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Foreword

Geoscience BC is pleased to once again present results from our ongoing projects in our annual Summary of Activities publi-

cation. Following on from last year, we are publishing the papers in two separate volumes: Minerals and Mining, and this

volume, Energy and Water (previously published as Summary of Activities: Energy). Both volumes are available in print

and online via www.geosciencebc.com.

Summary of Activities 2018: Energy and Water

This volume, Summary of Activities 2018: Energy and Water, contains 13 papers from Geoscience BC–funded projects or

2018 scholarship winners that are within Geoscience BC’s strategic focus areas of energy (including oil & gas and geother-

mal) and water. The papers are divided into five sections, based on Geoscience BC’s strategic objectives of

1) Identifying New Natural Resource Opportunities;

2) Advancing Science and Innovative Geoscience Technologies;

3) Facilitating Responsible Natural Resource Development;

4) Enabling Clean Energy; and

5) Understanding Water.

In the first section, Identifying New Natural Resource Opportunities, Wilson and Bustin, and Silva and Bustin describe their

ongoing research into the quantification of the gas- and liquids-in-place, and flow characteristics in northeastern British Co-

lumbia (BC), a Geoscience BC–funded project that is nearing completion. In addition, scholarship recipient Kunert (et al.)

discusses spatial and temporal trends during deposition of the Gordondale member and Poker Chip Shale. In the Advancing

Science and Innovative Geoscience Technologies section, Chalmers et al. introduce a new Geoscience BC–supported pro-

ject that aims to reduce the uncertainty of producing H2S from the Montney reservoir.

The three papers in the Facilitating Responsible Natural Resource Development section are focused on hydraulic fracturing

in northeastern BC. Babaie Mahani and Kao discuss the determination of accurate local magnitude for induced earthquakes,

and Bustin et al. give an update on the ongoing collection of ground-motion data from induced seismicity. Scholarship re-

cipient Onwuemeka (et al.) discusses upcoming research aimed at increasing our understanding of earthquake processes

and helping adequately assess seismic hazards to better inform the public and assist both regulators and industry operators

in developing policies to reduce risk and improve hazard assessment.

In the Enabling Clean Energy section, Whiticar et al. present an update on testing a drone-mounted open-path laser spec-

trometer to measure greenhouse-gas emissions; Evans highlights ongoing development of a natural gas atlas for BC; and

scholarship recipient Warwick (et al.) discusses the development of a volcanic-hazard map for Mount Meager.

Finally, in the Understanding Water section, Cahill, Ladd et al. discuss ongoing technical and community-engagement

work focused on better understanding the impacts of fugitive gas on groundwater. Cahill, Beckie et al. introduce a new

Geoscience BC–supported project characterizing methane in groundwater in the Peace region. Haynes et al. present their fi-

nal report on understanding changes in permafrost in northeastern BC.

Geoscience BC Energy and Water Publications 2018

In addition to the two Summary of Activities volumes, Geoscience BC releases interim and final products from our projects

as Geoscience BC reports. The following seven Energy and Water reports were published in 2018, with an eighth report to

be released in early 2019:

• Ten technical papers in the Geoscience BC Summary of Activities 2017: Energy and Water volume (Geoscience BC Re-

port 2018-04)

• Processing and Inversion of SkyTEM Data Leading to a Hydrogeological Interpretation of the Peace River North
Western Area, by Aarhus Geophysics Aps and GEUS–Department of Groundwater and Quaternary Geology Mapping

(Geoscience BC Report 2018-06)



• Peace Area Project – Comparison of Resistivity, Gamma and Geological Logs with Airborne EM Inversions, by

M. Best and V. Levson (Geoscience BC Report 2018-08)

• Geoscience BC Peace Project: Final Report, by S.E. Morgan and D.M. Allen (Geoscience BC Report 2018-13)

• Mapping the Susceptibility to Amplification of Seismic Ground Motions in the Montney Play Area of Northeast
British Columbia, by P.A. Monahan, V.M. Levson, B.J. Hayes, K. Dorey, Y. Mykula, R. Brenner, J. Clarke,

B. Galambos, C. Candy, C. Krumbiegel and E. Calderwood (Geoscience BC Report 2018-16) – scheduled for release

early January 2019

• Techno-Economic Assessment of Geothermal Energy Resources in the Sedimentary Basin in Northeastern Brit-
ish Columbia, by K. Palmer-Wilson, W. Walsh, J. Banks and P. Wild (Geoscience BC Report 2018-18)

• Clarke Lake Gas Field Reservoir Characterization, by E. Renaud, J. Banks, N.B. Harris and J. Weissenberger

(Geoscience BC Report 2018-19)

• Identification and Evaluation of New Resource Oil Plays in Northeast British Columbia’s Portion of the Western
Canadian Sedimentary Basin, by Petrel Robertson Consulting Ltd. (Geoscience BC Report 2018-20)

All releases of Geoscience BC reports and data are published on our website and are announced through our website and e-

mail updates. Most f inal reports and data can also be viewed through our Earth Science Viewer at

http://www.geosciencebc.com/s/WebMaps.asp.
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Basin Modelling and Thermal History of the Horn River and Liard Basins, Cordova
Embayment, and Adjacent Parts of the Western Canada Sedimentary Basin

T.K. Wilson, The University of British Columbia, Vancouver, BC, tessakwils@gmail.com

R.M. Bustin, The University of British Columbia, Vancouver, BC

Wilson, T.K. and Bustin, R.M. (2019): Basin modelling and thermal history of the Horn River and Liard basins, Cordova Embayment, and
adjacent parts of the Western Canada Sedimentary Basin; in Geoscience BC Summary of Activities 2018: Energy and Water, Geoscience
BC, Report 2019-1, p. 1–20.

Introduction

In sedimentary basins, it is important to gain an understand-

ing of basin evolution. Basin modelling through numerical

simulations is a powerful tool in quantifying the burial and

thermal history of a basin and hydrocarbon generation, mi-

gration and entrapment. Basin modelling requires the inte-

gration and knowledge of numerous variables, including

regional geology, lithology, stratigraphy, tectonic history

and heat flow. The northeastern British Columbia (north-

eastern BC) portion of the Western Canada Sedimentary

Basin (WCSB) is relatively understudied and underex-

plored compared to most other areas in the basin. Hence,

basin modelling can provide significant insights and con-

straints on the basin history and contribute to predicting the

economic potential of this important area.

Previous work in the study area on the Devonian stratigra-

phy of the Horn River Basin (HRB) and adjacent areas has

focused on reservoir properties and resource potential (Stas-

iuk and Fowler, 2004; Ross, 2007; Ross and Bustin, 2008,

2009a, 2009b; Ferri et al., 2011, 2015; Chalmers et al.,

2012; Fiess et al., 2013; Harris and Dong, 2013; Balogun,

2014; Dong et al., 2014; Ferri and Griffiths, 2014; Dong,

2016). There have been few studies that have contributed to

understanding the basin evolution and burial history. The

few studies that include a basin-modelling component have

focused on the Liard Basin and Interior Plains (Morrow et

al., 1993; Potter, 1998), on the Peace River arch area

(Kalkreauth and McMechan, 1988; Dubey et al., 2017) or

farther to the east near the oil-sands deposits (Higley et al.,

2009; Berbesi et al., 2012). All of these studies provide im-

portant information and methodologies, and lay the

groundwork on which the present modelling study is based.

Most notably, the Morrow et al. (1993) study of the Liard

Basin (mainly within the Northwest Territories) provides

key data and insights.

The objective of this study is to use basin modelling to un-

derstand the basin evolution and determine the role of vari-

ous geological properties in the burial and thermal history

and subsequent present-day petroleum systems of north-

eastern BC. One-dimensional (1-D) modelling and sensi-

tivity analysis were performed at 24 well locations through-

out the study area, leveraged by publicly available data and

a multitude of prior research on the regional geology,

lithology and stratigraphy.

Regional Geology and Stratigraphy

Overview and Study Area

This study focuses on the Horn River Basin and the Cor-

dova Embayment in northeastern BC, northwestern Alberta

and adjacent areas, as well as a portion of the Liard Basin

(Figure 1). This roughly encompasses an area extending

from 59 to 60°N and from 118 to 124°W. This large area

contains a thick succession of Phanerozoic sedimentary

rocks, including the extensive Devonian-age, organic-rich

source rocks that are the focus of this research. The main

Geoscience BC Report 2019-2 1
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Figure 1. The study area in the geographic context of western Can-
ada (modified from Ferri et al., 2015). The study area is outlined in
red and encompasses the Liard Basin (blue), the Horn River Basin
(purple) and the Cordova Embayment (orange), as well as western
Alberta.



structural feature of the study area is the Bovie fault com-

plex, which separates the Horn River Basin from the Liard

Basin.

Tectonic History

The evolution of the WCSB can be divided into two main

tectonic phases: a late Proterozoic to Jurassic continental-

margin setting and a compressional Jurassic to Eocene fore-

land basin. During the Paleozoic, northeastern BC experi-

enced extensive subsidence, block faulting and volcanism

(Price, 1994). The study area likely experienced extension

behind an east-dipping subduction zone, coeval with the

compression of the Devonian-age Antler orogeny occur-

ring to the south. Such extension is thought to have led to

the block faulting that formed the Peace River Embayment,

Fort St. John graben and Prophet Trough during the Devo-

nian and Mississippian. These salient features affected the

Late Paleozoic deposition and clastic provenance (Wright

et al., 1994). The first stage of Bovie fault motion occurred

during the Late Carboniferous and is interpreted by

Maclean and Morrow (2004) to have been a crustal-scale

convergent fault. This movement caused the subsequent

erosion of the Mattson and Fantasque formations east of the

fault within the HRB.

Beginning in the Jurassic, terrane accretion along the west-

ern edge of North America formed the Cordilleran fold-

and-thrust belt. The tectonic regime during this time can be

broadly split into a Jurassic to mid-Cretaceous collision and

terrane accretion, and a Late Cretaceous to Paleocene right-

lateral transpression phase (Price, 1994). Significant short-

ening and thickening of the Phanerozoic strata occurred;

however, the amount of shortening varies across the mar-

gin, with the largest values estimated to be in the south and

decreasing toward the north. The decrease in shortening in

northeastern BC, relative to southern British Columbia and

Alberta, is fundamentally connected to the change in plate

motion from compressional in the south to more oblique

convergence in the north (Wright et al., 1994). There is a

change in structural style in the north due to changes in li-

thology: the overall lower competency of the area, due to

thick shale successions, led to a fold-dominated structural

style, rather than thrust-dominated (Wright et al., 1994).

The Bovie fault was reactivated during the Laramide orog-

eny as a shallow décollement (Maclean and Morrow 2004).

The tectonic style changed in the early Eocene, and the

transpressional regime became transtensional. As a result,

subsidence was replaced by uplift and subsequent erosion

(Price, 1994).

Stratigraphy

The Phanerozoic stratigraphic succession in northeastern

BC is several kilometres thick, varying from approximately

2 km near Alberta to more than 4 km within the Liard Basin,

with the majority of the thickness associated with Devonian

and Mississippian formations (Figure 2). These periods are

characterized by a series of stacked carbonate and mudrock

packages related to multiple sea-level changes and contin-

ued subsidence. West of the main carbonate platform and

the Presqu’ile barrier reef that formed during the early

Givetian, the carbonate transitions into shale of the Horn

River, Muskwa and Besa River formations. On the cratonic

platform, a mixed siliciclastic-carbonate system persisted

throughout the upper Devonian (CBM Solutions, 2005). A

major transgression and inundation of the entire platform

led to the deposition of the Muskwa Formation (Switzer et

al., 1994). The Devonian shale units are siliceous in nature

due to the accumulation of pelagic radiolarians in a deep-

basinal depositional environment (Ross and Bustin, 2008).

The Muskwa Formation is overlain by the Fort Simpson

Formation and several carbonate formations. The Exshaw

Formation and equivalents are present throughout North

America and represent another major marine transgression.

Above the Exshaw Formation are the siliciclastic and lime-

mudstone of the Banff Formation, overlain by the Rundle

Group (Kent, 1994). In the Liard Basin, the Besa River For-

mation was still exposed during deposition of the Rundle

Group. During the Late Mississippian, however, the Liard

Basin became a dominantly deltaic and coastal-plain envi-

ronment, resulting in deposition of the Mattson Formation,

which is only observed in the Liard area but likely coeval

with the Kiskatinaw Formation within the Peace River

Embayment (Richards, 1989; Richards et al., 1994). The

rock record in the study area becomes sparse from the

Permian until the mid-Cretaceous. This is due to a signifi-

cant drop in sea level during the Late Permian, leading to a

period of erosion and the beginning of compressional de-

formation during the Jurassic, which eroded earlier depos-

its as the deformation front moved east (Wright et al.,

1994). The Cretaceous strata are the deltaic, fluvial and ma-

rine deposits of the Fort St. John Group (Stott, 1982).

Accumulation of Upper Cretaceous sedimentary rocks is

rarely present; the sedimentary section is capped by

relatively thick Quaternary overburden.

Materials and Methodology

This study focuses on reconstructing the basin through a se-

ries of 1-D basin models across the study area (Figure 3).

The models were built using Schlumberger’s PetroMod®

2015 software suite. In order for the models to be fully rep-

resentative of the basin, all of the inputs need to be defined

according to the best available knowledge and data. Impor-

tant modelling inputs include lithology for the entire strati-

graphic column, source-rock properties, boundary condi-

tions (heat flow, surface-water interface temperature and

paleo–water depths), erosion and hiatus events, and any

thermal-maturity calibration data available (mainly vitrin-

ite reflectance). Some inputs, such as heat flow, are particu-

larly difficult to constrain; therefore, sensitivity analysis

was performed on each model to address these uncertain-

2 Geoscience BC Summary of Activities 2018: Energy and Water
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Figure 2. Phanerozoic stratigraphy of northeastern BC and Alberta (modified from Maclean and Morrow, 2004).



ties and ensure that the final models reflected the most

likely case.

Lithology

Accurately defining the lithology of individual strati-

graphic intervals (Devonian to present) is critical during

basin modelling. Different rock types exhibit different

petrophysical properties (chemical, mechanical and ther-

mal), which affect the simulation of the numerical models.

User-defined rock types were created within PetroMod®

for each stratigraphic unit by mixing several predefined

rock types. The Lexicon of Canadian Geological Names (Nat-

ural Resources Canada, 2018) was the main source for gen-

eralized lithological descriptions. In general, the rock types

were kept laterally consistent across the study area. The de-

fault Athy’s law (Athy, 1930) was used as the mechanical

compaction model and the default Sekiguchi model (Seki-

guchi, 1984) was used for thermal conductivity. The ther-

mal conductivity of mixed rock types is calculated inter-

nally by geometrically averaging the rock-matrix and pore-

fluid values. The calculated thermal-conductivity values

were used for each mixed lithology. Table 1 illustrates the

stratigraphic formations and ages, and their respective rock

types, and thermal and mechanical properties.

Source Rock Properties

In the study area, the main identified Devonian-age petro-

leum source rocks are the Evie Member and the Muskwa

and Exshaw formations (National Energy Board and BC

Ministry of Energy, Mines and Petroleum Resources,

2011). The default Burnham 1989 TII kinetic model built

within PetroMod® was used for all three source-rock inter-

vals. Based on whole-rock pyrolysis analysis, hydrogen in-

dices are generally <50 mgHC/g of rock, and TOC averages

3 wt. % for both the Muskwa and Evie intervals, and

slightly higher for the Exshaw Formation (Wilson and

Bustin, 2017).

Boundary Conditions

The PetroMod® software requires three boundary condi-

tions to be defined before any simulations can be com-

pleted. These conditions are heat flow, sediment-water in-

terface temperature (SWIT) and paleo–water depth

(PWD). Both present-day and paleo values must be de-

fined. All of the boundary conditions help to define the

thermal constraints of the model, with heat flow being the

most important of the three. Figure 4 represents the general-

ized trend of these three parameters versus time.

Sediment-Water Interface Temperature and Paleo–
Water Depth

The SWIT values throughout the history of the basin were

defined by using the Wygrala (1989) model for global mean

temperature at sea level. This method is built into

PetroMod® and uses present-day latitude and paleo–water-

depth data to extract the temperature at sea level over a se-

ries of geological time steps. The SWIT values range from

5 to 25.3°C, with peak temperatures at 100 Ma. The PWD

was based on the paleogeographic maps and the evolution

history of the basin (Mossop and Shetsen, 1994; Wright et

4 Geoscience BC Summary of Activities 2018: Energy and Water

Figure 3. Location of 1-D models within the study area in northeastern BC and adjacent areas. Model locations are represented by black
dots, and the models discussed in this paper are represented by black stars.
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Table 1. Stratigraphy, lithology, and thermal and mechanical parameters used for the model simulations.



al., 1994). It is known that the PWD is an important parame-

ter for compaction and pressure effects, along with SWIT

(Bruns et al., 2016). The PWD during deposition of the Evie

and Muskwa may have been in excess of 100 m (Stasiuk and

Fowler, 2004); however, due to the difference in magnitude

of PWD and the overall thickness of the WCSB of several

kilometres, its impact is not very significant.

Heat Flow

The SWIT and PWD define the upper thermal boundary of

the basin. The lower boundary requires mapping of the heat

flow. Within the study area, present-day heat flow varies

significantly, with values generally the highest in the north-

eastern corner of BC and lowest within the Liard Basin

(Majorowicz and Jessop, 1981; Majorowicz et al., 2005).

Heat flow within the Liard Basin represents a localized low

(Majorowicz et al., 2005). Heat flow in the HRB, Cordova

Embayment and western Alberta area are significantly ele-

vated, reaching values near 100 mW/m2. Heat-flow maps

(Majorowicz, 2005; Weides and Majorowicz, 2014) were

important references for the determination of present-day

heat flow (Figure 5), with the continental average value of

65 mW/m2 (Allen and Allen, 2005) being used for the basin

from 350 to 65 Ma. Heat flows are often elevated during

times of inversion due to the exhumation and removal of

relatively hot rocks (Bruns et al., 2013), such as during the

Tertiary1 when heat-flow values were above 65 Mw/m2 in

the HRB, Cordova Embayment and western Alberta. Due

to the large uncertainty around heat-flow evolution

through geological history, sensitivity analysis was instru-

mental in constraining this parameter and increasing con-

fidence in the final models. Due to present-day elevated

values, however, the ultimate impact of heat flow during

the Mesozoic and Paleozoic is minimized.

Erosion and Hiatus Events

The main tectonic event in western Canada was the uplift

and erosion associated with the Laramide orogeny. At-

tempts at quantifying Cenozoic erosion have been made

6 Geoscience BC Summary of Activities 2018: Energy and Water

Figure 4. Examples of boundary conditions used for the modelling: Top, paleo–water depth (PWD); Middle, sediment-water interface tem-
perature (SWIT); Bottom, heat flow (HF).

1‘Tertiary’ is an historical term. The International Commission
on Stratigraphy recommends using ‘Paleogene’ (comprising
the Paleocene to Oligocene epochs) and ‘Neogene’
(comprising the Miocene and Pliocene epochs). The author
used the term ‘Tertiary’ because it was used in the source
material for this report.



by many studies, through both compaction-based methods

(Magara, 1976; Connolly, 1989; Poelchau, 2001; Aviles

and Cheadle, 2015) and organic-maturity–based methods

(Hacquebard, 1977; Nurkowski, 1984; England and

Bustin, 1986; Osadetz et al., 1990). The limits of erosion

range from 520 m (Magara, 1976) to more than 4 km (Eng-

land and Bustin, 1986), depending on the method used by

the researchers and the proximity of their study area to the

fold-and-thrust belt. Within the Alberta Deep Basin, many

of the values cluster around 1500–2000 m (Poelchau,

2001), and a basin model for the same area suggested that

2000 m of erosion was required to match the observed ther-

mal maturity of the Cretaceous Blackstone Formation

(Aviles and Cheadle, 2015). It is important to note that the

tectonic regime during this time varied along the length of

the fold-and-thrust belt, with a higher degree of strike-slip

motion being exhibited in the northeastern BC area. This

change of tectonic style may have affected the erosion. The

limits for the eroded section at the modelled well locations

for this study ranged from 440 to 2250 m. This range was

informed by prior knowledge of geological history and re-

sults from well-defined and -calibrated models. Minor hia-

tus and erosion events were input throughout the model,

according to the stratigraphic record.

Thermal-Maturity Calibration Data

Calibration to thermal-maturity data is paramount for an

accurate model. Since the inception of basin models in the

early 1970s, vitrinite reflectance (VR) has been the most

common calibration parameter (Mukhopadhyay, 1994).

Well locations for this study were preferentially picked

based on the availability and number of VR data points. Un-

fortunately, reliable VR data are sparse throughout the

study area. The main source rocks of interest were depos-

ited in marine environments, so many of the reflectance

measurements were completed on indigenous bitumen or

bitumen-like substances, not vitrinite. There is sufficient

support available in the literature to confidently use bitu-

men-reflectance values in place of vitrinite (Gentzis, 1991;

Reidiger, 1991; Landis and Castano, 1995). However, the

reflectance measurements from the public database do not

always explain the methodology behind the values, which

reduces confidence in the data. Nonetheless, these VR val-

ues are still the best calibration data available. In instances

where VR data points were not available, Tmax values were

converted to % Ro values using the Jarvie et al. (2001) equa-

tion. These values should be taken with caution, since it has

been shown that such formulas are not ideal, particularly

when used on formations on which they were not strictly

based (Wust et al., 2013). Although the study is focused on

Paleozoic source rocks, data from younger formations were

used when available. The assumption that the Laramide

orogeny affected the entire Phanerozoic sedimentary suc-

cession warrants the use of data from younger formations

when reliable Devonian data are unavailable. Table 2

shows the well locations of the 1-D models and their

associated calibration data.

Geoscience BC Report 2019-2 7

Figure 5. Present-day heat flow for the Western Canada Sedimentary Basin (from Weides
and Majorowicz, 2014). The study area is outlined in black.



Sensitivity Analysis

Although basin modelling is a powerful tool, it is a proba-

bilistic method that yields non-unique results. In order to

increase confidence in the results, it is paramount to run

sensitivity analysis of each model to determine the main

factors that control the model and how these factors relate

to one another, and to ensure that the final model represents

the most likely case. For each 1-D model, dozens of itera-

tions were completed with slight changes to variables such

as boundary conditions, rock types and erosion amounts, in

order to determine the influence of these variables on one

another. The main iterations in this sensitivity analysis in-

volved varying heat flow and erosion. In order to under-

stand the importance of each variable, heat flow or erosion

was held constant while the other was varied systemati-

cally. This approach allowed for the most likely solution to

be modelled with confidence and provided quantitative re-

sults for the effects of heat flow and erosion on the present-

day thermal maturity of the study area.

Results

In this paper, a single model from each area—Liard Basin,

HRB, Cordova Embayment and western Alberta—will be

discussed. Table 3 shows an example of the primary inputs

for the finalized models, including stratigraphy, age and

lithology.

Sensitivity Analysis

Heat-flow and erosion values are the two most important

variables that must be constrained. Sensitivity analysis al-

lows these variables to be determined more accurately and

provides a quantitative understanding of the magnitude of

impact these variables have on the overall petroleum sys-

tems. Many basin-modelling studies use some form of sen-

sitivity analysis (Bruns et al., 2013; Grobe et al., 2015;

Bruns et al., 2016), often isolating heat flow and erosion, as

this study does. For each of the models discussed here, ero-

sion values were changed in 200 m increments between it-

erations, and heat-flow values by 5 mW/m2. Heat flow was

8 Geoscience BC Summary of Activities 2018: Energy and Water

Table 2. Well locations and associated calibration data for 1-D models used in this study.



kept constant at 65 mW/m2 while erosion was varied, and

heat flow was varied while erosion was held constant.

Increasing erosion thicknesses shifts the vitrinite reflect-

ance trend to higher maturities, as the thicker overburden

section would have caused the interval in question to have

been buried deeper. With each increment in erosion (keep-

ing heat flow constant), the slope of the vitrinite reflectance

as a function of depth remains constant (at 0.5% Ro/km) and

there is a bulk shift in maturity of 0.2% Ro for every 200 m

increment in erosion (Figure 6a). For the example in Fig-

ure 6a, the lower and upper brackets of the eroded section

are 2200 and 3200 m, which causes a range of change in

maturity of 1.0% Ro. The values that best fit the calibration

data are erosion thicknesses of 2600–2800 m. In all itera-

tions, however, the slope of the line must be increased in or-

der to match the calibration, which requires an increase in

heat flow. Although a constant–heat-flow scenario is un-

likely due to the time span encompassed by this model and

the various tectonic regimes acting through the geological

history, keeping heat flow at 65 mW/m2 for the entirety of

Geoscience BC Report 2019-2 9

Table 3. Example of primary inputs for the finalized models.



basin evolution provides insight into the quantitative im-

portance of erosion.

Increasing heat flow also has the effect of increasing the

thermal-maturity trends. However, as can be seen in Fig-

ure 6b, the maturity trends for different heat-flow values

are not parallel, as the slope increases from 0.5% Ro/km to

0.85% Ro/km for a heat-flow change from 65 mW/m2 to

80 mW/m2. Using the same erosion thickness and increas-

ing heat flow by 5 mW/m2 can shift thermal maturity by

0.3% Ro in the Devonian shales. In the example illustrated

in Figure 6b, the range of heat flow is from 75 to 85 mW/m2,

spanning an increase of nearly 0.6% Ro. The trend that most

closely matches the data is associated with 1600 m of ero-

sion and a present-day heat flow of 85 mW/m2. In the final

model for this example, values of 1565 m of erosion and

88 mW/m2 for heat flow were used. Based on the detailed

sensitivity analysis, confidence in the erosion and heat-

flow values for the final models is within 50 m and 1 mW/

m2, respectively.

Liard Basin

The Nexen Beaver D-064-K well is located in the north-

central part of the Liard Basin, near the deformation front.

This model uses present-day heat-flow values of 67 mW/

m2. The burial history of the Upper Paleozoic comprises

several kilometres of sediment due to the thicknesses of the

Besa River, Golata and Mattson formations. The organic-

rich Evie and Muskwa members within the Besa River For-

mation were buried to depths of 3225 m and 3110 m, with

corresponding temperatures of 101 and 105°C, respec-

tively, by the end of Mattson Formation deposition (Fig-

ure 7a). These depths were obtained by backstripping the

model to Carboniferous/Permian time. This model entered

the oil window (0.60% Ro) by 310 Ma. Throughout the

Permian to Jurassic, the Fantasque and Toad formations

were deposited, along with multiple hiatus/nondeposit-

ional periods. Thermal maturity was held fairly constant

throughout this time, reaching 0.90% Ro by Late Jurassic.

During foreland subsidence, the Evie and Muskwa hori-

zons reached maximum burial depths 5375 and 5260 m,

and maximum temperatures of and 238 and 234°C, respec-

tively. During foreland subsidence, thermal maturation in-

creased from 0.9% Ro (oil window) to 3.3% Ro (overma-

ture). By Late Cretaceous, all of the formations had reached

thermal maturities necessary for hydrocarbon generation,

with the majority of strata within the gas window or over-

mature. The erosion thickness for this model is 2250 m, cor-

responding to an erosion rate of 85 m/m.y. Present-day ma-

turities range from 1.7% Ro in the Mattson Formation to

3.4% Ro in the Muskwa member (Figure 7b).

10 Geoscience BC Summary of Activities 2018: Energy and Water

Figure 6. Results of sensitivity analysis for the Direct Gunnel C-095-L model: a) vitrinite reflectance versus depth for variable erosion thick-
ness at a fixed heat flow of 65 mW/m

2
; b) vitrinite reflectance versus depth for variable present-day heat flow. The points on the graph repre-

sent calibration data and the lines represent the calculated vitrinite reflectance for each different iteration.
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Horn River Basin

The Horn River Basin (HRB) model presented here (Direct

Gunnel C-095-L well) is located in the southeastern portion

of the basin. This model uses a present-day heat flow of

88 mW/m2. The Muskwa Formation was buried to a depth

of 2025 m and a temperature of 83°C by Late Carbonifer-

ous, beneath the thick accumulation of the Fort Simpson

and Mattson formations (Figure 8a). The Mattson Forma-

tion was subsequently eroded due to movement along the

Bovie fault, as were the Toad and Fantasque formations

(Maclean and Morrow, 2004). Hydrocarbon generation be-

gan in the Lower Jurassic for the Muskwa Formation. Max-

imum burial depths and temperatures of 3035 m and 195°C,

respectively, are reached during foreland subsidence. Ther-

mal maturity for the Muskwa Formation increased from 0.6

(early-oil window) to 2.0% Ro (wet-gas window) during

this time. The amount of erosion for this model is 1565 m,

with an erosion rate of 52 m/m.y. Present-day maturities

range from 1.4% Ro in the Exshaw Formation to 2.6% Ro in

the Klua Formation (Figure 8b).

Cordova Embayment and Adjacent Areas

The featured Cordova Embayment model (Ioe Union

Shekilie A-094-G well) is located in the southern part of the

embayment and uses a present-day heat-flow value of

88 mW/m2. The burial history for this model is similar to

many of the models within the HRB. During the Paleozoic,

the Muskwa Formation reached depths of 1830 m, corre-

sponding to a temperature of 76°C (Figure 9a). Depths re-

mained fairly constant throughout the Permian, Triassic

and Jurassic. The Klua Formation entered the oil window in

the Late Triassic, and the Muskwa Formation in the early

Cretaceous (at the start of foreland subsidence). Maximum

burial depths and temperatures for the Muskwa Formation

were of 2920 m and 183°C, respectively. During maximum

burial, thermal maturity increased from 0.6 to 1.8% Ro

(early-oil to wet-gas window). The thickness of the eroded

section for this model is 1650 m, corresponding to an ero-

sion rate of 55 m/m.y. Present-day maturities for the

Muskwa and Klua formations are 1.9 and 2.1% Ro, respect-

ively (Figure 9b).

Western Alberta

The models in western Alberta present significantly shal-

lower burial and therefore lower maturities than those cal-

culated in the models in British Columbia. The 100/02-32

well, located east of 119°W, has a present-day heat-flow

value of 66 mW/m2. The model was buried to a depth of

1400 m and a corresponding temperature of 70°C during

the Paleozoic (Figure 10a). As with the Cordova Embay-

ment model, depths and temperatures stayed fairly constant

throughout the Permian to Jurassic. Maximum foreland-

subsidence burial depths and temperatures for the Muskwa

Formation are 1830 m and 92°C, respectively. The Muskwa

Formation did not reach the oil window until the Latest Cre-

taceous. The thickness of the eroded section for this

location is 525 m, corresponding to an erosion rate of only

17.5 m/m.y. The present-day maturity for this model is

0.62% Ro for the Muskwa Formation, with all younger

strata remaining immature (Figure 10b).

Discussion

Impact of Peak Hydrocarbon Generation on
Present-Day Distribution

In all of the models, peak burial depth and temperature were

reached during the Late Cretaceous and beginning of the

Paleocene. However, the onset of hydrocarbon generation

(specifically the onset of oil generation) varies by hundreds

of millions of years over the spatial extent of the study area.

In the Liard Basin, the Devonian shales have been generat-

ing since the Carboniferous, reaching peak oil generation

(transformation ratio = 50%) in the early Triassic (Fig-

ure 11). Conversely, the onset of oil generation in the Al-

berta wells occurred at 100 Ma at the earliest (if oil genera-

tion occurred at all), and peak generation occurred during

the Late Cretaceous (Figure 11). Areas that have been in the

maturity window for longer have a lower likelihood of con-

taining extensive volumes of generative hydrocarbons to-

day, since the organic matter has been generating for hun-

dreds of millions of years. In the Liard Basin, many of the

areas have reached maturities high enough, and sustained

high temperatures long enough, that the organic matter no

longer has any generating potential left but may still have

producing potential. Age of maturation generally decreases

toward the eastern and southeastern portions of the study

area—in locations where production shows larger fractions

of produced condensate than farther west. The temporal

constraints provided by basin modelling can be used in con-

junction with maturity to deduce the potential producibility

of different areas. In nearly all of the well locations mod-

elled, the transformation ratio reached 100% during

foreland subsidence, which is expected due to the

dominantly dry-gas nature of the Devonian petroleum sys-

tem.

Limitations of the Model

Basin modelling is a powerful tool for understanding basin

evolution, burial history, thermal maturation and the multi-

tude of dependent relationships that exist between input

variables. However, because the models require that such

an extensive suite of factors be defined, there is a large

amount of uncertainty involved, even in well-calibrated

models. The results of this study are geologically plausible

but not necessarily correct. Each model provides abundant

information for each stratigraphic unit and each important

time step, but the nuances of variables such as lithological

variability are not captured, thereby decreasing the accu-

racy of the modelling. This study used only 24 models to
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define an area that encompasses hundreds of square kilo-

metres. The models provide considerable information in

the direct vicinity of the well location, but caution should be

taken when upscaling to a regional scale. The calibration

data used for this study were relatively sparse and not all of

the data could be used with complete confidence. Basin

modelling can help identify suspicious and erroneous data.

For example, some reported vitrinite-reflectance and pyrol-

ysis values required erosion levels, heat flow or the thermal

conductivity of formations to be outside the geologically

plausible limits of the model. Although this method helps

flag bad data, it is difficult to determine how accurate the

‘good’ data are and therefore how accurate the overall

model is. However, basin modelling is a quantitative ap-

proach that provides valuable information even with lim-

ited data or well control.

Conclusions and Future Work

Basin modelling of the Liard and Horn River Basins,

Cordova Embayment and western Alberta provides insight

into burial history, thermal maturation and how the evolu-

tion of the basin has affected the present-day Devonian pe-

troleum systems. Important conclusions of this ongoing

study include the following:

• The Devonian shales were buried to depths of 1500 to

3200 m by the end of the Carboniferous Period, and

reached temperatures of up to 100°C during this time.

Burial depths and temperatures are greatest within the

Liard Basin, which experienced the additional accumu-

lation and preservation of the Mattson Formation due to

movement along the Bovie fault.

• Tectonism related to the Laramide orogeny was the

dominant control on the present-day petroleum system.

During deepening of the foreland basin and subsequent

uplift and erosion, all of the models experienced rapid

increase in maturity. The majority of the 1-D models ex-

perienced an increase in reflectance of approximately

2% Ro over a 50 m.y. time span.

• Based on the sensitivity analysis, confidence in the heat-

flow values is within 1 mW/m2 and within 50 m for ero-

sion. Eroded-section thicknesses range from 2250 to

440 m across the study area, and heat flow ranges from

48.5 to 88 Mw/m2. Heat flow is highest within the Cor-

dova Embayment and lowest within the Liard Basin, and

erosion thicknesses generally decrease toward the east,

away from the deformation front.

• Lithology has a relatively minor effect on the burial his-

tory and thermal maturation of the Western Canada Sed-

imentary Basin. Most of the stratigraphic interval com-

prises carbonate or sandstone, both of which have

moderate values of thermal conductivity and therefore

do not greatly impact the maturity profile.

• The timing of the onset of oil generation varies greatly

across the study area. In the Liard basin, the Muskwa

member of the Besa River Formation entered the oil

window in the Carboniferous and, in Alberta, the Musk-

wa Formation began generating oil in the Upper Creta-

ceous. This large time span of hydrocarbon generation

affects the present-day distribution and potential of the

study area. The organic matter within the Muskwa of the

Liard basin has been generating hydrocarbons for hun-

dreds of millions of years and, as a result, its production

potential today is poor. Areas that have only experi-

enced generation since the onset of foreland subsidence

(eastern Horn River Basin, eastern BC and western Al-

berta) will have greater potential for present-day in situ

production.

In order to further constrain maturity trends and quantify

erosion and hydrocarbon distribution, additional 1-D mod-

els need to be simulated, along with further sensitivity anal-

ysis. Taking the 1-D models into 2-D and 3-D should be

completed in future studies to further enhance the under-

standing of the basin and gain further insight into hydrocar-

bon migration in northeastern BC.
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Introduction

The Lower to Middle Triassic Doig Formation of the West-

ern Canada Sedimentary Basin (WCSB) extends continu-

ously across northeastern British Columbia (BC) and west-

central Alberta. Historically, the Doig and the underlying

Montney formations were viewed as source rocks for other

conventional reservoirs in the basin, mainly in other Trias-

sic, and Cretaceous strata (Du Rouchet, 1985; Creaney and

Allan, 1990; Riediger et al., 1990; Edwards et al., 1994).

There has also been some limited hydrocarbon production

from the conventional sandstone bodies in the Doig (Mar-

shall et al., 1987; Walsh et al., 2006; Chopra et al., 2014).

With the industry shifting the focus of development to un-

conventional reservoirs, the Doig Formation has been rec-

ognized as an important resource of gas and natural-gas liq-

uids (NGL). The Gas Technology Institute (Faraj et al.,

2002) estimated the Doig total gas-in-place at 4 trillion m3

(140 tcf), while Walsh et al. (2006) estimated it as ranging

from 1.1 to 5.7 trillion m3 (40–200 tcf). Amore recent study

by the United States Energy Information Administration

(2013) estimated 2.8 trillion m3 (100 tcf) of gas-in-place for

the Doig Phosphate Zone alone. The unconventional por-

tion of the Doig is a relatively new play and thus, the distri-

bution of its properties has not been extensively studied nor

is it well understood. Basin-scale studies that focus on the

entire Doig succession and the variation in its properties are

notably absent in the literature. The present study aims to

characterize the range and variability of the matrix perme-

ability of the Doig Formation, as well as explain the geolog-

ical factors that control this variability in terms of lithology,

mineralogy, organic matter, porosity and pore-size distri-

bution.

Geological Framework

The sedimentation in the Triassic of the WCSB is marked

by a transition from carbonate-dominated intra-cratonic

and passive-margin conditions, predominant during the Pa-

leozoic, to a siliciclastic-dominated relatively active em-

bryonic foreland basin. The general paleogeographic con-

figuration of the Triassic in the WCSB was that of a west-

ward-deepening continental shelf margin. This westward

facing margin under the influence of trade winds, seasonal

climatic aridity and coastal cold-water oceanic upwelling,

was characterized by low fluvial input, dominantly fine-

grained siliciclastic sedimentation in marine shelves and

ramps, with extensive associated eolian and evaporitic en-

vironments (Marshall et al., 1987; Henderson, 1989;

Davies, 1997).

The Middle Triassic Doig Formation is part of the Diaber

Group along with the underlying Montney Formation (Fig-

ure 1). This group was defined by Armitage (1962), who re-

defined the original Toad–Grayling Formation equivalents

in the subsurface as the Doig and Montney formations. The

lower boundary of the Doig corresponds to the base of a

phosphatic zone, which was later informally named Doig

Phosphate Zone (DPZ) by Creaney and Allan (1990). The

Triassic succession was deposited in a series of three major

third- or fourth-order transgressive-regressive cycles (Gib-

son and Barclay, 1989; Edwards et al., 1994). The interval

from the Doig through the Halfway and Charlie Lake for-

mations corresponds to the second cycle and the DPZ rep-

resents a condensed section formed during the initial trans-

gression of the second cycle (Gibson and Barclay, 1989).

The main structural elements that influenced the distribu-

tion of the WCSB Triassic interval were the underlying De-

vonian Leduc and Swan Hills reefs, and the Mesozoic reac-

tivation of the Mississippian Dawson Creek graben

complex (DCGC), which includes the Fort St. John graben

(FSJG) and the Hines Creek graben. The DCGC formed in

response to localized subsidence in the Peace River Em-

bayment. The DCGC faults continued to be active during

the Triassic, imposing significant controls on the distribu-

tion of sediments (Marshall et al., 1987; Barclay et al.,

1990; Davies, 1997; Eaton et al., 1999). The Devonian

reefs exerted a topographic influence on Triassic sedimen-

tation by controlling facies change (Davies, 1997), and may

also have influenced subsidence rates and, hence, thickness

variation.
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The Doig Formation consists of

mudstone, siltstone and subordi-

nate sandstone, bioclastic pack-

stone and grainstone, deposited

under marine conditions in envi-

ronments ranging from shoreface

th rough offshore (Evoy and

Moslow, 1995). The Doig Forma-

tion can be informally subdivided

into three units, as proposed by

Chalmers and Bustin (2012): the

basal unit, Doig A, also widely re-

ferred to as the DPZ, is composed

of organic-rich radioactive dark

mudstone with common phosphate

granules and nodules, and gener-

ally easily distinguished in well

logs by its high gamma-ray signa-

ture; the intermediate Doig B, pri-

marily composed of medium to

dark grey argillaceous siltstone and

mudstone intercalated with local-

ized sandstone beds; and the upper

Doig C, composed of relatively organic-lean

(less than 2%) siltstone and argillaceous

fine-grained sandstone.

Material and Methods

Permeability measurements were performed

on a total of 60 core plugs 30 mm in diameter

and between 20 and 60 mm in length. The

plugs were cut from full diameter core, both

parallel and perpendicular to bedding, from

14 wells located across the entire extent of

the Doig subcrop area in northeastern BC

(Figure 2). The samples were taken from a

wide range of lithofacies stratigraphically

distributed through all Doig informal sub-

zones defined in Chalmers and Bustin

(2012).

The plug samples were cleaned of soluble

hydrocarbons and any residual connate

brine through distillation extraction with

Dean–Stark-type apparatuses, using toluene

as a solvent. Each sample was cleaned for

approximately one week and oven-dried at

110°C for another week. The sample mass

was measured before and after solvent ex-

traction, with an observed mass loss of 0.1 to

0.5% of the initial mass. The ends of all

plugs were trimmed to minimize mud-fil-

trate invasion effects. Plug-end surfaces

were then milled in a surface grinder to cre-

ate smooth, parallel faces on both ends.
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Figure 1. Stratigraphic chart of the Triassic, correlating the surface and subsurface relation-
ships of British Columbia and the surface relationships of Alberta (after Gibson and Barclay,
1989; Golding et al., 2015). Eustatic level based on Hardenbol et al. (1998). Abbreviations:
Fm., Formation; Gp., Group.

Figure 2. Location of wells from which core samples were analyzed for this study of
the Doig Formation, northeastern British Columbia, against a backdrop of the Doig
subcrop and main structural elements that influenced the Triassic deposition (struc-
tural elements after Davies, 1997). Abbreviations: DCGC, Dawson Creek graben
complex; FSJG, Fort St. John graben.



Approximately 10 g of rock from a companion sample to

the plugs, was crushed to a particle size of 4.8 to 2.4 mm (4–

8 mesh) for mercury intrusion porosimetry. The choice of

particle size is a compromise between the more limited pore

accessibility of whole plugs and the larger compressibility

and closure effects on more finely crushed rock (Comisky

et al., 2007; Munson, 2015). These samples were also

cleaned for seven days using the Dean–Stark method of dis-

tillation extraction with toluene and then oven dried for

3 days. Approximately 30 g of 500–841 µm (20 to 35 mesh)

particle-size, oven-dried crushed rock was used for helium

pycnometry, and another sample measuring between 30

and 50 g was used to measure bulk density by immersion in

mercury. Companion samples from the remaining whole

core were also collected and powdered for mineralogy and

pyrolysis.

Thin sections of select samples were studied to visualize

the pore structure and resolve the relationship of texture on

permeability and pore-size distribution. Thin sections were

impregnated with a blue-dye epoxy to highlight porosity

and a dual staining technique was used to identify carbon-

ate minerals (Huegi, 1945; Warne, 1962; Evamy, 1963;

Dickson, 1965) and feldspars (Bailey and Stevens, 1960).

Pulse-Decay Permeability

Gas permeability was obtained through a pulse-decay per-

meameter, using helium as the probe fluid. The solvent-

extracted plugs were oven-dried at 60°C for at least three

days immediately before the analysis and confined in a hy-

drostatic Hoek-type core-cell holder, where they were ini-

tially subjected to approximately 17 MPa (2500 psi) con-

fining pressure and 7 MPa (1000 psi) pore pressure to

reproduce the lowest possible range of in situ net confining

stress (NCS). A differential pressure Δp of approximately

1 MPa (150 psi) was established between the upstream and

downstream ends of the core-cell holder, and the perme-

ability was calculated based on the Δp decay with time, ac-

cording to methods outlined in Cui et al. (2009). The con-

fining pressure was then increased, in increments of

approximately 7 MPa (1000 psi), to 45 MPa (6500 psi),

while keeping the pore pressure constant, and the measure-

ment was repeated to capture the upper in situ NCS limit. At

least three measurements were made at different net confin-

ing pressure values. A linear fit through the permeability as

a function of NCS allowed the calculation of permeability

at the in situ NCS for each sample and the estimation of per-

meability reduction with increasing stress. The NCS was

determined for every sample, by assuming a mean total

stress of 93% of the overburden, which is based on estima-

tions of horizontal stresses for the WCSB (Bell et al.,

1994), and subtracting the pore pressure from the mean.

The overburden pressure was calculated as the integration

with depth of the bulk density well log, filling the gaps in

log coverage with a linear regression of bulk density as a

function of vertical depth extrapolated to the surface. The

pore pressure is a simple integration of the hydrostatic gra-

dient with depth.

Mercury-Intrusion Porosimetry

Mercury-intrusion data was collected from the companion

sample of every plug, using a Micromeritics® Autopore IV

9500 Series, to a maximum pressure of 414 MPa

(60 000 psi). Mercury intrusion provides a pore-throat–size

distribution curve with a lower limit of 3 nm, as well as a to-

tal porosity value. The intrusion and extrusion volumes

were corrected for closure and compressibility effects.

Pore-throat diameter was then calculated from the cor-

rected data for each pressure step through the modified

Young-Laplace equation proposed by Washburn (1921),

assuming cylindrical pore geometry, a surface-tension

value of 0.485 N/m after Adam (1941) and an advancing

contact angle of 130°, established by Ellison et al. (1967)

for a mercury–air–quartz system. The pore-size classifica-

tion terminology used here follows the scheme defined by

the International Union of Pure and Applied Chemistry, ac-

cording to which micropores are defined as smaller than

2 nm, mesopores range between 2 and 50 nm and macro-

pores are larger than 50 nm (Rouquerol et al., 1994).

Unstressed Porosity

Unstressed porosity was determined on the companion

sample to the core plugs by a combination of dual chamber

helium pycnometry grain volume and mercury buoyancy–

mercury immersion bulk volume measurements, in accor-

dance with the American Petroleum Institute (1998) stan-

dard. Pycnometry values were averaged over four repeated

measurements for each sample. The unstressed porosity

values were used as a reference to calculate stressed poros-

ity from mercury intrusion porosimetry tests.

X-Ray–Diffraction Mineralogy

Mineralogy was obtained by X-ray diffraction using pow-

dered samples smear mounted on glass slides, prepared ac-

cording to the method outlined by Munson et al. (2016).

This method was demonstrated by the authors to be a viable

alternative to methods requiring much longer processing

times for obtaining quantitative bulk mineralogy. However,

this method does not allow to distinguish between the peaks

of illite and those of muscovite. The analysis was per-

formed using normal-focus CoKα radiation on a Bruker®

D8 Focus with diffraction patterns obtained over a 2θ range

of 3–70° with a step size of 0.03° and a step time of 0.8 s.

Analysis of the mineral phases was quantified using the

Rietveld full-pattern fitting method (Rietveld, 1967) on the

Bruker® AXS TOPAS v3.0 software.
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Rock-Eval Pyrolysis

Samples for whole-rock pyrolysis were analyzed using a

HAWK™ instrument from Wildcat Technologies, with the

standard Rock-Eval pyrolysis method after Espitalié et al.

(1977). Approximately 70 mg of powdered sample was

pyrolyzed at a temperature rate of 25°C per minute to a peak

temperature of 650°C, followed by a temperature decrease

and oxidation stage at 730°C.

Results and Discussion

The Doig Formation is very heterogeneous in terms of

lithofacies, mineralogy, porosity and pore size distribu-

tions. Although it is subdivided into the basal phosphatic

Doig A, the intermediate mudstone Doig B and the coarser-

grained siltstone Doig C, significant variability within each

zone causes the matrix permeability to vary by multiple or-

ders of magnitude in less than 20 cm. The permeability of

the Doig is controlled by a complex interplay between total

porosity, pore-size distribution and clay content. The phos-

phatic oolitic packstone and grainstone of the Doig A and

the quartz-rich siltstone of Doig C tend to have the highest

porosity and more favourable balance of macro- to meso-

pores, which make these lithofacies the best reservoirs in

terms of flow capacity.

There is a large spread in matrix permeability, spanning

four orders of magnitude from 10-5 to 10-1 millidarcies

(mD), for a porosity range of less than 1% to nearly 15%

(Figure 3). Based on this crossplot, the rocks can be divided

into two groups: rocks with porosity larger than 5% have

permeabilities of 10-3 to 10-1 mD, and are essentially com-

posed of quartz-rich siltstone to very fine sandstone (illus-

trated by samples TG19 and TB1) and phosphatic oolitic

packstone to grainstone (illustrated by samples CD15 and

MH7): the rocks of the second group have porosities rang-

ing from just under 1 to 5% and a larger spread in perme-

ability, ranging from 10-5 to 10-1 mD. This spread is attrib-

uted to enhanced permeability due to microfractures and

degrades the correlation between porosity and permeabil-

ity, which has an R2 value of 0.27 for the linearized perme-

ability using its logarithm. However, there is a clear trend of

increasing permeability with porosity and, for all the prop-

erties measured, porosity is still the best single predictor for

permeability. Pore-size distribution and, more subordi-

nately, clay content comprise a second order control on per-

meability. Clay mineralogy is predominantly composed of

illite, followed in importance by chlorite in the Doig C

interval.

The range of permeabilities found in this study is higher

than previously reported ranges of 10-7 to 10-3 mD (Chal-

mers and Bustin, 2012; Chalmers et al., 2012) using meth-

ane. The higher permeabilities of this study may be due to

the solvent extraction process, which clears additional

pathways for gas flow and/or to the smaller kinetic diame-

ter of helium compared to methane. This study confirms the

observation by Chalmers and Bustin (2012) that there is no

obvious relationship between mineralogy and permeabil-

ity, with the exception of clay content (Figure 4). The high-

est porosities and permeabilities (10-3 to 10-1 mD) are asso-

ciated with the siltstone to very fine sandstone of Doig C in

the Groundbirch and Beavertail areas, and the phosphatic

oolitic packstone to grainstone of Doig A in the Drake and

Regional Heritage fields. The relationship between perme-

ability and mineralogy is further obscured by the occur-

rence of clay and extensive carbonate replacement associ-

ated with the phosphatic oolitic packstone and grainstone,

which may also be associated with relatively high total or-

ganic carbon (TOC). Hence, there is no relationship be-

tween TOC and permeability. Furthermore, the quartz-rich

siltstone and very fine sandstone contain a significant

amount of carbonate cement. Thus, high permeabilities oc-

cur in carbonate-rich, quartz-rich and even in relatively

clay-rich samples, with up to 20 wt. % clay content.

In the Groundbirch sample (TG19), porosity is mainly pri-

mary intergranular, whereas in the Beavertail sample

(TB1), porosity is intergranular but mainly secondary due

to dissolution of feldspar. The Groundbirch field is located

at a deeper part of the basin than the Beavertail. At a burial

depth of 2540 m, the porosity of sample TG19 is less than

half that of sample TB1, which was retrieved from 1310 m.

This helps explain the difference in permeability of one or-

der of magnitude for these lithologically similar samples.

Another factor influencing the higher permeability of TB1

is the higher proportion of macropores as opposed to

mesopores (Figure 5). Both high permeability samples

have over 80% of their total pore volume accessible by pore

throats larger than the macropore–mesopore boundary of

50 nm. The phosphatic oolitic packstone and grainstone

have pore-size distributions shifted toward the mesoporous

region. However, the distributions are either broader

(MH7) or weakly bimodal (CD15), which enhances perme-

ability, likely due to the interconnectedness of macropores

through mesopores. This bimodality is a result of the pres-

ence of macropores produced by partial grain dissolution of

ooids and mesoporous intergranular porosity. The low per-

meability rocks (<10-3 mD) have 50% or more of their total

pore volume accessible through the mesoporous region or

finer and are composed mostly of finer grained siltstone

with highly variable proportions of clay, carbonate in the

form of cement and bioclasts, and organic matter. Although

mercury porosimetry is limited to pore-throat diameters

larger than 3 nm, the HM1 and PA7 samples may have a sig-

nificant contribution to their pore volume from micropores,

as suggested by the asymptotic character of their cumula-

tive pore-size distribution curve at the micropore–

mesopore boundary.
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Figure 4. Ternary diagram of whole-rock mineralogy normalized to clay, carbonate and quartz-feldspar-
plagioclase (QF; after Gamero-Diaz et al., 2012) of samples analyzed for this study of the Doig Formation, north-
eastern British Columbia. Total organic carbon (TOC) is represented by the size of the circles and the logarithm
of gas permeability is represented as a colour gradient. Samples highlighted in Figures 3 and 5 are labelled.

Figure 5. Curves of cumulative pore-throat diameter normalized to total pore volume of the selected samples
highlighted in Figure 3 for this study of the Doig Formation, northeastern British Columbia. Inset shows their re-
spective frequency distributions sorted by pore size, in descending order from the top.



Ongoing Work

This study is part of a larger research project aimed at char-

acterizing the Doig Formation through a petroleum system

analysis approach and evaluating its potential (Silva,

2017). The project includes an assessment of the source-

rock organic geochemical properties, storage and flow

properties, geomechanical behaviour, and basin modelling

focused on the reconstruction of the thermal history and

timing of hydrocarbon generation. Besides the other com-

ponents of the project, the next steps in characterizing the

permeability are:

• inspecting for fractures under the microscope and

through acetone imbibition, on the anomalously high

permeabilities exhibited by dominantly clay-rich meso-

porous samples that plot off trend;

• understanding the impact of the solvent-extraction pro-

cess on the gas-permeability measurements, which may

help explain the discrepancy between the range of

permeabilities found in this study and the ones from pre-

vious studies, besides providing important information

on sample-preparation procedures for mudrock, which

currently lack consensus and data;

• characterizing the microporous portion of pore-size dis-

tributions of lower permeability (10-5 to 10-3 mD) sam-

ples, which is below the resolution of mercury porosim-

etry, through low-pressure isotherms; and

• carrying out additional matrix-permeability measure-

ments on samples from different lithofacies, which will

assist in better understanding the impact on permeabil-

ity of the interplay between porosity, pore-size distribu-

tion, mineralogy and lithology, and which may help in

defining distinct porosity–permeability functions for

difference lithofacies.
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Introduction

The Gordondale member (Asgar-Deen et al., 2004; previ-

ously the ‘Nordegg Member’of Spivak, 1949) of the Lower

Jurassic Fernie Formation in the subsurface of northeastern

British Columbia (NEBC) has attracted interest for its hy-

drocarbon potential since the early 1990s (e.g., Creaney

and Allan, 1990; Riediger et al., 1991). The Poker Chip

Shale, another Lower Jurassic member in the Fernie For-

mation, overlies the Gordondale member in some areas and

has also shown hydrocarbon potential (Riediger, 2002).

With increasing oil and gas exploration in NEBC, espe-

cially in unconventional reservoirs, new source-rock plays

like the Gordondale and Poker Chip Shale members may

become viable targets for expansion of British Columbia’s

hydrocarbon resource base.

While there exists limited production from the Gordondale

and Poker Chip Shale members in the Fort St. John area of

NEBC, advancements in exploration and development ac-

tivity may be achieved through a better understanding of

geological and geochemical parameters of these forma-

tions. This study is designed to address this issue. Previous

studies in NEBC and Alberta have included organic geo-

chemistry and source-rock characterization (e.g., Riediger

et al., 1991; Ibrahimbas and Riediger, 2004; Ross and Bus-

tin, 2007; Kondla et al., 2017), biostratigraphy (e.g., Asgar-

Deen et al., 2004; Them et al., 2017a), inorganic geochem-

istry (e.g., Ross and Bustin, 2006) and carbon-isotope geo-

chemistry (e.g., Them et al., 2017a). This study examines in

detail a 45.7 m core of the uppermost Pardonet Formation

(Upper Triassic), Gordondale member and Poker Chip

Shale (Lower Jurassic), and lowermost upper Fernie For-

mation shales (Upper Jurassic) from the Altares field (Fig-

ure 1) employing detailed organic and inorganic trace-

metal geochemistry analyses.

The goal of this project is to identify spatial and temporal

trends in paleoredox, paleoproductivity and paleohydro-

graphic conditions during deposition of the Gordondale

member and the Poker Chip Shale. This will help to con-

strain intervals that show the greatest potential for resource

development in the study area, based on their potential for

organic-matter deposition and preservation. The results of

this study can hopefully be used to enhance prediction of

reservoir parameters in these units in other parts of the

Western Canada Sedimentary Basin. Another objective is

to search for geochemical evidence of the Toarcian Oceanic

Anoxic Event (T-OAE) in the Gordondale member or the

overlying Poker Chip Shale. Identification of this event is

necessary to constrain the impact of changes in global

ocean-redox conditions on depositional geochemical sig-

natures and thus aid with understanding geochemical dif-

ferences between the two hydrocarbon source rocks in this

region. Further analysis will include organic carbon-iso-

tope (ä13Corg) geochemistry to test this hypothesis, as ma-

rine sedimentary rocks of Toarcian age worldwide contain

negative ä13Corg excursions that mark the T-OAE. This pa-

per will highlight preliminary results of X-ray diffraction

(XRD), major-element (CaO, P2O5, TiO2 and Al2O3), mo-

lybdenum (Mo), uranium (U), rhenium (Re) and carbon

content (organic and inorganic) analysis and the use of

these results in identifying paleoredox and paleohydro-

graphic trends. Future research directions are discussed.
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Geological and Geochemical Background

Jurassic Strata of Northeastern BC

The basal Gordondale member of the Jurassic Fernie For-

mation in NEBC is an organic-rich, calcareous and variably

phosphatic black shale. The unit is recognized petrophysic-

ally by its high gamma-ray log response with a ‘doublet’

(dual gamma-ray peak) feature. The gamma peaks corre-

spond to units 1 and 3 of Asgar-Deen et al. (2004), or

units B and D of Ross and Bustin (2006). The Gordondale

member reaches thicknesses of up to 40 m over the

depocentre (north-northwest trend) and thins to the west

and east both depositionally and erosionally, although not

equally in either direction (Poulton et al., 1994). The

Gordondale member in NEBC ranges between 15 and 25 m

in thickness (Asgar-Deen et al., 2004) and is underlain by

the sub-Jurassic unconformity and truncated by progres-

sively older strata from west to east (Poulton et al., 1994).

The subsurface Gordondale member of NEBC is time

equivalent to the Red Deer Member, Poker Chip Shale and

Nordegg Member cherty-carbonate facies of the Alberta

foothills outcrop belt (Asgar-Deen et al., 2004). In NEBC,

the Gordondale member is typically underlain by the

dolomitic Triassic Pardonet Formation, which subcrops to

the east where the Gordondale member immediately over-

lies the older Triassic Baldonnel Formation dolomite. The

Gordondale member in NEBC is likely overlain by the

Toarcian Poker Chip Shale (Riediger, 2002). Figure 2 out-

lines the Jurassic stratigraphy in NEBC.

Deposition of the Gordondale member occurred during a

major marine transgression (Creaney and Allen, 1990).

Eustatic lowstand caused periods of restriction in the Gor-

dondale basin (Poulton et al., 1994) due to the presence of

physical sills, thus promoting the development of anoxic or

euxinic bottom-water conditions (Riediger et al., 1990;

Riediger and Bloch, 1995). Convergent tectonism (Colum-

bian orogeny) may have led to decreased ocean circulation

30 Geoscience BC Summary of Activities 2018: Energy and Water

Figure 1. Location of study area in northeastern BC, with core and outcrop locations from previous studies. The red star indicates
the location of the Progress HZ Altares c-B6-A/94-B-8 well (BC Oil and Gas Commission, 2018), core from which was examined in
this study; empty stars indicate core and outcrop locations that have been examined by other authors (Asgar-Deen et al., 2004;
Ross and Bustin, 2006; Kondla et al., 2017; Them et al., 2017a, b, 2018). Gordondale (formerly Nordegg) member coverage, transi-
tion to true Nordegg and subcrop are approximated from Asgar-Deen et al. (2004). The Poker Chip Shale can be found throughout
the area covered by the Gordondale (blue) and Nordegg (grey) members, and the subcrop is inferred to coincide with that of the
Gordondale member (Riediger, 2002).



by the development of a foreland basin. However, the tim-

ing of tectonic activity on the western margin of the basin is

still unclear. Middle Jurassic rock units exhibit signs of

convergent tectonism, but there is some speculation that

initiation of orogenesis may have occurred in the Early Ju-

rassic (e.g., Poulton et al., 1994; Panã et al., 2017). Riediger

and Coniglio (1992) suggested the emergence of a west-

ward landmass and development of a foreland basin in the

late-Early to Middle Jurassic, based on oxygen-isotope evi-

dence of westerly sourced meteoric water inflow to the

Gordondale basin. These restricted conditions promoted

the accumulation of large quantities of organic matter and

thus bacterial sulphate reduction, which provided excess

dissolved sulphide (with respect to Fe) to form pyrite and

sulphurized organic matter during deposition and early

diagenesis, particularly during periods of bottom-water

euxinia (Riediger and Bloch, 1995). Although support for

basin restriction has been demonstrated, Os- and Tl-isotope

data from Alberta foothills outcrop suggest that water ex-

change between the basin and open ocean occurred during

deposition of most of the Gordondale member and the

Poker Chip Shale (Them et al., 2017b, 2018), implying that

restriction was likely not severe.

Ross and Bustin (2006) noted a thin conglomerate at the

contact between the Gordondale member and the overlying

Poker Chip Shale in a NEBC core. In a review of the Poker

Chip Shale, Riediger (2002) described two units: Poker

Chip Shale A and Poker Chip Shale B. Poker Chip Shale A

is a calcareous black shale with total organic carbon (TOC)

content greater than 1%. Where it overlies Gordondale

member shales, the contact is conformable. Poker Chip

Shale B is not thought to be equivalent to the Poker Chip

Shale as described in its type area and has been noted to

disconformably overlie Gordondale member shales north

of Township 60. Poker Chip Shale B is a noncalcareous, py-

ritic shale with occasional bentonites and TOC usually less

than 1%, and was interpreted to be deposited in a more oxy-

genated setting, with anoxic conditions restricted to below

the sediment-water interface (Riediger, 2002).

Consensus on Poker Chip Shale units and boundaries has

not been achieved by previous investigators. For example,

Poker Chip Shale A (Riediger, 2002), Gordondale member

subunit 3A (Asgar-Deen et al., 2003) and Gordondale

member unit D (Ross and Bustin, 2006) may represent the

same unit (Ross and Bustin, 2007). As a firm distinction be-

tween the Gordondale member and Poker Chip Shale units

has not been established, this paper follows the correlations

of Ross and Bustin (2006) because their core and study lo-

cation in NEBC is relatively close to this study. The

Gordondale member and Poker Chip Shale are herein de-

fined as being separated by a coarser grained packstone unit

and an abrupt change from calcareous (Gordondale) to non-

calcareous (Poker Chip Shale) geochemistry.

Organic geochemistry and source-rock analysis for the

Gordondale member has yielded promising results.

Creaney and Allen (1990) documented its source potential,

citing type II sulphur-rich (II-S) kerogens and TOC content

up to 27%. Additionally, they noted that the Gordondale

member is within the oil window throughout much of the

basin but becomes overmature to the west. It was also sug-

gested that Gordondale hydrocarbons could be a constitu-

ent of updip accumulation (e.g., Creaney and Allen, 1990);

however Riediger et al. (1991) argued that much of its hy-

drocarbons remain in situ. These characteristics are consis-

tent with findings from recent high-resolution organic-geo-

chemical analysis of the Gordondale member in northwest-

ern Alberta (Kondla et al., 2017), with TOC values up to

13.6 wt. %, type I/II marine kerogens and diagenetic dis-

placive calcite inhibiting vertical migration of free, oil-

prone hydrocarbons. Riediger (2002) studied the organic

source-rock characteristics of the Poker Chip Shale

through northwestern to west-central Alberta, describing

the Poker Chip Shale Aand B units. Subsurface Poker Chip
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Figure 2. Jurassic stratigraphy in northeastern BC (Poulton et al.,
1994; Ross and Bustin, 2006). The Poker Chip Shale and the
Gordondale member are highlighted in orange and blue, respec-
tively. Grey areas represent hiatuses. Abbreviations: E, east; Fm.,
Formation; Gp., Group; K, Cretaceous; L, Lower; Mb., Member;
MS, mudstone; PkSt, packstone; StSt, siltstone; W, west.



Shale A strata have TOC contents of 1.0–2.5% and contain

oil-prone type II kerogens (Riediger, 2002).

Recent geochronology of the Gordondale member and

equivalent units to the south has provided ages for the upper

and lower contacts. Panã et al. (2018) performed Re-Os

geochronology on cores in northwestern Alberta. Organic-

rich shales from the base of the Gordondale member

yielded an isochron age of 192.0 ±1.4 Ma (near the Sine-

murian–Pliensbachian boundary), whereas shales from the

base of the Poker Chip Shale yielded an age of 182.0

±2.5 Ma (approx. Pliensbachian–Toarcian boundary).

These ages are in agreement with ammonite biostratig-

raphy (e.g., Asgar-Deen et al., 2004; Them et al., 2017a)

and U-Pb zircon ages (e.g., Panã et al., 2017). The thickness

of the dated interval was approximately 24.7 m, implying a

minimum average sedimentation rate for the Gordondale

member of 2.5 m/m.y.

Inorganic Geochemistry

Multi-element redox studies provide important informa-

tion on ancient bottom-water O2 levels, porewater chemis-

try and extent of basin restriction in terms of water ex-

change with the open ocean. Bottom-water conditions are

divided into oxic (>2.0 ml O2 per L water), suboxic (0.2–

2.0 ml O2 per Lwater) and anoxic (0 ml O2 per Lwater; after

Tribovillard et al., 2006). Additionally, anoxic waters can

be subdivided into ferruginous (0 ml O2 per L water, 0 ml

H2S per L water) or euxinic (0 ml O2 per L water, >0 ml H2S

per L water). Modern oceans are widely oxic; however,

there are several locations where anoxia and euxinia occur

either seasonally or year-round. Extensively studied mod-

ern anoxic basins include the Black Sea (eastern Europe),

Framvaren Fjord (Norway), Cariaco Basin (Venezuela),

Saanich Inlet (British Columbia) and eastern tropical-Pa-

cific open-ocean oxygen minimum zones along the Califor-

nia, Mexico and Peru continental margins. A shared feature

of these basins is their restriction from consistent deep-ma-

rine circulation by seasonal changes in circulation, geo-

graphic configuration and/or submarine sills. Sediment-

and water-column analysis in these basins has provided a

catalogue of the chemistry defining these environments

(e.g., Algeo and Lyons, 2006; Algeo and Tribovillard,

2009), which can now be compared with geochemical data

from ancient anoxic marine strata, such as the Gordondale

member, to identify similar past depositional settings.

Molybdenum is a trace metal with a low upper-crustal con-

centration of 1.5 ppm (McLennan, 2001) but is found in

abundance in oxic seawater (105 nmol/kg; Tribovillard et

al., 2006). Sediments deposited from well-oxygenated bot-

tom waters have low authigenic Mo enrichments that ap-

proach crustal concentrations. Modern sediments and sedi-

mentary rocks deposited from euxinic waters have

pronounced Mo enrichments (several tens to hundreds of

parts per million; Scott and Lyons, 2012) because molyb-

date converts to thiomolybdate and to particle-reactive

polysulphides that are removed to the sediments (Dahl et

al., 2013). Mild authigenic Mo enrichment can occur in ma-

rine environments where bottom waters are mildly oxygen-

ated to ferruginous and the sediment pore fluids just below

the sediment-water interface contain dissolved sulphide.

Molybdenum enrichment in sediments is further enhanced

if Fe-Mn oxyhydroxides are delivered to sediments. Ad-

sorption of molybdate to Fe-Mn oxyhydroxides can occur

in the oxic upper-water column and, upon deposition in

anoxic settings, the Mo species are desorbed once the Fe-

Mn particulates are dissolved. The released Mo can be cap-

tured by organic matter and sulphide minerals, thus

enhancing Mo enrichments in anoxic sediments (Tribov-

illard et al., 2006).

Scott and Lyons (2012) compiled Mo concentration data

for modern marine sediments. Sediments deposited under

non-euxinic bottom waters with active Fe-Mn oxyhydrox-

ide shuttles and porewater H2S have Mo concentrations

above crustal values but below 25 ppm. Sediments depos-

ited under year-round Mo-replete euxinic bottom waters

have Mo >100 ppm. Intermediate concentrations (25–

100 ppm) were linked to four possible nonexclusive condi-

tions: 1) seasonal euxinia, 2) high sedimentation rates (di-

lution effect), 3) depletion of aqueous Mo in restricted ma-

rine settings, and 4) pH effects. Alternatively, Scholz et al.

(2017) stated that intensely suboxic (i.e., nitrogenous) con-

ditions of the Peruvian margin oxygen-minimum zone have

Mo enrichments (~70–100 ppm) in sediments similar to

those found in euxinic basins. Hardisty et al. (2018) also

demonstrated that significant overlap in sediment Mo con-

centrations may occur under various redox conditions,

which may confuse interpretation of paleoredox environ-

ments. In all cases, alternative proxies should be used to

further strengthen interpretations in constraining the local

redox environment.

Uranium is a redox-sensitive trace metal that, like Mo, has a

low upper-crustal concentration (2.8 ppm; McLennan,

2001) and is present as dissolved uranyl carbonate com-

plexes in seawater with an average concentration of

13.4 nmol/kg (Tribovillard et al., 2006). Oxic sediments

have low U concentration, typically near crustal concentra-

tions. Unlike Mo, enrichment of U in anoxic environments

does not require the presence of free H2S (although enrich-

ment is not deterred by its presence) in the water column

and typically occurs within the sediment rather than at the

sediment-water interface (Tribovillard et al., 2006). Once

U is diffused into sediments, enrichment under anoxic con-

ditions is facilitated by abiotic or microbial reduction (e.g.,

sulphate/iron-reducing or fermenting bacteria; Stylo et al.,

2015) of U(VI) to U(IV), resulting in sedimentary U

>10 ppm (Partin et al., 2013). Uranium adsorption to Fe-

Mn particulates is much weaker than that of Mo (Algeo and
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Tribovillard, 2009). Uranium enrichments can correlate

with organic-matter content in sediments (McManus et al.,

2006). Other factors influencing U enrichments in sedi-

ments are the depth of O2 penetration below the sediment-

water interface, sedimentation rate and oxic remobiliz-

ation.

Like Mo and U, Re is a redox-sensitive trace metal with

very low upper-crustal abundance (0.4 ppb; McLennan,

2001; Sheen et al., 2018) but high seawater concentrations

(39.8 ±0.1 pmol/kg at 1σ1; Anbar et al., 1992). Oxic sedi-

ments do not show Re enrichments, but retain concentra-

tions near the crustal average. The main Re sink is anoxic

sediments, with Re typically >5.0 ppb (Sheen et al., 2018).

Euxinic sediments are a sink for Re, but its enrichment is in-

dependent of H2S availability, so no threshold for euxinia is

defined in terms of Re concentration (Sheen et al., 2018).

Rhenium adsorption to Fe-Mn oxyhydroxides is weak and

therefore not an important control on delivery of Re to sedi-

ments, and enrichment is thought to occur below the

sediment-water interface (Crusius et al., 1996).

In combination, Mo and U covariations show a relationship

with basin restriction and sediment trace-metal enrichment

mechanisms (Algeo and Tribovillard, 2009). Algeo and

Tribovillard (2009) examined this relationship by observ-

ing MoEF/UEF ratios (EF, enrichment factor; see ‘Methods’

section for calculation) in three anoxic-euxinic locations:

1) the eastern tropical Pacific (California, Mexico and Peru

margins), 2) the Cariaco Basin, and 3) the Black Sea. The

eastern tropical Pacific is a productive upwelling zone of

predominantly open-ocean characteristics but with local-

ized sills leading to partially restricted, euxinic deep-water

masses. Along these coasts, sediments exhibit a range of re-

dox environments from suboxic (marginal) to anoxic and

euxinic (basinal). The Cariaco Basin is a tectonic depres-

sion located off the coast of Venezuela in the Gulf of Mex-

ico with a sill at 120–150 m that weakly restricts deep-water

exchange with the open ocean, creating a mildly euxinic

bottom-water layer. An Fe-Mn–oxyhydroxide particulate

shuttle operates in the Cariaco Basin, delivering Mo to the

sediment-water interface and producing pronounced Mo

enrichments relative to U (because U removal to partic-

ulates is less efficient) and thus increased MoEF/UEF ratios

in sediments. The Black Sea is a highly restricted, perva-

sively anoxic, intensely stratified basin with a shallow sill

connecting it to the Mediterranean Sea that limits O2 pene-

tration in deep waters. High sulphate and organic-matter

fluxes lead to sustained microbial sulphate reduction and

scavenging of reactive iron by sulphide, resulting in eux-

inic bottom waters. Renewal times of deep-water masses in

the Black Sea are long (500–2000 years) compared to those

of the Cariaco Basin (50–100 years), which limits the re-

plenishment of aqueous chemical species. As drawdown of

redox-sensitive metals into euxinic Black Sea sediments

occurs, the water-mass trace-metal chemistry evolves to

lower aqueous concentrations. Due to the faster rate of re-

duction and removal of Mo from euxinic waters to sedi-

ments compared with U, the MoEF/UEF decreases over time

until steady-state conditions are achieved or aqueous

species are replenished (Algeo and Tribovillard, 2009).

The extent of basin restriction can be inferred from organic-

rich mudrocks deposited in restricted basins by the degree

of Mo enrichment normalized to TOC content (Algeo and

Lyons, 2006). Based on Mo and TOC concentrations from

four modern anoxic basins, Algeo and Lyons (2006) illus-

trated that the slope (m) of a Mo–TOC covariation trend in-

fers the relative extent of basin restriction, where a steep

slope (higher Mo/TOC) implies weaker restriction than a

shallow slope (lower Mo/TOC). Their study examined four

anoxic marine basins with varied water-exchange restric-

tion, from least to most restricted: 1) Saanich Inlet (m =

45 ppm/wt. %), 2) the Cariaco Basin (m = 25 ppm/wt. %),

3) Framvaren Fjord (m = 9 ppm/wt. %), and 4) the Black

Sea (m = 4.5 ppm/wt. %). Saanich Inlet is a small, season-

ally euxinic (annual renewal of deep-water mass) and silled

fiord located on Vancouver Island, connected to the Geor-

gia and Haro straits. Framvaren Fjord is a redox-stratified

basin with a very long and shallow sill (2.5 m depth) con-

necting it to the ocean via Helvikfjord and Lyngdalsfjord

(Algeo and Lyons, 2006).

Methods

Two sample sets have been collected and analyzed from the

45.7 m Progress HZ Altares c-B6-A/94-B-8 Jurassic cored

well drilled 75 km west of Fort St. John. The first sample set

(n1 = 45) was collected in 2016 and included XRD analysis,

which guided initial stratigraphic correlation and selection

of the second sample set (n2 = 46) in 2018. This second set

has been analyzed for major and minor elements, redox-

sensitive trace-metal concentrations and carbon content.

The cored well contains (from base to top): uppermost

Pardonet Formation, Gordondale member, Poker Chip

Shale and lowermost upper Fernie Formation shales. The

samples included rocks from the Pardonet Formation (n1 =

2; n2 = 3), Gordondale member (n1 = 21; n2 = 22), Poker

Chip Shale (n1 = 15; n2 = 19) and upper Fernie Formation

shales (n1 =7; n2 =2). The black shales of the Gordondale

member and Poker Chip Shale are the focus of the analysis.

X-ray Diffraction (XRD)

Analysis of the first sample set, including the XRD analy-

sis, was completed at Argile Analytica (Calgary, Alberta).

Bulk-analysis XRD was conducted on 1.5 g samples that

were crushed for 3 minutes in a Retsch ball mill and subse-

quently by hand in an agate mortar to homogenize grain

size. Sample powder was packed into a sample holder to
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avoid preferential orientation and scanned from 4° to 60°

2θ (where θ is the angle of the incident X-ray beam with a

crystallographic plane; Stefani, 2016).

Sample Collection and Preparation for
Elemental Analysis

The second set of core samples was collected at

Weatherford Labs (Calgary, Alberta) in January 2018.

Sampling was completed at ~1 m intervals, targeting black

shales where lithology was consistent; if rock type varied

over short intervals, each lithology was sampled. Several

features were avoided during sampling, including veins

(calcite or quartz), macroscopic pyrite nodules, fossils and

bedding contacts, to reduce the influence of diagenetic and

biological effects on depositional geochemical signals.

Samples were mainly black shales (i.e., dark, finely lami-

nated, fissile, organic-rich mudstone); however, other

rocks such as turbidites, ash beds and siltstones were col-

lected to derive geochemical information about back-

ground detrital sedimentation and volcanogenic contribu-

tions.

Bagged samples were photographed, catalogued and re-

turned to the University of Waterloo for analytical prepara-

tion. Samples were cut to remove unwanted material (e.g.,

core paint, chisel marks), manually crushed using a rubber

mallet and powdered using an automated ball mill with ag-

ate grinding jars to avoid metal contamination. Powdered

samples were separated into multiple aliquots for elemental

and carbon analysis.

Elemental Analysis

Powdered samples were weighed (100 ±20 mg per sample)

and ashed overnight at 550°C to oxidize organic matter.

Ashed powders were digested through iterative dissolution

in trace-metal grade HCl-HNO3-HF in a clean room at the

Metal Isotope Geochemistry Laboratory, Department of

Earth and Environmental Sciences, University of Water-

loo. Aliquots of sample solutions were diluted by factors of

6000 (for major, minor and most trace elements) and 400

(for Cd, Re and heavy rare-earth elements) for analysis on

an Agilent 8800 triple-quadrupole inductively coupled

plasma–mass spectrometer (QQQ-ICP-MS). An internal

standard solution of Sc, Ge, In and Bi was employed to

monitor and correct for instrument signal drift. A set of

multi-element calibration standards, designed to be repre-

sentative of black shale chemistry, was used to define cali-

bration curves for each element undergoing analysis. Each

element for a single sample was analyzed three times per

QQQ-ICP-MS session, providing an averaged concentra-

tion and relative standard deviation (RSD), which was typi-

cally less than 4%. Three shale standards (USGS SBC-1,

SDO-1 and SGR-1b) were prepared and analyzed in the

same manner as the core samples. During each analytical

session, these standards were analyzed multiple times to

verify instrument accuracy, which was determined to be

90–110% calculated as percent recovery compared to certi-

fied standard values. Procedural blanks were prepared with

the samples during dissolution to monitor background ele-

mental contamination levels. Blanks were typically less

than 0.01% of sample-element content. Replicate analysis

was completed for eight samples from splits of un-ashed

powder to monitor analytical precision. Reproducibility

was typically better than 5% on all elements; however, Re

was an exception with a mean reproducibility of 8%.

Enrichment Factors

Normalization of trace-element concentrations to a detrital

proxy was completed by calculating enrichment factors

(EF) to account for dilution by chemical/biochemical com-

ponents (e.g., opal and carbonate; equation 1). To avoid

spurious correlations, Van der Weijden (2002) outlined re-

quirements for using Al for EF normalization, including

1) the need for low Al RSD compared to the RSD of the

trace metal, 2) exclusion of samples with very low detrital-

mineral content, and 3) limited excess Al in relation to other

detrital elements such as Ti. The EF normalization com-

pares the ratio between a given trace-metal (X) and the Al

content in a sample to that ratio in a standard material or

rock type:

XEF = (X/Al)sample/(X/Al)standard (1)

An XEF of ~1 indicates negligible enrichment, values be-

tween 1 and 10 show slight enrichment, and values greater

than 10 show substantial enrichment relative to the stan-

dard. This scaling is also used to determine relative deple-

tion, where XEF between 1 and 0.1 indicates slight depletion

in the trace metal and values of less than 0.1 indicate sub-

stantial depletion. Two standard values were used for nor-

malization: 1) average upper continental crust (UCC) con-

centrations of McLennan (2001), and 2) Post-Archean

Australian Average Shale (PAAS) for direct comparison

with the MoEF–UEF covariation trends identified by Algeo

and Tribovillard (2009). Table 1 presents the UC and PAAS

values for the elements of interest in this paper.

Carbon Content

Forty-two of the 46 samples were analyzed for carbon con-

tent at the Agriculture and Food Laboratory, University of

Guelph. Excluded samples were the three volcanic-ash

beds and one Pardonet Formation sample that had inade-

quate sample-powder mass for analysis. Following the pro-

cedure described in Wang (2018), 1 g of powdered sample

was divided into two splits to determine total inorganic car-

bon (TIC) and total carbon (TC) contents. To measure TIC,

sample splits were ashed at 475°C for 3 hours to oxidize or-

ganic matter. They were then combusted in an Elementar

Vario Macro Cube CN catalytic combustor at 960°C; re-

sulting gases were measured using a thermal-conductivity

detector. Total carbon was measured in the same manner,
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but the splits were not ashed before analysis. Total organic

carbon is calculated as the difference between the TC and

TIC contents. Two shale standards (USGS SBC-1 and

SGR-1b) and two replicate samples were included for

analysis to verify accuracy and precision.

Results

The majority of the samples analyzed (n = 34) are black

shales of the Gordondale member (n = 18) and the Poker

Chip Shale (n = 16). Samples from the underlying Pardonet

Formation dolomitic siltstones (n=3), upper Fernie Forma-

tion fissile shales (n = 2), and volcanic ash beds (n = 3),

turbidites (n = 2) and siltstones (n = 2) within the Gordon-

dale member and Poker Chip Shale were also analyzed.

This paper focuses on the black shales of the Gordondale

member and Poker Chip Shale; interpretations for other

samples will be integrated with future work and will enable

identification of geochemical changes associated with

stratigraphic boundaries (Pardonet, upper Fernie), volcanic

inputs (volcanic ash beds) and local detrital composition

(turbidites and siltstones).

XRD Mineralogy and Major Elements

The first set of samples was analyzed for XRD mineralogy.

The analysis revealed an abrupt change approximately

midway in the core (~1575 m) from calcareous (high calcite

content) and variably phosphatic (variable apatite content)

below the contact to virtually calcite and apatite free and si-

liceous (quartz rich) above the contact. Based on the con-
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Table 1. Normalization standards for enrich-
ment-factor calculations: PAAS, Post-
Archean Australian Average Shale (PAAS)
concentrations from Tribovillard et al.
(2006); UCC, upper continental crust con-
centrations from McLennan (2001).

Table 2. Average XRD calcite, apatite and quartz mineralogy; concentrations of
major elements CaO, P2O5, TiO2 and Al2O3, and TiO2/Al2O3 ratio; trace-metal
concentrations and enrichment factors (EF); and total inorganic (TIC) and or-
ganic (TOC) carbon content in the black shales of the Gordondale member and
Poker Chip Shale.



tact ages given by Panã et al. (2018) and the position of the

Gordondale member interval in the core, from approxi-

mately 1595.8 to 1575.0 m (thickness of 20.8 m), Gordon-

dale member sedimentation occurred at a minimum

average rate of 2.1 m/m.y.

The second set of samples was analyzed for Ca, P, Fe, Ti,

Al, Mg, Na, K and Mn. Presented in this paper are the con-

centrations of the major elements CaO, P2O5, TiO2 and

Al2O3, as well as the TiO2/Al2O3 ratio (Table 2). The obser-

vation that all black shales have MnO concentrations well

below the crustal average concentration (0.08 wt. %;

McLennan, 2001) implies that the samples were exposed to

an anoxic water column and/or pore waters during and/or

following deposition (Tribovillard et al., 2006). Profiles of

the XRD mineralogy and major-element distributions are

illustrated in Figure 3. Calcium and P vary strongly through

the black shales in this core, where mean CaO content is

11.6 ±11.9 wt. % (1σ) and mean P2O5 content is 1.2 ±2.0

wt. % (1σ). Mean CaO and P2O5 contents in the Gordondale

member are 20.7 ±9.5 wt. % (1σ) and 2.0 ±2.5 wt. % (1σ),

respectively. Variability in P2O5 content of the Gordondale

member is still apparent, with two peaks at 1590.25 m

(P2O5 = 9.1 wt. %) and 1582.14 m (P2O5 = 7.0 wt. %) and a

minimum at 1584.18 m (P2O5 = 0.05 wt. %). Mean CaO and

P2O5 contents in the Poker Chip Shale are 1.4 ±0.7 wt. %

(1σ) and 0.2 ±0.1 wt. % (1σ), respectively, which are both

more than an order of magnitude lower compared to the

Gordondale member. Additionally, both Al2O3 and TiO2

show a steady uphole increase in concentration that corre-

sponds to the decrease in CaO and P2O5 and increase in

quartz content.

To evaluate the appropriateness of using Al for EF normal-

ization of redox-sensitive trace-metal contents, the RSD of

Al and the trace metals was calculated. The RSD for Al in

the black shale sample set is 50%, while trace metals re-

ported in this paper have RSDs ranging from 58% (Re) to

123% (Mo). Additionally, a cross-plot of TiO2 versus Al2O3

for the black shale samples shows a strong correlation (r2 =

0.91) and a mean of 0.043 ±0.008 (1σ; n = 34) that is near

the crustal average of 0.045 (McLennan, 2001). The crite-

ria noted in Van der Weijden (2002) for working with EFs

are met for this sample set.

Redox-Sensitive Trace-Metal Content

The elemental content and enrichment (XEF) of Mo, U and

Re were examined in detail (Table 2). The MoEF, UEF, and

ReEF values for the Gordondale member (Figure 4) are high

with respect to upper continental crust (EF >1) and typi-

cally strongly enriched (EF >10), with mean MoEF of 332.7

±354.9 (1σ; range = 22.4–1002.8), UEF of 20.1 ±16.0 (1σ;

range = 4.0–57.6) and ReEF of 1810.7 ±1122.2 (1σ; range =

501.4–4456.0). The magnitude of trace-metal enrichments

in the Gordondale member is highest at the base of the

member and steadily decreases toward the upper contact

with the Poker Chip Shale at ~1575 m. Trace-metal enrich-

ments in the Poker Chip Shale are smaller than in the

Gordondale member and do not vary as greatly, with mean

MoEF of 11.9 ±9.5 (1σ; range = 3.9–35.8), UEF of 2.0 ±1.0

(1σ; range = 0.9–4.0) and ReEF of 346.3 ±250.1 (1σ;

range = 110.9–1032.3). The interval in the Poker Chip

Shale containing samples 1562.93 m, 1563.90 m and

1564.28 m shows a slightly increased enrichment (MoEF =

12.8–35.8, UEF = 2.7–4.0, ReEF = 432.9–1032.3).

Carbon Content

The TOC and TIC contents were determined for the black

shales of the Gordondale member and Poker Chip Shale

(Table 2). The TOC contents for all black shale samples

ranged from 2.5 to 10.9 wt. %, with a mean of 5.3 ±1.8 wt. %

(1σ; n = 34; Figure 4). The TIC content ranged from 0.2 to

8.8 wt. % with a mean of 2.8 ±2.7 wt. % (1σ; Figure 3) and

is strongly and positively correlated with Ca content (r2 =

0.96) throughout the core, indicating that much of the TIC

is associated with Ca in carbonate. Mean TOC and TIC con-

tents for the Gordondale member are 6.2 ±2.0 wt. % (1σ)

and 4.9 ±2.2 wt. % (1σ), respectively. The Poker Chip

Shale has mean TOC and TIC contents of 4.2 ±0.8 wt. %

(1σ) and 0.5 ±0.3 wt. % (1σ), respectively.

Mo-U and Mo-TOC Covariance

Using a cross-plot of PAAS-normalized MoEF versus UEF,

ancient black shales can be compared to sediment data from

modern marine environments to infer the basin-restriction

regime, local redox conditions and presence/absence of an

Fe-Mn particulate shuttle. Figure 5 depicts the MoEF-UEF

covariation for the Gordondale member and Poker Chip

Shale. Astrong correlation between MoEF and UEFexists for

all samples from both the Gordondale member and Poker

Chip Shale (r2 = 0.80; n = 34). Individually, Gordondale

member samples show moderate correlation (r2 = 0.55; n =

18), whereas Poker Chip Shale samples show poor correla-

tion (r2 = 0.10; n = 16) between MoEF and UEF. When com-

pared to the modern environments studied by Algeo and

Tribovillard (2009), the black shales have a covariation

trend similar to that of sediments from the eastern tropical

Pacific. The Gordondale member is more enriched in both

Mo and U, and the mean MoEF/UEF is 7.1 ±4.5 (1σ), more

than two times greater than the weight average of 3.1 for

Mo/U in modern Pacific seawater. The Poker Chip Shale is

less enriched in Mo and U, and has a lower mean MoEF/UEF

of 3.8 ±3.1 (1σ).

Covariation between Mo and TOC (Figure 6) for the

Gordondale member yields a moderate slope (m = 24 ppm/

wt. %), whereas the Poker Chip Shale defines a shallow

slope (m = 4.9 ppm/wt. %). However, neither the Gordon-

dale member nor the Poker Chip Shale shows good correla-

36 Geoscience BC Summary of Activities 2018: Energy and Water



Geoscience BC Report 2019-2 37

Figure 3. Stratigraphic and lithological units; gamma-ray (GR) log; quartz (Qz), calcite (Cal) and apatite (Ap) XRD mineralogy; TiO2, Al2O3,
CaO and P2O5 concentrations; Ti/Al oxide ratio; and total inorganic carbon (TIC) in black shale samples of the Gordondale member and
Poker Chip Shale in the Progress HZ Altares c-B6-A/94-B-8 core. Average upper continental crust concentrations for the major-element
oxides are denoted (red dashed lines; McLennan, 2001). Other abbreviations: MS, mudstone; Pard, Pardonet Formation; PkSt,
packstone; StSt, siltstone; UFS, upper Fernie shales.



tion (r2 of 0.25 and 0.13, respectively), in contrast to data

from modern anoxic basins (Algeo and Lyons, 2006).

Preliminary Interpretations

First-Order Variations in Gordondale–Poker
Chip Shale Geochemistry

Geochemical analysis revealed that the Gordondale mem-

ber black shales are more enriched in Mo, U and Re than

shales in the overlying Poker Chip Shale. Hence, the

Gordondale member was likely deposited in an environ-

ment conducive to trace-metal enrichment in sediments,

such as lower bottom-water O2 levels, higher H2S levels or

higher water-mass trace-metal concentrations compared to

the Poker Chip Shale. This first-order trend to lower redox-

sensitive metal enrichments upsection in the core corre-

sponds to a decrease in calcite, apatite, TOC, CaO and P2O5

content from the Gordondale member to the Poker Chip

Shale. Poker Chip Shale Mo concentrations fall into the

lower (<25 ppm) and intermediate (25–100 ppm) bins of

Scott and Lyons (2012), indicating that any of several fac-

tors may have influenced the degree of Mo enrichment. The

contrast between the units implies major changes in the

depositional environment, which may include one or more

of the following conditions: enhanced detrital input or sedi-

mentation, local bottom-water redox variation, basin

restriction or global ocean-redox conditions.

The first possible explanation for the reduced enrichments

in the Poker Chip Shale is the apparent increase in the input

of siliciclastic material. This is observed through 1) a

change from calcite to quartz enrichment in XRD profiles,

2) an increase in Al2O3 and TiO2 contents upsection, and

hence 3) a potentially enhanced sedimentation rate for

siliciclastic material. All three may have had a dilution ef-

fect on the concentration of trace metals and TOC, resulting

in muted enrichments.

A strong correlation between the MoEF-UEF covariation

trend for the Gordondale member and Poker Chip Shale

(Figure 5) indicates that there may have been a stable and
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Figure 4. Stratigraphic and lithological units; gamma-ray (GR) log; trace-metal concentrations (black) and enrichment factors (EF; red) nor-
malized to upper continental crust of McLennan (2001) for Mo, U and Re; and total organic carbon (TOC) content in the Progress HZ Altares
c-B006-A/094-B-08 core. Grey fields represent sediment Mo concentrations where sulphidic porewater (PW H2S) and bottom-water (BW)
euxinia develop (Scott and Lyons, 2012), and sediment U concentrations for bottom-water anoxia from Partin et al. (2013). White field in Mo
track represents a transition zone between PW H2S and euxinia.Red dashed lines mark boundaries between slight depletion and slight en-
richment (EF = 1), and slight enrichment and substantial enrichment (EF = 10). All Re samples are substantially enriched (ReEF >10) and
represent anoxia (Re >5 ppb; Sheen et al., 2018), so no fields or dividers are presented. See Figure 3 for core-lithology legend. Abbrevia-



continuous redox transition from anoxic and/or euxinic

(Gordondale) to suboxic (Poker Chip Shale), similar to the

modern eastern tropical-Pacific margin (Algeo and Tribov-

illard, 2009). The mechanisms for the transition might in-

clude 1) a decrease in primary productivity, or 2) a transi-

tion from basinal to marginal deposition.

It is also possible that the aqueous chemistry began to

evolve due to intense drawdown of trace metals into the

sediments without replenishment from exchange between

deep water and the open ocean, such as occurs in a strongly

restricted basin like the Black Sea. A Mo-TOC covariation

diagram (Figure 6) helps to illustrate the extent of restric-

tion in the basin in which sediments were deposited.

Whereas both the Gordondale member and the Poker Chip

Shale have poor correlations between Mo and TOC con-

tents, a shallowing between their covariation slopes is ob-

served (mGordondale = 24 ppm/wt. %; mPoker Chip = 4.9 ppm/

wt. %), suggesting that the basin may have transitioned

from being weakly restricted, similar to the modern Cariaco

Basin, to strongly restricted, like the modern Black Sea. If

correct, this change toward strong restriction would pro-

mote intense drawdown of trace metals into anoxic seafloor

sediments while depleting the water column. This process

tends to lead to lower sediment MoEF/UEF ratios. A de-

creased MoEF/UEF ratio is evident between the Gordondale

and Poker Chip Shale members, with the latter having a ra-

tio less than half that of the former. If further evidence of in-

creased basin restriction is identified, this may indicate a

western landmass during the Early Jurassic through initia-

tion of a foreland basin (Riediger and Coniglio, 1992; Panã

et al., 2017) that inhibited communication between the

Gordondale and/or Poker Chip Shale basins and the open

ocean. However, the poor Mo-TOC correlation does not

provide a robust justification for these interpretations. The

low r2 values may be a result of dynamic changes in the

depositional environment or diagenetic processes (e.g.,

sedimentation rates, water-column pH, water-column Mo

concentrations, bottom-water redox conditions and/or over-

maturation).

Another factor to consider is the Toarcian Oceanic Anoxic

Event (T-OAE), which may have resulted in a global areal

increase in anoxic bottomwater conditions (Them et al.,

2018). The T-OAE is readily identified in core and outcrop

sections globally based on a distinct negative ä13Corg excur-

sion, but there are currently no C-isotope data available for

this core. This event may coincide with Poker Chip Shale

deposition in NEBC, given that the C-isotope expression of

the T-OAE was found in the lower Poker Chip Shale in Al-

berta (Them et al., 2017a, b, 2018). During the T-OAE, a

global drawdown of trace metals into an expansive area of

anoxic and euxinic sediments may have occurred. Hence,

the lower redox-sensitive metal enrichments observed in
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Figure 5. Covariation diagram for MoEF and UEF of the Gordondale
member (blue) and Poker Chip Shale (orange). Enrichment factors
(EF) are normalized to Post-Archean Australian Average Shale
(PAAS; Tribovillard et al., 2006). There is moderate correlation be-
tween Gordondale member samples (r

2
= 0.55) and poor correla-

tion between Poker Chip Shale samples (r
2

= 0.10) independently
(trends not depicted), but a strong correlation (r

2
= 0.80) exists be-

tween all black shale samples from both members (solid black
line). Modern marine redox trends for weakly restricted (e.g.,
Cariaco Basin), open-marine (e.g., eastern tropical Pacific) and
strongly restricted (e.g., Black Sea) basins are approximated from
Algeo and Tribovillard (2009). Modern Pacific seawater (SW) Mo/U
(weighted average = 3.1) is depicted at factors of 0.1, 0.3, 1 and 3
(black dashed lines).

Figure 6. Covariation diagram for Mo and TOC of the Gordondale
member (blue) and Poker Chip Shale (orange), superimposed on
trends for modern anoxic basins (Algeo and Lyons, 2006). The
Gordondale trend slope of 24 ppm/wt. % is similar to that of the
weakly restricted Cariaco Basin, whereas the Poker Chip Shale
slope of 4.9 ppm/wt. % is similar to that of the Black Sea. Correla-
tions are poor (Gordondale r

2
= 0.25, Poker Chip Shale r

2
= 0.13),

so the trends depicted are not definitive.



the Poker Chip Shale may not reflect strong basin restric-

tion, but rather a lower global oceanic reservoir of these

metals, if the T-OAE occurred during deposition of the

Poker Chip Shale (e.g., Owens et al., 2016).

Implications for Source-Rock Potential

From the geochemical analysis and preliminary interpreta-

tions completed thus far, the following can be said regard-

ing possible implications for the Gordondale and Poker

Chip Shale source-rock potential:

• The TOC contents in the black shales of both the

Gordondale member and the Poker Chip Shale support

enhanced source potential. The Gordondale member is

the more attractive unit, based on higher mean TOC of

6.2 wt. % (maximum of 10.9 wt. %), compared to the

Poker Chip Shale (mean TOC of 4.2 wt. %).

• Increased sedimentation rates may have occurred in the

Poker Chip Shale, thus diluting organic-matter concen-

trations.

• Open or weakly restricted basin conditions during depo-

sition of the Gordondale member suggest that anoxia/

euxinia was driven by increased primary productivity,

implying an enhanced nutrient supply (consistent with

higher TOC and P contents);

• Global expansion of anoxia and/or euxinia during the T-

OAE may have resulted in widespread conditions for or-

ganic-matter preservation, potentially including the

Poker Chip Shale.

Some limitations in this study area are the indication of

thermal overmaturity (Creaney and Allen, 1990) and exten-

sive structural deformation due to its proximity to the

Rocky Mountain deformation front. Additionally, type II-S

kerogens in the Gordondale member that have resulted

from euxinic conditions could pose a hazard during drilling

operations due to the presence and release of sour gas

(H2S).

Conclusions

A preliminary examination of XRD mineralogy and major-

element (CaO, P2O5, TiO2, Al2O3), trace-metal (Mo, U, Re)

and carbon (TOC, TIC) data was presented for one of the

very few continuous, full-diameter, Early Jurassic cores in

NEBC. The core covered the Gordondale member and

Poker Chip Shale of the Fernie Formation. The calcite/CaO

and apatite/P2O5 concentrations showed a significant de-

cline from the Gordondale member to the Poker Chip

Shale, indicating substantial changes to the depositional

environment, specifically increased siliciclastic and de-

creased carbonate sedimentation. Redox-sensitive trace-

metal concentrations suggest the Gordondale member ex-

perienced periodic water-column euxinia based on peaks of

Mo (>100 ppm) and anoxia (U >10 ppm and Re >>5 ppb).

The Poker Chip Shale did not exhibit such high metal con-

centrations. Four scenarios are proposed to explain the

lower metal enrichments in the Poker Chip Shale:

• Sedimentation rates increased with the input of silici-

clastic material, which had a dilution effect on the trace-

metal and TOC concentrations in the Poker Chip Shale.

• A transition of local bottom-water redox state from in-

tensely suboxic-anoxic and periodically euxinic (Gor-

dondale member) to dominantly suboxic (Poker Chip

Shale) conditions would be accompanied by less effi-

cient burial of redox-sensitive trace metals in sediments.

• Strong basin restriction with slow rates of deep-water

renewal depleted the stock of aqueous trace-metal spe-

cies following intense drawdown into euxinic sedi-

ments.

• Global drawdown of the trace-metal inventory from sea-

water to sediments occurred during the T-OAE, when the

area of bottom-water euxinia was expansive.

Paleoenvironmental factors such as primary productivity

and bottom-water redox conditions are linked to current

source-rock potential of the Gordondale and Poker Chip

Shale members. Gordondale member TOC indicates excel-

lent source-rock potential (up to 10.90 wt. %), while the

Poker Chip Shale has moderate source potential with TOC

up to 5.74 wt. %, mirroring the decreasing trace-metal con-

tent. Environmental changes likely had an effect on source

potential and may include an increased sedimentation rate

diluting organic matter/TOC, a shift in bottom-water redox

conditions from euxinic/anoxic to suboxic decreasing or-

ganic-matter preservation, or an extinction event due to

ocean anoxia (T-OAE) leading to the widespread decline in

primary productivity and organic-matter deposition. These

factors occur at local, regional and global scales, respec-

tively. Deduction of paleoenvironmental conditions from

detailed organic and inorganic geochemistry will aid in hy-

drocarbon exploration efforts, having implications for the

areal extent, quantity and quality of the source potential in

the Early Jurassic of NEBC.

Future Work

This paper focused on preliminary interpretation of geo-

chemical data for black shales of the Gordondale member

and Poker Chip Shale intersected in a core within the

Altares field of NEBC (Progress HZ Altares c-B6-A/94-B-

8 well). Analyses of these samples included more minor

and trace metals (including rare-earth elements) than are

discussed in this paper; these will be examined in the future

to provide a full picture of the paleoredox, paleoproduc-

tivity and paleohydrography of the stratigraphy covered in

the core. Sedimentary Fe-speciation data (Raiswell et al.,

2018) may also be acquired to provide independent con-

straints on local bottom-water redox conditions during de-

position. Additionally, organic carbon-isotope data will be

collected at the University of Waterloo’s Environmental
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Isotope Laboratory to search for the presence of the

Toarcian Oceanic Anoxic Event (T-OAE), which is marked

by a strong negative organic C-isotope excursion in sedi-

mentary rocks at other localities worldwide, including the

Poker Chip Shale in Alberta (e.g., Them et al., 2017a, b,

2018). This will not only provide information in the context

of the T-OAE but will also further constrain the age of the

core in NEBC if the excursion is present. Once C-isotope

analyses are completed, intervals of interest will be chosen

from which to complete higher resolution sampling and

geochemical analysis in early 2019.
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Introduction

The Triassic Montney Formation is the most significant gas

deposit in British Columbia (BC) and accounts for 59% of

the province’s total gas-in-place resource estimation (BC

Oil and Gas Commission, 2015). The Montney Formation

is a tight liquids-rich gas reservoir in northeastern BC with

a gas-in-place estimate of 55 642 billion cubic metres

(1965 tcf; BC Oil and Gas Commission, 2015). The

Montney Formation contains nonhydrocarbon gases such

as hydrogen sulphide (H2S) and carbon dioxide (CO2),

which create both an economic and health and safety im-

pact when developing the hydrocarbon play. Hydrogen sul-

phide in produced gas, even in trace amounts (i.e., ppm),

impacts the economics of drilling, production, treatment,

and marketing of gas and associated liquids. The occur-

rence of H2S in produced fluids is one of the most important

environmental hazards and risks to resource development.

The stratigraphic and lateral variation in H2S varies across

Montney gas play areas in BC and the distribution, in some

areas, can be inexplicable and there are multiple reasons

why H2S is present in some Montney Formation producing

wells. Hydrogen sulphide comes from mixed sources,

which include it being a product of 1) bacterial sulphate re-

duction; 2) thermal sulphate reduction; 3) kerogen crack-

ing; and 4) sulphide oxidation and/or decomposition of sur-

factants used for well completions. Understanding H2S

distribution is further complicated by the fact that H2S can

be produced in situ within the Montney reservoir or may

have migrated up-dip through more permeable parase-

quences within the formation or fracture networks.

To reduce the uncertainty of producing H2S from the Mont-

ney reservoir, the source and processes that generate H2S

need to be understood, which will require: a) mapping lat-

eral and stratigraphic distributions of H2S; b) determining

the sulphur isotopic composition of H2S gas as well as the

potential sulphur sources (kerogen, pyrite, anhydrite); and

c) determining the timing of souring (i.e., did H2S initially

spike then decrease or gradually increase over time?),

which will provide additional information on likely sources

of the H2S.

Preliminary Results

This research, initiated in summer 2018, began by mapping

the H2S distributions within the northern regional Montney

play area of BC (Figure 1). Using geoLOGIC systems ltd.’s

geoSCOUT version 8.8 GIS software, well search criteria

was set to identify Montney producers that have tested or

produced sour gas (presence of H2S). The Montney Forma-

tion is over 200 m thick within the study area and the au-

thors have informally subdivided the formation into the up-

per, middle and lower Montney Formation (Figure 2).

These subdivisions are based on the sequence-strati-

graphic–based boundaries of Davies et al. (2018).

Hydrogen Sulphide Distribution within the
Montney Formation

Atotal of 153 wells have been identified that either tested or

produced sour gas within the study area (Figure 3). The H2S

concentrations vary widely across the study area and range

from 24 000 ppm (2.4%) to <10 ppm. The presence of H2S

also varies stratigraphically with the majority of sour hori-

zontal wells being drilled in the upper and middle Montney

Formation (Figures 2, 4). Wells that have no H2S present

are referred to as sweet gas wells (green symbol, Figure 4).

Preliminary data indicate that wells that are drilled within

the top 100 m of the formation (upper Montney Formation,

upper portion of the middle Montney Formation) have a

higher risk of producing sour gas than the wells that are

drilled in the lower Montney Formation (i.e., >150 m below

the top of the formation). Migration of H2S gas may be the

reason for this observation but other processes cannot be

ruled out until further analyses have been completed to

identify the isotopic composition of sulphur and its poten-
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Figure 1. Location of the study area (red box) within northeastern British Columbia.
Cored Montney Formation wells are shown as blue well symbols. Data sourced from
geoLOGIC systems ltd. (2018).

Figure 2. Stratigraphy and log response of the
Halfway, Doig, Montney and Belloy formations
in well 200/C-078-C-094-H-05/00 (geoLOGIC
systems ltd., 2018). The Montney Formation is
informally subdivided into the upper, middle and
lower Montney Formation based on sequence
stratigraphic model of Davies et al. (2018). Ab-
breviation: TVD, total vertical depth.

Figure 3. Location map of wells
(only the red boxed area in Figure 1)
that penetrate the Doig and Mont-
ney formations that have H2S pres-
ent within the tested or producing
hydrocarbons, northeastern British
Columbia. Hydrogen sulphide con-
centrations vary from 24 000 ppm
(2.4%) to <10 ppm. Data sourced
from geoLOGIC systems ltd. (2018).
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Figure 5. Two examples of changing hydrogen sulphide (H2S) concentration through time. Preliminary investigation shows wells
(202/B-001-B-094-G-08/00 and 200/B-012-I-094-G-01; geoLOGIC systems ltd., 2018) with multiple sampling of H2S over time have in-
creasing H2S concentration over time or show no change in concentration.

Figure 4. Cross-plot of selected sour (red circles) and sweet (green circles) Montney Formation hori-
zontal wells with respect to their subsea total vertical depth (SSTVD) and their location within the
Montney Formation (depth from the top of the Montney Formation). There is a higher risk of Montney
Formation wells souring if the horizontal well is placed in the upper Montney Formation or the upper
portion of the middle Montney Formation compared to wells that are drilled into the lower Montney For-
mation (see Figure 2 for stratigraphy).



tial sources (i.e., kerogen, fracturing fluid, pyrite, anhy-

drite).

Time Series Analysis of H2S Concentrations

A preliminary investigation into the change in H2S concen-

tration over time has shown that for wells that have multiple

sample points through time, there is a general trend of in-

creasing H2S concentration (Figure 5) or no change in con-

centration. A more detailed investigation is being per-

formed to understand why the H2S concentration changes

over time.

Future Work

Inline samples from flowing Montney Formation wells are

being analyzed to determine the isotopic composition of the

sulphur from the H2S gas. Rock samples will also be ob-

tained from these wells to determine the sulphur isotopic

composition of kerogen, pyrite and anhydrite grains. Cur-

rently, a search for a suitable laboratory to perform these

measurements is being undertaken. Comparison of the

range of sulphur isotopic compositions will help determine

the sources of H2S and build a geological model for the

Montney play. This geological model will provide the in-

formation companies need to incorporate into their devel-

opment plans to reduce economic, health and environmen-

tal risks.

Conclusions

The study into the lateral and stratigraphic H2S distribution

within the Montney Formation in British Columbia began

in the summer of 2018. Preliminary results indicate that

wells that target the upper portions of the Montney Forma-

tion in the northern region of the Montney play are at a

higher risk of souring compared to wells that are placed in

the lower portions (i.e., lower Montney Formation).
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Introduction

Accurate determination of local magnitude (ML) for in-

duced earthquakes caused by fluid injection is a vital task

for regional seismograph network operators in the Western

Canada Sedimentary Basin (WCSB). Specific mitigation

measures are required by government regulations when the

induced events exceed a predefined ML threshold (Kao et

al., 2016). In case of an event with ML 4.0 or larger, regula-

tors in both British Columbia (BC) and Alberta issue sus-

pension orders to temporarily stop injection operations.

Richter (1935) proposed the first systematic measure of

magnitude using a small dataset from earthquakes in south-

ern California. It was based on the maximum zero-to-peak

horizontal amplitude of ground displacement, regardless of

the wave type, on the Wood-Anderson (WA) torsion seis-

mometer. This method of determining the magnitude is

given as

M A A SL = − +log( ) log( )0

(1)

where log (A) is the recorded WAamplitude, in millimetres,

whereas –log(A0) is the distance correction term for the re-

corded amplitude. In equation (1), S is a correction term for

each station, which is based on the average (over all events)

of deviations between ML at each station and event ML

(Richter, 1935). A positive value for S means that, on aver-

age, the station has a higher magnitude than the event mag-

nitude and vice versa. Richter (1935) obtained –log(A0) at

each distance by defining the zero magnitude at a distance

of 100 km. At this distance (ignoring the S term), the

ground-motion amplitude is 0.001 mm (log(A) of –3),

therefore –log(A0) would be 3. Since 1935, this method has

been extensively used around the globe. The aim of this

study is to preserve the method’s original configuration

(the type of sensor and the definition of zero-magnitude),

but amend it with region- and station-specific correction

terms (–log(A0) and S; Savage and Anderson, 1995; Bobbio

et al., 2009; Uhrhammer et al., 2011; Ottemoller and

Sargeant, 2013; Ristau et al., 2016). To preserve the origi-

nal sensor type, WA amplitudes are synthetically obtained

through deconvolution of the recording sensor’s instru-

ment response (non-WA sensors) from the recorded wave-

form and convolution with the WA-type instrument re-

sponse.

For WCSB, where widespread oil and gas activities have

caused a significant increase in the rate of seismicity in the

past decade (Atkinson et al., 2016; Babaie Mahani et al.,

2016), Natural Resources Canada (NRCan) follows the

original Richter approach to calculate the ML value of a

seismic event with two differences. First, NRCan uses the

vertical component instead of the horizontal components

(Ristau et al., 2003). Second, a window encompassing the S

phase is used and the maximum amplitude within this win-

dow is read from the synthetic WA seismograms (Ristau et

al., 2003). Even though the static magnification and damp-

ing ratio of WA sensors have been found by some research-

ers to be different than the ones assumed in Richter (1935),

NRCan uses the original values. Uhrhammer and Collins

(1990) showed that the damping ratio and static magnifica-

tion of WA sensors are 0.7 and 2080, respectively, which

are different than the values of 0.8 and 2800 reported by

Anderson and Wood (1925) and used by Richter (1935).

Using the static magnification of 2800 instead of 2080 will

result in a systematic overestimation of ML by an average of

0.13 unit (Uhrhammer and Collins, 1990; Bona, 2016). The

distance correction term was originally provided for the

epicentral distance range of 25–600 km (Richter, 1935), but

was later extended to 0 distance by Gutenberg and Richter

(1942). The problem with using the epicentral distance is

that it ignores the effect of focal depth, resulting in under-

and over-estimation at short and large distances (Boore,

1989), and therefore, hypocentral distance is a better

distance metric in the modification to the Richter’s distance

correction term for other regions.

For this study, several distance correction terms, which

were obtained for different regions including WCSB, are

compared. Using a database of WA amplitudes from

small-to-moderate earthquakes in northeastern BC and
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northwestern Alberta, a new distance correction term for

WCSB is also obtained to maintain NRCan’s magnitude

estimation routine.

Database and Methodology

The database used in this study includes the vertical com-

ponent of WA amplitudes from Visser et al. (2017), who

compiled a comprehensive earthquake catalogue for

WCSB for the period of 2014 to 2016. Over all, there are

4182 events from 39 stations with 18 918 WA amplitudes.

Figure 1 shows the distribution of events and seismograph

stations and Figure 2a and b shows the event and station ML

versus depth and hypocentral distance, respectively. In Fig-

ure 2, the event ML is the median of the station ML values.

The ML for each station was calculated from the vertical

component of WA amplitudes based on the Richter (1958)

distance correction term. For this study, the station ML val-

ues were not corrected for any site/station effect (S in

equation 1).

Although depth is a poorly constrained parameter in the re-

gional earthquake catalogues, the maximum depth of the

events is ~25 km. Therefore, events are all within the crust

(the crust thickness will be determined later in this section).

As observed by Yenier (2017) and shown in Figure 2b, the

station ML shows an increasing trend with distance pointing

out that the original distance correction term by Richter

(1958) is not suitable to account for the regional character-

istics of attenuation in WCSB. In Figure 2b the increasing

trend in station ML with distance can be visualized for an in-

dividual event: the August 17, 2015 induced event in the

northern Montney play of northeastern BC with moment

magnitude of 4.6 (star in Figure 2a; Babaie Mahani et al.,

2017). Visser et al. (2017) assigned a ML of 5 for this event.

Figure 3a shows comparison of –log(A0) versus hypocen-

tral distance from Richter (1958), Hutton and Boore

(1987), Brazier et al. (2008), Bona (2016) and Yenier

(2017). Whereas the Richter (1958) and Hutton and Boore

(1987) terms are for southern California, Brazier et al.

(2008), Bona (2016) and Yenier (2017) terms are for Ethio-

pia plateau, Italy and WCSB, respectively. These distance

correction terms were all obtained for the horizontal com-

ponent using hypocentral (Hutton and Boore, 1987; Bra-

zier et al., 2008; Yenier, 2017) and epicentral (Richter,

1958; Bona, 2016) distance metrics. Whereas Richter

(1958), Hutton and Boore (1987) and Bona

(2016) assumed a static magnification of 2800

for the WA sensors, Brazier et al. (2008) and

Yenier (2017) used a value of 2080. In Fig-

ure 3a, dots represent the observed WAampli-

tudes, which were normalized based on the

reference distance bin 90–110 km. For each

distance, amplitudes were divided by the geo-

metric mean of the amplitudes in the reference

bin. The data was then forced to pass through

0.001 mm (–log(A0) of 3 in Figure 3a) at

100 km distance.

Following Rezapour and Rezaei (2011), a

parametric equation for distance correction

term can be written as

( )− = × + × − +log( ) log ( ) .A n k RR
hypo

hypo
0

100
100 30

(2)

where Rhypo is hypocentral distance, and n and

k are the correction for geometrical spreading

and an elastic attenuation, respectively.

Equation (2) is written in such a way that for

the reference distance of 100 km, amplitudes

hold a value of 0.001 mm (–log(A0) of 3) to

maintain the consistency with the original

definition of Richter magnitude. From Fig-

ure 3a it is observed that Bona (2016) has the

highest correction for n whereas Brazier et al.

(2008) has the lowest (note the difference be-

tween the slopes of correction terms below
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Figure 1. Distribution of earthquakes and seismograph stations from Visser et al.
(2017) database used in this study. Stars are the earthquakes, triangles are the sta-
tions and squares are the cities and populated areas.



100 km distance). The n is 1.7 for Bona (2016) and 0.7 for

Brazier et al. (2008). The effect of n on the estimates of ML

can be seen from Figure 3b, which shows the average of the

difference between station and event local magnitudes (me-

dian from all stations) in equally log-spaced distance bins

versus hypocentral distance. Magnitudes were calculated

without the S term (equation 1). Except Brazier et al.

(2008), all other distance correction terms give low station

magnitudes at short hypocentral distance (<100 km) and

high station magnitudes at hypocentral distance >100 km

(Figure 3b). This is important for small-magnitude events

as these events are recorded at shorter distances than larger

events.

The result of combing and rearranging equations (1) and

(2) is

log( ) . log( ) ( )A n k R M SR
hypo L

hypo+ = − × − × − + − +∈30 100
100

(3)

where ∈ is the residual (observed minus predicted). The n,

k, ML and S parameters are obtained by constructing the lin-

ear inverse equation of d = Gm (Menke, 1984), where d is

observed data (log(A) + 3.0) and m is the model parameter

(n, k, ML, S) to be determined, G is the kernel matrix that re-

lates d to m. In solving for the model parameters, the correc-

tion term for each station (S), which repre-

sents the overall discrepancy in WA ampli-

tudes between stations located at different

site conditions, is obtained simultaneously.

Site effects are typically determined rela-

tive to a known site condition to avoid

trade-offs between source and site terms. In

this study, however, site conditions are un-

known for the recording stations. Thus,

correction factors are computed relative to

the average site condition by constraining

the S terms to attain zero when averaged

over all stations. This allows consistent ML

estimations with reduced overall scatter of

predictions across different stations

(Yenier, 2017).

In determination of –log(A0), the most im-

portant factor is the shape or functional

form of geometrical spreading attenuation,

which is characterized by n. Although at-

tenuation can be parameterized using a lin-

ear, bilinear or trilinear function, Babaie

Mahani and Atkinson (2012) found that al-

though the trilinear forms are statistically

preferred in many cases, the differences be-

tween the forms (linear, bilinear, trilinear)

are not sufficiently significant to prefer one

over another. For this study, a bilinear func-

tion was used to model the distance correc-

tion due to geometrical spreading. The bi-

linear function is simpler because one less

parameter needs to be determined in the inversion process

yet it is still complex enough to separate direct waves from

refracted or head waves travelling along the Moho

discontinuity.

Figure 4 shows the P-wave travel time versus epicentral

distance, which was obtained by manually picking the on-

set of the P-wave on the vertical component for selected

events with ML ≥3. Two wave types are shown in Figure 4.

The Pg is the direct P-wave, which travels within the crust

with velocity v0, whereas Pn is the head (refracted) P-wave,

which travels along the Moho discontinuity with upper-

most mantle velocity v1. From Figure 4, it can be seen that

the crossover distance xD is 200 km. The crossover distance

is the distance beyond which the first arrival waves are al-

ways head waves. Using the velocities v0 (6.5 km/s) and v1

(8.2 km/s), which are the reciprocals of the slope of the di-

rect and head P-wave travel times, and the intercept τ
(6.4 s), which is the head P-wave travel time at zero dis-

tance, the thickness of the crust (h0) can be estimated as

(Stein and Wysession, 2003)
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Figure 2. a) Event local magnitude (ML) versus depth and b) station ML versus
hypocentral distance. The ML values were calculated using the vertical component of
Wood-Anderson amplitudes based on the Richter (1958) distance correction term
without correcting for the station term (S in equation 1). Event ML is the median of sta-
tion ML values. Red star in a) is the August 17, 2015, induced earthquake in the north-
ern Montney play of northeastern British Columbia with moment magnitude (Mw) of
4.6 (Babaie Mahani et al., 2017). Red squares in b) show the station ML for this event

across recording distances.
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Equation (4) gives 33 km for the thickness of the crust. The

critical distance xc, below which the head waves disappear,

is obtained as (Stein and Wysession, 2003)
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In this case, xc is 85 km. Therefore, the bilinear function of

the form
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(6)

was used to model the effect of geometrical spreading, n,

where b1 and b2 are the coefficients to be determined.

Distance Correction Term for WCSB

Using the equations (3) and (6), model parameters (b1, b2, k,

ML, S) were obtained through the maximum likelihood esti-

mation. For this study, only those events with at least five

observations were used (1586 events with 12 000 WA am-

plitudes). Figure 5 shows ∈ versus hypocentral distance

and event ML (median of station ML values based on Rich-

ter [1958] distance correction term and without the S term).

Although data is sparse at close distances (Rhypo <10 km)

and larger magnitudes (ML >4), there are no trends in the re-

siduals with distance or magnitude, which means that the

inversion was successful assuming the functional forms for

the attenuation and geometric spreading. Therefore, in this

study, the distance correction term, –log(A0), for WCSB is

( )07974 00016 100 30
100

. log . ( ) .× + × − + ≤R
hypo hypo

hypo R R 85

( )
km

− × + × − + >01385 00016 100 30
100

. log . ( ) .R
hypo hypo

hypo R R 85 km

⎧
⎨
⎪

⎩⎪
(7)

Overall, the distance correction term (equation 7) appears

to work well at all distances and is similar to Brazier et al.

(2008; Figure 3).

Figure 6 shows event ML (median of station ML without the

S term) computed with the distance correction term ob-

tained in this study versus Richter (1958), Hutton and

Boore (1987), Brazier et al. (2008), Bona (2016) and Yenier
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Figure 4. Reduced P-wave travel time versus epicentral distance.
Abbreviations: h0, crust thickness; Pg, direct P-wave; Pn, head (re-

fracted) P-wave; τ, intercept; T, time; v0, velocity of direct P-wave
within the crust; v1, velocity of head P-wave within the mantle; xc,
critical distance; xD, crossover distance.

Figure 3. a) Distance correction term [–log(A0)] versus hypo-
central distance. Data is the normalized (Norm.) Wood-Anderson
(WA) amplitudes (amp.) in the reference distance bin 90–110 km.
Grey area shows the 95% confidence interval for –log(A0) obtained
in this study. b) Individual data points for this study and the average
of the difference between the station and event local magnitudes
(ML) in equally log-spaced distance bins, using –log(A0) from Rich-
ter (1958), Hutton and Boore (1987), Brazier et al. (2008), Bona
(2016), Yenier (2017) and this study, versus hypocentral distance.
The ML values were not corrected for the station term (S in equa-
tion 1). Event ML is the median of station ML values. Abbreviations:
B08, Brazier et al. (2008); B16, Bona (2016); HB87, Hutton and
Boore (1987); R58, Richter (1958); Y17, Yenier (2017).



(2017). The AVR M in Figure 6 is the average of the differ-

ence between ML values (ML from another study minus ML

from this study). Overall, ML values from this study are

lower than those obtained using –log(A0) of Richter (1958),

Hutton and Boore (1987), Brazier et al. (2008) and Bona

(2016) but higher than Yenier (2017).

To further analyze the difference between ML values,

the event ML was calculated from station ML (median of

station magnitudes without the S term) at different

distance bins (Rhypo ≤50 km, 50 km <Rhypo ≤100 km,

100 km <Rhypo ≤200 km, Rhypo >200 km) using the distance

correction terms obtained in this study and Yenier (2017).

In Figure 7, the difference between ML values ( M) from

Yenier (2017) and this study is plotted against ML values

from this study. Also plotted are the averages of M in

equally linear-spaced magnitude bins. The largest devia-

tion between this study’s ML values and Yenier (2017) val-

ues occurs when all stations are below 50 km for which the

ML values from Yenier (2017) are lower by an average of

0.27 unit. For larger distance bins, the values are more simi-

lar. The lower ML values from Yenier (2017) at short dis-

tances are due to the fact that Yenier (2017) assigned a

higher rate for the geometrical attenuation of ground-mo-

tion amplitudes for distances <100 km (1.4 for Yenier

[2017] versus 0.8 in this study).

Conclusions

Determination of an accurate local magnitude (ML) for in-

duced earthquakes requires adjustments to the region-spe-

cific distance correction term, –log(A0), in Richter’s (1935)

magnitude equation. When the maximum magnitude of in-

duced events is close to the threshold set by regulators to

suspend injections, having an accurate ML can have impor-

tant economic consequences for operators. For this reason,

a comprehensive catalogue of Wood-Anderson amplitudes

from earthquakes in the Western Canada Sedimentary Ba-

sin (WCSB) was used to analyze the –log(A0) term previ-

ously obtained for WCSB and several other regions. By as-

suming a bi l inear model for the a t tenuat ion of

ground-motion amplitudes, a new formula of –log(A0) was

obtained specifically for monitoring induced seismicity in

WCSB using Natural Resources Canada’s ML calculation

routine. This study’s correction term for distance is

( )07974 00016 100 30
100

. log . ( ) .× + × − + ≤R
hypo hypo

hypo R R 85

( )
km

− × + × − + >01385 00016 100 30
100

. log . ( ) .R
hypo hypo

hypo R R 85 km

⎧
⎨
⎪

⎩⎪

where Rhypo is the hypocentral distance. This study’s dis-

tance correction term results in lower ML values by an aver-

age of 0.29, 0.27, 0.12 and 0.34 units compared to those ob-

tained by Richter (1958; California), Hutton and Boore

(1987; California), Brazier et al. (2008; Ethiopia plateau)

and Bona (2016; Italy), respectively, when all distance

ranges are considered. However, it gives higher ML values

than those obtained by Yenier (2017; WCSB) by an average

of 0.12 unit over the distance range of 0 to 600 km. When

comparing this study to Yenier’s (2017) study, this differ-

ence in ML varies with Rhypo: 0.27 unit for Rhypo ≤50 km,

0 . 0 8 u n i t f o r 5 0 k m <R h y p o ≤ 1 0 0 k m, 0 . 1 2 f o r

100 km <Rhypo ≤200 km, and 0.10 for Rhypo >200 km.
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Figure 5. Residuals (observed minus predicted) of the inversion
process versus a) hypocentral distance and b) event local magni-
tude (ML). Squares are the mean of residuals in equally log-spaced
distance bins and equally linear-spaced magnitude bins and the
error bars are one standard deviation. The ML values were calcu-
lated using the vertical component of Wood-Anderson amplitudes
based on the Richter (1958) distance correction term without cor-
recting for the station term (S in equation 1). Event ML is the median
of station ML values.



52 Geoscience BC Summary of Activities 2018: Energy and Water

Figure 6. Event local magnitude (ML) computed from the distance correction terms obtained in this
study versus those obtained by a) Richter (1958; R58); b) Hutton and Boore (1987; HB87); c) Brazier et
al. (2008; B08); d) Bona (2016; B16); and e) Yenier (2017; Y17). The AVR M is the average deviation of
ML values (ML from another study minus ML from this study). The solid lines show the 1:1 agreement of
magnitude estimates. The ML values were not corrected for the station term (S in equation 1). Event ML

is the median of station ML values.
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Figure 7. Difference ( M) between event local magnitudes (ML) computed from the distance correction terms obtained in this study versus

those obtained by Yenier (2017; Y17) using stations in different hypocentral distance (Rhypo) bins: a) Rhypo ≤50 km; b) 50 km <Rhypo ≤100 km;

c) 100 km <Rhypo ≤200 km; and d) Rhypo >200 km. The AVR M is the average deviation of ML values (ML from Yenier [2017] study minus ML

from this study). The solid lines show the 1:1 agreement of magnitude estimates. Squares are the averages of M in equally linear-spaced
magnitude bins with the error bars showing one standard deviation. The ML values were not corrected for the station term (S in equation 1).
Event ML is the median of station ML values.
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Introduction

The limited availability of data to researchers is arguably

the greatest challenge to advancement of the understanding

of induced seismicity in Western Canada and hence to the

development of proactive mitigation schemes and frame-

works for hazard assessment. To address the data gap, a 15-

station array is being developed to densely monitor hydrau-

lic-fracturing operations in the Montney Formation. The

pre-existing accelerographs, which are now providing real-

time data to an online interactive platform, were deployed

to monitor two disposal wells and four hydraulic-fracturing

operations in the past year. Although no events have yet

been detected after 1.5 years by the station installed to mon-

itor a disposal in a seismically inactive area, 12 events were

recorded on the four-station array installed to monitor a dis-

posal in an active area. Single stations were deployed with-

in 3 km of the four completions, three of which were in seis-

mically active areas. No events were detected on the

smallest of the three operations, while four and six events

were recorded during the two larger operations. In total, 25

events were recorded during the deployments, with site-

corrected, peak ground accelerations (PGAs) ranging from

0.027%g to 0.23%g. The real-time ground-motion parame-

ters are calculated for the geometric mean of the horizontal

components, which are then corrected to a reference site us-

ing correction factors calculated during post-processing.

For events located by the NRCan network or the local oper-

ator-deployed array, the corrected PGAs were plotted ver-

sus hypocentral distances. A good fit between the data and

the prediction models was demonstrated by Babaie Mahani

and Kao (2017). The dataset was also used to confirm the

completeness threshold.

In order to detect smaller events and to facilitate locating

events and calculating magnitudes in real time, one of the

stations was upgraded to include a three-component (3C),

4.5 Hz geophone. This paired station was recently de-

ployed to a seismically active area, where it is co-located

with a long-term station and two temporary stations. The

four accelerometers were installed at different depths (30,

60, 90 and 120 cm) in order to test the impact of burial depth

on the response spectra. Additional ongoing work includes

the addition of algorithms to the online portal for real-time

calculation of hypocentres and magnitudes. Following test-

ing of the paired station, geophones will be added to the

other stations and the entire array will be deployed to

densely monitor hydraulic-fracturing operations on three to

five multilateral wellpads. The datasets will then be inte-

grated into three-dimensional (3-D) hydro-geomechanical

models to address the study’s objectives, summarized by

Bustin and Longobardi (2017).

Station Design

The design for this low-cost, mobile, easy-to-install station

was modified from the early earthquake detectors devel-

oped by the Earthquake Engineering Research Facility

(EERF) at The University of British Columbia and installed

in BC schools for the Earthquake Early Warning System

(Azpiri, 2016). The units are powered by a solar panel with

an absorbent glass mat (AGM) deep-cycle battery. For

long-term and distant stations, two solar panels and three

batteries were used for backup. Advanced RISC (reduced

instruction set computer) machine (ARM) processors run-

ning Linux, which are stored within protective (weather-

and animal-proof) cases, run the system, while the data are

stored on ultra–high-capacity USB drives. The protective

case also encloses a global positioning system (GPS) for

timing and station location. Telemetry is currently provided

by cellphone modems with antennas and, in some cases,

machine-to-machine (M2M) cellphone boosters to im-

prove the signal. Satellite M2M systems are currently being

investigated to provide telemetry in more remote locations.

The solar panels are mounted on an aluminum frame that

was designed in house, which has recently been upgraded
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to include a raised, covered shelf to enclose the protective

case and batteries off the ground.

The commercial, 3C, microelectromechanical systems

(MEMS) accelerometers are enclosed in sealed tubes, 50–

80 cm in length and 7.5 cm in diameter, that are buried be-

neath surficial alluvium with a shovel to depths of 30–

120 cm. To improve the detection, location and magnitude

calculation of events, the stations are being augmented with

commercial, 3C, 4.5 Hz geophones. The geophones are

shallowly buried in conical, 15 cm long enclosures. The

first of these paired stations was recently deployed for test-

ing.

The raw data are collected and stored at 250 Hz for the ac-

celerometers and 500 Hz for the geophones. When a

ground motion is recorded above a set threshold, an alert is

emailed and the data are transferred to the online, interac-

tive platform (dashboard). The platform can then be used to

plot the accelerations and calculate the ground-motion pa-

rameters for the event. The raw data are first run through a

0.1 Hz, high-pass, 4th order, Butterworth filter. The maxi-

mum amplitude for the peak ground acceleration (PGA) is

then determined for the vertical component and the geo-

metric mean of the horizontal components. The filtered ac-

celeration data are integrated to velocities, which are then

further integrated to displacements. The peak ground ve-

locity (PGV) and peak ground displacement (PGD) are

then determined for the vertical component and the geo-

metric mean of the horizontal components. Additionally,

the spectral intensity (SI), which provides a measure of the

damage potential to structures by events, is calculated ac-

cording to Rosenberger (unpublished report, 2010). The

study defines SI as the maximum velocity of two, 20%

dampened, single-degree-of-freedom systems with reso-

nant frequencies of 1.5 s and 2.5 s. An example of an event

recorded by one of the stations, displayed on the dashboard,

is shown in Figure 1. Additional algorithms are currently

being developed for real-time calculation of magnitudes,

hypocentres and shake maps.

A simple amplitude threshold is being used for event detec-

tion. More sophisticated autodetection techniques were in-

vestigated (for a summary, see Li et al., 2018); however, the

heavy contamination of the recordings at all stations from

large-amplitude animal and anthropogenic noise makes

auto-discrimination of seismic events difficult. In particu-

lar, seismic events recorded on single stations are difficult

to discriminate from noise when the amplitudes are close to

the digital noise (0.2 cm/s2 for geometric mean of the hori-

zontal components and 0.4 cm/s2 for the vertical compo-

nent). During dense deployments, a stacked local similarity

function will be used for real-time discrimination of

seismic events to ensure detection of smaller events.

Dataset

During the past year, the accelerographs were deployed to

monitor two disposal wells, one in an active area of induced

seismicity, and four hydraulic-fracturing completions,

three of which were in an active area of induced seismicity.

While a four-station array was deployed to monitor the dis-

posal in the active area, single-station deployments were

used to monitor the other operations. In addition to sites ob-

tained through operator agreements, stations are also cur-

rently deployed at research sites and on a private ranch.

Although no events have yet been detected after 1.5 years

by the station installed to monitor the disposal in a seismi-

cally inactive area, 12 events were recorded by the four-sta-

tion array during its 6 months of operation. One event was

recorded on three stations and three events were recorded

on two stations. The event recorded by three stations in the

array was the largest magnitude event reported by Natural

Resources Canada (NRCan) from the Canadian National

Seismograph Network (CNSN) stations during the deploy-

ment. The three events detected on two stations and five

events detected by single stations were not reported by

NRCan, while three other events detected by single stations

were reported by NRCan. Two events reported by NRCan

were missed by the four-station array (discussed further in

the ‘Magnitude of Completeness’ section). All events re-

corded by both the study’s array and the NRCan network

have magnitudes between 2 and 3, and hypocentral distan-

ces between 10 and 14 km.

No events were detected during the first hydraulic-fractur-

ing operation monitored this year, which was the smallest

of the three operations in the seismically active area. The

station was deployed for two months following the comple-

tions, in which time eight events with Mw > 1.5 were re-

corded on the local, operator-deployed (local) array in the

area. The two largest events were recorded by the study’s

station, the largest of which was also reported by NRCan.

During pre-completion monitoring, the two events were

also detected by the station that was deployed for the sec-

ond operation. Five out of the six Mw > 1.5 events and one

event with Mw < 1.5 recorded by the local array during the

second completion were detected by the study’s station.

One of the five events with Mw > 1.5 recorded on the local

array during the third operation was not detectable above

the digital noise.

In total, 25 events were recorded during the deployments,

with pre–site-corrected PGAs (for geometric mean of hori-

zontal components) ranging from 0.035%g to 0.29%g. Ex-

amples of typical 3-axis acceleration data for events re-

corded by the study’s stations are shown in Figure 2.
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Site Corrections

The measured PGAs were corrected for each event to a ref-

erence site-class with a time-averaged shear-wave velocity

over the top 30 m (Vs30) of 760 m/s using the amplification

factors from Seyhan and Stewart (2014). In the first step,

the response spectral acceleration (PSA) was calculated at

frequencies of 0.1–100 Hz for the geometric mean of the

horizontal components and the vertical component. The

spectral ratio of the horizontal to vertical components (H/

V) was then calculated for each event, following which the

H/V ratios were log-averaged for each station. The H/V

spectral ratios calculated for the study’s stations are shown

in Figure 3. The fundamental frequency (fpeak) was then de-

fined as the frequency at the peak H/V amplitude. Using the

correlation of Hassani and Atkinson (2016), Vs30 values

were estimated from fpeak for each station with recorded

events. The class for each site could then be determined

from Vs30 based on the classification of the National Earth-

quake Hazards Reduction Program (NEHRP), which could

then be used to determine the PGAcorrection factor (FPGA).

The Vs30, fpeak, site class and FPGA for the study’s stations are

shown in Table 1. Following correction, the PGAs for the

25 recorded events range from 0.027%g to 0.23%g. The

corrected PGAs, as well as the event magnitude and hypo-

central distance when available, are shown in Table 2.

Attenuation

The site-corrected PGAs versus hypocentral distances for

seismic events recorded by the study’s stations were over-

lain on the data and predictive models presented for the

Montney Formation by Babaie Mahani and Kao (2017).

The results, which are plotted in Figure 4, show that the

datasets are consistent; however, the predictive model for

area (a) slightly underestimates the study’s data.

Magnitude of Completeness

To investigate the magnitude of completeness for the sen-

sors, the magnitude was plotted versus hypocentral dis-

tance in Figure 5 for events that were detected by one or

more of the study’s stations (blue) and events that were not

detected (red). The results indicate that M > 1.5 events are

consistently detected within 5 km and M > 2 events within

10 km of one of the stations. It is not possible to comment

on the detection threshold for events with M < 1.5 because

many smaller events are currently being missed by the sim-

ple amplitude threshold and single-station deployments.

Three events stand out on Figure 5: one M ≈ 1.5 event with

hypocentral distance of <1 km and two M ≈ 2 events at dis-

tances of ~5 km. A denser array would have been required

to discriminate the cause of the lower-than-expected

ground motions recorded for these events. A possible ex-

planation is that the source radiated asymmetrically with a

minimum axis in the direction of the study’s stations.
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Figure 3. Log-averaged spectral ratio of horizontal to vertical components (H/V) versus frequency for each of the study’s stations with re-
corded seismic events.

Table 1. Values of Vs30, fpeak, site class and FPGA for the
study’s stations with recorded seismic events.



Depth of Burial

To investigate any possible effects that depth of burial of

the study’s sensors might have on recorded ground mo-

tions, four sensors were installed very recently at different

depths (30, 60, 90 and 120 cm) at a single site in a seismi-

cally active area. The 90 cm station is the new paired sta-

tion, while the 60 cm station is a long-term station already

located at the site. The sensors are a maximum of 5 m apart,

with the 30 and 90 cm sensors and the 60 and 120 cm sen-

sors being within 1 m of each other. While waiting for an

event, a test was performed in which a steel I-beam was

struck several times with a sledgehammer at a distance of

~15 m from the stations. Due to the short distance between

the tests and the stations, the difference in amplitudes (pre-

sented in Table 3 for a typical test) results from the varying

source-receiver distance and not the depth of burial.

Summary

The study’s accelerographs, which are now providing real-

time data to an online interactive dashboard, were deployed

to monitor two disposal wells and four hydraulic-fracturing

operations in the past year. Twenty-five events were re-

corded during the deployments, with site-corrected PGAs

for the geometric mean of the horizontal components rang-

ing from 0.027%g to 0.23%g. These values are consistent

with the data and prediction models previously presented

for the Montney Formation. The study’s first paired station

with both a 3C accelerometer and a 3C geophone was re-

cently deployed for testing, and algorithms are being devel-

oped for use with the dashboard to locate events and calcu-

late magnitudes in real time. Additional ongoing work

includes a study testing the impact of sensor burial depth on

recorded ground motions.
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Table 2. Site-corrected PGAfor each seismic
event recorded by the study’s stations, as
well as event magnitude and hypocentral
distance when available.

Figure 4. Site-corrected PGAversus hypocentral distance for seis-
mic events recorded by the study’s array, with events of
2.5 < M < 3.5 plotted as red dots (a) and those of 1.5 < M < 2.5 plot-
ted as blue dots (b) on figures from Babaie Mahani and Kao (2017).
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Figure 5. Magnitude versus hypocentral distance for events that were detected by one or
more of the study’s stations (blue) and events that were not detected (red).

Table 3. Comparison of PGA
(PGAh, geometric mean of hori-
zontal components; PGV, vertical
component) from a typical I-beam
test for the four stations co-lo-
cated with different depths of
burial.
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Introduction

Tectonic earthquakes occur due to failure of critically

stressed faults. The source of stress perturbation could be

natural or anthropogenic. Anthropogenic sources of stress

perturbation include solid-matrix stress transfer and pore-

pressure enhancement that could result from enhanced hy-

drocarbon recovery and wastewater injection. In the last

few decades, several studies have shown a clear correlation

between reservoir stimulation and seismicity (e.g., Schultz

et al., 2015; Atkinson et al., 2016). The fluid-injection op-

erations increase fault loading rate to levels above tectonic

loading rate. This mechanism reduces recurrence intervals

and produces earthquakes with moment magnitude up to

Mw 5+ (e.g., 2016 Mw 5.8 Pawnee, Oklahoma earthquake;

United States Geological Survey, 2016). The recent in-

crease in seismicity related to anthropogenic activities in

northeastern British Columbia (BC) and western Alberta

(e.g., Atkinson et al., 2016) necessitates a better understand-

ing of the fault-rupture processes for adequate seismic-risk

assessment. The source properties, such as stress drop and

fault-plane solution of earthquakes, provide insight into

crustal-stress conditions and delineate ‘blind’ faults and

possible amplitude of induced ground motion.

This project involves monitoring seismicity near hydrau-

lic-fracturing sites in northeastern BC through a data-ac-

quisition campaign employing nine temporary broadband

and two permanent Canadian National Seismograph Net-

work (CNSN) stations (Figure 1). The continuous waveform

data are scanned to detect earthquakes, including events that

are below the detection threshold of the current permanent

seismic stations of CNSN around the study area. Fault-

plane solution and stress drop of the events are determined

from further analysis of the data to delineate seismotectonic

structures and infer crustal stresses and their orientation(s),

relative fault maturity and ground-motion potential.

Methods

Fault-Plane Solution

Fault-plane solutions are determined by fitting a suite of

synthetic waveforms, precalculated for ~35 000 possible

moment-tensor solutions using a 1-D velocity model, to ob-

served data. To infer the moment-tensor solutions, a boot-

strap-based full moment-tensor probabilistic-inversion

scheme (Grond), with capability to infer moment-tensor

solution of small earthquakes recorded by a sparse seismic

network, is used to determine fault-plane solutions (Dahm

et al., 2018). Synthetic waveforms, precalculated using

Qseis code (Wang, 1999), are fit to recorded waveforms to

determine the best fault-plane solution.

Stress Drop

Stress drop (i.e., the difference between initial and final

stress on a fault following an earthquake) is calculated by

analyzing observed data in the frequency domain. An

earthquake waveform is a convolution of source term, in-

strument term and path term (i.e., velocity structure be-

tween source and instrument locations). To isolate the

source term, the instrument and path terms must first be re-

moved. The spectral ratio of co-located events with magni-

tude difference ≥1 is computed to determine their relative

source term; proximity of event pairs are quantified by their

cross-correlation values. The spectral-ratio approach is used

to infer parameters such as corner frequency (a measure of

the source duration) and seismic moment (a measure of en-

ergy), hence stress drop. The spectral ratios are fit to deter-

mine corner frequency of the larger event, as well as the

smaller event if resolvable, and their relative seismic mo-

ment using the expression

where the m and e superscripts refer to the main event and

empirical Green’s Function (eGF) event, respectively, and
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Ω0 is the long-period spectra amplitude, f is frequency, fc is

corner frequency, n is the spectra falloff rate and γ is a factor

that controls the shape of the corner (Boatwright, 1978;

Hartzell, 1978).

Results and Next Steps

Preliminary fault-plane solutions highlight failure on faults

oriented roughly northwest-southeast from northeast-

southwest regional maximum horizontal compression

(Figure 1), possibly exerted by the subduction of the Pacific

Plate beneath the North American Plate.

The next steps involve refinement of the velocity model us-

ing a tomography technique. The refined velocity model

would further constrain the moment-tensor solutions. The

python script for the spectral-ratio analysis is almost com-

pleted and testing will begin in the coming months. This

project will be completed by mid-2019 as part of the lead

author’s graduate research and published in the lead

author’s thesis.
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Introduction

GHGMap is a research and development project focusing

on developing and testing new instrumentation and ap-

proaches to measure atmospheric greenhouse gases

(GHG). The new consortium of Geoscience BC, Geochem-

ical Analytic Services Corporation, NASA/Jet Propulsion

Laboratory (JPL) and InDro Robotics Corp. has developed

the capability to provide detailed, unmanned, aerial, re-

gional and site surveys of GHG.

The consortium has developed a system that uses the com-

bined technologies of a state-of-the-art open-path laser

spectrometer (OPLS), developed by NASA/JPL (Christen-

sen, 2014), deployed on a specialized small unmanned ae-

rial vehicle (UAV; Figure 1; Whiticar et al., 2018). This

OPLS/UAV platform can measure trace levels of GHG in

the atmosphere, including methane, ethane and carbon di-

oxide. This system is ideal for the detection, quantification

and source differentiation of GHG emissions and budgets

because of the extreme detection sensitivity of the OPLS

(parts per billion); the high measurement frequency (10 Hz)

of the sensor; the small size, weight and low power con-

sumption of the sensor; and the precise operation and

navigation of the UAV.

This novel monitoring capability permits verifiable identi-

fication, control and quantitation of emissions (e.g., well

and/or pipeline integrity, landfills, feedlots, etc.) and moni-

toring of mitigation operations. The initial program focuses

on major GHG emitters in western Canada (i.e., British Co-

lumbia, Alberta, Saskatchewan; Whiticar et al., 2018), but

is expanding to private sector enterprise both nationally

and internationally.

A critical exclusive feature of the OPLS/UAV platform is

that it can fly close to (<1 m) and hover over identified

anomalies, with real-time flight-path and navigation capa-

bilities (Figure 2). In concert with the methane (CH4) mea-

surements, simultaneous wind direction and speed mea-

surements can also be made by sonic anemometry.

The data collected is stored on the OPLS and sent in

real-time to the receiver station for the drone control

(Whiticar et al., 2018). The high precision navigation on

the drone allows repeatable positioning of the UAV within

50 cm and extremely reduced flying altitude (~1–10 m) in

contrast to helicopter or fixed-wing aircraft surveys

(>150 m). These high precision, close proximity measure-

ments by the OPLS/UAV platform combined with the low

flight velocities (1–3 m/s) permit increased and precise de-

tection capabilities (Figure 2). These are unparalleled by

other methods, such as handheld monitors, land-vehi-

cle–mounted mobile sensors, manned aircraft or satellites.

The OPLS/UAV platform is now mature and has been de-

ployed over a wide range of methane emitters (Whiticar et
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Figure 1. GHGMap’s open-path laser spectrometer (OPLS) on a
small unmanned aerial vehicle (UAV).



al., 2018). In 2016 and 2017, initial OPLS/UAV test sur-

veys were successfully conducted over several natural gas

distribution and pumping facilities, gas well sites, a landfill

and a sewage treatment plant. A summary of the basic tech-

nology and these results has been published in Whiticar et

al. (2018). This paper discusses a further application of the

OPLS/UAV platform, namely the ability to detect leaks

from surficial and buried natural gas pipelines.

Pipeline Survey Demonstration Locations

With the generous support of AltaGas Utilities Inc.

(AltaGas), the GHGMap team was invited to demonstrate

the OPLS/UAV technology along their high pressure natu-

ral gas pipeline in Alberta (Figure 3). The tests were con-

ducted in November 2017 with temperatures at approxi-

mately –5°C. The first test involved a small, short,

controlled release of natural gas on the AltaGas property.

AltaGas then chose two segments of their buried high pres-

sure natural gas pipeline for further testing (Figure 4). At a

point along each of the two segments, there was a con-

trolled natural gas release point established by AltaGas.

The GHGMap team did not know the locations of these two

releases beforehand. The natural gas is predominantly CH4

(>95%), so the test was well-suited to the OPLS CH4 sen-

sor. The launch points and approximated survey path are in-

dicated in Figure 4. Although the OPLS/UAV platform

could fly for greater than 2 km (~15 min) in these cold tem-

peratures, the flights were set to approximately 10 min or

~1 km total flight distance (out and back). In warmer

temperatures (approx. >5°C), the flight time increases to

~45 min.

Pre-Survey Calibration Release Test

As an initial, pre-survey check, AltaGas set-up a small,

controlled release of natural gas on their Alberta property.

This limited, surface release test was to calibrate the UAV

navigation and verify that the OPLS could detect CH4 prior

to the fieldwork. This successful test is illustrated in Fig-

ure 5, which is a time series plot of the UAV altitude (red

line) and the OPLS CH4 concentration (black line). For the

first half of this test (38 090–38 190 s), the drone was sta-

tionary, as indicated by the altimetry, and approximately

50 m from the point of the small CH4 release. During this

time the CH4 concentrations measured by the OPLS were

generally low. However, there were some minor kicks of el-

evated CH4 concentrations during this time period, sug-

gesting the presence of a gas leak in the vicinity. The detec-

tion of these CH4 concentrations that were higher than

background levels likely depended on the wind direction

and strength. At approximately 38 190 s (Figure 5), the

UAV rose to ~150–350 cm above the ground as it traversed

across the AltaGas property. As the

UAV passed the controlled emis-

sion point on the two transects

(approx. 38 230 and 38 300 s, Fig-

ure 5), the CH4 spiked to values up

to 15 ppm, which is approximately

10 times the tropospheric CH4

background levels. This controlled

natural gas release demonstrated

that the OPLS/UAV system could

readily detect and localize a small

surficial gas leak.

Natural Gas Pipeline
Release Surveys

Four individual flights were made

by the OPLS/UAV platform at the

two AltaGas buried pipeline loca-

tions and a total of 23 445 discrete
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Figure 2. GHGMap’s open-path laser spectrometer/unmanned
aerial vehicle (OPLS/UAV) platform surveying at a gas distribution
plant, Victoria region, British Columbia.

Figure 3. Survey map of AltaGas Utilities Inc. pipeline testing area, Alberta. The red line shows
the location of the buried, high-pressure gas pipeline. The red squares show the two launch
points of the open-path laser spectrometer/unmanned aerial vehicle (OPLS/UAV) platform for
the test surveys. Abbreviation: pt, point.



methane (CH4) measurements

were taken (Table 1). The weather

was approximately –4°C, with

clear conditions and firm winds

predominantly from the west

(0–4.7 m/s, mean = 1.57 m/s; Fig-

ure 6). A detailed map of the actual

f l i g h t p a t h s f l o w n b y t h e

OPLS/UAV at each of the loca-

tions 01 and 02 is shown in Fig-

ure 7. Two flight segments were

made at each of the locations.

The minimum CH4 value mea-

sured was 1.58 ppm and the high-

est was 25.8 ppm, which is more

than 16 times higher than normal

tropospheric CH4 background lev-

els (Table 1). The mean CH4 con-

centration was 2.61 ppm with a

standard deviation of 0.95 ppm. As

anticipated, the vast majority of

the CH4 measurements revealed

concentrations that were at, or

close to, the expected background

t r o p o s p h e r i c C H 4 l e v e l o f

~1.8 ppm. This is illustrated in

Figure 8a and b with the histo-

grams of measured CH4 concen-

t r a t i o n s ( 1 . 5 – 4 p p m a n d

4–30 ppm). Table 1 also reveals a

strong skewness and kurtosis to

the CH4 distributions at the two lo-

cations. The strong skewness is

also evident in the unidirectional

tails of CH4 concentration in the

histograms. Similarly, the proba-

bility plot (Figure 8c) clearly

shows the single-ended tailing of

methane to higher concentrations.

The importance of elucidating the

CH4 distributions is to determine thresholds for the classifi-

cation and delineation of background and anomalous CH4

values. Using this information, the following categories for

CH4 concentration were defined:

1) background, 1.6 to <2.5 ppm CH4 (blue colour);

2) elevated, 2.5 to <4.0 ppm CH4 (green colour);

3) anomalous, 4.0 to <10.0 ppm CH4 (orange colour);

4) highly anomalous, ≥10.0 ppm CH4 (red colour).

Pipeline Release Location 01 (Flights 01, 02)

The location 01 surveys were conducted over an open har-

vested grain field. The ground was frozen and had a light

snow cover (Figures 9, 10). As illustrated in Figure 6, the
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Figure 4. Detailed locations of two AltaGas Utilities Inc. (AltaGas) pipeline test leak detection
surveys, Alberta. The red line shows the location of the buried, high-pressure gas pipeline. The
red squares show the two launch points of the open-path laser spectrometer/unmanned aerial
vehicle (OPLS/UAV) platform for the test surveys. The two controlled natural gas release points
set by AltaGas are marked by X. Abbreviation: pt, point.

Figure 5. Small, controlled natural gas release at AltaGas Utilities Inc., Alberta. The red line is
the altitude of the unmanned aerial vehicle (UAV). The black line is the methane concentration
detected in real-time by the open-path laser spectrometer (OPLS).

Table 1. Statistics of methane concentration measurements for lo-
cations 01, 02 and all four flights combined, at AltaGas Utilities Inc.,
Alberta.



wind during flights 01 and 02 was firm and steady from the

west and southwest at up to 5 m/s (18 km/h). The highest

gusts were approaching the operational limits of a light

UAV.

The 11 479 discrete CH4 measurements by OPLS at loca-

tion 01 generally had low concentrations, i.e., <4.0 ppm

CH4, with a mean value of 2.64 ppm CH4 and a standard de-

viation of 0.913 ppm (Table 1). Figure 11 shows that the

two flights (01 and 02), for the most part, revealed back-

ground levels of CH4. However, at the location of the con-

trolled natural gas release, significantly elevated levels of

CH4 were detected, up to 26 ppm. The moderately high val-

ues directly to the north of the release point reflect the

strong winds (Figure 6) that rapidly dispersed the CH4

plume.

Figure 12 shows an aerial view of the OPLS/UAV platform

survey tracks (black line) for location 01, flight 02, proxi-

mal to and directly at the controlled release point. The CH4

concentrations during the survey are represented by the

coloured points in the figure, with cooler colours represent-

ing higher concentrations. The figure also shows the an-

emometry wind vectors to the anomalous CH4 concentra-

tion (i.e., above CH4 background levels) points in flight 02.

These vectors show the wind directions and speeds at the

time of the CH4 measurement. The real-time measurement

combination of the wind direction and strength with the

CH4 concentration permits a back-trajectory calculation of

the natural gas plume anomaly to the source.

Time series plots of the CH4 concentrations and the flight

altitude of the OPLS/UAV platform for location 01, flight

02, are shown in Figure 13. The strongly delineated points

of higher CH4 concentrations clearly demonstrate the abil-

ity of the OPLS/UAV platform to make precise and spa-

tially focused measurements in real time. The figure also il-

lustrates a critical advantage of the drone-based

measurement strategy. By flying the OPLS/UAV platform

at different altitudes, not only can the horizontal distribu-

tion and footprint of CH4 plumes be surveyed, but also the

vertical distribution. Figure 13 indicates that the anomalous

CH4 concentrations measured at close to ground level

(~1–2 m) are not observed at higher altitudes, up to 20 m.

This indicates that the anomalous CH4 plume is essentially
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Figure 6. Windroses of wind directions and velocities at a) location
(loc) 01 and b) location 02, at AltaGas Utilities Inc. (AltaGas), Al-
berta. The data refer to the direction the wind blows from, i.e., pre-
dominantly from the west.

Figure 7. Detailed flight location paths of four pipeline test leak de-
tection flights at locations 01 and 02, at AltaGas Utilities Inc., Al-
berta.



restricted to ground level and dissipates very rapidly at

higher elevations.

This altitude dependence of the CH4 concentration anom-

aly is clearly observed in Figure 14. Most of the elevated

CH4 values are at ground level. The small number of hits at

5 and 8 m were measured downstream of the plume release

point.

Pipeline Release Location 02 (Flights 03, 04)

Analogous to location 01, the location 02 test survey con-

sisted of two flights (03 and 04) over frozen fields with a

light snow cover (Figure 15).The winds during flights 03

and 04 were <2.5 m/s (<10 km/h), which is substantially

lower than at location 01 (Figure 6). The dominant wind di-

rection was still from the west, but there was considerably

more directional variability than at location 01.
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Figure 8. Measured methane (CH4) concentrations at lo-
cations 01 and 02 (combined), at AltaGas Utilities Inc., Al-
berta: a) histogram of 1.5–4 ppm range, b) histogram of
4–30 ppm range and c) probability plot .

Figure 9. Photograph of survey field containing the buried,
high-pressure natural gas pipeline at location 01, at AltaGas Utili-
ties Inc., Alberta.

Figure 10. Photograph of open-path laser spectrometer/un-
manned aerial vehicle (OPLS/UAV) platform at location 01 survey
site, at AltaGas Utilities Inc., Alberta.
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Figure 11. Overview of methane concentrations for location 01, flights 01 and 02, at AltaGas Utili-
ties Inc., Alberta. The warmer (orange/red) colours indicate anomalously higher methane concen-
trations (significantly above background levels for methane).

Figure 12. Overview of methane concentrations and wind vectors for location 01, flight 02, at
AltaGas Utilities Inc., Alberta. The cooler colours indicate anomalously higher methane concentra-
tions (above background levels for methane). The black line is the open-path laser spectrome-
ter/unmanned aerial vehicle (OPLS/UAV) platform survey track.



There were 11 970 discrete CH4 measurements taken dur-

ing the two flights at location 02 (flights 03, 04). Both

flights generally returned low background CH4 concentra-

tions, <4.0 ppm (Table 1), similar to that measured at loca-

tion 01. The mean CH4 value was 2.59 ppm with a standard

deviation of 0.976 ppm (Table 1). The mapping of the CH4

concentrations to the flight track is shown in Figure 16. The

two flights 03 and 04 results were dominated by back-

ground values for CH4. However, at the place of the con-

trolled natural gas release, signifi-

cantly elevated levels of CH4 were

detected, up to 25 ppm, again simi-

lar to location 01. The dispersion of

the CH4 plume at location 02 was

less pronounced than at location

01.

Figure 17 shows the aerial view of

location 02 with the OPLS/UAV

platform survey tracks for flight

04, with the CH4 concentrations

overlain at each point. The figure

shows the location of the elevated

CH4 concentrations at the con-

trolled release point. The anoma-

lous CH 4 concentra t ions are

flagged by colour, with cooler

colours (blue) indicating higher

CH4 concentrations.

Time series plots of the CH4 con-

centrations and the flight altitude of

the OPLS/UAV platform for location 02, flight 04, are

shown in Figure 18. The times when the CH4 concentra-

tions were substantially higher than the CH4 background

levels can easily be observed. As at location 01, the

OPLS/UAV platform can clearly and quickly pinpoint the

areas of higher emissions and hence leaks. The higher CH4

concentration measurements are restricted to lower flight

altitudes (<5 m). Vertical profiling, seen in Figure 18, re-

vealed that elevated CH4 was only observed at close to

ground level. This finding of anomalous CH4 only at or be-

low 5 m is also substantiated by the plot of CH4 concentra-

tion with altitude (Figure 19).
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Figure 13. Time series plot of methane concentrations (black line) and open-path laser spec-
trometer/unmanned aerial vehicle (OPLS/UAV) platform altitude (red line) for location 01, flight
02, at AltaGas Utilities Inc., Alberta.

Figure 14. Relationship of methane concentration to the altitude
(determined by light detection and ranging [LiDAR] measure-
ments) of the open-path laser spectrometer/unmanned aerial vehi-
cle (OPLS/UAV) platform at the time of measurement, location 01,
at AltaGas Utilities Inc. (AltaGas), Alberta.

Figure 15. Photograph of survey field containing the buried,
high-pressure natural gas pipeline at location 02 (flights 03 and
04), at AltaGas Utilities Inc., Alberta.
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Figure 16. Overview of methane concentrations for location 02, flights 03 and 04, at AltaGas Utili-
ties Inc., Alberta. The warmer (orange/red) colours indicate anomalously higher methane concen-
trations (significantly above background levels for methane).

Figure 17. Overview of methane concentrations for location 02, flight 04, at AltaGas Utilities Inc.,
Alberta. The cooler colours indicate anomalously higher methane concentrations (above back-
ground levels for methane). The black line is the open-path laser spectrometer/unmanned aerial
vehicle (OPLS/UAV) platform survey track.



Summary and Conclusions

The GHGMap team was able to conduct a total of five

flights at three locations during a single afternoon of test-

ing. A total of 23 445 discrete CH4 measurements were

made at two locations by the novel OPLS, combined with

the small UAV platform over the course of the testing. This

enormous number of data points coupled with the parts per

billion (ppb) sensitivity of the OPLS allows for a high de-

gree of confidence in identifying and reporting anomalous

CH4 concentration levels, which are higher than the atmos-

pheric background levels.

Elevated CH4 concentrations of up

to 26 ppm (location 01, flight 02)

were detected by the OPLS/UAV

platform at the above-ground re-

lease and at both of the buried pipe-

line locations. Due to the highly

constrained vertical dispersion of

the CH4 plumes, due to the windy

conditions, it is unlikely that vehi-

cles operating at higher altitudes

(e.g., fixed-wing, helicopter, etc.,)

would have been successful in de-

tecting the plume under the weather

conditions on that day.

Th i s e ffec t ive measurement

method offers high personnel

safety as a small UAV surveys the

site as opposed to people with monitors. This method also

reduces the potential exposure of people to gas leaks as well

as hazards associated with activities such as climbing,

walking, etc.

Despite the very positive results, it is felt that the OPLS op-

erated at suboptimum levels (noise and detection limits)

during the surveys. In comparison with previous calibra-

tions and tests at gas plants and wells, the instrument was

somewhat less sensitive. The team identified that the issue

is largely due to the cold environmental conditions. As a re-

sult, the team changed the OPLS hardware after the survey

to allow it to operate as expected at subfreezing tempera-

tures. Changes are also being made to better and perma-

nently integrate the OPLS with the UAV (power, communi-

cation, navigation). As a consequence, it is expected that

the system will perform better in the future.

Based on these demonstration results, there is confidence in

this new technology and the logistics for deployment. It is

anticipated that further testing on pipelines and controlled

releases will move ahead quickly. It is also expected that it

will be possible to initiate service operations that provide

efficient and effective OPLS/UAV platform surveys to cli-

ents in the oil and gas industry with fugitive greenhouse gas

emission measurement and monitoring needs.
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Figure 18. Time series plot of methane concentrations (black line) and open-path laser spec-
trometer/unmanned aerial vehicle (OPLS/UAV) platform altitude (red line) for location 02, flight
04, at AltaGas Utilities Inc., Alberta.

Figure 19. Relationship of methane concentration to the altitude
(determined by light detection and ranging [LiDAR] measure-
ments) of the open-path laser spectrometer/unmanned aerial vehi-
cle (OPLS/UAV) platform at the time of measurement, location 02,
at AltaGas Utilities Inc. (AltaGas), Alberta.
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Introduction

Natural gas is a combustible fossil fuel of marketable value

composed mainly of methane (CH4). It is also a source for

chemical derivatives such as feedstock to the plastics in-

dustry (Hunt, 1996). Natural gas emissions are a large com-

ponent of the natural and artificial greenhouse gas budget

(Whiticar, 1990, 1993; Khalil, 2000; Archer, 2009, 2010).

The production of natural gas is a focus for economic de-

velopment in the province of British Columbia (BC), in-

cluding the development of liquefied natural gas exports

(BC Ministry of Energy, Mines and Petroleum Resources,

2012a–c; BC Government, 2018; BC Ministry of Environ-

ment and Climate Change Strategy, 2018). In the last ten

years, there has been a shift of commercial natural gas pro-

duction in northeastern British Columbia (NEBC) to un-

conventional natural gas reservoirs (Hayes, 2018). These

unconventional reservoirs can be hosted by a variety of

stratigraphic formations and often require advanced com-

pletion technologies to yield economic volumes.

The British Columbia Natural Gas Atlas (BC-NGA) was

initiated as a three-year project to collect samples and data

on molecular composition (MC) and stable isotope ratio

(ISO) geochemistry of natural gas (Evans and Whiticar,

2017) from wells in NEBC (Evans and Hayes, 2018, Fig-

ure 1). New analyses of the samples was undertaken by the

Biogeochemistry Facility at the School of Earth and Ocean

Sciences (BF-SEOS), University of Victoria, under con-

tract with Geoscience BC.

The primary objective of the project is the collection, inter-

pretation and dissemination of data through a publicly ac-

cessible website. The resulting information would be syn-

thesized into a series of maps and well profiles of MC and

ISO data collected from gas tests, including mud gas col-

lected during drilling. Many of the samples were collected

as part of the regulatory requirements of the BC Oil and Gas

Commission (2015, 2016).

Background

A geological framework for NEBC, published as the Con-

ventional Natural Gas Play Atlas (BC Ministry of Energy,

Mines and Petroleum Resources, 2006a–c), formed the

foundation upon which the geochemistry data from this

project were correlated (Evans and Hayes, 2018), but it did

not include any geochemistry data. The BC Oil and Gas

Commission requires geochemistry data from natural gas

wells in BC to be publicly available; there are hundreds of

reports available via download from the BC Oil and Gas

Commission’s website. A consolidated Geoscience BC da-

tabase is planned to facilitate the dissemination of data

from this project.

The study area is in NEBC and is part of the Western Can-

ada Sedimentary Basin (Mossop and Shetsen, 1994). The

sedimentary rocks form a thick stratigraphic package span-

ning thousands of metres of thickness and hundreds of mil-

lions of years. Within this stratigraphic column are hydro-

carbon reservoirs that have been developed as a source for

oil and gas production (BC Ministry of Energy, Mines and

Petroleum Resources, 2006a–c). New unconventional hy-

drocarbon targets have been identified: the Horn River sub-

basin (BC Ministry of Energy, Mines and Petroleum Re-

sources, 2011), the Montney play (BC Oil and Gas Com-

mission, 2012; BC Ministry of Energy, Mines and Petro-

leum Resources, 2013a), the Cordova Embayment (BC

Ministry of Forests, Lands, Natural Resource Operations

and Rural Development, 2015) and the Liard sub-basin

(Ferri et al., 2017).

Natural gas is predominantly methane (CH4, labelled C1)

with smaller amounts of ethane (C2H6, labelled C2), pro-

pane (C3H8, labelled C3), butane (C4H10, labelled nC4),

isobutane (C4H10, branching and labelled iC4) and often

sour gas (hydrogen sulphide or H2S). All sedimentary strata

in NEBC contains organic material of some form and con-

centration, which has been the source for much of the natu-

ral gas. These gases are, by definition, biogenic, because

they are sourced from organic material irrespective of mi-

crobial activity or thermogenic processes. Biogenic natural

gas can be divided into two subcategories: microbial natu-

ral gas, which is gas sourced from organic activities, and

thermogenic natural gas, which is gas produced by buried

organic material altered by both pressure and temperature.
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Interpreting isotopic data of hydrocarbon compounds as

the ratio of the stable isotopes of 13C/12C and 2H/1H pro-

vides an indication of petroleum source and migration

(Tissot and Welte, 1984; Rashid, 1985; Hunt, 1996). These

data are visually presented in the form of Bernard and CD

diagrams (e.g., Evans and Whiticar, 2016), crossplots

(δ13C1 versus δ13C2; δ13C2 versus δ13C3; after Whiticar,

1999), plus Lorant and Prinzhofer diagrams (Prinzhofer

and Battani, 2003).

The use of basic software is intentional. Using off-the-shelf

software on a laptop was intended to demonstrate that not

only the data are accessible for everyday users, the interpre-

tation also does not require sophisticated hardware or soft-

ware.

Data Sources

Gas samples from the petroleum industry gas wells were

collected by an operating company and sent to the BF-

SEOS for MC plus ISO analysis. The results were reported

to the operating company with the understanding that a re-

port would be submitted by them to the BC Oil and Gas

Commission. Parallel analyses were completed by other

labs with results sent to the BC Oil and Gas Commission

and held under the confidentiality period for the wells. Dur-

ing 31 months, just less than 200 gas samples from mud-gas

on three wells and production gas from 20 wells were sub-

mitted to BF-SEOS. Table 1 lists the samples submitted and

the sample count.

Data Analysis and Results

The first step in the analysis was to confirm that the samples

were representative of the reservoir fluids and not affected

by more recent microbial or thermal exposure. Anomalous

trends were determined and flagged as possible problem lo-

cations, but none of these map points or well profiles had

isotopic data associated with them. Mud-gas samples were

assumed to be a representative indication of the reservoir

isotopes (Tilley and Muehlenbachs, 2006, 2013), despite

inherently being contaminated by the atmosphere while

drilling. Data previous to this study (Tilley and Muehl-

enbachs, 2013; Norville, 2014) have not been submitted to

the BC Oil and Gas Commission.

Data collected and analyzed are geographically widely

variable due to the specific focus of exploration and devel-

opment activities undertaken by oil and gas companies. As

such, widespread contouring of data presents specific prob-

lems due to data clustering and gaps. As a result, it was de-

cided to avoid data contouring and instead use only repre-

sentative ‘coloured pins’ to post raw data on the maps.

These maps are available on the Geoscience BC website

(http://www.geosciencebc.com/s/2015-013.asp). Detailed

gas composition profiles will be presented in the author’s

thesis (Evans, 2018). Figure 1 shows a detailed gas compo-

sition profile for well with well authorization (WA) number

32990 (YOHO HZ INGA 11-24-087-24, unique well iden-

tifier [UWI] 00/11-24-087-24W6/0).

Figure 2 is a crossplot (after Whiticar, 1994; after Tilley and

Muehlenbachs, 2013) for the example well profile

(WA#32990) by the BF-SEOS. Many of the deeper sam-

ples shift ‘downward’ on the graph to isotopically 13C de-

pleted methane.

The isotopic shift of δ13C1 (methane) in hydrocarbon-bear-

ing horizons has been observed in other samples as well.

Figure 3a and b are crossplots of all horizontal wells in the

Montney play. There is a distinct shift in the apparent δ13C1

baseline away from the anticipated response of the kerogen

in Figure 3a (δ13C1 versus δ13C2), whereas the δ13C2 and

δ13C3 appear to be within normal distribution of the kero-

gen in Figure 3b (δ13C2 versus δ13C3; after Whiticar, 1994).

The new data from BF-SEOS and the Montney play data

plot off trend of the data from similar diagrams (Tilley and

Muehlenbachs, 2013). If this is an indication of a consistent

kerogen shift, the previously used Bernard and CD dia-

grams for NEBC (e.g., Norville, 2014) should be adjusted.

Further analysis using nitrogen and helium data (e.g.,

Whiticar, 1994) should be undertaken.

78 Geoscience BC Summary of Activities 2018: Energy and Water

Table 1. List of gas samples submitted to the Biogeochemistry Facility at the School of Earth and Ocean
Sciences (BF-SEOS), University of Victoria, with new analyses completed for stable isotope ratio data. Ab-
breviation: SCVF, surface casing vent flow.



If analysis of postmigration methane generation by Wood

and Sanei (2016, cited in Evans and Hayes [2017]) is con-

sistent with results from this study, another interpretation

technique using the Lorant and Prinzhofer diagrams

(Prinzhofer and Battani, 2003) is required to explain this

variation. The Prinzhofer diagram (Figure 4a) is only based

on molecular composition as a crossplot of ratios (C2/C3

versus C2/iC4), but it illustrates a trend toward thermo-

genic processes. The Lorant diagram (Figure 4b) is an ex-

pression of an isotopic difference (δ13C2–δ13C3) compared

to a molecular composition ratio (C2/C3) and infers that

‘secondary cracking of oil and gas’is the dominant process.

The trend to having migrated oil undergoing secondary

cracking to methane may explain the shift downward to

lighter kerogens that was originally seen in the BF-SEOS

results for well WA#32990 (Figure 5a, b). A further extrap-

olation to secondary cracking of gas may be assumed from

the last data point (Figure 5b).
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Figure 1. Well profile of molecular composition (MC) ratios and stable isotope (ISO) ratios in Upper Cretaceous to Triassic strata from
vertical well WA#32990 (YOHO HZ INGA11-24-087-24, unique well identifier [UWI] 00/11-24-087-24W6/0). There are no geophysical
well logs taken for deeper horizons, but total depth was just below the Montney play. Abbreviations: Buckinghorse, Buckinghorse For-
mation; C1, methane; C2, ethane; C3, propane; iC4, isobutane; nC4, butane; Cadomin, Cadomin Formation; Charlie Lake, Charlie
Lake Formation; D, deuterium; diff2, isotope difference ratio; Fernie, Fernie Formation; Gething, Gething Formation; MD, measured
distance along well bore; WA, well authorization.



Further evaluation is required for data on the stable iso-

topes of carbon, and possibly hydrogen if available, from

the kerogens and pyrobitumens of NEBC.

Future Work

Geoscience BC has extended the BC-NGA project as a re-

sult of anticipated increased industry activity planned for

new wells and sampling of production gas. Additional sam-

ples are expected in the next few months and recent analysis

is already requiring integration. Further work is planned for

increased analysis of individual segments of the well pro-

files, analysis for kerogen isotopes and new reporting on

enhanced findings.

Conclusions

Much of the details of the three-year study are contained in

the author’s thesis, which was a requirement of BC-NGA.

Maps of each play will be one of the primary products, but
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Figure 3. Crossplots of a)
13

C1 versus δ13
C2 and b)

13
C2 versus δ13

C3 for all horizontal wells in the Montney play, after Berner and Faber
(1996). Abbreviations: biodegrad., biodegradable; C1, methane; C2, ethane; C3, propane; ker, kerogen; microb., microbial; phys. fract.,
physical fraction; VPDB, Vienna Pee Dee Belemnite; VRE, vitrinite reflectance equivalent.

Figure 2. Crossplot of δ13
C1 versus δ13

C2 for well WA#32990 (YOHO HZ INGA 11-24-087-
24, unique well identifier [UWI] 00/11-24-087-24W6/0), after Berner and Faber (1996). Ab-
breviations: biodegrad., biodegradable; ker, kerogen; microb., microbial; phys. fract., phys-
ical fraction; VPDB, Vienna Pee Dee Belemnite; VRE, vitrinite reflectance equivalent; WA,
well authorization.



there are also combinations of ISO profiles that are possible

from the well data. The BC Oil and Gas Commission insti-

tuted a regulatory requirement (BC Oil and Gas Commis-

sion, 2015) for mud-gas profiles and these are usually an-

ticipated to be a vertical profile through the stratigraphy.

Another profile orientation based on horizontal (HZ) pro-

files along multilateral HZ legs of unconventional gas wells

may provide further insights into the geochemistry of the

unconventional reservoirs.

Interpretation is required to identify the source and migra-

tion of many gases present in NEBC. Interpretative tools

used in this study consisted of crossplots of molecular com-

position and isotopic data with some isotopic crossplots,

such as δ13C1 versus δ13C2 crossplots, are more informa-

tive than others. The isotopic data trends presented here are

not comparable to other published interpretations such as

Bernard or CD plots, which should not be used in NEBC.
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Figure 4. a) Prinzhofer C2/C3 versus C2/iC4 and b) Lorant δ13
C2–δ13

C3 versus C2/C3 diagrams for the Montney play horizontal profiles.
Almost all Montney play gas is secondary cracking of oil and gas, but there are three separate paths of cracking that occur along some of the
profiles. This requires further study as most data is from horizontal wells. Abbreviations: C2, ethane; C3, propane; iC4, isobutane; VRE,
vitrinite reflectance equivalent.

Figure 5. a) Prinzhofer C2/C3 versus C2/iC4 and b) Lorant δ13
C2–δ13

C3 versus C2/C3 diagrams for the unique vertical profile for well
WA#32990 (YOHO HZ INGA 11-24-087-24, unique well identifier [UWI] 00/11-24-087-24W6/0). Abbreviations: C2, ethane; C3, propane;
iC4, isobutane; VRE, vitrinite reflectance equivalent; WA, well authorization.
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Introduction

The Mount Meager Volcanic Complex, located in south-

western British Columbia (BC), has a 2 million year history

of intermittent explosive volcanism (Read, 1990). It is cur-

rently in a state of quiescence, the last eruption having oc-

curred 2360 calendar years BP from the Bridge River vent

on the flank of Plinth Peak. It currently has an active hydro-

thermal system manifested by two fumaroles and multiple

hot springs. The fumaroles were detected in 2016, breach-

ing the surface of Job Glacier on the western flank of Plinth

Peak (Venugopal et al., 2017; Roberti et al., 2018), indicat-

ing that the volcanic system is not extinct. Ahazard and risk

assessment was completed by Friele et al. (2008) and Friele

(2012) to address the landslide risk at Mount Meager. Cur-

rently, there is no volcanic-hazard assessment outlining the

multifaceted hazards to expect from the next phase of vol-

canic activity at this complex. This project, therefore, fo-

cuses on the volcanic hazards that are inherent to Mount

Meager, exempting landslide hazards not directly related to

eruptive activity.

Volcanic-hazard assessments are a principal resource that

communities, policy makers and scientists use in an effort

to understand the spatial and temporal scales of associated

hazards (Calder et al., 2015). They are a useful tool for in-

forming building codes and the development of commu-

nity- and emergency-response plans that need to take into

account mitigation strategies in the context of risk manage-

ment.

Volcanic-hazard assessments are often based on the vol-

cano’s eruptive history, thus requiring accurate information

about the hazard types, magnitudes and frequencies of

eruption episodes (Stasiuk et al., 2003). For this project,

however, a base level of knowledge for these characteris-

tics is limited. The geological footprint of the last explosive

eruption from Mount Meager has been well documented

and mapped, and inferences have been made from the de-

posits from older volcanic activity throughout the complex

(Read, 1990; Hickson et al., 1999). However, data from

only one past eruption is insufficient to develop a volcanic-

hazard assessment based purely on the geology of the sys-

tem.

The aim of this project is to develop a numerical-model-

ling–based volcanic-hazard assessment informed by the

documented deposits of the last eruption at Mount Meager,

and analogous volcanic systems that have well-docu-

mented eruptions. While all volcanoes are unique, reason-

able inferences can be applied to Mount Meager based on

the studies of similar volcanic settings. For the most part,

this will be a deterministic hazard assessment, meaning that

hazards and scenarios will be categorized in accordance

with the ‘most likely’ events to occur in a future eruption.

Ideally, the approach would follow a probabilistic frame-

work, given that a probability of occurrence does exist for

multiple scenarios and hazard types (Rouwet et al., 2017).

However, this requires in-depth knowledge of the vol-

cano’s history and a baseline understanding of its volcanic

activity (Newhall and Hoblitt, 2002), which does not exist

at Mount Meager. This project will provide insight into

what can be accomplished and delivered in a volcanic-

hazard assessment despite limited data on a volcano’s

geological history.

The completed volcanic-hazard assessment for Mount

Meager will be of use to agencies and managers at regional,

provincial and federal levels. This includes Squamish-

Lillooet regional district managers, the Lil’wat Nation

community, Emergency Management BC, and the Cana-

dian Hazard Information Service (CHIS) and Public Safety

Geoscience Program of Natural Resources Canada (NRCan).

The hazard assessment will include estimated timescales of
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inundation and impact from the various likely hazards. This

will inform emergency response plans, providing an ad-

vanced interpretation of the risks associated with this sys-

tem. This preliminary assessment can be used to prioritize

mitigation strategies and inform a monitoring program.

This paper presents the numerical modelling that has been

undertaken to simulate the volcanic-debris–flow hazard,

and tephra dispersal and deposition hazards stemming from

an eruption of Mount Meager. Parameters incorporated into

the models are based on three reasonable scenarios of erup-

tion style, ranging from small-scale to large-scale eruption.

Volcanic-debris flows and tephra have the potential to in-

flict the most damage across the largest area of all hazards

expected from an eruption at Mount Meager. This paper de-

scribes the numerical models being used for the task and

discusses the outcomes as they pertain to the impacts from

any future eruption of this volcano.

Background

The Mount Meager Volcanic Complex, part of the Coast

Mountains in British Columbia, is 150 km northwest of

Vancouver. It is adjacent to the confluence of Meager Creek

and the upper Lillooet River which flow along the base of

the complex (Figure 1). The upper Lillooet River extends to

Pemberton, the closest community, which is located 65 km

to the southeast. The summit of Mount Meager, partially

glacier clad, reaches 2645 m asl. It has been subjected to dy-

namic processes, such as dissection by glacier advance and

retreat, during the Pleistocene Epoch (Clague and Ward,

2011), as well as extensive hydrothermal alteration (Venu-

gopal et al., 2017).

The complex is part of the Garibaldi volcanic belt, con-

nected to the Cascade magmatic arc that extends into Wash-

ington State (Green et al., 1988; Read, 1990). Volcanism

along this arc is related to subduction of the Juan de Fuca

Plate beneath the North American Plate (Green et al.,

1988). Unlike the American volcano counterparts, Mount

Meager does not exhibit the recognizable conical peak as-

sociated with other stratovolcanoes. It has been suggested

that tectonism in this section of southwestern BC has been

driving rapid uplift for the last 10 m.y. (Farley et al., 2001).

The high rate of uplift, coupled with dissection by glacier

cover, has been balanced by high rates of erosion and con-
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Figure 1. Overview of the Mount Meager Volcanic Complex, showing 2016 glacier cover and locations of the Bridge River vent and
known fumaroles. Modified from Roberti et al. (2017). All co-ordinates are in UTM Zone 10, NAD 83.



tinuous mass-wasting events, resulting in a highly dissect-

ed morphology.

Despite being a large volcanic system, Mount Meager is far

more recognized for its history of frequent, large-scale

mass-wasting events. In 2010, the largest landslide in Ca-

nadian history (~53 × 106 m3) was generated on the flanks

of Capricorn Mountain, flowing into a portion of the upper

Lillooet River, with a maximum path length of 12.7 km

(Roberti et al., 2017).

Geological History

The 2 million year eruptive history of Mount Meager has

constructed several peaks, resulting in the complex that

stands today (Read, 1990; Farley et al., 2001). Mapping by

Read (1990) and supported by Hickson et al. (1999) shows

that volcanism at this complex can be split into three peri-

ods: early- and late-stage rhyodacite, and a middle stage of

andesitic activity. The eruptive suite includes pyroclastic

deposits, overlapping andesite and rhyodacite flows, and

dacite domes, as well as peripheral basaltic flows (Read,

1990; Hickson et al., 1999). The volcanic deposits, which,

on average, form the upper 600 m (topographic) of the com-

plex, overlie Mesozoic plutonic and metamorphic base-

ment rocks (Read, 1990; Roberti, 2018).

Extensive work by Simpson et al. (2006), Friele et al.

(2008) and Friele (2012) has documented the long record of

landslides and established a hazard assessment based on the

large-scale and frequent landslides prevalent throughout

the complex. Work has continued to document recent mass-

wasting events and identify unstable slopes throughout the

massif (Hetherington, 2014; Roberti et al., 2017, 2018).

Only one of the documented debris-flow events has been

directly associated with the last eruption (Simpson et al.,

2006). A question remains regarding what relationship

might exist between a deep-seated mass-wasting event and

the depressurization of the underlying volcanic system,

possibly triggering an eruption.

Summary of Past Volcanic Hazards

A number of hazards associated with the last eruption of

Mount Meager have been discerned from the mapped de-

posits of this event. These deposits exhibit eruption charac-

teristics that suggest an initial phase of sub-Plinian activity

that transitioned to a Vulcanian eruptive episode. Welded

block and ash-flow deposits form the banks of the upper

Lillooet River directly below the 2360 BP eruptive vent.

This deposit is the remnant of an impermeable dam that

blocked the upper Lillooet River, creating a temporary lake

with a volume of 0.25–1.0 × 109 m3 that eventually failed

catastrophically (Stasiuk et al., 1996; Hickson et al., 1999;

Andrews et al., 2014). The failure produced an outburst

flood that is associated with a volcanic debris-flow deposit

identified 42–47 km downstream beneath present-day

Pemberton (Simpson et al., 2006; Friele et al., 2008). A

short lava flow stemming from the Bridge River vent is also

associated with this period of volcanic activity (Hickson et

al., 1999). Thin layers of tephra attributed to this particular

eruption have been identified in Alberta, 530 km from the

Bridge River vent (Nasmith et al., 1967; Mathewes and

Westgate, 1980; Leonard, 1995; Jensen and Beaudoin,

2016).

Likely and Expected Volcanic Hazards

The likely and expected hazards resulting from an explo-

sive eruption at Mount Meager can be organized based on

the area of land they may impact and their potential to reach

populated areas. Firstly, the propagation of an ash cloud

and subsequent tephra fall are likely to affect the largest

area due to their ejection into the atmosphere and transport

by wind. Volcanic debris-flows are also expected to occur,

given the large volume of ice (a potential supply of water)

overlying the heated system; this particular hazard is both

primary and secondary in nature, in that it can be triggered

by an eruption or occur at a different time. All of these can

impact areas up to 100 km from the source volcano (Pierson

et al., 2014). Next, pyroclastic flows may occur, given the

likely development of an eruption column that would even-

tually collapse once the energy of the eruption subsided.

Field evidence suggests that a dome collapse likely trig-

gered the welded block and ash-flow deposits blanketing

the river valley below the Bridge River vent (Michol et al.,

2008). Finally, a lava flow is also likely to occur within the

timeframe of an eruption; however, given the dominant

geological characteristics of the system, the lava flow

would be highly viscous, travelling only a short distance

and affecting only the topography of the volcano flank. It

should be noted that basaltic lavas have also been docu-

mented around the periphery of the complex (Hickson et

al., 1999), which suggests potential for less viscous and far-

ther reaching lava flows, thus increasing the inundation

footprint; however, this is not the dominant rock type of the

complex.

Methods

Numerical modelling was undertaken to examine potential

inundation zones and timescales of propagation of the haz-

ards that are explored in this paper. The choice of numeri-

cal-modelling programs used for each type of hazard was

based on ease of use, open access and applicability to the

specific hazard being investigated. These are important

characteristics to consider for volcanic-hazard numerical

models due to the reality that actual volcanic eruptions can

be crisis events where the development of hazard maps and

assessments needs to be rapid. Identifying the numerical

models that are suggested as the best-practice programs for

the Canadian context will provide the best support in the

event of a volcanic-eruption crisis.
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The input parameters chosen for each numerical-model

simulation were divided into three conceivable scenarios.

To represent a large-scale scenario, the 1980 eruption of

Mount St. Helens, an ice-clad volcanic system in Washing-

ton State, was chosen. This case study was chosen due to its

well-documented, large-magnitude eruption (Wolfe and

Pierson, 1995) and its occurrence in the Cascade magmatic

arc, which is closely associated with the Garibaldi volcanic

belt that includes Mount Meager. The mid-range scenario is

based on the eruption of Nevado del Ruiz in 1985, which re-

sulted in the propagation of a volcanic-debris flow originat-

ing from snow and ice melt that resulted from an eruption

onto the volcano’s glacier (Herd et al., 1986; Voight, 1990).

Finally, the small-scale eruption was based on a 2015 erup-

tive event at Cotopaxi volcano in Ecuador, which resulted

in an eruption of ash and a small volume of volcanic-debris

flows (Global Volcanism Program, 2016). This latter case

study was chosen because Cotopaxi is a well-monitored

and documented volcano with similar geological character-

istics to Mount Meager (e.g., rhyolitic and andesitic erup-

tion compositions; Hall and Mothes, 2008). Table 1 shows

the scenarios and the corresponding numerical-model input

parameters used in Ash3d and LAHARZ, two numerical

models described below.

Modelling Tephra Hazards

The United States Geological Survey (USGS) program

Ash3d was used for tephra deposition and dispersion. This

program is actively used by several volcano-monitoring

agencies, such as Instituto Geofisico (IGEPN) in Ecuador

and the USGS in their response to volcanic eruption crises

around the world. It is an atmospheric model for tephra

transport, deposition and dispersion run on a web interface

(Schwaiger et al., 2012; Mastin et al., 2013). The atmo-

sphere is divided into a 3-D grid and flow of mass is calcu-

lated through each grid cell. Considering the wind field

taken from a weather-forecast model, ash particles fall in

the model depending on their settling velocity in air

(Schwaiger et al., 2012). Alimitation of this program is that

vent location is not user-defined but rather a predetermined

general location of the volcano itself defined by the USGS.

At the moment, this is not a concern for Mount Meager, as

there have been no studies to determine future vent loca-

tions. Furthermore, tephra dispersion and deposition are

more dependent on wind direction at the time of eruption,

which ASH3d does consider. See Table 1 for the input pa-

rameters used in the development of the scenario-based

simulations.

Modelling Volcanic-Debris Flows

Two numerical-model programs have been used to investi-

gate the volcanic-debris flow hazard at Mount Meager: the

USGS-developed LAHARZ and VolcFlow.

LAHARZ is a readily available program run within a Geo-

graphic Information System (GIS) that is widely used by

many volcanologists (Muñoz-Salinas et al., 2009). It is a

semi-empirically–based program designed to estimate po-

tential zones of inundation based on specified debris-flow

volumes (Schilling, 2014).

VolcFlow is a depth-averaged approach intended to model

geophysical flows and has the ability to manipulate rheo-

logical-flow parameters (Kelfoun et al., 2009; Kelfoun and

Vargas, 2016). In practice, VolcFlow requires a steeper

learning curve than LAHARZ, based on the user interface.

However, VolcFlow allows the user more opportunity to

place constraints on flow parameters, thus providing more

opportunity to simulate realistic flows. Table 2 displays the

input parameters that were used for the simulation of two

volcanic-debris flows in VolcFlow. Table 1 includes the

volume chosen for the simulation of volcanic-debris flows

in LAHARZ, which is the only physical input parameter

required by that program.

In this paper, only volcanic-debris flows originating from

Job Glacier have been presented. This point of origin was

chosen to start this research due to the presence of active

fumarolic activity within the complex. Other points of ori-

gin around the complex will be investigated at a later date

using the same scenario parameters described in Tables 1

and 2.
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Results

Tephra Dispersion and Deposition with Ash3d

Simulations using Ash3d were run on a nearly daily basis

from June 2 to August 17, 2018 for the three scenarios.

Both the Nevado del Ruiz and the Mount St. Helens scenar-

ios were simulated to track tephra for 24 hours after the start

of an eruption. This was also followed by the Cotopaxi case

partway through the investigation. However, the Cotopaxi-

based scenario was initially set to track tephra for only

6 hours after a simulated eruption. Within this time frame

Ash3d reported no cities being affected by tephra deposi-

tion for the majority of the simulation runs. From August 2

onward, additional runs were set up to simulate the distri-

bution of tephra 24 hours after the eruption in order to ob-

tain observable results. The following results are based on

only 46 runs during the June 2 to August 17 time period.

A majority of the simulations showed tephra being dis-

persed and deposited to the east and northeast of Mount

Meager. For the Mount St. Helens scenario, Kamloops and

Williams Lake are most often in the path of tephra disper-

sion, relative to any other city in BC, in 40 of 46 runs. Port

Hardy, northwest of Mount Meager, is simulated to receive

tephra in 32 of 46 runs. Vancouver, south of Mount Meager,

received tephra in 22 of 46 simulated runs. Similar out-

comes occur with the Nevado del Ruiz scenario. However,

a difference is that Port Hardy is the city in the path of

tephra dispersion most frequently, in 45 of 46 runs.

Regarding the Cotopaxi-based scenario for observations

over 24 hours, only one or two cities are shown to be im-

pacted by tephra. Based on 8 runs over a 24-hour period, the

communities impacted by tephra dispersion are Kamloops

(3/8), Kelowna (2/8), Merritt (2/8), Duncan (1/8) and Wil-

liams Lake (2/8).

Isopleth maps were generated using data extracted from

tephra deposition generated in Ash3d (Figure 2). Different

outcomes are displayed using the Mount St. Helens and

Nevado del Ruiz scenarios. The map displaying the Coto-

paxi scenario is based on the most likely occurrence 6 hours

after a simulated eruption.

Volcanic-Debris Flow with LAHARZ

All three scenarios result in a volcanic-debris flow reaching

the upper Lillooet River, which runs along the eastern base

of Mount Meager. The simulated runout length differs for

all three scenarios. Given a failure volume of 1 × 106 m3 for

the smallest eruption scenario, a runout length of 9 km is

simulated. A volume of 5 × 107 m3 equates to a runout

length of 34 km and the largest failure volume of 5 × 108 m3

generates a debris-flow runout of 65 km, which reaches the

town of Pemberton. All three debris-flow simulations show

that the failure follows the confines of the river channel

(Figure 3).

Volcanic-Debris Flow with VolcFlow

Two scenarios using the VolcFlow program are presented

here. The first involves a debris-flow–failure volume of

5 × 107 m3, representing a scenario between the small- and

mid-scale eruption scenarios. The runout length for that

failure is 6 km. The simulation representing a large-scale

eruption with a failure volume of 5 × 108 m3 results in a run-

out length of 13 km. Both simulations show that even a

small-volume failure would reach the upper Lillooet River.

The VolcFlow program simulates the mass of both failures

dispersing across the floodplain that exists at the bottom of

the watershed holding the Job Glacier, rather than strictly

following the gradient of topography propagating to lowest

elevation points. The large-scale eruption scenario shows

the failure stopping at Keyhole falls, which is a location of

significant elevation drop. The VolcFlow program may be

unable to solve for significant changes in elevation inherent

in the pixels of the Digital Elevation Model used for the

simulation. Further research will be required to determine

whether the simulated failure would travel farther without

the significant elevation drop. Figure 4 displays the out-

comes obtained using the VolcFlow program. In both cases,

the program calculates the propagation of failure across

20 minutes (1200 seconds).

Discussion and Conclusions

The results of these simulations offer an example of the

benefits of using numerical-modelling tools in the absence

of in-depth geological information in a volcanic-hazard en-

vironment. The three numerical models displaying two

types of volcanic hazards likely for Mount Meager exem-

plify the varying spatial scale of impact possible from an

eruption.

Tephra dispersion is a regional scale hazard that has the po-

tential to impact communities beyond the borders of British

Columbia. Volcanic-debris flows are a proximal/local haz-

ard capable of impacting industrial activities at the base of

Mount Meager, given a small-scale eruption, and addition-

ally impacting the community of Pemberton, given the

large-scale scenario.
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Figure 2. Surface distribution of tephra, showing variations in direction of deposition based on differ-
ent possible wind patterns: a) Cotopaxi eruption characteristics 6 hours after eruption,(b) Nevado del
Ruiz eruption characteristics 24 hours after eruption, and c) Mount St. Helens eruption characteris-
tics 24 hours after eruption.



Results show that an eruption above Volcano Explosivity

Index 2 (the smallest scale eruption scenario) is likely to

impact multiple cities in southern British Columbia and be-

yond. The exact trajectory of tephra dispersion is depend-

ent on wind patterns. Although westerly wind patterns are

the dominant prevailing winds across BC, any direction of

wind pattern is possible. A large mass of erupted material

that is able to reach several kilometres into the atmosphere

equates to more distant tephra dispersion.

The results of simulating volcanic-debris flows with the

LAHARZ program versus the VolcFlow code are different.

Using the same failure volume for the worst-case eruption

scenario, the LAHARZ program models a runout length 52

km greater than those from VolcFlow. However, LAHARZ

is limited by the simplistic functions. The rheological char-

acteristics of the flow cannot be manipulated and the pro-

gram only propagates the failure mass down gradient.

VolcFlow is flawed by its inherent inability to solve for sig-

nificant changes in the elevation profile of the environ-

ment. At Mount Meager, this is a significant problem given

the existence of Keyhole falls in the path of likely failure

propagation. However, results showing that the failure

mass of a large-scale eruption reaches Keyhole falls are of

significance nonetheless, suggesting that failure material

may possibly propagate farther or at least form a dam, given

the constricting nature of the valley at that point along the

river. The dam would be inherently unstable and could pose

a secondary hazard of outburst flooding, similar to the

events of the last eruption 2360 years BP (although that

dam was created from the welded block and ash-flow de-

posit rather than from debris-flow material). It is important

to note that the development of a dam created from the ma-

terial of the volcanic-debris flow was not actually intended

or simulated with VolcFlow; it is merely a hypothesis for

the outcome of a buildup of material being confined at the

location of Keyhole falls.

This paper outlines the preliminary investigations of two

likely hazards generated from an eruption at Mount Mea-

ger. It is a scenario-based approach to simulate the propaga-

tion of these hazards and is limited in scope to just three

scales of eruption: small, medium and large. This paper

should not, therefore, be used as a forecast or prediction of

the events that will occur during the next eruption at Mount

Meager. Rather, it serves to display the preliminary results

of three conceivable outcomes of future volcanic activity.
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Figure 4. Surface expression of the inundation zones from simulated volcanic-debris flows as modelled by
VolcFlow, assuming initial volume of failure of a) 5 × 10

7
m

3
, and b) 5 × 10

8
m

3
. Axes show distance in metres.



Future Work

This paper presents the findings of numerically modelling

the tephra hazards and volcanic-debris flow hazards from

Mount Meager. Future work will expand on the possible

hazards stemming from an eruption to include lava flows

and pyroclastic flows, both of which are considered proxi-

mal hazards. Numerical models for volcanic-debris flows,

lava flows and pyroclastic flows will be applied to multiple

locations around the complex, which is necessary given the

uncertainty in vent location during any future eruption.

This paper does not comment on the time frames of inunda-

tion expected from the volcanic-debris flow hazard, but this

will be addressed with further research. Ultimately, the re-

sults of numerical-model simulations for each type of haz-

ard will be combined and included in a comprehensive

volcanic-hazard map and assessment for Mount Meager.
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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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Introduction

Methane in groundwater in areas of oil and gas develop-

ment is a complex issue and the subject of much contro-

versy. Although methane is naturally ubiquitous in ground-

water, there have been isolated documented instances of

unintentional release into the subsurface from oil and gas

development activities, leading to anthropogenic impacts

on groundwater. Previous research to investigate the preva-

lence of anthropogenic sources of methane in groundwater

has proved inconclusive due to two key limitations: 1) sci-

entifically designed and purpose-built monitoring wells

have not been used to collect data; and 2) natural ‘back-

ground’ dissolved methane concentrations have not been

adequately characterized from which anthropogenic im-

pacts, or lack thereof, can be assessed. Consequently, much

conjecture has ensued with deterioration of public confi-

dence and backlash against increasing development.

Through this project, this issue will be addressed in the

Peace region of northeastern British Columbia (BC)

through review of existing data and installation of 30 pur-

pose-built and scientifically designed groundwater moni-

toring wells, to generate a comprehensive scientifically de-

fensible groundwater dataset. Through this project,

groundwater dissolved methane and geochemistry condi-

tions within the Peace region of northeastern BC will be

comprehensively and conclusively characterized, along

with details of subsurface geological and aquifer condi-

tions. The results will be used to inform appropriate

groundwater monitoring strategies in light of continued oil

and gas development for the region. As a legacy, the project

will provide a scientifically designed and extensive

regional groundwater monitoring network available for

future scientific research and ongoing monitoring of

groundwater quality in the Peace region.

The progress made in the first year of this project is de-

scribed herein. This includes refinement and finalization of

the scientific plan, identification of potential areas at which

to assess baseline conditions, a desk study to review exist-

ing groundwater data, scoping and drilling of the first mon-

itoring wells (including geological characterization and

sampling), and various public engagement activities.

Background

Methane may be present in groundwater in areas of oil and

gas resource development due to both natural and anthro-

pogenic factors. Dissolved methane is known to be natu-

rally ubiquitous (e.g., commonly up to 5 mg/L) in ground-

water systems (Darling and Gooddy, 2006), present within

an ambient or background range. Such background meth-

ane can be microbial and/or thermogenic (Brantley et al.,

2014), and concentrations are primarily controlled by

methane source and prevailing redox conditions of a given

groundwater system (Humez et al., 2016a, b). Other natural

factors have also been suggested to affect both groundwa-
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ter methane concentrations and the presence of shallow

gas-phase methane in areas of hydrocarbon resource devel-

opment, and occurrences in excess of the typical back-

ground range have been documented. For example, soil gas

survey methods to identify surface methane seeps and their

origins have been employed as a method to explore for gas

resources (e.g., von der Dick et al., 2002; von der Dick and

Bosman, 2011), suggesting geological and resource-re-

lated factors affect the distribution of subsurface methane

in sedimentary basins. Dissolved methane in domestic wa-

ter wells has been associated with specific geological fea-

tures such as coal beds in West Virginia (Harkness et al.,

2017), natural fault systems in east Texas (Nicot et al.,

2017) and undeveloped shale bed gas resources in Ontario

(Hamilton et al., 2015). Finally, topography has also been

identified as a potential factor influencing natural distribu-

tion of dissolved methane concentrations in northeastern

Pennsylvania (Molofsky et al., 2013).

In regions of oil and gas development, anthropogenically

derived occurrences of elevated subsurface methane have

also been documented as occurrences of ‘gas migration’.

Gas migration, with respect to upstream oil and gas re-

source development (as defined in Drilling and Production

Regulation, Section 41 [Province of British Columbia,

2017]), refers to the development of pathways within a ce-

mented wellbore permitting the buoyant flow of natural gas

(primarily composed of methane) vertically upward toward

or directly into the shallow subsurface via inadequately

sealed wellbores (i.e., leaky wells; e.g., Dusseault and

Jackson, 2014; Ingraffea et al., 2014). Available data indi-

cate observed and documented cases of gas migration origi-

nate from approximately 0.73% of oil and gas wells in Al-

berta (Bachu, 2017). Gas migration, as “the flow of gas

outside the surface casing of a well” (BC Oil and Gas Com-

mission, 2017), may be identified by the observation of

bubbles in standing water around a wellhead (Briskin,

2015; BC Oil and Gas Commission, 2017) or may manifest

as an unobserved subsurface occurrence. A concern with

observed or unobserved gas migration is the potential for

elevated levels of dissolved methane in surrounding

groundwater. It has been shown that if gas migration is oc-

curring in the subsurface, an extensive and dispersed plume

of dissolved hydrocarbons in groundwater can be gener-

ated (Cahill et al., 2017).

Consequently, anthropogenically derived methane sources

and their management are topics of interest to academics,

regulators, industry and the general public (Kelly et al.,

1985; Van Stempvoort et al., 2005; Darling and Gooddy,

2006; Canadian Association of Petroleum Producers,

2012; Vidic et al., 2013; Council of Canadian Academies,

2014; Vengosh et al., 2014; BC Oil and Gas Commission,

2017). Although methane itself is nontoxic, colourless and

odorless, and there are no federal or provincial regulatory

standards for drinking water or for the protection of aquatic

life, several key questions regarding the consequences of

fugitive methane in groundwater remain. For example, it

has been shown that anthropogenic methane may change

groundwater chemistry when microbially metabolized, po-

tentially reducing groundwater quality (Cahill et al., 2017),

and there is continuing research to understand these pro-

cesses (Cahill et al., 2019). Additionally, elevated dis-

solved concentrations of methane in groundwater, above

the solubility limit, can indicate a potential fire or explosion

hazard due to exsolution and accumulation of gas phase

methane in confined spaces or infrastructure. In response to

this concern, which has been historically associated with

coal mining, dissolved methane in water at concentrations

>10 mg/L has been specified as a warning level to indicate

potential for accumulation of free gas (Eltschlager et al.,

2001). And finally, due to buoyancy forces, subsurface an-

thropogenic methane may find a path to the ground surface

and emit to the atmosphere, contributing to greenhouse gas

emissions.

Regulations and engineering standards for well drilling, ce-

menting, testing and maintenance (e.g., BC Oil and Gas

Commission, 2017; Province of British Columbia, 2017)

are in place to minimize the potential for the development

of gas migration, leading to the reduction of both the likeli-

hood of occurrence and the degree or extent of associated

dissolved methane in groundwater, should pathways de-

velop. However, key scientific questions and controversy

remain regarding the origins of groundwater methane

across regions of oil and gas development, as well as the

prevalence of unobserved gas migration and its effects on

groundwater. For example, a strong and pervasive associa-

tion of elevated levels of dissolved methane in groundwater

with energy well locations have been suggested by some re-

searchers utilizing available groundwater data from do-

mestic wells (e.g., Osborn et al. [2011a] and Jackson et al.

[2013] for northeastern Pennsylvania; Sherwood et al.

[2016] for Colorado). A subsequent study for the same

northeastern Pennsylvania area using an enhanced domes-

tic well dataset, however, found no statistical association

between elevated levels of dissolved methane and energy

wells (Siegel et al., 2015).

Controversy related to the above noted research is due, in

part, to two key factors:

1) lack of a scientifically designed groundwater monitor-

ing network and reliance on data from domestic wells;

and

2) lack of characterization of background levels of ground-

water methane to provide a basis to distinguish anthro-

pogenic impacts.

With respect to key factor (1), the limitations of using data

from domestic wells to investigate environmental impacts

in areas of oil and gas development are well known (e.g.,

Gorody, 2012; Jackson and Heagle, 2016), and include lo-
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cation biases; confidentiality issues limiting documenta-

tion of results; lack of well and system maintenance; un-

controlled sample collection points (e.g., posttreatment

from faucets or taps); unknown potential contamination

sources; uncertainty in well information (geology and well

construction); and well ownership and property access con-

straints. Thus, although domestic wells can provide for in-

expensive and large datasets, such wells are not located and

designed with scientific integrity in mind, and reliance on

data solely from domestic wells limits the conclusions that

can be made. With respect to key factor (2), as described

herein, dissolved methane may be naturally ubiquitous at

low levels or naturally elevated due to geological, topo-

graphic and/or other factors. Consequently, adequate char-

acterization of natural background levels of dissolved

methane is required to support the identification of anthro-

pogenic impacts.

No regional-scale studies to date have fully addressed the

two key factors noted above, leading to continued scientific

debate regarding groundwater methane origins in areas of

oil and gas development (Jackson et al., 2011; Osborn et al.,

2011b; Saba and Orzechowski, 2011). To address this con-

troversy, ongoing research must be supported with a scien-

tifically designed groundwater monitoring well network,

which includes both purpose-built monitoring wells and

appropriately selected domestic wells, and must include

characterization of natural background methane concentra-

tions. Such an approach will provide the benefits of a large

sample population and regional coverage (i.e., through se-

lected domestic wells) with a means to verify and augment

domestic well data (i.e., with purpose-built monitoring

wells). From such an endeavour, a robust, scientifically de-

fensible groundwater dataset can be compiled upon which

science-based regulatory policy can be developed and ap-

propriate and effective long-term groundwater monitoring

strategies determined. To date no such research initiative

has been initiated in Canada or elsewhere.

Such a study is being undertaken in the Peace region of

northeastern BC by The University of British Columbia

(UBC) in collaboration with Simon Fraser University, Uni-

versity of Calgary, BC Oil and Gas Commission (BCOGC)

and BC Ministry of Forests, Lands, Natural Resource Oper-

ations and Rural Development. It will involve the design

and installation of a scientific groundwater monitoring well

network for the region. It will be placed in and amongst on-

going resource development and more than 150 domestic

water wells from which baseline samples have recently

been taken. Approximately 30 purpose-built groundwater

monitoring wells will be installed to verify and augment the

existing groundwater data, leading to establishment of a re-

liable and detailed scientific groundwater database. The

monitoring well network and data collection methodology

will be designed to establish background conditions for dis-

solved methane across the region, and to assess any

potential association of elevated methane in groundwater

proximal to oil and gas wells.

This paper describes progress made in year one of the three-

year project. As per the proposal, progress planned for year

one (i.e., 2018) is as follows:

• phase 1: experimental design finalization, site selection

criteria development, desk study of currently existing

data, work plan formulation and field campaign

planning;

• phase 2: initial drilling and field campaign;

• phase 3: data analyses and interpretation, review of

progress and methodology refinement.

Summary of Activities and Progress

Project Kick Off and Student Recruitment

The project officially commenced in January 2018, where-

by a one-day kick-off meeting with the project principal in-

vestigator team (A.G. Cahill, R.D. Beckie, L. Welch,

D. Kirste, B. Mayer) and select invited participants (from

Geoscience BC and BC Ministry of the Environment and

Climate Change Strategy) was held on January 30. During

the kick-off meeting, multiple aspects of the project were

discussed in-depth by the project team including 1) review

of project proposal and concept; 2) review of existing

chemistry data for the Peace region; 3) review of criteria for

selecting background locations; 4) methods and ap-

proaches for drilling of background wells; 5) possible re-

sampling of select existing domestic wells; and 6) identifi-

cation of criteria for targeted monitoring wells proximal to

oil and gas well sites. Additionally, various logistical as-

pects of the project were discussed including hiring of stu-

dents, formation of a project technical advisory committee,

budget tracking, project management and field and project

safety. During the winter and spring of 2018, two students

were identified and recruited to the project through which

they would work toward their M.Sc. degrees. Firstly,

M. Goetz received his undergraduate degree in Earth and

Planetary Sciences from McGill University. He has four

years of geoscience experience in the mining industry, pri-

marily working as a site geologist/hydrogeologist at a cop-

per porphyry-skarn mine in New Mexico. Secondly,

A. Allen is a recent Simon Fraser University graduate, who

completed his B.Sc. (Honours) in Earth Sciences. His the-

sis topic was sources and distribution of arsenic in ground-

water on the Gulf Islands of BC. He has a diverse back-

ground across geosciences and geology, with particular

expertise in hydrogeology, hydrogeochemistry and geo-

graphic information sciences and is experienced with labo-

ratory experiments and analytical equipment.
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Phase 1

Experimental Design Finalization and
Site Selection Criteria Development

During phase 1, the experimental design and concept were

further refined and developed. An internal report was gen-

erated as part of this process (available on request), the out-

comes of which are summarized here. Site selection criteria

were finalized for the first background monitoring wells

(MW; approximately 8–10 planned), each of which will be

either paired with an existing water well (e.g., a domestic

water well, provincial observation well, industry water

source well) or unpaired. Approximately six paired MW

will be located in proximity (i.e., 500–1000 m) to an exist-

ing water well for which groundwater chemistry and dis-

solved hydrocarbon concentrations are available. All back-

ground wells should be at least 1.5 km away from an

existing oil or gas well. Of the paired wells, half will be se-

lected to be proximal to a water well with elevated levels of

dissolved methane (i.e., above a determined threshold

level) and half with lower levels of dissolved methane.

Paired wells are employed to increase the chance of success

with drilling and hitting water in what is a highly heteroge-

neous area. The four unpaired monitoring wells will not be

associated with an existing water well and can therefore be

placed in areas for which no data is currently available, thus

increasing the geographic range of the MW network and al-

lowing effective leveraging of other existing groundwater

data for the region. The MW are proposed to be located in

eight geographic areas within the Peace region based on

draft selection criteria and design-concept outlines, which

were confirmed as suitable in principle by the wider project

team. These areas are shown in Figure 1 and summarized in

Table 1.

Desk Study of Currently Existing Data

Following agreement on initial MW site locations and ex-

perimental concept design, desk studies were conducted for

each area whereby existing geological and groundwater

data were reviewed and compiled. Maps were subsequently

generated, including buffer zones for proximity to oil and

gas wells and existing water wells. These maps were used

to preselect potentially suitable background monitoring

well locations. An example of the results of the desk study

for area 1 (Hudson’s Hope–Beryl Prairie) is shown in

Figures 2 and 3.

Work Plan Formulation and
Field Campaign Planning

A flexible approach, which allowed plans to be revised and

refined, maximized the chance of successfully completing

a functioning monitoring well. Accordingly, five of the

eight selected background areas were prioritized and a two-

phased approach to the initial drilling plan was adopted.

Drilling was planned to commence at areas 1 to 4 and 7 (i.e.,

Hudson’s Hope–Beryl Prairie, Chetwynd, northwest of

Fort St. John, west and northwest of Dawson Creek and

Groundbirch field) in August 2018 with the remainder to be

drilled in January 2019. The prioritized sites are shown in

Figure 4.

Consequently, a field reconnaissance campaign was under-

taken to scope and identify exact drilling sites at each area

and assess enabling works needed to allow access. Where

possible, sites adjacent to a road and within BC Ministry of

Transportation land were selected and relevant permissions

obtained. In several cases (i.e., Groundbirch field and west

and northwest of Dawson Creek), an excavator was needed

to clear the borehole location (Figure 5). Precise drilling

sites are summarized in Table 2.

Phase 2

Sonic Drilling

Sonic drilling commenced on August 21 with a field plan to

collect 10 cm core to total depth and install six multilevel

MW (including shallow bedrock and soil gas sample points

where possible). However, due to a number of factors in-

cluding personnel and material delays by the drilling con-

tractor and drilling method limitations (the sonic rig being

unable to efficiently drill through bedrock), only four MW

were completed. Based upon this experience, other drilling

methods are being considered for future boreholes. Four

wells (EERI-1–4) were completed, with core logged and

samples taken for later analyses, and are summarized in Ta-

ble 3. Photographs of the well installations and core are

shown in Figures 6–8. Full geological logs and monitoring

well installations are shown in Figures 9–12.

Monitoring Well Assessment and
Sampling Campaigns

As it was not possible to determine accurate static water

levels or take samples at each borehole location during the

drilling campaign (i.e., due to the presence of drilling wa-

ter), a field trip was made at the end of September. Water

level information would be essential to guide selection of a

sampling pump with sufficient lift and suitable flow rate.

During this campaign, static water levels were assessed and

other tasks performed as follows. A subfrost artesian

packer was installed successfully in the artesian Ground-

birch field well. Development of 7.5 cm polyvinyl chloride

(PVC) wells was attempted using a 7.5 cm Grundfos Hold-

ing A/S SQE submersible pump with restrictor valve. Un-

fortunately, the pump (which has a flow rate of around

225 L/min) proved too powerful even with the flow restric-

tor applied fully (lowering flow rate to 22.5–45 L/min)

whereby it dried the wells out within a few minutes, prohib-

iting full development and sampling. The only sample suc-

cessfully obtained on this campaign was one from the

0.6 cm polyethylene tubing of EERI-4. Based on results of

this campaign a new sampling pump is being purchased;

one that is able to lift required head and at a variable and
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Figure 1. Regional map showing eight areas (red boxes) identified as potential sites for monitoring well installation,
Peace region, British Columbia. Exact location of each well within each area will adhere to stated criteria and will be de-
termined following desk study and site reconnaissance. Well data from BC Oil and Gas Commission (2018) and back-
ground data from DataBC (2018b).
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Table 1. Areas selected for installation of background monitoring wells, Peace region, British Columbia. Note,
Fort St. John Group, Cruiser Formation comprises fine clastic sedimentary rocks (mudstone, siltstone, shale);
Dunvegan Formation comprises coarse clastic sedimentary rocks; Smoky Group, Kaskapau Formation com-
prises fine clastic sedimentary rocks (mudstone, siltstone, shale).

Table 2. The six sites chosen for drilling in August 2018 (NAD 83,
UTM Zone 10N).
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Figure 2. Map of area 1 (Hudson’s Hope–Beryl Prairie) enclosed by red boundary, Peace region, British Columbia. Black circle indicates
potential locations for paired well installation, red circles are 1.5 km buffer zones from oil and gas wells, orange and green circles indicate
buffer zones (0.5 and 1.0 km, respectively) from sampled water wells. Well data from BC Oil and Gas Commission (2018) and DataBC
(2018c) and background data from DataBC (2018a, b, d).
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Figure 3. Detailed portion of area 1 (Hudson’s Hope–Beryl Prairie), Peace region, British Columbia. Black circle indicates potential location
for paired well installation, red circles are 1.5 km buffer zones from oil and gas wells, orange and green circles indicate buffer zones (0.5 and
1.0 km, respectively) from sampled water wells. Well data from DataBC (2018c) and background data from DataBC (2018a, b).
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Figure 4. Map showing prioritized drilling sites, Peace region, British Columbia. Well data from BC Oil and Gas
Commission (2018) and background data from DataBC (2018b).
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Figure 5. Site preparation at Groundbirch field prior to drilling,
Peace region, British Columbia.

Figure 6. Sonic drilling in progress at Groundbirch field, Peace re-
gion, British Columbia.

Figure 7. Sonic core composed of glacial clay/diamict, which dom-
inates the upper portion of the Quaternary section throughout the
Peace region, British Columbia.

Figure 8. Artesian well flowing (approximately 22.5–45 L/min) af-
ter completion at Groundbirch field, Peace region, British Colum-
bia. The well was immediately and temporarily sealed with a poly-
vinyl chloride (PVC) end cap and subsequently permanently
sealed with a subfrost artesian packer with built-in sampling valve
during a follow-up fieldwork campaign.

Table 3. Summary of four wells completed during first drilling campaign in August 2018, Peace region, British
Columbia.
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Figure 9. Well installation log for EERI-1, Groundbirch field, Peace region, British Columbia. Abbreviations: Bent., bentonite; PVC, polyvi-
nyl chloride.
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Figure 10. Well installation log for EERI-2, west and northwest of Dawson Creek, Peace region, British Columbia. Abbreviations: PE, poly-
ethylene; PVC, polyvinyl chloride.
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Figure 11. Well installation log for EERI-3, northwest of Fort St. John, Peace region, British Columbia. Abbreviations: Bent., bentonite;
PVC, polyvinyl chloride.
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Figure 12. Well installation log for EERI-4, Hudson’s Hope–Beryl Prairie, Peace region, British Columbia. Abbreviations: Bent., bentonite;
Frx, fractured; PE, polyethylene; PVC, polyvinyl chloride.



low flow rate. Currently plans are underway to sample

wells and perform hydraulic testing before the end of 2018.

Phase 3

Geological Sample Analyses

During drilling a total of 181 samples were taken from the

sonic core across the four holes. These samples are in the

process of being analyzed in the laboratories at UBC and

Simon Fraser University in order to determine a depth pro-

file of various physical and chemical properties. Sample

analyses and rationale are provided in Table 4. It is ex-

pected that these results will be available by the end of

2018.

Community and First Nations Engagement

Community engagement efforts have centred on two main

strategies: newsletter dissemination and in-person commu-

nity outreach events. Two newsletters were sent to eight

First Nation communities along with the Treaty 8 Tribal

Association and six municipal associations. The first was

sent on March 2, 2018, which described the project, its

goals and the plan for phases 1 and 2 of the project. The sec-

ond newsletter was sent on May 23, 2018, outlining eight

tentative areas to drill the first eight to ten wells, and invited

feedback and input from the communities. These newslet-

ters generated general interest and support, and resulted in a

phone call from the West Moberly First Nations Chief and

Council asking for further information.

On March 13, 2018, the UBC Energy and Environment Re-

search Initiative’s (EERI) team attended the Northeast Wa-

ter Strategy meeting in Fort St. John, in which the Peace re-

gion groundwater monitoring well network was described

to various stakeholders. The team was approached by the

Doig River First Nation Chief, resulting in a visit to the

Doig River community and a meeting with the Chief and

Council, as well as a trip to a leaky well on their land. This

has further informed the selection process for future drill-

ing sites for the Peace region groundwater monitoring well

network.

On June 13, 2018, a community engagement open house

event was held in Fort St. John at the local Whole Wheat &

Honey Cafe. Representatives from UBC, Geoscience BC

and the BCOGC spoke about the different aspects and per-

spectives of the project, and more importantly, answered

questions from the community. The event began with an El-

der Welcoming from the Doig River First Nation, and over

35 people from the community attended. Overall, it was a

successful event, with active participation and interest from

the community. Comments and questions were recorded to

be incorporated in project plans as the project progresses.

Summary of Progress and Ongoing Work

The following forms a summary of the progress made to

date with respect to The University of British Columbia En-

ergy and Environment Research Initiative’s Peace region

groundwater monitoring well network project:

• refined and finalized the experimental plan and concept

for the background monitoring wells location with a

paired and unpaired approach;

• eight areas were identified for the first monitoring wells

and detailed desk studies on these areas were per-

formed;

• five of the eight areas were prioritized and a field recon-

naissance trip taken to plan and prepare for drilling;

• four boreholes were drilled by sonic method with full

cores attained and ~180 samples taken for physical and

chemical analyses; each borehole was completed with a

custom-built multilevel sampling system; significant

challenges were experienced during the sonic drilling

program leading to consideration of alternative methods

for ongoing drilling;
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Table 4. Analysis type and rationale for geological sample analyses program.



• an artesian gravel was encountered at the Groundbirch

field site, subsequently sealed with a custom built

subfrost artesian packer and sampling system; and

• static water levels were determined and development

and sampling of new wells attempted; however, the cur-

rently available equipment was not optimal and it was

not possible to take groundwater samples yet.

The following key tasks are in progress or ongoing:

• a field campaign is planned to sample the groundwater

in wells EERI-1–4 using a suitable and newly purchased

pump before the end of 2018;

• the four remaining background monitoring wells are

planned to be drilled in January 2019 (using air rotary

drilling method);

• sediment analyses is being undertaken;

• downhole and surface geophysics at the initial drill sites

are being planned; and

• an integrated interpretation of all results in terms of ge-

ology, hydrogeology and groundwater conditions in the

Peace region is ongoing.
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Introduction

The landscape of the sporadic to discontinuous permafrost

zone in the southern Taiga Plains ecoregion is undergoing

rapid change as a result of accelerating rates of permafrost

loss with a warming climate (Baltzer et al., 2014; Lara et al.,

2016). Both vertical permafrost thaw with energy transfer

from the ground surface and lateral permafrost degradation

with advective transfer of energy from adjacent perma-

frost-free wetlands results in significant losses of perma-

frost terrain in this region (Rowland et al., 2010; Quinton et

al., 2011). With the loss of underlying permafrost bodies,

elevated forested peat plateaus subside and become inun-

dated as they transition to treeless wetland features on the

landscape (Quinton et al., 2011). Peat plateaus function as

runoff generators due to their elevated topographic position

and their limited water storage capacity (Wright et al.,

2009). Permafrost barriers impede significant subsurface

flow and collapse scar bogs, which form on the permafrost

terrain, are hydrologically isolated from the basin drainage

network and function as water storage features. As perma-

frost ‘dams’ are lost due to thaw and ground subsidence,

formerly isolated bogs become connected to the drainage

network through the process of ‘bog capture’ (Connon et

al., 2014) facilitating more direct and efficient drainage of

the landscape. Thaw-induced landscape changes in the spo-

radic to discontinuous permafrost zone catalyze significant

rerouting of water through the landscape, which may have

long-term impacts on water availability in northern com-

munities.

Discharge from discontinuous permafrost basins through-

out the Northwest Territories (NWT) has increased signifi-

cantly over long-term (more than 30 years) records, with

considerable increases in flow occurring in the southern

NWT (St. Jacques and Sauchyn, 2009). This increase in ba-

sin runoff has not been accompanied by an increase in pre-

cipitation over this period. The magnitude of such increases

cannot solely be accounted for by the water derived from

thawing permafrost and therefore is likely due to the expan-

sion in runoff contributing area as previously isolated wet-

lands are ‘captured’ by the drainage network, activating

both surface and subsurface hydrological flowpaths

(Connon et al., 2014). The sustainability of the observed in-

crease in basin runoff throughout the sporadic and discon-

tinuous permafrost region is unclear. However, a maximum

threshold in the amount of water contributed to runoff will

likely be met as all bogs become incrementally connected

to the drainage network as permafrost barriers are lost

(Haynes et al., 2018). With continued permafrost loss, in-

creased fragmentation and shrinking of peat plateaus are

anticipated to occur (Baltzer et al., 2014). As the landscape

transition catalyzed by permafrost thaw results in signifi-

cant loss of forest cover, the progression of such large-scale

changes can be monitored with remotely sensed imagery of

land cover and coupled with standard climate and environ-

mental variables to provide insight into the controls and

conditions associated with the progressive stages of in-

creasing wetland extent at the expense of forest cover

(Carpino et al., 2018). A latitudinal gradient in the extent of

permafrost loss and the associated pattern of land-cover

type spanning the southern Taiga Plains ecoregion can be

utilized as a reasonable space-for-time proxy to understand

the trajectory of thaw-induced land-cover transition.

The overall objective of this project is to understand the tra-

jectory of sporadic to discontinuous permafrost environ-

ments, with continued climatic warming, by examining the

landscape changes at 10 subarctic boreal sites along a lati-

tudinal transect spanning from the southern NWT to north-

eastern British Columbia (BC). This transect was estab-

lished by the Consortium for Permafrost Ecosystems in
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Transition (CPET) to understand the implications of cli-

mate- and industry-induced changes to the landscape on the

availability of water resources in the region. An in-depth

study of the impacts of permafrost-thaw-induced landscape

change on the hydrology of the most northerly site along

the transect, the Scotty Creek basin, NWT, is examined to

understand the role of wetlands in either storing or convey-

ing water as elevated permafrost plateaus become inun-

dated and are lost over time.

Methods

The north-south CPET transect spans a distance of approxi-

mately 200 km at the southern margin of thawing discontin-

uous to sporadic permafrost, from the southern NWT to

northeastern BC (Figure 1). The landscape along this

transect is dominated by peatlands with fragmented for-

ested peat plateaus underlain by permafrost interspersed

with permafrost-free wetlands including channel fens and

bogs. The area underlain by permafrost has decreased sig-

nificantly along this transect accompanied by an increase in

surface water on the landscape, as permafrost terrain transi-

tions to wetland cover with permafrost thaw (Robinson and

Moore, 2000; Quinton et al., 2011; Baltzer et al., 2014).

Along this transect 10 areas of interest (AOI) characterized

by plateau-wetland complexes were selected to examine

the rate and pattern of forest cover transition to wetland us-

ing remotely sensed imagery over a period of approxi-

mately 40 years (Figure 1). These 10 AOI range in latitude

from 59.96 to 61.30°N (Figure 1). The trends in forested

permafrost plateau loss across these AOI were related to

climatic and environmental variables including annual and

seasonal temperature and precipitation as well as latitude

and degree of plateau fragmentation (perimeter-to-area

ratio) for each AOI.

A 15-year examination of water level trends on both peat

plateaus and wetland features was conducted in the head-

waters of the Scotty Creek basin, NWT (61.30°N,

121.30°W), the most northerly location on the CPET

transect. The purpose of this case study was to examine

over time the water storage trends of the dominant land-

scape features characteristic of the plateau-wetland com-

plexes in the discontinuous to sporadic permafrost region.

The headwaters area, located in the southern portion of the

basin, is entirely composed of peatland land-cover types,

including permafrost plateaus, bogs and fens. Water levels

were monitored from 2003 to 2017 on a degrading peat pla-

teau, a channel fen, as well as bogs both isolated from and

connected to the drainage network. Given the hypothesis

that the process of bog capture significantly contributes to

basin drainage (Connon et al., 2014), the magnitude of en-

hanced runoff observed from the Scotty Creek basin since

discharge measurements began in 1996 was compared to

the overall loss of water storage from wetlands as they be-

came connected to the drainage network over a similar

15-year timeframe. The magnitude of permanent and tran-

sient contributions to basin runoff including precipita-

tion-induced changes in runoff from direct precipitation on

the channel fen, and the nonprecipitation-induced sources

of primary runoff from the plateau flanks, and moisture de-

rived from thawing permafrost were estimated and simi-

larly compared to the observed excess runoff from the ba-

sin. The partitioning of runoff contributions in the Scotty
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Figure 1. Locations of 10 areas of interest (A–J), northeastern British Columbia and southwestern Northwest Territories. Adapted from
Carpino et al. (2018).



Creek basin facilitated the proposal of a new conceptual

model detailing the role and timing of wetland water

storage as bogs become increasingly connected to the

drainage network with permafrost thaw.

Results

Latitudinal Land Cover Transition

All 10 AOI, which span the north-south latitudinal transect,

experienced net forest loss over the 40-year period of study,

from 1970 to 2010 (Figures 2, 3). This net loss of forest de-

creased along the latitudinal gradient, with a maximum

value of 11.6% at the northerly Scotty Creek, NWT, AOI

(61.30°N), and a minimum value of 6.9% at the southerly

Hossitl Creek, BC, AOI (59.96°N; Figure 2). At the seven

most northerly AOI, the magnitude of net forest loss closely

resembled the trend in total forest loss, as rates of forest

gain in these locations were negligible (ranging from 0.2 to

1%). In contrast, the two southernmost AOI experienced

considerable gross forest gain, on the order of 6 to 10%,

over the 40-year period (Figure 2).

Predictors of Landscape Transition

With the examination of correlative relationships between

landscape change (using the metrics of net forest loss, for-

est loss and forest gain at each AOI) and climatic and envi-

ronmental variables along the transect, several factors

emerged as significant indicators of landscape transition.

Mean annual air temperature was positively correlated with

both forest loss and forest gain over the study period (r = 0.647,

r = 0.794, respectively; see Table 1). Seasonal influences of

temperature were also observed, with a significant negative

correlation between average winter temperature and net

forest loss (r = –0.782; Table 1) and a positive correlation

between average winter temperature and forest gain (r = 0.745;

Table 1) between 1970 and 2010. However, average sum-

mer temperature did not exhibit a significant correlation

with any of the landscape change metrics (Table 1). On an

annual timeframe, average annual precipitation was sig-

nificantly negatively correlated with net forest loss (r = –0.636)

and positively correlated with forest gain (r = 0.661; Ta-

ble 1). These trends between precipitation and landscape

transition are driven by summer precipitation, with a nega-

tive correlation between average summer precipitation and

net forest loss (r = –0.636) and a positive correlation with

forest gain (r = 0.709; Table 1). No significant correlations

were observed between average winter precipitation and

the metrics of landscape change.

Changes in climatic variables over the 40-year study period

from 1970 to 2010, likely resulting from a changing cli-

mate, significantly affected net forest loss. Changes in both

summer and winter temperatures were positively correlated

with net forest loss (r = 0.690, r = 0.691, respectively; see

Table 1). Winter precipitation changes over this 40-year pe-

riod were negatively correlated with net forest loss (r = –0.762;

Table 1) and positively correlated with forest gain (r = 0.726;

Table 1). However, changes to summer precipitation from

1970 to 2010 did not significantly influence landscape

change.

Case Study of Landscape Change: Examining
AOI A, Scotty Creek, NWT

Trends in Wetland Water Storage

Over the 15-year period from 2003 to 2017, the water levels

in bogs, with varying degrees of connection to the drainage

network, declined (Table 2; Figure 4). The magnitude of

water drained from connected bogs over this period ranged

from 44 to 219 mm (Table 2; Figure 4). The average loss of

water previously stored in isolated bogs that are now con-
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Figure 2. Relationships between net forest loss, forest loss and forest gain with latitude over the 1970 to 2010 study period for the 10 areas
of interest (AOI), British Columbia (BC) and Northwest Territories (NWT). Adapted from Carpino et al. (2018).
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nected bogs, as a result of permafrost thaw, was determined

assuming an average peat porosity of 0.85 (Quinton and

Hayashi, 2004) and estimating approximately 50% bog

coverage across the entire Scotty Creek basin, given that

this value represents the approximate areal coverage of

wetland in the headwaters portion of the basin. The mean

depth of water storage lost from the connected bogs from

2003 to 2017 was 46 ±6 mm.

In contrast, the water level in the channel fen, which con-

veys water to the basin outlet, did not significantly change

over the 15-year period of study (Figure 4c). Similarly, in a

bog isolated from the drainage network, the water level did

not significantly change with time. On an actively thawing

permafrost peat plateau, the elevation of the perched water

table declined significantly, with a decrease of 205 mm oc-

curring at the interior of the plateau from 2003 to 2017 (Fig-

ure 4d). Near the edge of the plateau a considerable decline

of 511 mm was observed over this period (Figure 4d). The

plateau edge well was approximately 20 m from the edge of

the plateau at the time of installation, but is now situated

only 4 m from the receding plateau edge. The perched water

level in the active layer is significantly lowering as the per-

mafrost thaws and the plateau width shrinks. As the plateau

degrades and subsides, the water level elevation at the pla-

teau edge approaches that of the

adjacent bog and fen as the plateau

transitions to wetland.

Partitioning Sources of
Excess Runoff

Runoff from the Scotty Creek basin has

been steadily increasing since mea-

surements began in 1996. Between

1998 and 2012 excess runoff on the or-

der of approximately 1000 mm was ob-

served beyond that expected based on

trends in precipitation and runoff ratios

prior to 1996 in neighbouring water-

sheds, including the Jean Marie water-

shed (Figure 5). Of this extra cumula-

tive runoff approximately 52% was the

result of greater effective precipitation

received by the expanding channel fen

areas, which is available to be parti-

tioned to runoff. As peat plateaus became increasingly

fragmented with permafrost thaw, resulting in greater per-

imeter-to-area ratios (Baltzer et al., 2014), runoff from the

banks of the degrading plateaus (termed ‘primary runoff’;

Connon et al., 2014) contributed approximately 27% of the

excess observed runoff from 1998 to 2012. Using aerial im-

agery analysis to determine the rate of permafrost thaw

based on landform conversion and an estimate of total ice

volume in the basin, the amount of runoff derived directly

from the thawing of permafrost accounts for 11% of the ex-

tra cumulative runoff. Collectively, these perma-

frost-thaw-induced changes account for 90% of the excess

runoff over the 15-year period of 1998 to 2012. The resid-

ual of approximately 109 mm that cannot be accounted for

by these precipitation- and nonprecipitation-induced land-

scape changes is of similar magnitude to the average depth

of wetland drainage water from the connected bogs

monitored over a similar 15-year period from 2003 to 2017.

Discussion

Permafrost degradation and thaw results in a significant

loss of forest cover as peat plateau landforms subside and

become inundated by adjacent wetlands (Wright et al.,

2009; Baltzer et al., 2014). This transitioning of the land-
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Table 1. Nonparametric correlation associations between net forest loss, forest loss and forest gain with climatic variables including average
temperatures (Tavg; 1970–2010), and average annual precipitation (Pavg) as well as seasonal factors over the study period (1970–2010) in-

cluding average winter and summer temperatures, average winter and summer precipitation, change in winter and summer temperature (ΔT;

1970–2010) and change in winter and summer precipitation (ΔP; 1970–2010). Significant (p <0.05) correlations have been highlighted by
bold text. Adapted from Carpino et al. (2018).

Table 2. Change in mean water level (mm) from 2003 through to 2017 calculated from
best-fit trend for each of the eight long-term monitoring wells within the 0.25 km

2
area of

study within the area of interest at Scotty Creek (see Figure 4). The p-values of significant re-
gression trends are in bold. Adapted from Haynes et al. (2018). Abbreviation: CI, confidence
interval.
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Figure 4. a) A2010 WorldView-2 image (©DigitalGlobe, Inc. all rights reserved) of the 0.25 km
2
area of study within the Scotty Creek area of

interest. White dots represent the locations of wells in each of the monitored connected bogs (C-bog), isolated bog (I-bog), as well as chan-
nel fen and peat plateau sites. Water table (WT) elevations (in m asl) from 2003 to 2017 for the b) representative connected and isolated
bogs, c) channel fen, and d) peat plateau. In b), c) and d), solid lines are the 30 min water level records, ‘x’ symbols represent mean annual
water level position in each site, and dotted lines represent linear best-fit trends in water level over the period of record. Adapted from
Haynes et al. (2018).



scape to wetland area at the expense of forest cover was ob-

served at all 10 AOI in this study area, which spans the dis-

continuous to sporadic permafrost regions of northwestern

Canada. One main control on permafrost loss, as reflected

by decreasing forest cover, is increasing average air tem-

perature resulting in accelerated rates of forest cover loss.

Subsidence and inundation of degrading permafrost pla-

teaus (Quinton et al., 2009) and peat overmaturation

(Zoltai, 1993; Beilman and Robinson, 2003) are the domi-

nant mechanisms accounting for the dramatic landscape

changes observed in these environments as permafrost

bodies warm and thaw. The former mechanism occurs at all

AOI along the CPET transect, whereas the formation of fis-

sures in desiccating and heavy surface peat deposits as they

become disconnected from the underlying water table, an

indicator of peat overmaturation, is also observed at the

southernmost AOI. However, the significant positive rela-

tionship between mean annual air temperature and forest

gain along the CPET transect suggests that warming tem-

peratures may also play an important, although contrasting,

role in these transitioning regions depending upon the de-

gree of landscape change. The promotion of forest re-

growth with increased air temperatures has been attributed

directly to enhanced forest productivity (Baltzer et al.,

2014). An indirect influence of increasing air temperatures

facilitating afforestation likely involves the alteration of

the magnitude and routing of hydrological flows across the

landscape providing suitable conditions for tree regrowth.

The long-term trends in water levels in representative

land-cover types across the Scotty Creek site illustrate the

change to the amount of water stored, drained and routed

across the transitioning landscape. Significant drainage of

previously isolated bog features occurs as they become

connected to the drainage network (Figure 4). These con-

nected wetlands lose significant amounts of water to run-

off, which was previously impounded by permafrost barri-

ers and stored in the basin. Warming air temperatures result

in the thaw and degradation of these permafrost barriers al-

lowing for more efficient and direct routing of water to the

drainage network and ultimately exporting it as runoff from

the basin. Therefore, permafrost thaw results in drying of

wetlands in this region. Enhanced wetland drainage cou-

pled with amplified evapotranspiration as a result of in-

creasing temperatures (Warren et al., 2018) indirectly en-

hance forest succession and regrowth by providing an

optimal environment in terms of hydrology for tree estab-

lishment.

Trajectory of Discontinuous to Sporadic
Permafrost Landscape

It is likely that the hydrological mechanism responsible for

controlling afforestation is favourable moisture conditions
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Figure 5. Total annual runoff (mm) measured at the Scotty Creek basin outlet (red line)
and total annual precipitation (including both rain and snow; mm) measured at Fort Simp-
son (black line) from 1976 to 2015. Yellow area denotes extra observed runoff beyond
that expected based on the mean of runoff ratios (RR) prior to 1996 and current precipita-
tion patterns at Scotty Creek basin (blue line). Runoff from the neighbouring Jean Marie
watershed (grey line), which functions similarly to the Scotty Creek basin, from 1976 to
2015 is plotted to illustrate the observed shift in increased runoff post-1998 to 2012. All
runoff amounts totalled over the water year (October 1 to September 30). Adapted from
Haynes et al. (2018).



with landscape change. The loss of permafrost barriers has

resulted in increasing runoff exiting the transitioning

Scotty Creek basin (Figure 5). With accelerated permafrost

loss in recent decades, elevated runoff beyond that ex-

pected given pre-1996 runoff ratios and current trends in

precipitation patterns is observed (Figure 5). In addition to

the contributions to elevated runoff from the expansion of

area contributing to the drainage network as permafrost

barriers are lost, increased primary runoff from the banks of

increasingly fragmented peat plateaus and direct moisture

from permafrost thaw (Connon et al., 2014), draining of

wetland features as they become connected to the basin

drainage network accounts for approximately 10% of

excess runoff.

Given the hydrological trends observed at the Scotty Creek

site, a conceptual model for the anticipated relationship be-

tween water storage on the landscape and associated runoff

over time is proposed (Figure 6). As the landscape contin-

ues to change with further permafrost thaw, runoff from

discontinuous and sporadic permafrost basins is antici-

pated to increase as wetlands become incrementally con-

nected to the drainage network (Figure 6; Quinton et al.,

2009). However, once the maximum contributing area is

reached, when all bogs have developed a connection to the

drainage network, a threshold of peak potential runoff will

be achieved, which is higher than previously observed due

to the significant expansion of the runoff contributing area.

The observation of afforestation in southern latitude AOI

(Figure 2) reinforces the likelihood of continued wetland

drainage as connections to the drainage network broaden as

permafrost thaw proceeds, leading to drier wetland soils.

Under such conditions hydrological connectivity within

plateau-wetland complex basins will only be achieved dur-

ing periods of high moisture supply, activating secondary

runoff pathways (Connon et al., 2014). In periods of limited

moisture availability, the lack of active runoff pathways

will restrict contributions from collapse scar bogs to basin

runoff.

Changes in precipitation patterns, including decreases in

snowpack depth (Hinzman et al., 2005), earlier spring melt

(Intergovernmental Panel on Climate Change, 2007) and

increases in the frequency of mid-winter melts resulting

from warm periods and rain-on-snow events (Putkonen et

al., 2009), all influence permafrost stability. The relation-

ships between winter precipitation and forest loss and gain

suggest that decreases in winter precipitation promote the

transition from forest to wetland due to permafrost thaw,

whereas greater snow accumulation facilitates forest re-

growth with reduced saturation following snowmelt. Al-

though tree regrowth is occurring at the southern AOI of the

transect, which are at an advanced stage of permafrost deg-

radation and loss, it does not appear to be accompanied by

the re-establishment of permafrost likely due to warmer

climatic conditions (Robinson and Moore, 2000; Jorgen-

son et al., 2010).

Conclusions

The latitudinal gradient of the CPET transect illustrates the

likely trajectory of permafrost-thaw-induced landscape

change. This space-for-time substitution proxy demon-

strates that net forest loss decreases with decreasing lati-

tude, whereas forest gain is negligible other than at the most

southerly locations. Therefore, considering that this

transect represents the likely trajectory of perma-

frost-thaw-induced landscape change, it may be concluded

that the landscape of forested plateaus interspersed with

treeless wetlands, as observed in the Scotty Creek basin, is

not likely the climax community for this region. As plateau

features subside and transition to wetlands as a result of in-

undation, the water stored in previously isolated bogs is di-

rected to basin runoff. Drying of wetlands through drainage

enhances runoff from these environments. This significant

change in hydrology facilitates the re-establishment of tree

species and, in association with such climatic changes as in-

creasing air temperatures and altered precipitation patterns,

promotes afforestation in these landscapes. Further re-

search is required to determine if conditions will be favour-

able for the return of permafrost beneath the newly estab-

lished forest cover despite continued climate change–

induced warming of air temperatures. Understanding how

permafrost-thaw-induced landscape changes in the spo-

radic to discontinuous permafrost zone affect the hydrol-

ogy of these environments is important in order to assess

the availability and sustainability of freshwater resources

for northern communities.
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Figure 6. Conceptual model for the transition of the permafrost
landscape, from a) the initial condition with wetlands isolated from
drainage networks with perched, flashy water tables (WT) on per-
mafrost terrain and interannual runoff generation in response to
precipitation trends; b) to an intermediate condition where, as per-
mafrost barriers are lost and perched plateau water tables sub-
side, bogs drain as a result of the newly formed connections to
channel fens, with bog and plateau water levels approaching the
level of the drainage channel and runoff begins to increase without
a corresponding increase in precipitation; c) to an advanced condi-
tion where, due to the enhanced runoff contributing area partition-
ing precipitation to runoff, basin runoff is elevated as compared to
preconnected conditions as bog drainage across the basin ap-
proaches a diminishing return. Plateau water level responses be-
come increasingly attenuated and follow a similar trend to adjacent
wetlands. Dotted lines in the water table plots illustrate the mean
water level trend for each of the bog, fen and plateau. Black verti-
cal dashed lines in water table plots denote annual cycles,
whereas points in precipitation and runoff plots represent annual
totals. Black dotted arrows in the landscape images represent the
direction of water flow as areas become connected to the drainage
network with permafrost loss. Changes in the runoff and precipita-
tion trends along the three transitional phases are represented by
the incremental addition of data for plots a) through to c). Adapted
from Haynes et al. (2018).
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