation and occurred several
hundred meters above the Montney in the overlying Carboniferous
aquifers (BC OGC, 2014). The second event of wellbore damage was
caused by injecting into the Carboniferous formation and resulted in
wellbore deformation in the disposal well. According to communications between the BC OGC and the well operator, the aﬀected portion of
the wellbore had to be isolated by packers and the injection rates had to
be reduced (BC OGC, 2016).
Reported Surface Casing Vent Flows Linked to Hydraulic Fracturing
Wells.
Fig. 8 shows the location of all reported wellhead leakage events in
the study area. None of the wellbores damaged by seismic activity reported leakage near the surface of the well.
There are no reported instances of leakage around the casing of
wells within the study area (gas migration); however, at least 3 wells
located in the estimated recharge zone have ﬂow coming out of their
surface casing vents (SCVF). Two of these ﬂows involve gas, whereas

Fig. 6. Seismicity in the study zone.

that since 2013, a large number of seismic events have occurred in the
study area, with a magnitude ranging between 0.5 and 4 (Fig. 6a). At
approximately that time, intense multi-stage hydraulic fracturing
commenced in the study area (Fig. 6b). The relationship between the
amount of hydraulic fracturing activity and earthquake occurrences
(Fig. 6b) appears to be signiﬁcant. Seismic events can also be linked to
speciﬁc injection events. An example is demonstrated within the estimated recharge area north of the springs (box “S” in Fig. 6a). Fig. 7
shows a close temporal relationship between seismic events and hydraulically fractured wells (wells 1–3) in the recharge zone. Seismic
280
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cross-contamination pertains to the third criteria: does a leakage
pathway exist between the contamination source and the aquifer recharge area?
In terms of natural connections, there are no available maps demonstrating the presence of faults within the study area. However, it is
generally assumed that all seismic activity having a magnitude greater
than 0.5 can be attributed to fault movement (BC OGC, 2012; 2014).
This indicates that fault systems must exist in or near both the Montney
and Carboniferous aquifers, where seismicity has been linked to oil and
gas activity in the study area. However, there is no evidence to suggest
that these fault systems, even if they were connected, extend above the
Cretaceous aquifers into the shallow groundwater zone. Consequently,
wellbores that act as short-circuits seem to present the most likely
pathway for leakage.
There are three wellbores with reported leakage within the recharge
zone (Fig. 8). Two of these incidents involve gas exiting the surface
casing vent; they do not necessarily pose a risk of aquifer contamination
because gas, not liquid, is leaked into the atmosphere. In the third incident, one well was reported to leak brines from the surface casing
vent, likely due to communication with an oﬀset hydraulically fractured well. Regardless of the exact mechanism of wellbore damage and
leakage, this clearly demonstrates that a hydraulic short-circuit was in
fact created between the surface and deeper underlying formations
containing brines. Without further information on the actions carried
out for remediation and the response time, cross-contamination cannot
be conﬁrmed to have actually occurred. It is generally common practice
in Canada for the surface casing vent to be left open (Dusseault et al.,
2014). This means that from the time of initial leakage to initial discovery of this leakage, brines would have ﬂowed unimpeded out of the
surface casing vent and into the surrounding soil. Further information
will need to be requested from either the well operators or the BC OGC
to deﬁne the timeline of events and the environmental consequences of
this wellbore leakage, if any, in more detail.
Wellbore leakage in other wellbores in the recharge area seems
plausible. New hydraulically fractured wells that communicate with
oﬀset wells could cause deformation and leakage along the oﬀset wells.
Additionally, as demonstrated, seismicity induced by both hydraulic
fracturing and disposal wells can damage oﬀset wellbores located several kilometers away from the epicenter. That being said, the eﬀect of
earthquakes on wellbore integrity does not seem to be well documented
in the literature. Wellbore damage does not necessarily equate to a loss
of wellbore integrity nor does a wellbore damage by induced seismicity
necessarily create an extensive hydraulic connection to the surface.
If leakage through the surface casing vent is detected and mitigated
within a suﬃciently rapid time frame, the risk of cross-contamination
may be signiﬁcantly reduced (ex: the vent is turned oﬀ right way).
However, in cases of leakage around the casing, this would be more
diﬃcult to manage in a short time period, as there is no way of stopping
the leakage without repairing the well. In either case, the mitigating
factor would seem to be the quality and frequency of well surveillance
to detect incidences of leakage. Unfortunately, there is no record of the
frequency of testing for wellbore leakage in BC and there are no requirements in BC to monitor deep aquifers near Oil and Gas wells.
According to the BC OGC, only wells that test positive for wellbore
leakage require reporting (Parsonnage, 2017). Therefore, unless
leakage has been reported for a certain well in the database, we cannot
with certainty determine the last time any well was tested. Theoretically, all wells drilled after 2010 should be tested after initial completion and all wells drilled after 1995 tested upon abandonment (Wisen
et al., 2017). However, there is no monitoring program in place for the
inspection of wells that have already been abandoned. Within the estimated recharge area of the 4 springs of concern to the farmers and
which were the focus of this study, there are currently 10 abandoned
wells (Fig. 8). Any abandoned wells that were damaged from induced
seismicity or that are communicating with hydraulic fracturing pathways could leak for a long time before the leakage is detected and

Fig. 8. Map of reported surface casing vent ﬂows and gas migration incidents in
the study area. The development status of wells is also indicated. Source: BC
OGC surface casing vent ﬂow database (December 2016).

the third involves formation brines. In general, surface casing vent ﬂow
of gases is commonplace and does not necessarily indicate a connection
to deep formations (Dusseault et al., 2014). In most cases, gases in
surface casing vent ﬂows originate from intermediate formations in
which the casing is not cemented in place within the bedrock (Watson
and Bachu, 2009). In any case, the purpose of surface casing vent ﬂows
is to release gas that enters the wellbore into the atmosphere, rather
than allowing it to build up in the soil surrounding the wellbore. In that
sense, a surface casing vent ﬂow of gas cannot necessarily be considered
an instance of cross-contamination.
On the other hand, surface casing vent ﬂow events involving brine
waters are less commonplace. Therefore, attention was focused on the
well with reported brine leakage (Well x). Well x was drilled and
completed in 2008 and the leak was discovered in 2016. In order to
repair the leak, the wellbore was re-entered and remediated, a process
which is described in the well's completion workover report in the
Elibrary. The completion workover report describes the source of the
leak to be a damaged production casing located about 20 m from the
surface. This leak would have allowed ﬂuids in the production casing to
directly enter into the annular space of the surrounding surface casing
and hence, to exit through the surface casing vent. The completion
workover report does not explicitly state the cause of production casing
damage. However, it does report that the well experienced communication with an oﬀset hydraulically fractured well. Wellbore communication with hydraulic fracturing operations is a well-documented
phenomenon in the Western Canadian Sedimentary Basin (Watson,
2013). According to Watson (2013) 45% of such incidences result in
spills, equipment damage, or otherwise aﬀect the ﬂow of production
zone ﬂuids in the wellbore.
Unfortunately, there is not enough information in the available
database to further investigate the link between the reported hydraulic
fracture communication and wellbore damage in Well x. Likewise, it is
unclear as to how much time passed, if any, during which brines exited
the surface casing vent before the leak was discovered. To follow up on
these lines of investigation that were initially ﬂagged in the study, the
next step would be to submit a freedom-of-information request to the
BC OGC.
3.6. Discussion on the potential of cross-contamination
In the study area, several gas and brine-bearing formations have
suﬃcient driving force to contaminate overlying aquifers in the presence of a hydraulic connection. Potential contaminants include gas
from the Montney aquitard and Halfway saline aquifer, as well as brines
from the Montney aquitard and from the Baldonnel and Cretaceous
saline aquifers. The most relevant question relating to the possibility of
281
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repaired. Indeed, recent studies have documented the occurrence of
methane emissions from abandoned oil and gas wells in Pennsylvania
(Kang et al. 2014, 2016) as well as in the Netherlands (Schout et al.,
2019). These authors propose ﬁeld investigations with direct ﬁeld
measurements of methane emissions; similar ﬁeld investigations could
now be performed in the study site.
This study highlights the need for a more robust and transparent
approach to wellbore leakage testing and monitoring.
The question as to whether a wellbore cross-contamination might
permanently degrade the water quality of the springs that are the focus
of this study will depend on the distance between any leaky well and
these springs, the type and rate of leakage, and the groundwater regime.
Information collected and reviewed through the case study has
clearly demonstrated that a) the shallow groundwater regime and the
aquifers supplying the springs, including their recharge areas, are still
unknown; and b) oil and gas wells located in the area have in the past,
and could still be, leaking gas and brine, but unfortunately the impacts
of these leaks on the shallow freshwater aquifers are not monitored.
It should be noted that the approach used in this study could be
replicated and applied to other regions of British Columbia as well as
elsewhere in Canada, in response to the critical needs for hydrogeological research with the objective of protecting water resources in
the framework of unconventional shale gas extraction (Jackson et al.,
2013).
Another key dimension is time: in a case of leakage of brine in the
subsurface and slow mixing with fresh water, how long will it take
before it is detected and the springs are aﬀected? How signiﬁcant will
be the impact on the shallow freshwater aquifer system? How long will
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quality returned to its original state? Will this return to a natural state
even be possible? At what cost? Who is going to pay? These are serious
questions that are raised and need to be answered. To answer these
questions, further research based on monitoring surface water and
groundwater parameters as well as detecting leakage should be conducted.

Canada. Available from: http://www.scienceadvice.ca/uploads/eng/assessments
%20and%20publications%20and%20news%20releases/shale%20gas/shalegas_
fullreporten.pdf.
Chesnaux, R., Dal Soglio, L. and Wendling, G. 2013. Modelling the impacts of shale gas
extraction on groundwater and surface water resources. In GeoMontreal 2013, the
66th Canadian Geotechnical Conference and the 11th Joint CGS/IAH-CNC
Groundwater Conference, September 29-October 3, 2013, Montreal, Quebec, Canada.
Davies, R.J., Mathias, S.A., Moss, J., Hustoft, S., Newport, L., 2012. Hydraulic fractures:
how far can they go? Mar. Pet. Geol. 37 (1), 1–6.
Darrah, T.H., Vengosh, A., Jackson, R.B., Warner, N.R., Poreda, R.J., 2014. Noble gases
identify the mechanisms of fugitive gas contamination in drinking-water wells
overlying the Marcellus and Barnett shales. Proc. Natl. Acad. Sci. Unit. States Am. 111
(39), 14076–14081.
Davies, R., Almond, S., Ward, R., Jackson, R., Adams, C., Worrall, F., Herringshaw, L.,
Gluyas, J., Whitehead, M., 2014. Oil and gas wells and their integrity: implications
for shale and unconventional resource exploitation. Marine and Petroleum
Geoscience 56, 239–254.
Dusseault, M.B., Bruno, M.S., Barrera, J., 2001. Casing Shear: Causes, Cases, Cures.
Society of Petroleum Engineers Drilling and Completion, pp. 98–107.
Dusseault, M., Jackson, R., 2014. Seepage pathway assesment for natural gas to shallow
groundwater during well stimulation, in production, and after abandonment.
Environ. Geosci. 21 (3), 107–126.
Dusseault, M.B., Jackson, R.E., Macdonald, D., 2014. Towards a Road Map for Mitigating
the Rates and Occurrences of Long-Term Wellbore Leakage. University of Waterloo
and Geoﬁrma Engineering LTD, Ottawa, Ontario, Canada.
Erno, B., Schmitz, R., 1996. Measurements of soil gas migration around oil and gas wells
in the loydminister area. J. Can. Pet. Technol. 35 (7), 37–46.
Jackson, R.E., Gorody, A.W., Mayer, B., Roy, J.W., Ryan, M.C., Van Stempvoort, D.R.,
2013. Groundwater protection and unconventional gas extraction: the critical need
for ﬁeld‐based hydrogeological research. Gr. Water 51 (4), 488–510.
Kang, M., Kanno, C.M., Reid, M.,C., Zhang, X., Mauzerall, D.L., Celia, M.A., Chen, Y.,
Onstott, T.C., 2014. Direct measurements of methane emissions from abandoned oil
and gas wells in Pennsylvania. Proc. Natl. Acad. Sci. Unit. States Am. 111 (51),
18173–18177.
Kang, M., Christian, S., Celia, M.A., Mauzerall, D.L., Bill, M., Miller, A.R., Chen, Y.,
Conrad, M.E., Darrah, T.H., Jackson, R.B., 2016. Identiﬁcation and characterization
of high methane-emitting abandoned oil and gas wells. Proc. Natl. Acad. Sci. Unit.
States Am. 113 (48), 13636–13641.
MacDonald, D. 2016. reportFactors Inﬂuencing the Occurrence of Energy Wellbore
Leakage in Alberta. Master's Thesis Dissertation. Waterloo University, Waterloo,
Ontario, 2016.
Maxwell, S., 2014. Microseismic Imaging of Hydraulic Fracturing: Improved Engineering
of Unconventional Shale Reservoirs. Society of Exploration Geophysicists.
Parsonnage, K., December 15th, 2017. British Columbia Oil and Gas Commission,
Personal Communication.
Rivard, C., Lavoie, D., Lefebvre, R., Séjourné, S., Lamontagne, C., Duchesne, M., 2014. An
overview of Canadian shale gas production and environmental concerns. Int. J. Coal
Geol. 126, 64–76.
Rozell, D.J., 2014. “Constraints on upward migration of hydraulic fracturing ﬂuid and
brine” by SA ﬂewelling and M. Sharma. Gr. Water 52 (4), 491–492.
Rubinstein, J.L., Mahani, A.B., 2015. Myths and facts on wastewater injection, hydraulic
fracturing, enhanced oil recovery, and induced seismicity. Seismol Res. Lett. 86 (4),
1060–1067.
Schout, G., Griﬃoen, J., Hassanizadeh, S.M., Cardon de Lichtbuer, G., Hartog, N., 2019.
Occurrence and fate of methane leakage from cut and buried abandoned gas wells in
Netherlands. Sci. Total Environ. 659, 773–782.
US Energy Information Administration. 2015. International Energy Outlook. Retrieved
from: https://www.eia.gov/outlooks/ieo/nat_gas.cfm.
U.S. Environmental Protection Agency (US EPA). 2014. reportDrinking Water EPA
Program to Protect Underground Sources from Injection of Fluids Associated with Oil
and Gas Production Needs Improvement. United States Government Accountability
Oﬃce (GAO), Report to Congressional Requesters, GAO-14-555 103pp.
Vengosh, A., Jackson, R.B., Warner, N., Darrah, T.H., Kondash, A., 2014. A critical review
of the risks to water resources from unconventional shale gas development and hydraulic fracturing in the United States. Environ. Sci. Technol. 48 (15), 8334–8348.
Watson, T.L., Bachu, S., 2009. Evaluation of the potential for gas and CO2 leakage along
wellbores. SPE Drill. Complet. 24 (01), 115–126.
Watson, T.L. 2013. Alberta regulations: wellbore integrity issues driving regulatory
change. Presented at the North American Wellbore Integrity Workshop, Denver,
Colorado, 16-17 October 2013.
Wisen, J., Chesnaux, R., Werring J., Wendling, G., Baudron, P. and Barbecot, F. 2017. A
portrait of oil and gas wellbore leakage in Northeastern British Columbia, Canada.
Proceedings of GeoOttawa 2017, 70 Years of Canadian Geotechnics and Geoscience,
Ottawa, Canada, 8pp.

Acknowledgements
The authors would like to thank the David Suzuki Foundation (DSF),
as well as GW Solutions, who provided funding and assistance in data
interpretation. We would also like to thank the MITACS Accelerate
program (partnering with DSF and GW Solutions), the Natural Sciences
and Engineering Research Council of Canada (NSERC), and the Fonds
de Recherche du Québec - Nature et technologies (FRQNT) which
provided research grant funding.
References
Atkinson, G.M., Eaton, D.W., Ghofrani, H., Walker, D., Cheadle, B., Schultz, R.,
Shcherbakov, R., Tiampo, K., Gu, J., Harrington, R.M., Liu, Y., 2016. Hydraulic
fracturing and seismicity in the Western Canada sedimentary basin. Seismol Res. Lett.
87 (3), 631–647.
British Columbia Oil and Gas Commission. 2012. Investigation of Observed Seismicity in
the Horn River Basin. Available from:: https://www.bcogc.ca/node/8046/download.
British Columbia Oil and Gas Commission. 2014. Investigation of Observed Seismicity in
the Montney Trend. Available from:: https://www.bcogc.ca/node/12291/download.
British Columbia Oil and Gas Commission. 2016. Reservoir Engineering Approval for WA
22061. Available from: https://www.bcogc.ca/node/13072/download.
Canadian Council of Academies. 2014. Environmental Impacts of Shale Gas Extraction in

282

