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Foreword

Geoscience BC is pleased to once again present results from our ongoing projects and scholarship recipients in our annual
Summary of Activities publication. Papers are published in two separate volumes: Minerals, and this volume, Energy and
Water. Both volumes are available in print and online via www.geosciencebc.com.

Summary of Activities 2020: Energy and Water

This volume, Summary of Activities 2020: Energy and Water, contains 16 papers from Geoscience BC—funded projects or
scholarship recipients that are within Geoscience BC’s strategic focus areas of energy (including oil and gas, and geother-
mal) and water. The papers are divided into four sections, based on Geoscience BC’s strategic objectives of

1) Facilitating Responsible Natural Resource Development,

2) Advancing Science and Innovative Geoscience Technologies,
3) Enabling Clean Energy, and

4) Understanding Water.

In the ‘Facilitating Responsible Natural Resource Development’ section, there are seven papers, the first three dealing with
furthering our understanding of induced seismicity in the Kiskatinaw Seismic Monitoring and Mitigation Area (KSMMA).
The paper by Monahan et al. paper provides an update on new shear-wave velocity (V) data acquired to categorize and map
surface sediments with respect to their effect on ground-motion amplification. Salvage et al. expound on the unique oppor-
tunity of using a dense seismographic network to monitor background seismicity during a quiescent period attributed to the
COVID-19 pandemic. Continuing work by Wang et al. on earthquake-triggering mechanisms attributable to hydraulic frac-
turing suggest that a moment magnitude (M,,) 4.6 event occurred on a pre-existing fault with a significant amount of
preloaded tectonic strain.

The next four papers focus primarily on novel techniques, such as multivariate analysis and machine learning or source pa-
rameter inversions, that may aid in understanding seismic susceptibility and mitigation techniques. Amini and Eberhardt, in
their first phase of work, apply different machine-learning algorithms to determine the relative importance of several geo-
logical and operational parameters in relation to the triggering of induced seismicity. Mehrabifard and Eberhardt investigate
the dependence of induced-seismicity magnitudes on differential stress and pore pressure of using supervised machine
learning. Roth et al. discuss preliminary results from source parameter inversions of induced seismic events from the
KSMMA area. The last paper in this section is from one of our scholarship recipients, Wozniakowska, and Eaton. Their
paper analyzes the seismogenic-activation potential of the Montney Formation.

The ‘Advancing Science and Innovative Geoscience Technologies’ section includes four papers. The first, by Hayes et al.,
looks at wastewater disposal in the maturing Montney play of northeastern BC, while Chalmers et al. and Silva and Bustin
discuss hydrogen sulphur sources in the Montney and Doig formations, respectively. In the last of the four papers, Chevrot
et al. model fluid migration and distribution in the Montney Formation.

In the ‘Enabling Clean Energy’ section, Grasby et al. give an update on this summer’s continuing research into the geother-
mal-resource potential of the Garibaldi volcanic belt in southwestern BC.

Lastly, in the ‘Understanding Water’ section, four papers deal with water research in the Peace Region. The first paper, by
Allen etal., is an activity report on the installation of a purpose-built groundwater-monitoring network that is characterizing
groundwater methane in the region. The Van De Ven et al. paper reports on a multidisciplinary experiment at the Hudson’s
Hope Field Research Station—the controlled release of natural gas into a confined aquifer. The paper by Lapp et al. gives an
overview of a unique Pilot Collaborative Water Monitoring Program aimed at gathering Western-based science along with
Traditional Knowledge at multiple river sites. The section concludes with Goetz and Beckie discussing groundwater
recharge in a confined paleovalley setting.

Geoscience BC Report 2021-02 iii
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Geoscience BC Energy and Water Publications 2020

In addition to the two Summary of Activities volumes, Geoscience BC releases interim and final products from our projects
as Geoscience BC reports and maps. The following three Energy and Water reports were published in 2020:

o Sixteen technical papers in the Geoscience BC Summary of Activities 2020: Energy and Water volume (Geoscience
BC Report 2021-02)

e The Garibaldi Volcanic Belt Geothermal Energy Project: Mount Meager 2019 Field Report, by S.E. Grasby, S.M.
Ansari, R. Bryant, A. Calahorrano-DiPatre, Z. Chen, J.A. Craven, J. Dettmer, H. Gilbert, C. Hanneson, M. Harris, F.
Hormozzade, J. Liu, D. Montezadian, M. Muhammad, J.K. Russell, R.O. Salvage, G. Savard, V. Tschirhart, M.J.
Unsworth, N. Vigouroux-Caillibot, G. Williams-Jones and A.R. Williamson (Geoscience BC Report 2020-09)

o Statistical Assessment of Operational Risks for Induced Seismicity from Hydraulic Fracturing in the Montney,
Northeast BC, by A. Fox, S. McKean and N. Watson (Geoscience BC Report 2020-12)

All releases of Geoscience BC reports, maps and data are published on our website and are announced through our website
and e-mail updates. Most final reports and data can also be viewed or accessed through our Earth Science Viewer at
https://gis.geosciencebc.com/esv/?viewer=esv.
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Shear-Wave Velocity Studies of Near-Surface Deposits in the Fort St. John—
Dawson Creek Area, Northeastern British Columbia (NTS 093P, 094A)
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Monahan, P.A., Hayes, B.J., Perra, M., Mykula, Y., Clarke, J., Gugins, C., Candy, C., Griffiths, D., Bayarsaikhan, O., Jones, O. and Oki, U.
(2021): Shear-wave velocity studies of near-surface deposits in the Fort St. John—Dawson Creek area, northeastern British Columbia (NTS
093P, 094A); in Geoscience BC Summary of Activities 2020: Energy and Water, Geoscience BC, Report 2021-02, p. 1-16.

Introduction

Seismicity in northeastern British Columbia (BC) has re-
cently increased significantly due to hydraulic fracturing
and water disposal by the petroleum industry (Atkinson et
al., 2016; Kao et al., 2018; Roth, 2020). Most of these
events are small, but rare events up to magnitude (M) 4.6
have occurred (Babaic Mahani et al., 2017a, b, 2019).
Ground motions for the largest events are at the lower
bound of possible damage, in the range of modified
Mercalli intensity (MMI) VI (Worden et al., 2012; Babaie
Mahani and Kao, 2018; Babaiec Mahani et al., 2019).

Aspart of an investigation of the potential for amplification
of seismic ground motions, shear-wave (V) data for near-
surface geological deposits have been acquired at 28 sites
in the Fort St. John—Dawson Creek area of northeastern
BC. This area is in the southern part of the Montney gas
play area, which is currently the most active gas play in BC
and is being extensively developed by hydraulic fracturing
in horizontal wells. A M4.6 induced event occurred in this
area in November 2018 (Babaie Mahani et al., 2019). The
objective of this paper is to summarize the results of the Vg
data acquisition and to present a V5 model of the shallow

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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geological deposits. Other aspects of this project are des-
cribed by Monahan et al. (2020).

Ground-Motion Amplification

Ground-motion amplification due to shallow geological
conditions can be estimated by the time-averaged Vg in the
upper 30 m (Vs30, harmonic mean), with amplification sus-
ceptibility increasing as Vg3o decreases (Table 1; Kramer,
1996; Building Seismic Safety Council, 2003; Finn and
Wightman, 2003; National Research Council, 2015).

Amplification can also be due to resonance in the soil col-
umn, where the dominant period of the ground motions is
the same as the dominant site period. Amplification due to
resonance was also suspected in the region by Monahan et
al. (2019).

Regional Geology

The project area is located in the western part of the Alberta
Plateau (Holland, 1976), and extends from Fort St. John to
Dawson Creek and from the Alberta border west to the Pine
and Moberly rivers (Figure 1). The plateau is incised by
valleys, up to 280 m deep, of the Peace River and its major
tributaries, the Kiskatinaw, Pine, Moberly, Pouce Coupé
and Beatton rivers. Adjacent to these valleys, low relief
benches form the plateau surface, and these extend up
smaller valleys into the hilly uplands that lie farther from
the rivers. In the uplands in the western part of the project
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Table 1. National Earthquake Hazards Reduction Program (NEHRP) Site classes, also
adopted by the National Building Code of Canada (Building Seismic Safety Council, 2003;
National Research Council, 2015). Susceptibility ratings from Hollingshead and Watts

(1994).
Site Class General description Definition by Vg3 Sus:::g;l;lllty
A Hard rock Vs30>1500 Nil
B Rock 760<Vg30<1500 Very low
C Very dense soils and soft rock 360<Vg3,<760 Low
D Stiff soils 180<V530<360 Moderate
E Soft soils Vg30<180 High

area, hilltops are up to 900 metres above sea level (m asl) in
elevation and the local reliefis up to 200 m. The topography
of the uplands becomes more subdued toward the east,
where hilltops are up to 700 m asl in elevation and local
relief'is 50 m.

Bedrock at surface consists of gently easterly dipping, rela-
tively soft Cretaceous sedimentary rocks (Irish, 1958;
Stott, 1982; McMechan, 1994; Plint, 2000). The principal
geological units exposed from northwest to southeast
across the project area are, in ascending order, the Shaftes-
bury Formation, which consists of marine shale; the Dun-
vegan Formation, which consists of marine and nonmarine
sandstone, conglomerate and shale; the Kaskapau Forma-
tion, which consists of marine shale, with sandstone mem-
bers in its lower part; and the Cardium Formation, which
consists of marine and nonmarine sandstone, conglomerate
and shale. The upper 5 to 30 m of bedrock is commonly
weathered to clay, particularly the shale intervals, and the
upper surface is commonly glaciotectonized (Monahan et
al., 2019, 2020).

Atleast three glaciations occurred during the Quaternary in
this areca (Mathews, 1978; Hartman and Clague, 2008;
Hickin et al., 2015, 20164, b). Deposits of the last two gla-
cial and adjoining nonglacial periods show a repetitive pat-
tern of fluvial incision and deposition during nonglacial in-
tervals, followed by deposition of glaciolacustrine silt as
drainageways were blocked by advancing Laurentide ice,
and finally, by till during the glacial maximum. Fluvial inci-
sion cut deeper following each glaciation, so that modern
valleys of the Peace River and its major tributaries are in-
cised through the older Quaternary deposits into bedrock.

Deposits of the latest glaciation, during the Late Wiscon-
sinan, are the best known (Mathews, 1978, 1980; Hartman
and Clague, 2008; Hickin etal., 2015, 20164, b). Both Cor-
dilleran and Laurentide ice extended into the area, but the
maximum extents of each appear to have been out of sync.
West of the project area, Cordilleran till has been reported
interbedded with advance-phase glaciolacustrine deposits
(glacial Lake Mathews; Hartman et al., 2018). However,
the advance-phase glaciolacustrine deposits are overlain by

clay-rich till deposited by Laurentide ice. The ice sheets ap-
pear to have coalesced, but in the latter stages, Laurentide
till appears to have been overridden locally by Cordilleran
ice (Hickin et al., 2016b). As Laurentide ice retreated,
drainage was again blocked, resulting in widespread depo-
sition of glaciolacustrine silt, clay and very fine sand of gla-
cial Lake Peace. Following drainage of this lake, fluvial in-
cision resumed and continued into the Holocene.

Sediments older than the last glacial maximum are re-
stricted to Quaternary river valleys (paleovalleys) that un-
derlie benches adjacent to the major rivers and some
smaller valleys. They are exposed only in the valley walls
of the Peace River and its tributaries. Elsewhere, only Late
Wisconsinan till, retreat-phase deposits and Holocene
sediments occur at the surface. These units occur in specific
geomorphic settings (Mathews, 1978; Reimchen, 1980;
Hartman and Clague, 2008; Hickin etal.,2015; Monahan et
al., 2019). The uplands are underlain mainly by till with a
veneer of glaciolacustrine silt and clay. Topography in the
uplands is largely controlled by bedrock, which is locally
exposed and generally within a few metres of the surface in
the western parts of the project area. However, in the up-
lands of more subdued relief in the eastern part of the pro-
ject area, till commonly forms a blanket up to 30 m thick.
The low relief benches, between the uplands and deeply in-
cised major valleys, are underlain by retreat-phase gla-
ciolacustrine and related deposits, which are 10 to 15 m
thick adjacent to the major rivers and between 5 and 50 m
thick in smaller valleys. Where these deposits overlie older
Pleistocene deposits in paleovalleys, the total Quaternary
thickness locally exceeds 200 m. Terraces on the walls of
major valleys are underlain by late stage Wisconsinan gla-
ciofluvial sand and gravel representing the earliest phases
of postglacial fluvial incision and are up to 30 m thick.
Modern fluvial sand and gravel occupies river valley
bottoms.

Within the upland areas, the valleys of smaller streams have
gently sloping floors and are underlain by glaciolacustrine
sediments, into which the modern streams have now in-
cised. The degree of incision increases markedly as these
streams approach the major valleys. Boundaries between

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 1. Spatial distribution of sites where shear-wave velocity (Vs) data were acquired in the Fort St. John—Dawson Creek area, north-
eastern British Columbia. Site details are found in Tables 2 and 3. The previous study noted is that by Monahan et al. (2019). Abbreviations:
MASW, multichannel analysis of surface waves; VSP, vertical seismic profiling. UTM Zone 10N, NAD 83.
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the upland areas and adjacent glaciolacustrine benches and
valley bottoms are commonly marked by distinct breaks in
slope. However, these breaks in slope are not as clear in the
areas of subdued topography in the east.

Acquisition of Vg Data

Shear-wave velocity (Vs) data have been acquired at 28
sites, by downhole logging in existing boreholes using the
vertical seismic profiling (VSP) method, and by multichan-
nel analysis of surface waves (MASW), a non-invasive sur-
face technique that generates a Vg profile along a 100 m
transect. These two methods are described by Arsenault et
al. (2012) and Phillips and Sol (2012), respectively. The
data were acquired by Frontier Geosciences Inc.

The VSP logs were acquired in seven boreholes, and the re-
sults are summarized in Table 2. Five of the boreholes were
drilled by the Energy and Environment Research Initiative
(EERI) as part of a regional groundwater monitoring pro-
ject by the University of British Columbia (Cahill et al.,
2019; Ladd et al., 2019, 2020), and the other two are Prov-
ince of BC groundwater observation wells (OW; Kelly and
Janicki, 2013). In addition to Vs, P-wave velocity (Vp) data
were obtained at all sites, and gamma-ray logs were run in
EERI-2, and -3, and OW 418 and 420 to correlate with
gamma-ray logs in nearby petroleum wells. The EERI
boreholes have polyvinyl chloride (PVC) casing, whereas
the OW have steel casing to the approximate top of bed-
rock, and PVC casing below. Descriptive logs of the OW
are also available in the BC Ministry of Environment and
Climate Change Strategy’s groundwater wells and aquifers
database (GWELLS; BC Ministry of Environment and Cli-
mate Change Strategy, 2020). Figure 2 shows the logs of
OW 418, which was the deepest borehole logged. Note that
the gamma-ray signal is somewhat attenuated in the steel-
cased interval. In addition to those illustrated here, the logs
for EERI-2 and -3 are shown in Monahan et al. (2020, Fig-
ures 3, 4).
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Figure 2. Borehole logs for Observation Well 418 (groundwater
wells and aquifers database [GWELLS] well tag number 104709;
BC Ministry of Environment and Climate Change Strategy, 2020),
located on gently sloping upland hillside. Gamma-ray, shear-wave
velocity (Vs) and P-wave velocity (Vp) data. Average Vs and Vp
posted for each interval. Lithological log and descriptions modified
from those of Kelly and Janicki (2103) and GWELLS to match
gamma-ray and velocity logs. Note downward increase in Vs below
the weathered interval. Note also, attenuation of gamma-ray signal
in steel-cased interval. Top of bedrock picked in this interval based
ondriller’s log and the lower and less serrate gamma-ray signature
of Quaternary till compared to Cretaceous shale. Upper part of
Dunvegan Formation from 32 to 75 m correlates with the basal A-X
member of the Kaskapau alloformation of Plint (2000). Gamma-ray
scale at bottom. The average shear-wave velocity in upper 30 m
(Vsa0) is 417 m/s at the site (Site Class C). Abbreviations: cps,
counts per second; PVC, polyvinyl chloride; sh, shale.

Table 2. Summary of vertical seismic profiling (VSP) data in pre-existing boreholes. All co-ordinates are in UTM Zone 10N, NAD 83.
Locations of boreholes shown on Figure 1. Abbreviations: GWELLS, BC Ministry of Environment and Climate Change Strategy’s
groundwater wells and aquifers database; OW, observation well; Vs3o, average shear-wave velocity in upper 30 m; WTN, well tag

number.
. Depth Depth to .
Borehole Easting Northing Eleyation penetrated bedrock Vsao Site Setting Reference
(m asl) pae o (m/s) Class

EERI-2 664116 6197620 747 45 26.7 271 D  Gentle upland Cahill et al., 2019;
hillside Monahan et al., 2020

EERI-3 623071 6239713 737 55 26 276 D  Valley bottom Cahill et al., 2019;

Monahan et al., 2020

OW 418 659177 6198989 699 91 10 417 C  Gentle upland Kelly and Janicki, 2013
hillside (GWELLS WTN 104709)

OW 420 664197 6187988 776 44 22.5 370 C Gentle upland Kelly and Janicki, 2013
hillside (GWELLS WTN 104711)

EERI-7 668605 6199167 790 33 55 360 C-D Gentle upland Ladd et al., 2019, 2020
hilltop

EERI-8 640811 6205544 824 32 25 415 C  Steep upland Ladd et al., 2019, 2020
hilltop

EERI-12 631468 6245003 691 32 19 500 C  Steep upland Ladd et al., 2019, 2020
hillside

Geoscience BC Summary of Activities 2020: Energy and Water
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The MASW profiles were acquired at 21 sites, and the re-
sults are summarized in Table 3. Of these, 11 were acquired
at seismograph stations, in order to assess site effects: six
are in the McGill University Dawson—Septimus Induced
Seismicity Study network (MGO1 to MGO05 and M10;
McGill University, 2020), two are in the Geological Survey
of Canada—BC Oil and Gas Commission Induced Seismic-
ity Study network (MONT1, MONTS; Natural Resources
Canada, 2020), two are industry stations included in the
study by Babaie Mahani and Kao (2018; stations 9 and 15),
and one is a proprietary industry station. Six MASW pro-
files were acquired at residences (two co-located with seis-
mograph stations), to calibrate the residents’ experiences
with induced earthquakes (MASW SL19-1,-12,-13, -14,
-16,-18). Six MASW profiles were located adjacent to sites
where geotechnical or scientific borehole data had been ob-
tained, in order to refine the Vg model of the shallow geo-
logical materials (MASW SL19-2,-10, -11, -15, -17, -21).
One MASW, SL19-2, was done adjacent to EERI-2 in order
to compare the two techniques.

The total depths investigated on the MASW profiles are be-
tween 30 and 38 m. The Vs data are determined at multiple
geophones on each profile (typically 39), so that Vg3 was
calculated at each geophone, and the Vg3p mean and stan-
dard deviation could be calculated for the entire profile (Ta-
ble 3). Note that the mean V3o shown in Table 3 is the time-
averaged velocity in the top 30 m of the soil column at all
geophones. The depths to bedrock reported are either inter-
preted from adjacent petroleum industry gamma-ray logs
or other borehole data, or interpreted from the MASW data.
An example of a MASW profile and adjacent borehole data
are shown in Figure 3a, b.

Vs Model of Shallow Geological Deposits

The Vg data acquired for this project have been used to pre-
pare a Vs model of the shallow geological deposits in the
project area, and builds on a Vg model developed previ-
ously for the entire Montney play area (Monahan et al.,
2019). The new model incorporates Vs data acquired for
the previous study, including six VSP logs in the Ground-
birch area, twelve MASW profiles (Figure 1), and three di-
pole sonic logs in Geoscience BC boreholes drilled in2017.
Four ofthe MASW profiles and all the dipole sonic logs are
from outside of the current project area and not shown on
Figure 1. All data from the previous study were reinter-
preted for the new model. The data have been supple-
mented by Vs data acquired by others, comprising nine
seismic cone penetration tests (SCPT) at four sites, and four
MASW tests at one site. Most of the latter data are propri-
etary. Of the five sites, only one is outside of the area shown
in Figure 1.

To develop the model, the Vg data points were correlated
with specific stratigraphic units. In computing the average

Vs (Vsav) for each unit, data were time-averaged to be con-
sistent with the calculation of Vg3o. For the borehole Vg
data, published core descriptions and wireline log data are
sufficient to confidently assign Vg data points to specific
stratigraphic units (Figures 2, 4, 5). Core descriptions for
these boreholes are by Hickin et al. (2016a; Groundbirch),
Levson and Best (2017; Geoscience BC 2017 boreholes),
and Goetz (Cahill et al., 2019; Ladd et al., 2019; EERI
boreholes).

However, for the MASW profiles, only data from those ad-
jacent to geotechnical or scientific boreholes were used—
that is, all of the MASW profiles from Monahan et al.
(2019) and six of the MASW profiles acquired for this
study. In these, only intervals from the closest geophone to
the borehole that could be equated with specific strati-
graphic intervals in the boreholes were used in the Vg
model (e.g., Figure 3). Data from deeper than the bottom of
the adjacent borehole were excluded, except in cases where
bedrock had been confirmed in the borehole.

The Vs model is summarized in Table 4. The ranges shown
on the table are the lowest and highest interval values rather
than from individual data points. Ranges of standard pene-
tration test (SPT) blowcount (N) values for each strati-
graphic unit were derived from geotechnical borehole data
collected as part of the project (Monahan et al., 2020). The
SPT blowcount is the number of hammer blows required to
drive a sample tube 305 mm (1 ft.), and is a measure of the
strength and consolidation of the deposits. The test is usu-
ally terminated after 50 blows, which is referred to as ‘re-
fusal’. The new Vg model is generally similar to that previ-
ously described by Monahan et al. (2019), but differs from
the earlier model in two important aspects—the greater
range of Vg for tills and weathered bedrock (shale and
sandstone; Monahan et al., 2020).

Holocene and Retreat-Phase Deposits
of the Last Glaciation

Holocene alluvium was tested at one MASW site on the
Sikanni Chief River, north of the project area (Monahan et
al.,2019; SL2-2), where the Vgay is 196 £14 m/s in 11 m of
interbedded gravel, sand and silt. Based on a comparison
with Holocene fluvial deposits elsewhere, this is likely to
be representative of these deposits in the Fort St. John—
Dawson Creek area.

Retreat-phase deposits of the last glaciation show a pattern
of increasing Vg with grain size. The Vgsay increases from
214 4+55 m/s in glaciolacustrine silt, clay and very fine sand
(25 sites), to 299 +45 m/s in glaciolacustrine and gla-
ciodeltaic sand with minor gravel (six sites), and to
364 +91 m/s in glaciofluvial gravel and sand (one site). The
last mentioned site is located on a glaciofluvial terrace and
the gravel and sand is overlain by 7 m of thick silt. The Vgay

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 3 (continued). Multichannel analysis of surface waves
(MASW) at SL19-10 at Geoscience BC borehole 2017-12 (Levson
and Best, 2017), located on a glaciolacustrine bench above the
Peace River. b) Borehole gamma-ray and resistivity logs and
shear-wave velocity (Vs) trace at geophone 24 (627001E,
6234050N, UTM Zone 10N, NAD 83), the closest to the borehole.
Average Vs is posted for each interval. Gamma-ray and resistivity
logs by Weatherford International plc, core description from
Levson and Best(2017). The average shear-wave velocity in upper
30 m (Vs30) is 303 8 m/s at the site (Site Class D).

of these deposits together is 326 £94 m/s. Pebbly silt inter-
vals interbedded with glaciolacustrine sediments are 3 to
7 m thick and have a Vgay of 301 £29 m/s (three sites; e.g.,
Figure 3b).

Retreat-phase glaciolacustrine silt, clay and very fine sand
are widespread and described in many geotechnical bore-
holes. The SPT N values are generally between 2 and 20 for
these deposits.

Tills

Till occurs in 42 intervals at 30 sites and has a Vguy of
343 £176 m/s. However, the till intervals can be subdivided
into those interpreted to be Late Wisconsinan, which occur
at surface or directly below the Late Wisconsinan retreat-
phase deposits, and those that occur deeper in the section
and are interpreted to be older.

NN

cience BC

Vs, Vp (m/s)
10 100 1000 10000
0
133 m/s 346 m/s
250
: Silty diamict s 929 m/s
(till); matrix
fines
downward, 55
but clasts m/s ?
10 coarsen Ve
from ¢
granule to
— cobble 1969 m/s
LT §
<
=
o
[
o
20 Sandstone, ’
shale o
interbeds 1059 m/s 12247 m/s
25 —/m—m—m—m—™—m
Shale, sandstone interbeds
Sandstone, shale interbeds »
I ¢ 2675 m/s
30 1583 m/s
Shale
V3= 500 m/s
35

Figure 4. Borehole log for EERI-12. Shear-wave velocity (Vs) and
P-wave velocity (Vp) data. Average Vs and Vp are posted for each
interval. Core description by Goetz (in Ladd et al., 2019). Note that
the Vs increases downward through the diamict (i.e., till) as clast
size increases. The Vs increase at 12.5 m is interpreted to repre-
sent the downward change from meltout to lodgment till. An alter-
nate interpretation is that each Vs interval represents a till of a dif-
ferentage. The average shear-wave velocity in upper 30 m (Vs3o) is
500 m/s at the site (Site Class C).

Accordingly, till intervals at 28 sites are interpreted as Late
Wisconsinan and have a Vgay 0f 321 £134 m/s, with a wide
range from 135 to 790 m/s. In most borehole logs, the dif-
ferentiation between meltout, flow and lodgment till was
not made by the person logging the core. However, these in-
terpretations were made by Hickin et al. (2016a) and
Levson and Best (2017) in their core descriptions (e.g., Fig-
ure 3); and in two of the EERI borehole logs the distinction
between meltout and lodgment till can be inferred from an
abrupt downward increase in Vg in an otherwise continuous
till sequence (Figure 4). Following these interpretations,
Late Wisconsinan meltout till occurs at two sites with Vgay
of 224 £52 m/s, flow till occurs at two sites with Vgay of
377 +42 m/s, and lodgment till at eight sites with Vgay of
422 +£151 m/s. Undifferentiated tills at 20 sites have a Vgay
of 295 £110 m/s. Significantly, the range of Vgay in till in
the thick till blanket encountered in many upland sites in
the eastern part of the project area overlaps with that of gla-

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 5. Borehole log for EERI-8, located on steep upland hilltop.
Shear-wave velocity (Vs) and P-wave velocity (Vp) data. Average
Vs and Vp are posted for each interval. Core description by Goetz
(Ladd et al., 2019). Note weathered bedrock interval is 10.5 m
thick with an average shear-wave velocity (Vsay) of 273 m/s. The
average shear-wave velocity in upper 30 m (Vsz) is 415 m/s at the
site (Site Class C).

ciolacustrine silt (e.g., Figure 6). In geotechnical bore-
holes, the range of SPT N values in Late Wisconsinan tills
is typically between 10 and >50 (i.e., refusal).

Tills interpreted to be older than the last glacial maximum
occur at four sites, and have a Vgay of 660 £132 m/s. Lodg-
ment till occurs at three sites with a Vgay of 709 £100 m/s,
and flow till occurs at two sites with a Vgay 0f 572 £111 m/s
(Hickin et al., 2016a; Levson and Best, 2017; Monahan et
al., 2019).

Therange of Vgay intills is likely related to varying degrees
of glacial compaction and clast and clay content, with the
latter increasing and decreasing Vg, respectively. Although
till provenance controls lithology, and Laurentide tills are
clay rich (Mathews, 1978), there are insufficient data to as-
sess the control of provenance on till Vs.

Geoscience BC Report 2021-02

SPT (N), q, (bar), Vs (m/s)

1 10 100 1000

219 m/s

-]

Till (silty clay)
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Bedrock

End of hole
20

Figure 6. Proprietary data from a geotechnical investigation at a
gently sloping upland site, provided courtesy of an oil and gas op-
erator. Data shown are shear-wave velocity (Vs) and tip resistance
(qt) from a seismic cone penetration test (SCPT). Standard pene-
tration test (SPT) blowcount (N) and lithological data are from an
adjacent borehole. Average Vs inthe SCPTis 219 m/s. Basedon a
correlation of N with Vs, the average Vs of the section down the bot-
tom of the borehole is estimated to be 224 m/s, and estimated av-
erage shear-wave velocity in upper 30 m (Vgs3o) is 312 m/s, assum-
ing bedrock Vg of 900 m/s from the base of the hole down to 30 m
(Site Class D). This estimate is an upper bound one, as the one
bedrock N value (30) indicates that the bedrock surface is weath-
ered, and the estimated Vg3 will be less if a thick weathered inter-
val is present.

Advance-Phase Deposits of the Last Glaciation
and Earlier Deposits

Deposits older than the Late Wisconsinan glacial maxi-
mum are represented at 10 sites. These have higher Vgay
than retreat-phase and Holocene deposits due to glacial
compaction, and display less grain-size control of V.
Glaciolacustrine clay, silt and very fine sand occur at six
sites, with a Vgay of 426 £26 m/s; glaciolacustrine and
glaciodeltaic silty sand and sand occur at five sites, with a
Vsay of 527 £188 m/s; and glaciofluvial and fluvial sand
and gravel occur at seven sites witha Vgay of 519 +117 m/s.
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Table 4. Shear-wave velocity (Vs) model of near-surface geological deposits in the Fort St. John—-Dawson Creek area. Numbers in
brackets in environment and lithology columns are the number of sites represented. Bracketed standard penetration test (SPT) blow-
count (N) values are inferred, not observed. Ranges in Vs are highest and lowest interval averages, rather than individual data points.

Period Unit Environments Lithology SPTN Vs average
(range, m/s)
. . 14-25 196 +14
Holocene Alluvium Silt, sand and gravel (1
J M (>50?) (180-250?)
Glaciofluvial terrace Gravel and sand (1) 364 £91
(with overlying silt Vgay, 326 £94) (260-400)
Silt, clay and very fine sand (25) 21020 Sl £59
) ) (135-330)
Glaciolacustrine 301 £29
Pebbly silt (3
WiscI:-oariinan ’ o (285-340)
glaciation Glalcm_laguEtr}ne, Sand and gravel (6) (20 to 50) 299 £43
retreat phase glaciodettaic (250-370)
. Flow till (2) 377 42
Tills 333-465
28 sites 224 +52
( ) Meltout till (2) °
Vsav (135-260)
Pleistocene
321 +134 . . . 295 +110
ot (135-790) Undifferentiated till (20) 10 to >50 (135-600)
Wisconsinan 422 £151
glaciation Lodgment till (8)
maximum (260-790)
+
Glaciolacustrine Clay, silt and very fine sand (6) 15 to >50 426 26
Late (360-460)
Wisconsinan [ Gjaciolacustrine . 527 £188
advance phase glaCiOdeltaiC Sllty sand and sand (5) (>50) (400_860)
and earlier Glaciofluvial and 519 +117
glacial and i Gravel and sand (7) (>50) *
nonglacial uvia (420-840)
i +
deposits Tills Till, flow and lodgment (4) (>50) 660 £132
(490-830)
522 +232
; Weathered shale and sandstone (16 30 to >50
Cardium, (1) (240-1200)
Kaskapau, 962 £198
Cretaceous [ Dunvegan and Shale (7) >50 -
Shaftesbury (725-1280)
+
fm. Interbedded sandstone and shale (9) >50 1179 £411
(725-1878)
Bedrock creases downward from 871 m/s at 14 to 24 m depth in Kas-

Bedrock Vg was recorded at 18 sites. Weathered intervals at
the top of bedrock occur at 16 sites and were either directly
reported on borehole logs (e.g., Figure 5) or interpreted on
MASW profiles by steep downward Vg increases before
levelling off at a high Vi, with the latter being interpreted as
unweathered bedrock (e.g., Figure 7). Weathered intervals
are up to 36 m thick, with an average of 15 m and a Vgay of
522 £232 m/s.

Relatively unweathered bedrock is represented at 11 sites.
Shale intervals have generally lower Vgay than intervals of
interbedded sandstone and shale. The Vgay for these inter-
vals are 962 +198 m/s and 1179 +411 m/s, respectively.
However, Vg continues to increase downward from the
weathered zone, as shown in OW 418, where Vgay in-

10

kapau Formation shale to 1878 m/s between 53 and 90 m in
the Dunvegan Formation sandstone and shale (Figure 2).
This downward increase is likely due to the gradually de-
creasing effects of weathering below the upper highly
weathered interval, the closure of fractures due to greater
overburden stress and the effect of increased overburden
stress itself.

Vs30 by Geomorphological Setting

Figure 8 shows the distribution of Vg3y by geomor-
phological setting at sites in the Fort St. John—Dawson
Creek area. Those sites on modern alluvium, glaciofluvial
terraces and glaciolacustrine benches and minor valley
floors are generally in Site Class D, as would be expected as
these deposits are generally relatively thick and/or overlie

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 7. Shear-wave velocity (Vs) trace from multichannel analy-
sis of surface waves (MASW) at test site SL-4, from previous study
(Monahan et al., 2019), and lithological data from adjacent propri-
etary borehole. Site located at hilltop site of gentle topography in
Dawson Creek. The Vs trace is at geophone 28, the closest to the
borehole (673711E, 6184226N, UTM Zone 10N, NAD 83). Aver-
age Vs is posted for each interval. Borehole log reports weathered
shale down to 15 m, but the Vs trace suggests that the effects of
weathering extend down to ~21 m. Relatively unweathered bed-
rock is interpreted below 21 m where the Vs values level off at high
values. The average shear-wave velocity in upper 30 m (Vs3p) is
468 123 at the site (Site Class C).

older Quaternary deposits. At the two glaciolacustrine sites
in Site Class C, which are located in minor valleys, bedrock
is interpreted to be shallow (<20 m) on the MASW profiles.
Site Class in the upland sites ranges from B to D and over-
laps with the glaciolacustrine sites where thick tills with Vg
comparable to glaciolacustrine deposits occur. This is par-
ticularly so in the uplands of subdued topography in the
eastern part of the project area. However, Vg3 increases as
depth to bedrock decreases, so in the steeper upland areas
of the western part of the project area, where thin tills over-
lie bedrock, sites are likely to be in Site Class C.

The relationship between Vg3¢ and depth to bedrock is
shown in Figure 9. Generally, sites where depth to bedrock
exceeds 15 mare in Site Class D. Upland sites which devi-
ate from this trend are associated with very high till veloci-
ties (e.g., EERI-12, Figure 4), or thick weathered bedrock
intervals (e.g., EERI-7, -8; Figure 5).

Geoscience BC Report 2021-02

The steeper upland areas, where bedrock is shallow and
Site Class C predominates, are primarily underlain by sand-
stone units of the Dunvegan Formation and sandstone
members of the Kaskapau Formation. These units are more
resistant to erosion than shale of Kaskapau Formation,
which underlies most of the upland areas of subdued topog-
raphy in the eastern part of the project area, where thicker
till overlies bedrock and Site Class D is widespread.

However, significant amplification of seismic ground mo-
tions may also occur due to resonance where the depth to
bedrock is less than 15 m. Amplification of induced seis-
micity at the Groningen gas field in the Netherlands is
greatest where Holocene deposits are thin (<~20 m), less so
where they are thick, and the least where the Holocene is
absent (van Ginkel et al., 2019).

Conclusions

The project data confirm that, in the Fort St. John—Dawson
Creek area, the shear-wave velocity of the clay-rich Late
Wisconsinan till is commonly comparable to that of the
Late Wisconsinan retreat-phase glaciolacustrine clay, silt
and fine sand. Consequently, where thick till occurs in the
upland areas of subdued topography, such as in the eastern
part of the area, the average shear-wave velocity in the up-
per 30 m (Vs3) is similar to that of glaciolacustrine sites,
and is assigned to Site Class D. In upland areas of steeper
topography, where thinner tills overlie bedrock, Site Class
C predominates. As a result, depth to bedrock is a better
predictor of Vg;¢ than whether till or glaciolacustrine de-
posits occur at surface, and a depth of 15 m approximates
the boundary between Site classes C and D. This depth may
vary depending on the presence of denser till or a thick
weathered bedrock interval with low velocity, which would
increase or decrease, respectively, the bedrock depth of the
Site Class C—D boundary.

However, amplification of seismic ground motions may
also occur due to resonance where the depth to bedrock is
less than 15 m. To assess this, future work in this project
will include analysis of recorded ground motions at sites
where the depth to bedrock is known.
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Introduction

Over the past decade, hydraulic fracturing and wastewater
disposal operations have significantly increased in the
Western Canada Sedimentary Basin (WCSB) due to devel-
opment of a number of distinct resource plays, including
the Montney. Due to the temporal and spatial correlation of
increased seismicity with increased operations in this area,
this trend is generally attributed to anthropogenic causes,
although very few hydraulic fracturing operations (0.3%)
are actually linked to seismic activity with moment magni-
tudes (My) >3 (Rivard et al., 2014; Atkinson et al., 2016).
Inrecent years, northeastern British Columbia (BC) has ex-
perienced an increasing number of felt seismic events dur-
ing active development within the Montney play. This led
the British Columbia Oil and Gas Commission (BCOGC)
to implement a special order in 2018 (BC Oil and Gas
Commission, 2018) within the area now known as the
Kiskatinaw Seismic Monitoring and Mitigation Area
(KSMMA; Figure 1). This order required operators to un-
dertake a pre-assessment of the seismic hazard, fully in-
form residents in the area of upcoming operations and mon-
itor seismic activity in real-time before, during and after
completions. Of particular importance was the introduction
within the KSMMA of the cessation of operations follow-
ing an event with a local magnitude (M) of > 3.0 (BC Oil

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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and Gas Commission, 2018), which is lower than the
M, 4.0 threshold that is standard elsewhere in BC (e.g.,
Babaie Mahani and Kao, 2020).

Although the KSMMA is heavily monitored for seismic ac-
tivity by individual companies undertaking resource devel-
opment, limited real-time public data were available to
better understand exactly how and why this area is so sus-
ceptible to induced seismicity, how faults are activated dur-
ing hydraulic fracturing operations and why low magnitude
events (M <2) are often felt by residents. Although a num-
ber of larger felt events have occurred within the KSMMA
(e.g., November 30, 2018, near Fort St. John), the majority
of seismic events have magnitudes <2, meaning that they
were difficult to study with the sparse public seismic
monitoring networks. Consequently, in early 2020, 13 new
broadband seismometers and 2 accelerometers were in-
stalled within the KSMMA to enhance the monitoring ca-
pabilities of ongoing operations, improve risk assessments
and inform mitigation strategies (Figure 1). The installation
of'such a dense monitoring network aims to enhance the un-
derstanding of the generation of felt seismicity due to fluid
injection, in particular, the physical processes governing
fault (re)activation and arrest, the role of aseismic pro-
cesses and the management of risk and mitigation strategies
related to such events. This is not only important for the op-
erators undertaking hydraulic fracturing experiments in
this area, but also for regulators and the general public so
that they can improve best practices for safer operations.
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Figure 1. Installed seismic monitoring stations within the Kiskatinaw Seismic Monitoring and Mitigation Area (KSMMA,; yellow border),
northeastern British Columbia. Yellow stations denote those from a new Earth-System Observing Network—Réseau d’Observation du
Systéme Terrestre (EO) dense array network installed for this project; blue stations are previously installed public stations, managed by
Natural Resources Canada (Geological Survey of Canada) and the University of Calgary. Stations FSJ1 and FSJ2 are also part of the EO
network but were installed in 2018. Station FSJ1 was decommissioned on August 26, 2020, but is shown for completeness as its data has
been used in seismic analyses. Elevation data from Shuttle Radar Topography Mission (U.S. Geological Survey, 2014). WGS 84/ Pseudo-

Mercator, World Geodetic System 1984 datum.

Network Design and Installation

With increasing operations within the KSMMA over the
past decade, the number of public monitoring stations has
also increased. Prior to the installation of this new dense ar-
ray, nine public sensors maintained by Natural Resources
Canada (NRCan; Geological Survey of Canada) existed
within the KSMMA (Figure 1), along with six co-located
accelerometers poised to better capture higher levels of
ground motion from larger seismic events. Therefore, it
was important that the installation of the new dense array
complemented the locations of the existing stations. In par-
ticular, it was noted that most of the public stations were po-
sitioned within a corridor orientated to the northwest, with
large gaps in spatial coverage in the northern KSMMA
(close to the Site C dam), and in the central area near Tower
Lake and in the southwest near Farmington.

18

Ten broadband seismic stations (Nanometrics Trillium
T120 seismometers with Taurus digitizers) were loaned to
the University of Calgary for this project by a geothermal
research group in South Korea led by T.-S. Kang, S. Kim
and J. Rhie. Nanometrics Seismic Monitoring Services
(Nanometrics) upgraded the existing firmware on these
systems and provided solar power, communication systems
and interconnect cables to ensure all systems were fully op-
erational. Furthermore, Nanometrics provided an addi-
tional three broadband sensors and two accelerometers
(Nanometrics Titan) for the project, as well as undertaking
the installation and maintenance of the network. Installa-
tion began in January 2020, with four broadband stations
and an accelerometer being successfully installed. The re-
maining stations were installed in March and May 2020.
This dense array network adds to two previously installed

Geoscience BC Summary of Activities 2020: Energy and Water
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stations by the University of Calgary in 2018 in the EON-
ROSE (Earth-System Observing Network—Réseau
d’Observation du Systéme Terrestre [EO]) seismic network
in this area.

Sensors were installed at existing well sites (Figure 2)
through the generous support of four independent compa-
nies. The primary aim of the network was to expand moni-
toring capabilities in the KSMMA, in particular in the
northeastern and southwestern parts of the area where prior
public monitoring was sparse. However, difficulties relat-
ing to the availability of suitable sites (i.e., sites not associ-
ated with active well pads and/or having good telecommu-
nication strength) and actual accessibility to sites meant
that it was not possible to place sensors in a truly optimum
spatial array. In particular, it was not possible to place sen-
sors close to the Site C dam, an area of sparse coverage. For
this reason, a decision was made to place two sensors out-
side of the KSMMA (KSM04 and KSMO09, Figure 1) to op-
timize the aperture of the array, even though these sensors
are at a greater distance from ongoing operations than is
ideal. Stations KSMO1 and KSM10 are centrally located
and both have a co-located accelerometer alongside the
seismometer. The sites of the accelerometers were chosen
due to their proximity to the most recent seismicity in the
area, in particular anumber of felt events that have occurred
close to Tower Lake and Farmington (Figure 3).

Continuous seismic data from the EO network can be
downloaded directly from the Incorporated Research Insti-
tutions for Seismology (IRIS) website (https://ds.iris.edu/
ds/nodes/dmc/) following an initial 91 day embargo period
reserved for researchers at the University of Calgary and
the project partners. Data are released on a 24-hour basis
for all stations within the network.

Data Processing

Nanometrics is providing continuous data acquisition, ar-
chiving and standard data processing of data from the EO
network, as well as incorporating data from the existing
public stations in the area. This represents a significant in-
kind contribution to this project to produce an accurate and
well-maintained catalogue of seismic events during the re-
cording period. The Nanometrics workflow includes event
detection, event location analysis and determination of
magnitudes, both automatic and through manual inspection
by a trained analyst. In March 2020, Nanometrics further
supplemented this workflow by deploying Al Analyst ad-
vanced processing techniques to augment the automatic
processing of data. The full catalogue, including phase pick
information and waveform data, as well as the continuous
seismic data are provided to researchers so that they can un-
dertake their own analysis of the seismicity.

Firstly, seismic events are detected from the incoming con-
tinuous seismic data using a simple short-term average over

Geoscience BC Report 2021-02

Figure 2. a) Example of the footprint of a single seismic monitoring
station, showing solar power panels and the top of the short bore-
hole containing the seismometer (Nanometrics Trilium T120). The
digitizer (Nanometrics Taurus) and other electronics (e.g., cables,
modem, etc.) are housed within the light grey box halfway up the
solar panel pole. b) Example of the depth of borehole (~30 cm) con-
taining the buried seismometer. Sensors were buried just below
the surface to reduce surface noise (e.g., meteorological, traffic,
etc.).

long-term average (STA/LTA) triggering algorithm,
followed by a separate template-matching algorithm using
continuously retrained modules that classify noise from
events and remove unwanted signals. Then, the AT Analyst
uses the support vector machine (SVM)-learning technique
to identify phase arrivals in continuous real-time waveform
streams. These phase arrivals are identified by training an
SVM model on historical data, as it is a supervised ma-
chine-learning approach. By converting the waveforms
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Figure 3. Spatial locations of seismicity concentrations within the
Kiskatinaw Seismic Monitoring and Mitigation Area (KSMMA).
Higher density of seismic events is indicated by brighter colours;
lower density by darker colours; and no seismicity by grey. a) Seis-
mic events recorded by Natural Resources Canada between Janu-
ary 1 and December 31, 2018 (data from Visser et al., 2020). Note:
although the new dense array was not installed at this time, it is
shown on the map for reference. The largest eventin 2018, occur-
ring on November 30 north of Tower Lake, is shown (M. 4.50).
b) Seismic events recorded on the newly installed Earth-System
Observing Network—Réseau d’Observation du Systéme Terrestre
(EO) network (and incorporating data from public stations) from
January 22 to September 30, 2020 (data from Nanometrics Seis-
mic Monitoring Services, 2020). The largest magnitude event in
2020, occurring on September 11 east of Farmington, is indicated
(M. 3.41). Stations FSJ1 and FSJ2 are also part of the EO network
but were installed in 2018. Station FSJ1 was decommissioned on
August 26, 2020, but is shown for completeness as it was used in
seismic analysis prior to this. Elevation data from Shuttle Radar To-
pography Mission (U.S. Geological Survey, 2014). WGS 84/
Pseudo-Mercator, World Geodetic System 1984.

into over 250 features using quantities such as time and
band-normalized spectrograms, a model is generated that
can associate the features with P and S phases (or con-
versely, with noise). These can then be extracted from real-
time waveforms, provided the model is applied to a net-
work of very similar topology and geographic area for
which it was trained. Additionally, the phase extraction
from real-time data can be used to derive confidence mea-
sures in the phases/events detected, as well as to identify
and exclude regional events. Once phases have been identi-
fied, a beamforming grid-search approach is used to iden-
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tify event locations and times based on the highest likeli-
hood P-S separation times observed at all contributing
stations.

Event locations are further refined using a double-differ-
encing algorithm (Figure 4) to produce high-precision lo-
cations. This uses parameters such as a one-dimensional (1-
D) velocity model for the area and cross-correlation spe-
cific thresholds, and some parameters relating to event
pairing. It reduces errors associated with the velocity model
and pick placement by relocating events to minimize a) the
travel time differences between co-located event pairs and
b) the pick time differences between cross-correlated
waveforms from co-located event pairs. A precision esti-
mate is then derived by bootstrapping the input catalogue
and quantifying the resultant hypocentre distribution. The
1-D velocity model used has been specially derived for the
KSMMA (provided by the BCOGC) based on sonic logs
(compressional and shear) and formation tops, and cali-
brated using events detected on local networks from a
number of operators within the KSMMA.

Local magnitudes (M_) are calculated using a form of the
Hutton and Boore (1987) magnitude formula, which was
developed for events in southern California that are de-
tected on stations with up to 100 km epicentral distance.
This scale is based upon the Wood-Anderson conversion of
seismic sensors using the peak S-wave amplitude measure-
ment.
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Figure 4. Spatial cluster of 2098 seismic events occurring over ~10 days at the end of March 2020 in part of the Kiskatinaw Seismic Monitor-
ing and Mitigation Area. This example of preprocessing conducted by Nanometrics Seismic Monitoring Services shows the difference be-
tween a) their calculated standard locations of seismic events and b) their calculated high-precision locations of seismic events using a
double-differencing algorithm. High-precision locations clearly denote linear features, which appear to correlate temporally with ongoing
hydraulic fracturing operations in the area. Latitude and longitude values are not shown in order to preserve the location of this specific

seismicity.
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Overview of Recorded Seismicity

The first data from the EO network were received on Janu-
ary 22, 2020. At that time four stations had been installed;
the remaining stations were installed in the spring. At the
time of writing (October 1,2020), atotal of 7216 events had
been detected in the KSMMA using the EO network and
available public stations, with 7057 events reporting high-
precision relocations. All events were automatically de-
tected but have been manually verified by an expert at
Nanometrics. Figure 5a (upper) shows the temporal evolu-
tion of detected seismicity from January 22 to October 1,
2020, both daily and cumulative. Distinct heightened peri-
ods of seismicity can be observed, particularly in February,
March, August and September. This reflects ongoing oper-
ations in the area during these times. A clear period of qui-
escence is observed from April until August, representing
the unprecedented situation that occurred in 2020 with the
lockdown of people, businesses and cities due to the
COVID-19 pandemic.

Spatially, seismicity in the KSMMA appears to occur
within a band orientated to the northwest-southeast (Fig-
ures 3, 5c¢). Seismicity in 2020 appears to occur within a
more spatially distinct region than it did in 2018 (Figure 3b
versus 3a), but this may be due to the fact that there have
been significantly fewer operations in 2020 due to the
COVID-19 pandemic. Interestingly, the largest event in
2018 (My 4.50, November 30) occurred to the north of
Tower Lake, away from the densest cluster of seismic
events (Figure 3a). To date, the largest event of 2020 oc-
curred on September 11 (M 3.41) in the southern area of
the KSMMA (Figure 3b), but again away from the densest
cluster of events. Assuming this seismicity is associated
with ongoing hydraulic fracturing operations, this suggests
that the largest magnitude events do not necessarily occur
near the densest activity. Moreover, given that the largest
eventin 2020 did not occur in the same cluster as the largest
event of 2018, it appears that the occurrence of M; 3—4+
events is not confined to a single region.

Distinct clusters of seismicity are also seen in focal depth
plots (Figure 5c), with the majority of events occurring be-
tween 1 and 2 km deep, although a number of smaller
events do extend down toward the basement (which lies at
an average depth of 4 km across the KSMMA). Target for-
mations for hydraulic fracturing within the KSMMA (e.g.,
upper and lower Montney Formation) typically sit between
2000 and 2500 m (total vertical depth), suggesting the ma-
jority of seismicity occurs within or just above these forma-
tions. A deepening of seismicity toward the east likely indi-
cates a deepening of the target formations or target zones in
this direction.

As well as detailing the target formations at depth, the spa-
tial evolution of seismicity allows the detailing of fault and
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fracture growth in near real-time (Figure 4). High-preci-
sion locations (using double-differencing techniques)
reveal clear planar features associated with active hydrau-
lic fracturing operations. Figure 4 shows a spatial cluster of
2098 seismic events occurring over ~10 days at the end of
March 2020. In Figure 4a, events appear scattered spatially,
although there is some degree of order to the events tempo-
rally, with the oldest events occurring to the northwest. Fol-
lowing relocation using double-differencing methods (Fig-
ure 4b), clear planar features are evident, which appear to
‘grow’ with time toward the southwest. Two distinct popu-
lations are identified, which appear to be simultaneously
active. The largest planar feature in the southeast is approx-
imately 3 km in length, allowing a better understanding of
the extent of ongoing operations in the area, in lieu of
having detailed injection data from individual operators.

The installation of the majority of seismic sensors in the EO
network in March is clearly evident with the reduction in
the minimum detected magnitude at this time (Figure 5a,
lower panel). With four stations installed in January (in ad-
dition to the public sensors in the area), the minimum de-
tected magnitude was close to M 0. In March 2020, this
was significantly reduced, with the EO network (when
combined with available public stations) now recording
some events close to My —1. This was partly due to the in-
stallation of stations creating a denser network, but also re-
flects the introduction of the AI Analyst processing tool by
Nanometrics, which incorporated machine-learning tech-
niques to further refine My for detected events. The current
estimated magnitude of completeness (Mc) is 0.074, sug-
gesting that all events larger than this are detected (Fig-
ure 5b). This is significantly lower than the estimated Mc of
0.6 that was postulated in the funding proposal to Geo-
science BC and is in part due to the optimized network
design.

Seismicity directly relating to hydraulic fracturing (opera-
tionally induced seismicity) has been shown to have a
higher b-value (~2; Maxwell et al., 2009; Wessels et al.,
2011), indicating the dominance of many small earth-
quakes in comparison to large events. In comparison, b-val-
ues for natural seismicity in the northern hemisphere sit
around 1 (El-Isa and Eaton, 2014). The estimated b-value
for events detected in KSMMA, from the EO network and
available public station data, is 1.13 (Figure 5b), which
suggests that the seismicity has characteristics relating to
natural fault systems. Schorlemmer et al. (2005) suggested
that the b-value is greatly influenced by the tectonic stress
regime, and that a value close to 1.1 is indicative of normal
and strike-slip regimes. The KSMMA is strongly influ-
enced by the Fort St. John graben complex, an asymmetri-
cal half graben that has also undergone significant strike-
slip and rotational movement upon reactivation of the base-
ment faults in the area (Barclay et al., 1990), with a number

Geoscience BC Summary of Activities 2020: Energy and Water
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of normal faults associated with the extension of the graben
falling within the KSMMA (Furlong et al., 2020;
Figure 5c¢).

The largest magnitude event of 2020 at the time of writing
(October 1,2020) occurred on September 11 at 22:37 UTC
with an estimated My of 3.41, following which operations
in the area were shut down in accordance with the
BCOGC s traffic light protocol introduced for the KSMMA
(BC Oil and Gas Commission, 2018). Due to the COVID-
19 pandemic in 2020, operations only restarted in the
KSMMA at the beginning of August, following approxi-
mately four months of almost total quiescence (Figure 5a).
The event on September 11 occurred quickly following this
resurgence of activity. A total of 73 precursory events oc-
curred over approximately four hours, with events locating
within a small spatial extent (~300 by 150 m). These events
are probably directly related to ongoing operations in the
area based on the correlation in space and time of events
and injection. Events within this precursory sequence had
magnitudes between M; 0.2 and 2.6, and were all located at
depths of approximately 2.05 km. The mainshock was
located at a similar depth of 2.01 km.

Ongoing Research

Seismic data is analyzed in near real-time by Nanometrics
to provide an accurate and up-to-date catalogue of seismic-
ity. Using this as a base, the University of Calgary, in col-
laboration with other institutions, is undertaking further re-
search into the seismic sequences that are occurring within
the KSMMA, in particular, the characteristics of the source
of the events, spatio-temporal clustering of events, and
fault and fracture dynamics at depth.

Understanding the source characteristics of an earthquake
is fundamental to better discerning the physics behind
source rupture processes and the kinematic behaviour of
the source, and consequently understanding why seismic
activity manifested in the first instance (e.g., Kanamori and
Brodsky, 2004; Abercrombie, 2015). This is important for
the determination of hazards in the area. Characterization
of'an earthquake source in terms of the deformation the rup-
ture produces is fundamental to understand the evolving
stress field and growing fracture network within a given en-
vironment (e.g., Eyre and van der Baan, 2015). One com-
mon method for calculating this is the moment tensor inver-
sion (MTI), which aims to calculate the magnitude and
orientation of fracture planes often based on body-wave
polarities, amplitude ratios or waveform inversions.

A fully nonlinear Bayesian centroid moment tensor (CMT)
inversion, based on the Bayesian earthquake analysis tool
(BEAT; Vasyura-Bathke et al., 2020) software, was carried
out for the September 11, 2020, M 3.41 event (Figure 6).
Data from 12 stations were processed in units of velocity
and a 3" order Butterworth filter between 0.07 and 0.2 hertz
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was applied after instrument-response removal. Data in-
cluded waveforms from an array in the Dawson-Septimus
area (Roth et al., 2020). After rotation into radial, trans-
verse and vertical components, only components with a
pulse-like waveform were retained. Green’s functions were
computed with QSEIS software (Wang, 1999) fora 1-D ve-
locity model that is representative of the Western Canada
Sedimentary Basin (Wang et al., 2016). The inversion ap-
plies a lune parametrization (Tape and Tape, 2015) and in-
cludes a Bayesian implementation of the cut-and-paste
(CAP) algorithm (Zhao and Helmberger, 1994) to account
for potential 3-D velocity structure that is not included in
the 1-D velocity model. Whereas the original CAP algo-
rithm infers optimal time shifts, the Bayesian method fully
accounts for uncertainty of these time shifts within a
window of +£3 s.

The CMT results show a focal mechanism dominated by a
strike-slip mechanism (Figure 6a). The fault strikes at 246°
with uncertainty between 245 and 249°. The auxiliary
plane strikes at 86° with uncertainty between 82 and 87°.
The centroid is located at 2.6 km depth with low uncer-
tainty. The centroid epicentre is shifted 0.4 km west and
0.5 km north compared to the catalogue location. The
mechanism (Figure 6a) is predominantly a double-couple
solution (72.7-85.4%). However, 2.4-9.3% of the source is
explained by an isotropic component and 6.4-22.4% by a
compensated linear vector dipole (CLVD). Such isotropic
and CLVD components are not uncommon and are typi-
cally ascribed to theory errors in the inversion. For exam-
ple, the fault plane may not be perfectly planar, and Green’s
functions may include errors. It is also noted that CMT de-
composition is intrinsically based on assumptions and it is
more rigorous to consider these source trade-offs with the
lune diagram (Figure 7), which illustrates the uncertainty in
terms of the colour scale. The results are consistent with
other studies of source mechanisms within the KSMMA,
which suggest mechanisms are dominated by strike-slip
faulting, with some evidence of thrust faulting (Wang et al.,
2018; Babaie Mahani et al., 2020).

»
»

Figure 6. Bayesian centroid moment tensor inversion results for
the local magnitude 3.41 seismic event on September 11, 2020, in
the Kiskatinaw Seismic Monitoring and Mitigation Area. a) Cen-
troid moment tensor (CMT) decomposition indicating a predomi-
nantly double-couple (DC) focal mechanism with small isotropic
and compensated linear vector dipole (CLVD) contributions. The
blur in the focal mechanisms quantifies uncertainty. The fault dips
near vertical and exhibits strike-slip motion. b) Observed wave-
forms (solid dark grey) are fit well by predictions (colour scale) that
capture most data features. Fits for vertical, radial and transverse
components are shown. All waveforms are shown in velocity (m/s)
and specific velocity values are shown on the right axis of each
panel. Station names and components are given in the top left with
epicentral distance and back azimuth. Histograms in the top right
of each panel show the range of variance reductions (VR)
achieved by the ensemble of models produced by the inversion.
Bottom-left histograms on each panel are for the time shifts for
each seismogram component.
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Figure 7. Bayesian centroid moment tensor (CMT) inversion re-
sults for the local magnitude 3.41 seismic event on September 11,
2020. The lune representation of the CMT more clearly shows that
the event can be predominantly explained by slip on a planar fault,
where the colour scale presents the probability. Lighter colours in-
dicate low probability; darker colours indicate high probability. Ab-
breviations: CLVD, compensated linear vector dipole; DC, double
couple; ISO, isotropic; LVD, linear vector dipole.

Observed waveforms and prediction fits, CAP time shifts
and variance reduction are shown in Figure 6b. Note that
agreements are excellent overall but some of the largest am-
plitudes are not fit well. The CAP time shifts required are
negative for vertical and radial components and notably
positive or neutral for the transverse component. This dif-
ference may suggest some degree of crustal anisotropy.

Since CMT estimates disagree with catalogue values, the
hypocentre depth and magnitude were recalculated inde-
pendently using seismic phase picks provided in the cata-
logue. A focal depth of ~2.75 km was calculated, which
closely agrees with the centroid depth but is deeper than the
hypocentre depth of ~2 km in the catalogue. Similarly, a
smaller magnitude of ~M; 3.1 (compared to My 3.41) was
calculated. Both of these estimates agree with the CMT in-
version. The discrepancy in the calculated and the original
magnitude is due to the use of a different formula for calcu-
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lation—a form of the Richter (1935) magnitude formula
that has been modified to better reflect local attenuation
characteristics of the KSMMA (Babaie Mahani and Kao,
2020) was used. In line with calculations done by NRCan,
the M was calculated using the maximum amplitude from
the vertical component, simulated on a Wood-Anderson
(WA) seismometer, rather than the horizontal component,
which is more common elsewhere. Plans are being made to
extend the work to include events prior to this mainshock to
understand the evolution of stress with time.

The year 2020 was unusual due to the COVID-19 pan-
demic, which caused the shutdown of many businesses and
severely restricted the movement of people. A related re-
duction in ground motion has been accurately measured by
a drop in seismic noise worldwide (e.g., Lecocq et al.,
2020), which is also evidenced in the KSMMA. Over the
approximately four months of quiescence, when operations
within KSMMA ceased due to government regulations
(April to August, Figure 5a), only 389 events were detected
using the EO network and available public stations in the
area. For comparison, 344 events were detected on the EO
network over a single week, from February 8 to 15, when
operations were in full flow. The seismicity that occurred
during the quiescence is being investigated: Is it latent seis-
micity left over from operations in wells in the KSMMA? If
so0, is this from very recent operations or is it from more
long-term operations? Or does it represent a natural seis-
micity that is now evident in the area due to changes to
stress brought about by anthropogenic activity in the area?
The unprecedented period of quiet allows the authors to
better constrain the seismicity, since it cannot have been
induced by ongoing operations in the area.

Preliminary investigations into spatio-temporal clustering
of seismicity and interevent triggering within the KSMMA
are being undertaken. There appears to be some evidence of
interevent triggering, but correlation with injection param-
eters for individual wells is still required and the degree to
which this influences spatio-temporal clustering remains
unclear. There is also an interest in better understanding lo-
cal site effects for hazard analysis, in particular, investigat-
ing spectral peaks due to resonance effects and their possi-
ble seasonal variation and amplification of seismic waves
within the KSMMA. This may lead to a better understand-
ing of why the report rate of seismic events varies spatially
across the KSMMA, and why a number of residents are re-
porting feeling strong shaking with only very moderate
magnitude events (M <2). Monahan et al. (2019) con-
cluded that site amplification conditions within the
KSMMA are varied, with Site Class D conditions (high am-
plification of seismic ground motions) being widespread.
Analysis of the ambient seismic noise field, and in particu-
lar the horizontal to vertical spectral ratio (HVSR), will al-
low the determination of the fundamental site response fre-
quency at different sites within KSMMA. Both of these
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studies aim to better constrain the hazard from ongoing
seismicity within the KSMMA, detecting ‘weak’ zones
where seismicity is prevalent and could potentially cause
alarm for the public due to amplification of the seismic
wavefield.

High-precision locations of events suggest distinct planar
features that develop in regions are related to ongoing hy-
draulic fracturing operations (e.g., Figure 4). Therefore, an
analysis is being undertaken to better understand the
spatio-temporal evolution of the rupture process of such
planar features, using finite-fault source inversions and
Bayesian analysis to better constrain the uncertainties asso-
ciated with such analysis. It is hoped that this will provide a
better understanding of fault nucleation, propagation and
arrest, which is essential knowledge for operators and
regulators.

Finally, the detailed monitoring within the KSMMA may
allow the authors to better constrain a long-standing prob-
lem linked to induced seismicity: Are there diagnostic dif-
ferences in the characteristics of seismicity induced by hy-
draulic fracturing and seismicity induced from wastewater
disposal? Are the source mechanisms and rupture pro-
cesses similar or different? In Canada, the majority of in-
duced seismicity is associated with hydraulic fracturing
(e.g., Rivard, 2014; Atkinson, 2016), however, in some ar-
eas of the United States seismicity is strongly associated
with wastewater disposal (e.g., Ellsworth, 2013). Within
the KSMMA, there are both unconventional reservoirs and
wastewater disposal wells, which provides a unique oppor-
tunity to study both in detail. Currently a spatio-temporal
analysis of events associated with both types of wells is be-
ing undertaken, as well as comparisons of magnitudes and
source parameters, including MTI and stress changes, to
better understand whether it is possible to discriminate be-
tween these two types of seismicity, and if so, learn about
each of their fundamental characteristics. The objective is
to gain a better understanding of the characteristic seismic-
ity of each of these types of operations, which will enable
the characterization of incoming seismicity in near real
time. It will also be possible to provide insights on seismic-
ity generation and evolution under different stress
conditions to all those involved in the oil and gas industry
and regulatory bodies.

Conclusions

In January 2020, the installation of a new dense seismic
monitoring network began within the Kiskatinaw Seismic
Monitoring and Mitigation Area (KSMMA), to better un-
derstand the relationship between ongoing hydraulic frac-
turing and wastewater injection operations and seismicity,
in particular seismicity which is unexpected (either in terms
of its location or magnitude), and seismicity that is felt by
the general population. With the installation of a dense ar-
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ray network, the hope is to better capture seismicity in the
KSMMA at smaller magnitudes, and thereby generate a
more complete catalogue of events. This catalogue will be
used to better characterize the faulting and fracture mecha-
nisms within this area, the site amplification effects and the
spatial and temporal relationship between seismicity and
operations, which will lead to a better understanding of the
area’s susceptibility to larger magnitude events. This canall
aid regulatory practices and promote safer operations by
the oil and gas industry within British Columbia.

The unique nature of this project means close collaboration
with partners in both industry and academia to enhance the
likelihood of success. By providing an evolving event cata-
logue (event timings, locations, magnitudes), Nanometrics
Seismic Monitoring Services are significantly helping to
accelerate the research within the KSMMA. To date, over
7200 events have been detected within the KSMMA using
the new network and available public station networks,
down to local magnitudes of —1. The installation of the new
network has significantly reduced the magnitude of com-
pleteness of events detected in this area, meaning that a
more complete picture of ongoing seismicity within the
KSMMA has been achieved. Events appear very tempo-
rally and spatially clustered, probably related to ongoing
operations in the area. Spatially, seismicity is following a
similar pattern to previous years, where events cluster
within a central band extending northwest to southeast.
Clustering of events at depths around 2 km indicates a
likely correlation between hydraulic fracturing and seis-
micity, as this is the average target depth of geological for-
mations within the KSMMA. Having high-resolution loca-
tions may allow the authors to better constrain this
relationship, and in particular the relationship between in-
dividual stages of operations and the temporal nature/spa-
tial nature/magnitude of seismicity. The largest event to
have occurred so far in 2020 (September 11) suggests a
mechanism dominated by strike-slip movement. Using the
generated seismic catalogue from the new network and
available public stations, the analysis is being extended to
better understand the processes at the sources of seismicity
within the KSMMA and provide better constraints on faults
and fractures in this area, especially their activation and
development in relation to ongoing operations.
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Introduction

For the past decade, the sharply increased seismicity in the
central United States has been attributed to wastewater in-
jection through disposal wells, and the majority of events
occurred deeper than the target injection layers, within the
basement rocks (e.g., Ellsworth, 2013; Keranen et al.,
2014). In contrast, several studies suggested that hydraulic
fracturing (HF) could be responsible for the majority of in-
duced earthquakes in the Western Canada Sedimentary Ba-
sin (Figure 1; e.g., BC Oil and Gas Commission, 2012;
Atkinson et al., 2016; Mahani et al., 2017; Schultz et al.,
2018; Yu et al., 2019; Roth et al., 2020). On August 17,
2015, an My, 4.6 earthquake occurred within the southern
Montney play northwest of Fort St. John in northeastern
British Columbia (BC). The earthquake occurred within
500 m of an actively stimulated well and less than 7 km
from two nearby wells (Figure 1). This event has been rec-
ognized as the largest HF-induced event in Canada.

A previous study (Wang et al., 2020) investigated the source
characteristics of this My, 4.6 sequence and found 1) a clear
spatiotemporal relationship between the local HF opera-
tions and the observed earthquake sequence (Figure 1);
2) the static stress—drop values of the induced earthquakes
fell within the typical range of tectonic events; and 3) a sig-
nificant variation in the seismic response times at nearby
wells, even though the injection sites are located less than
10 km apart. For example, the first recorded event occurred

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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five days after the onset of injection at the closest well
(W1), whereas earthquakes occurred nearly simulta-
neously attwo nearby wells (W2 and W3) within 1 day after
the operation started. The locations of the three wells are
shown in Figure 1c. Based on these observations, Wang et
al. (2020) inferred that the M, 4.6 earthquake occurred ona
pre-existing fault with a significant amount of preloaded
tectonic strain.

However, questions remain about the seismogenic behav-
iour of the My, 4.6 earthquake sequence. For example, what
is the most plausible triggering mechanism for the
mainshock and why is the seismic response at the two
nearby HF wells (W2 and W3) much faster compared to the
delay of ~5 days at W1? Therefore, the objective of this
study is to investigate the various aspects of seismogenesis
of'the M, 4.6 earthquake and the different response times at
the three nearby HF sites. This will involve 3-D poroelastic
models with detailed numerical simulations of the
geomechanical evolution caused by fluid injection.

Method

Focal Mechanism Determination

The gCAP method is used to determine the moment-tensor
solution for the My, 4.6 earthquake by inverting the body
and surface waveforms recorded at local distances (Fig-
ure 2), and the P-wave first-motion method is used as a con-
sistency check. First, the Green’s functions are computed
for a wide range of distances (50-350 km) using the fre-
quency-wavenumber integration approach (Aki and Rich-
ards, 2002; Zhu and Rivera, 2002). This study employs the
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same regional 1-D velocity model used in the routine mo-
ment-tensor inversion for significant earthquakes in west-
ern Canada (Kao et al., 2012). The misfit between the syn-
thetic and observed waveforms is then calculated to obtain
the final solution. The moment-tensor inversion is repeated
for each depth in the range 1-10 km, and the solution with
the lowest overall misfit is found at a depth of 4 km (Fig-
ure 2), which is also comparable to the depth solution of
3.5 km from Wang etal. (2020). The present solution shows
a slightly oblique thrust mechanism with northwest-south-
east nodal planes (nodal plane 1: strike 131°, dip 37° and
rake 42°; nodal plane 2: strike 005°, dip 66° and rake 119°).
The consistency check using the available P-wave first mo-
tions shown in Figure 2¢ shows polarities consistent with
the gCAP focal-mechanism solution except for station
NBC4, which is located close to one of the nodal planes.

Poroelastic Model

Analytical and numerical models have been widely used to
study stress changes caused by fluid injection and their re-
lation to seismicity (e.g., Segall and Lu, 2015; Bao and
Eaton, 2016; Deng et al., 2016; Goebel et al., 2017; Yu et
al., 2019). Both increase in pore-fluid pressure and poro-
elastic-stress perturbation have been proposed as potential
mechanisms. This study uses the COMSOL Multiphysics®
software (version 5.3a) to model the distribution and evolu-
tion of pore pressure and poroelastic stress surrounding in-
jection wells W1-W3 (Figure 1).

The solid-mechanism module and Darcy’s fluid-flow mod-
ule are used to simulate the poroelastic-coupling process.
By assuming an isotropic and homogeneous medium, the
pore pressure can be obtained by solving the coupled-diffu-
sion equation (similar equivalent forms of the equations
can be found in, for example, Wang and Kumpel [2003],
Shapiro and Dinske [2009]),

a 0¢&yo
pSa—f—V'(inp)=Qm(x,t)—pa% (1)
S=xret 11— 0 @
a=-Lw, 3)

where S is the linearized storage parameter, p is the fluid’s
pressure in the pore space, &,,, is the volumetric strain of the
porous matrix, x is the permeability of the block, O, is the
volumetric flow rate for a fluid source, o is the Biot-Willis
coefficient, p is the pore-fluid density, 14 is its dynamic vis-
cosity, xyis the compressibility of the fluid, y, is the com-
pressibility of the rock, € is strain tensor and ¢ is the veloc-
ity variable that gives a volume flow rate per unit area of the
porous material. COMSOL uses S as the default parameter
in Equation 2, whereas some studies use the Biot modulus
(M), which can be calculated from Young’s modulus (G)
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and Poisson’s ratio (v; e.g., Rice and Cleary, 1976;
Detournay and Cheng, 1993; Leake and Hsieh, 1995). The
governing equations for the poroelastic model are

—V-g=F 4)
2G

O'ij = (1_—21/1/)51(}(61']' + ZGEU - ap5ij (5)

gij =5 (VW7 + Vu), (6)

where g is the stress tensor, ), is the volume force vector, §;
is the Kronecker delta (equal to 1 when i =j and to 0 when
i#j) and u is the deformation vector. When gravity is the
only driving force (F,) is (ps + ps)g, where g is the accelera-
tion of gravity, 6 is porosity and p, is bulk density.

With the stress tensor and pore-pressure change calculated
by COMSOL, the following equation, adapted from Xu et
al. (2010), is used to calculate the Coulomb Stress changes
(ACFS) resolved on the fault plane as determined from the
focal mechanism solution,

ACFS = sin A [—%sinzq.') sin(28) oy4 +

%Sin(Z(;b) sin(ZS) 012 +sing cos(ZS) 013 —

%cosz¢ sin(28) 0,5 — cose sin(28) o553 +

%sin(zg) 033] + cosA [—ésin(Zgb) siné oy, +

cos(2¢)) sin§ a;, + cos¢pcosboy; +

%sin(qu) siné oy, + sin¢c055023] +

psin*¢psin?Say, — sin(2¢) sin?8a;, —

sin ¢ sin(28) a3 + cos?psin?So,, +

cos¢ sin(28) a,3 + cos?pazs + AP, | (7)

where x is the friction coefficient (set here as 0.6); ¢, d and 4
are the strike, dip and rake of the receiver fault, respec-
tively; oy is the stress tensor, where i, j = 1,2,3 are the 3-D
components in the Cartesian co-ordinate system; and AP is
the pore-pressure change. It is worth noting that, since the
stress tensor and pore pressure are both time dependent,
ACFS is a property that also evolves with time.

Numerical Simulation and Results
Poroelastic Models for the M,, 4.6 Mainshock

To investigate the most plausible triggering mechanism for
the My, 4.6 earthquake, 3-D models were constructed with
dimensions of 5 km in all co-ordinate directions. Each
model is divided into four layers (Figure 3a) to represent
the stratigraphy of the study area: the upper sedimentary
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layer, the shale layer where the HF occurs, the lower sedi-
mentary layer and the crystalline basement (e.g., Davies et
al., 1997). Published data are used to set the solid and
hydrogeological properties of each layer (Clauser, 1992;
Neuzil, 1994; Rokosh etal., 2008,2010; Laske etal., 2013;
Dong et al., 2017; Vishkai et al., 2017; Cui and Nassichuk,
2018); the major properties used in the model are listed in
Table 1. Itis assumed that the fluid properties do not change
with depth or time (see Table 1). Based on the corner fre-
quency (fc) of ~3.2 Hz derived by Wang et al. (2020) for the
M,, 4.6 mainshock and the assumption of a circular rupture,
the radius of its rupture is estimated to be 400 m (Madar-
iaga, 1977). Consequently, a 3 x 3 km fault patch was estab-
lished to adequately encompass the entire circular rupture.
Previous studies suggest that the hydrological characteris-
tics along the fault surface could be very different from the
surrounding rocks due to the fault’s damage zone (e.g.,
Yehya et al., 2018), so it has been assumed that permeabil-
ity along the fault is one order of magnitude larger than in
the confining layers (Table 1).

With the basic model set up, three scenarios were designed
to investigate the influence of different hydrogeological
structures on the stress-field changes due to multistage in-
jection. In Model 1 (Figure 3b), only the fluid injection was
simulated for each stage without considering the effect of
any potential fractures or conduits outside of the fault sur-
face. In Model 2 (Figure 3c), besides the fluid-injection
points, it was assumed that the HF operations created a frac-
ture zone surrounding the horizontal wells, leading to an in-
creased permeability compared to the unfractured shale
formation. In Model 3 (Figure 3d), a conduit is added to
connect the fracture zone and the pre-existing fault, the
conduit having a permeability two orders of magnitude
greater than the surrounding formations (5 x 107> m?), sim-
ilar to the studies of Deng et al. (2016) and Pefia Castro et al.
(2020). Note that the permeability of the conduit falls at the
high end of the observed values for fault-damage zones
(e.g., Cappa, 2009; Farrell and Taylor, 2014).

Next, the multistage fluid-injection process is simulated by
assuming that fluid is injected at a single point of each
stage, and the consecutive stages migrate along the hori-
zontal wellbore. However, due to the lack of precise timing
of each HF stage, it was arbitrarily assumed that the HF op-
erations start at 8:00 a.m. local time each morning and indi-
vidual stages are finished without overlapping in time.

Figure4aand b show the evolutions of ACFS and pore pres-
sure, respectively, on the mainshock fault surface for the
three models (Figure 4c and d are the enlarged version).
The results indicate that the ACFS calculated on the re-
ceiver fault in both Models 1 and 2 is small and negative,
and would discourage slip on the fault surface. In contrast,
the ACFS for Model 3 has a much higher and positive value,
~0.56 MPa, which works to encourage fault slip.

Poroelastic Models for Nearby HF Sites (W2
and W3)

Next, work focused on the differing seismogenic behav-
iours at the two nearby HF sites (wells W2 and W3; Fig-
ure 1), namely the 1 day seismic response as triggered at
wells W2 and W3 compared to the 5 day response time at
well W1 (i.e., delayed triggering). The method in the previ-
ous section was used to calculate the ACFS imposed on the
receiver faults, by coupling progression of the elastic-stress
and pore-pressure changes from the injected fluids, as
described below.

Wells W2 and W3 were simulated separately, but the model
setup is the same (20 x 20 x 5 km). The number of layers
and the solid and hydrogeological properties are identical
to the models described in the previous section. In both
cases, the first earthquake in each sequence was chosen as
the representative location of the receiver fault and the cu-
mulative effects from previous injections were simulated
(i.e., effects from W1 on the fault next to W2, and effects
from both W1 and W2 on the fault next to W3, given the in-
jection timing as indicated in Figure 5). Since no reliable
fault-plane solutions exist for the two selected events, the

Table 1. Solid and fluid properties of each layer used in Models 1, 2 and 3 for the M,, 4.6 simulation shown in

Figure 3, and for the two models for W2 and W3.

Variable Layer 1 Layer 2 Layer 3 Layer 4
Depth 0-1.7 km 1.7-2.1 km 2.1-3 km 3-5km
Biot-Willis 0.7 0.7 0.7 0.7
P-wave velocity 3600 m/s 4400 m/s 6300 m/s 7100 m/s
S-wave velocity 2080 m/s 2540 m/s 3630 m/s 3990 m/s
Bulk Density (r,) 2160 kg/m® 2460 kg/m® 2740 kg/m® 3000 kg/m*®
Permeability (k) 75x10™m?  01x10"m?  05x10™®m?  01x10"m?
Porosity (q) 0.1 0.05 0.05 0.08
Fluid density (r) 1000 kg/m® 1000 kg/m® 1000 kg/m® 1000 kg/m®
Fluid compressibility (xy) 45x10"Pa’  45x10"Pa’  45x10"Pa’  45x10"°Pa’

Fluid dynamic viscosity (Ug) 0.79 x 107 Paes

0.79x 10° Pass  0.79 x 10° Pass  0.79 x 10° Pa-s

Geoscience BC Report 2021-02

35



Geoscience BC

JapullAo mouteu ay} Aq pajussaldal jin

puoo Ayjigeswiad-ybiy e yym Ing g [9Poj O} Jejiuis

‘e 19poIA (p pue ‘4ahe| aBYS PUODaS By} Ul plognd 8y} Aq pajeoipul se ‘uonjesado 4H Agq pasned auoz ainjoeuy Aljiqeswdsad-ybiy e yuming | |9pojN 0} Jejiwis ‘g |apon (9 -abeys yoes uoy sjuiod uon
-09(ul 8y} Bunuasaidai sasenbs |lews ayy pue yojed }ney} ay} Bunousp Jake| yunoy ayy ui atenbs abie| ayy yim ‘| |apoy (g ‘Apnys Juspuadap-awi) Buimo||o) a8y} Joj Indul dn|eaA [eniul 8y} Se pasn
SIYoIYM ‘SLIB]S 4H 9408 |9powl Judisuel) 8y} wodj ainssaud aiod oielsolpAy (e :ayenbyues 9 |\ a8yl Jo swisiueydssw Bunabbiy syl a1einwis 01 TOSINOD YiM|ing |apow JaAe|-1no4 ¢ ainbi4

(wsy) dduessiq
14

14

(wny) @duesIg

J
JuswWwaseg —p u_smn_l|.v NN
o | k. " -
Kieyuswipas somo] —p , A .
12he| ajeys —» X< T

Areyuswipas saddn —» % Sopris H_I,

14
o
1]
T
~
=
\m
3
,, T 4//
auozainpel{—»
(&
0 o 4
50
T
ST o
Q
213
o
I
m S'e A
g, =
5 Eme
= o
=
3 ger &
v
Sy
(@ B
0T

(wy) duelsig

C
0
.vl
O
[}
il
, 5
=
X | 2- 3
0
(®)
4
14
(wy) duelsiq
< €
o
D
=
=
=
3
(e

Geoscience BC Summary of Activities 2020: Energy and Water

36



Geoscience BC

'sabe)s 4H [enplAIpul Joj Uoijeinp pue ajel uonoaful-ping jussaldal sieq wonog exenbypes 9'y "\ JO BWI} 80UBLIND00 Juasaldal saul| |eD
-1}JaA paysep pue ‘suoljesado 4H Jo awi} }J@suo Juasaidal saul| [BD1AA pIj0S Ajuo sabueyd ainssald-aiod moys (p pue (q 2 uoizenb3 Buisn paje|nojes S4OV moys (9 pue (e "g pue | s|9pojA 10}
uoisloA pabie|us 8y} 8jo0usp oM} WOY0J puUe ‘S|apowW 884y} 8y} Jo} s}nsal ay) ajouap sjaued om) do] ¢ pue g ‘| s|opoj onselaolod 1oy synsal (dv) ebueyo ainssaid-aiod pue S4OV  ainbi4

(4noy) 00:00:00 S +0Z-Bny-1.0 B2UIS BUWI| (4noy) 00:00:00 G +02-Bny-10 BoUIS BWI |
0S¥ 00F 0Se 008 0SZ 002 OSL 00k  0G o__ . 0S¥ 00F 0SE 008 0SZ 002 OSk 00k  OS 0 .
T T T T NOO O: 0 T T T T —.O O:
S5 = S0'0 | o
g {51000- & . 800°0
= 5 +o
3 = 4900°0-
s {000~ & °°
3 3 zo {v00°0-
16000°0- y 520 12000
2 :
o 3 0 »
S E
— 12000 5
1¥00°0
11000
19000
€19ponN o g EI9pPoN
2IePoN §L00°0 glepo 18000
_ LIBPON AU LIPON
1 L 1 1 1 1 1 1 Noo.o 1 1 1 1 Foo AU
(4noy) 00:00:00 S 10Z-BNy-1.0 BUIS BWI | (4noy) 00:00:00 S102-BNy-1.0 B2UIS BWI |
0S¥ 00F 0S8 008 OS2 002 OSL 00+  0G ) 0S¥ 00y 0S€ 008 0S2 002 OSL 00+  OS 0,
_ T T T 1 T T T T a _ T T T 1 T T T T e
L 0 _
- 0
- 110 | | fres
- 120
- 120
i €0 p >
- wo = .
QO L 1yn Z
£ o =
r 160 o
- 190 I ks
€lopoN
I €19PON 120 I 2IePoN 190
Cl9PON LIopoN
LIBPON _
Il L 1 1 L w.o 1 1 1 I 1 1 1 1L No
q (e

37

Geoscience BC Report 2021-02



PN

Geoscience BC

two receiver faults were assumed to be optimally oriented
to the local tectonic-stress field (e.g., Bell and Grasby,
2012) when the corresponding ACFS values were calcu-
lated using Equation 7. Unlike the three scenarios used for
W1 (Figure 3b—d), only the simplest configuration was
simulated (i.e., without the existence of the fracture zone
around the horizontal wells or hydrological conduits, simi-
lar to Model 1). The results of the ACFS, pore-pressure
change and poroelastic-stress change are shown in Fig-
ure 5.

There are several notable features of the temporal evolution
of the ACFS and pore pressure calculated for the faults at
W2 and W3 (Figure 5). First, the ACFS shows a similar
monotonic increase when there is a fluid-injection opera-
tion, but the amplitude is smaller at W3 (Figure 5b) due to
the negative poroelastic-stress change. Second, it is clear
that the ACFS results calculated with the poroelastic model
on the receiver faults at W2 and W3 both have positive val-
ues, suggesting that the nearby HF injections could facili-
tate the faulting process. However, it is acknowledged that
the simulated ACFS is approximately one order of magni-
tude smaller than the static stress—triggering threshold of
0.02 MPa (e.g., Stein, 1999). Third, there are simultaneous
step-like jumps of the ACFS and pore-pressure change in
response to the HF operations.

Finally, it should be noted that the ACFS at W3 is smaller
than at W2, even though the area near W3 is subjected to the
effects of injections at both W1 and W2, whereas the W2
areais affected only by injections at W1. The difference can
be explained by the relative positions of the three injection
sites. Since the orientation of the fault is an important factor
controlling the amplitude of ACFS (Equation 7), the stress
changes caused by injection at W1 and W2, to a large de-
gree, cancel at the receiver fault near W3. On the other
hand, the pore-pressure change exhibits similar behaviour
at W2 and W3, as itis less sensitive to the directional factor.

Discussion and Implications

Considering the ACFS from the three models (Figure 4), the
M, 4.6 earthquake is more likely to have been triggered by
the elevated pore pressure associated with the migration of
injected fluid through pathways of relatively high perme-
ability, as suggested by Model 3. Although the conduit in
Model 3 is an assumption, several factors may hint at its
possible existence. First, as the ACFS values calculated on
the receiver fault in both Models 1 and 2 are negative, the
existence of a conduit is probably a necessary condition to
flip the sign of ACFS (Figure 4). Second, previous studies
have suggested that the Dawson Creek graben complex
hosts several faults in the Precambrian crystalline basement
that developed during the subsidence process (e.g., Berger,
1994). The extended fault system and the associated frac-
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ture zones can act as pathways of elevated permeability
connecting the reservoir and the Precambrian crystalline
basement (e.g., Kozlowska et al., 2018).

Fault orientation/geometry represents an important factor
in the determination of the ACFS (and in the time lag) re-
quired to activate a fault (e.g., Leietal.,2017,2019). Thus,
it is important to investigate how different fault types and
strike/dip angles could influence the amplitude of the ACFS
on the receiver fault of the My, 4.6 earthquake. Figure 6
shows the maximum ACFS for all strike and dip combina-
tions on the reverse-style receiver fault in the context of the
three poroelastic models. Although the ACFS could vary
with fault geometry caused by elastic-stress transfer alone
(Figure 6a, b), the amplitudes of the maximum stress per-
turbation for Models 1 and 2 are negligible compared to
that of Model 3 and therefore unlikely to have activated the
fault. In contrast, Figure 6¢ suggests that, if the fluid has mi-
grated to the fault, then the fault could be activated regard-
less of the orientation of the pre-existing fault (i.e., whether
or not it is preferably/optimally oriented). Similarly,
Cochran et al. (2020) suggested that the 2011 wastewater
disposal-induced sequence in Prague, Oklahoma occurred
on both optimally and unfavourably oriented faults. Thus,
the estimate depicted in Figure 6 supports the inference that
elevated pore pressure through high-permeability path-
ways, rather than elastic-stress transfer, could be the domi-
nant factor in activating the My, 4.6 earthquake. The results
here suggest that the sole implication of the traditional traf-
fic light protocol (TLP) for induced seismicity that has been
adopted by many regulatory agencies may not be enough to
assess the potential seismic hazard induced by HF
operations (Kao et al., 2018), as the TLP does not consider
any potential pre-existing faults or conduit-like pathways.

Given that the ACFS values at receiver faults in the vicinity
of W2 and W3 are too small to reactivate a shear dislocation
(Figure 5), the almost instantaneous seismic response to
nearby HF injection suggests that additional factors not in-
cluded in the poroelastic models should also be considered.
First, the models do not include any conduit-like structures,
but the possibility that a complex conduit system could ex-
ist on a broader scale and may facilitate the fluid-pressure
migration process cannot be ruled out. For example, several
regional faults, such as the Bonanza fault and the
Gordondale fault, have been documented across northeast-
ern BC and northwestern Alberta (e.g., Mossop and
Shetsen, 1994). Second, the M,, 4.6 mainshock may have
exerted non-negligible effects in combination with fracture
openings from nearby HF operations. Third, the difference
between the current level of stress on the fault and the re-
quired stress level for failure (i.e., the magnitude of stress
perturbation required to activate faulting) may play an im-
portant role. In the present case, the 5 day delayed seismic
response at W1 suggests that the faults at W1 were proba-
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bly at a relatively lower ‘critically stressed’ level than the
faults at W2 and W3. This contrast, in terms of the value of
ACFS when the first earthquake was induced at each well
pad, became smaller with the increase of conduit perme-
ability assumed in Model 3. Finally, the specific geological
settings at W2 and W3, such as the location and orientation
oflocal faults with respect to the HF wells, the spatial heter-
ogeneity of the tectonic stress within such a small region
(~10 km) and the permeability of the sedimentary and base-
ment layers, could all have influenced the seismic-response
time. Without further details on local structures, their ef-
fects are difficult to assess and will therefore not be dis-
cussed here.

Conclusion

Coulomb failure criteria were employed to investigate the
triggering mechanism of the largest (M,, 4.6) HF-induced
earthquake sequence in Canada. Numerical poroelastic
simulation was used to calculate the coupled evolution of
elastic stress and pore pressure caused by HF-fluid injec-
tions on the corresponding receiver faults. For the My, 4.6
mainshock, three different scenarios were compared: the
first scenario simulating the spatiotemporal effect due to
HF-injection stages only; the second scenario adding a
fracture zone around the HF horizontal wells; and the third
scenario further adding a conduit to connect the HF well
and the receiver fault.

The results suggest that a conduit-like structure can effi-
ciently facilitate the migration of fluid pressure from the in-
jection well (W1) to the receiver fault and increase the
ACFS by as much as ~0.5 MPa to destabilize the fault, thus
providing the best explanation of the observed 5 day delay
since the start of HF injection. The sole elastic-stress per-
turbation (ACFS approx. —0.005 MPa) caused by interac-
tions between the injected fluids and the rock matrix is too
small (and negative) to trigger the fault slip, even with full
consideration of the fault-orientation effect.

The immediate seismic response at the two nearby HF sites
(W2 and W3) was investigated by conducting the same nu-
merical poroelastic simulation to examine the cumulative
effects from all HF stimulations. The results suggest that
the poroelastic effect from W1 could have altered the local
stress field at W2, whereas the poroelastic effect from W1
and W2 could have influenced the local stress field at W3
but the ACFS (~0.001 MPa) was not large enough to reach
the static stress—triggering threshold (0.02 MPa).

These results have important implications for the energy in-
dustry and regulators when establishing effective strategies
for mitigating the seismic hazard from induced earth-
quakes. Detailed mapping of the location and geometry of
pre-existing faults in the injection area is necessary and
should be required to provide the first-order evaluation of

Geoscience BC Report 2021-02

induced seismic risk. Finally, structures with high perme-
ability can be effective conduits for fluid-pressure
migration and should therefore be avoided at all stages of
HF operations.
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Introduction

Unconventional gas resources represent an emerging low-
cost, clean-burning energy source, the export of which
presents both a greener transition option to replace more
carbon-intensive fossil fuels like coal and a key economic
opportunity for British Columbia (BC) and Canada. In
northeastern BC, new discoveries and advancements in ex-
traction technologies have led to resource estimates of
94.5 trillion m’ (3337 tcf) of gas-in-place (BC Oil and Gas
Commission, 2018), enough to support development and
export operations for more than 150 years. However, with
the development of these new resources comes new chal-
lenges. Amongst these are public, First Nations and regula-
tor concerns regarding induced seismicity associated with
hydraulic fracturing and wastewater injection operations.
Both activities involve the injection of large volumes of flu-
ids into deep geological formations, which serve to create
localized increases in pore pressures and stress changes
acting on critically stressed faults, resulting in fault slip and
induced seismicity. Notable induced events in northeastern
BC include one magnitude (M) 4.4 and two M 4.6 events
between 2014 and 2018.

In response to these events, and other environmental con-
cerns, the BC government appointed a scientific panel to re-
view hydraulic fracturing practices and their impacts (Sci-
entific Hydraulic Fracturing Review Panel, 2019). In their
review, a key knowledge gap was identified in relation to
induced seismicity susceptibility. In particular, the effects
of different geological and operational factors on the spa-
tial and temporal distribution of events are not well under-
stood and vary in importance for different unconventional
gas plays. Although separating geological from operational
factors is a complex task, itis also recognized that a massive
amount of geological, operational and seismic data are be-

This publication is also available, free of charge, as colour digital
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ing collected from hydraulic fracturing activities for which
robust analysis methods are needed. The rapid develop-
ment of multivariate statistical and machine-learning tech-
niques to analyze large datasets makes the application of
these techniques to this problem especially attractive and
conducive, although there is not a lot of experience yet in
applying these to induced seismicity hazard assessments
(i.e., likelihood, severity, etc.), especially in analyzing both
operational and geological parameters together. Distin-
guishing between these factors is of interest as the influence
of geological factors on induced seismicity susceptibility
for a given formation being targeted cannot be controlled or
manipulated (outside of avoidance), whereas many
operational factors (i.e., well completion related) can be
controlled to some extent offering a means to potentially
mitigate induced seismicity hazards for a susceptible
formation.

Presented in this paper are the preliminary results of re-
search (Geoscience BC project2019-014) investigating the
development of induced seismicity susceptibility maps to
aid decision makers with their planning of hydraulic frac-
turing activities and managing of induced seismicity haz-
ard. To accomplish this, machine-learning techniques will
be integrated with mechanistic validation using controlled
laboratory experiments and three-dimensional (3-D) nu-
merical modelling (to account for cause and effect relation-
ships). The results presented here are from the first phase of
this work, the application of different machine-learning al-
gorithms to determine the relative importance of several
geological and operational parameters (termed feature im-
portance) in relation to the triggering of induced seismicity.
This is done for data compiled for the Montney Formation
in northeastern BC. The algorithms applied and compared
include the decision-tree, random-forest and gradient-
boost methods. In addition to testing the robustness of these
algorithms through a comparative analysis, guidance is
provided in the use of machine learning to identify influ-
encing factors as a step toward developing induced seismi-
city susceptibility maps.
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Background

Assignificant increase in the seismicity rate in western Can-
ada in recent years has been associated with the develop-
ment of unconventional oil and gas resources, including the
related activities of hydraulic fracturing (Bao and Eaton,
2016) and wastewater disposal (Schultz etal., 2014). There
are numerous operators conducting these activities, each
using different operational parameters (e.g., fluid injection
volumes and rates) tailored for the local geological setting
and targeted formation, as well as further shaped by in-
house objectives, experiences and optimization efforts.
This raises the question of what are the cause and effect re-
lationships of these parameters on induced seismicity sus-
ceptibility and magnitude distribution? The question of
susceptibility addresses the likelihood that a particular well
will generate induced seismicity; this can be viewed as a
classification problem (seismogenic or not seismogenic).
The question of magnitude distribution addresses the po-
tential severity.

With respect to operational parameters, it has been argued
that the moment release attributable to induced earthquakes
isrelated to the net volume of the injected fluid, with empir-
ical trends established that link an upper limit for the mo-
ment magnitude to injection volume (Hallo et al., 2014;
McGarr, 2014). The data analyzed in these studies included
a mix of hydraulic fracturing and wastewater disposal ac-
tivities in sedimentary rocks and enhanced geothermal-de-
velopment activities in crystalline rocks, combining data
from Europe, the United States and Australia. Weingarten
etal. (2015) carried out a similar study combining informa-
tion on injection wells from public databases with available
earthquake catalogues and concluded that injection rate is
the most important operational parameter affecting induced
seismicity. Their study focused on data from hydraulic frac-
turing and wastewater disposal activities in the eastern and
central United States. For the Western Canada Sedimentary
Basin (WCSB), where the Montney Formation is situated,
different studies have shown that injection volume is asso-
ciated with induced seismicity (Schultz et al., 2014; Babaie
Mabhani et al., 2017). Schultz et al. (2018) investigated the
relationship between injection parameters and induced
seismicity in the Duvernay shale play in Alberta and con-
cluded that events are associated with completions that
used larger injection volumes and that seismic productivity
scales linearly with injection volume. Their analysis further
showed that the wellhead injection pressure and rate have
an insignificant association with seismic response, and that
geological factors account for the variability in induced
seismicity susceptibility observed in the region.

With respect to geological parameters, Gobel (2015) com-
pared several fluid injection operations in California and
Oklahoma and examined the temporal and spatial varia-
tions in their induced seismicity responses. His results sug-
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gest that operational parameters for fluid injection are
likely of secondary importance and that the primary con-
trols on seismicity induced by injection are the site-specific
geology and geological setting. Van der Baan and Calixto
(2017) compared current and historic seismicity rates in six
states in the United States and three Canadian provinces to
pastand present oil and gas production. Their study showed
that in addition to injection volumes, local- and regional-
scale geology and tectonics influenced earthquake hazard
susceptibility. Amini and Eberhardt (2019) similarly com-
pared induced seismicity and well data for several key
North American unconventional gas plays, with a focus on
magnitude distribution relative to differences in the tec-
tonic in situ stress regime. They found that stress regime
has a significant influence on event magnitude with a thrust
fault stress regime, as exists in parts of the Montney play
area, being more susceptible to large magnitude events
compared to a strike-slip or normal fault stress regime.

In Oklahoma, Shah and Keller (2017) combined geophysi-
cal and drillhole data to map subsurface geological features
in the Precambrian crystalline basement and found that
most induced seismicity events are located where the crys-
talline basement is likely composed of fractured intrusive
or metamorphic rock; areas of extrusive rock or thick sedi-
mentary cover (>4 km) exhibited little induced seismicity.
They concluded that the differences in seismicity may be
due to variations in permeability structure; within intrusive
rocks, fluids can become narrowly focused in fractures and
faults, causing a concentrated increase in local pore fluid
pressures, whereas more distributed pore space in sedimen-
tary and extrusive rocks may relax pore fluid pressures.
Hincks et al. (2018) developed an advanced Bayesian net-
work to model joint conditional dependencies between spa-
tial, operational and seismicity parameters in Oklahoma.
They found that injection depth relative to crystalline base-
ment most strongly correlates with seismic moment release
and that the combined effects of depth and volume are criti-
cal, as injection rate becomes more influential near the
basement interface. Similar findings were reported by
Skoumal et al. (2015) and Currie et al. (2018) for hydraulic
fracturing operations in Ohio. The latter showed that seis-
micity occurred along faults below the injection interval in
the crystalline basement. From seismic reflection lines,
they showed that these fault systems intersected the
injection interval targeted by the well, providing perme-
ability pathways for fluid pressure increases leading to
fault slip.

Specific to the geology of the WCSB, Schultz et al. (2016)
found that hypocentres of induced seismicity clusters in Al-
berta coincided with the margins of the Devonian carbonate
reefs and interpreted this spatial correspondence as the re-
sult of geographically biased activation potential, possibly
as a consequence of reef nucleation preference to paleo-
bathymetric highs associated with Precambrian basement
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tectonics. Their work provided evidence that in some areas
Paleozoic and Precambrian strata are likely to be in hydrau-
lic communication, which points to the important role of re-
gional- and local-scale geological factors in the nature of
induced seismicity. Eaton and Schultz (2018) also sug-
gested natural processes involving the transformation of
organic material (kerogen) into hydrocarbons and cracking
to produce gas can cause fluid overpressures resulting in an
increased susceptibility to induced seismicity. They pre-
sented two examples from the WCSB where induced seis-
micity attributed to hydraulic fracturing is strongly clus-
tered within areas characterized by high pore-pressure
gradients.

The above examples highlight the importance of different
operational and geological factors on induced seismicity,
but do so from the perspective of studying the influence ofa
single factor. It is unlikely, however, that a single causative
factor is solely responsible for an induced seismicity event.
Instead, multiple factors can play an influencing role.
Therefore, it is important to consider and understand the
cause and effect relationships of different operational and
geological factors on the spatial and temporal distribution
of induced seismicity events. However, this is not a simple
task and requires probing a wide variety of linear and non-
linear associations and interaction terms between factors
affecting induced seismicity without assuming a priori
knowledge on the nature of the relationships between these
factors.

The use of machine learning and data analytics are quickly
evolving as a means to identifying hidden patterns and ex-
tracting information from large datasets. In the geosciences
and rock engineering, they have been applied to predicting
rockburst potential in deep mines (Ribeiro e Sousa et al.,
2017; Puetal.,2018) and squeezing behaviour in deep tun-
nels (Sun et al., 2018), as well as developing geological
maps using remote sensing data (Cracknell and Reading,
2014) and analyzing data from rock testing (Millar and
Clarici, 1994) and blasting (Liu and Liu, 2017). In the con-
text of earthquake seismology, machine learning has been
applied to a variety of problems such as laboratory earth-
quake identification (Rouet-Leduc et al., 2017) and fore-
casting (Panakkat and Adeli, 2009). Building on these stud-
ies, it is recognized that a massive amount of geological,
operational and seismic data are being collected with hy-
draulic fracturing activities, and the size and complexity of
these datasets have made traditional empirical and statisti-
cal analyses inefficient and ineffective. This has led to re-
cent studies by Pawley et al. (2018) who combined tec-
tonic, geomechanical and hydrological data with induced
seismicity data, related to hydraulic fracturing operations
in the Duvernay play in Alberta, to train a logistic regres-
sion algorithm to map and develop an induced seismicity
potential map. Their results suggest that the proximity to
basement, formation overpressure, minimum horizontal
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stress, proximity to reef margins, lithium concentrations
and natural seismicity rate are the dominant contributing
factors/indicators to triggering induced seismicity within
the study area. Zhang et al. (2020) used machine learning
on real-time induced seismicity data to locate small events
in Oklahoma by accessing seismic waveform data from a
regional network. They designed a fully convolutional net-
work (FCN), to predict a 3-D image of the earthquake loca-
tion probability from a volume of input data recorded at
multiple network stations. Their results showed that the de-
signed system is capable of locating small events of local
magnitude (Mp) >2.0 with a mean epicentre error of 4 to
6 km.

Data Compilation and Preparation

A database of 16 945 hydraulic fracturing stages from 1244
horizontal wells within the Montney Formation (from 2014
till end 0f2016) was compiled and analyzed using multiple
sources that reported well activities in northeastern BC (BC
Oil and Gas Commission, 2018; geoLOGIC systems Itd.,
2019). This was combined with a second database that in-
cluded a comprehensive earthquake catalogue compiled
for northeastern BC and western Alberta (Visser et al.,
2017). This was produced specifically to study induced
seismicity in this region and consists of 4916 events for the
period of January 2014 to December 2016 with a magni-
tude of completeness (M) of 1.8.

To prepare the data for analysis using a supervised ma-
chine-learning algorithm (as discussed in the next section),
it was necessary to determine the output labels. Here, in-
duced seismicity was considered as a binary-classification
problem with respect to the observed seismic activity.
Wells were classified as being either ‘aseismic’ or ‘seismic’
based on spatial and temporal correlations with hydraulic
fracturing operations. This was done by cross-correlating
the earthquake catalogue with the well database and apply-
ing a series of spatial and temporal filters to identify the
subset of earthquake events that are likely induced seismic-
ity events related to hydraulic fracturing. The first step was
to clip the data to only include earthquakes located within
the boundaries of the Montney play area in northeastern BC
and to filter out events spatially associated with anthropo-
genic activities that are not related to oil and gas activities,
such as those from mining and construction (e.g., blasting).
This step reduced the total number of events being consid-
ered from 4916 to 2867. Next, a spatial filter was applied to
search for all event locations that were within a 5 km radius
of an active hydraulic fracturing well. The 5 km radius rep-
resents the uncertainty in the event location accuracy re-
ported for the earthquake catalogue. To this, a three-month
temporal filter was applied (see Atkinson et al., 2016).
Thus, if the epicentre of an earthquake event was recorded
as occurring within 5 km from the surface location of an ac-
tive well and within three months from the start date of the
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hydraulic fracturing activity, it was considered here to be an
induced seismicity event and the corresponding well was
classified as being seismogenic. This resulted in a subset of
543 events identified as induced seismicity events.

The input parameters for the machine-learning analysis, re-
ferred to herein as features (using the term common to ma-
chine learning), were selected from available geological
and operational data for the Montney Formation. For the
geological features such as distance to basement, if data
was not available for a given well, values were interpolated
using the average of the three closest wells. The operational
features were treated differently as only wells that had com-
plete data throughout all features were included. This re-
sulted in data for 11 415 stages out of 16 945 being used for
the machine-learning analysis. The input features are
described in Table 1.

The interpolated pore-pressure gradients ranged from 5.4
to approximately 18 kilopascals per metre (kPa/m). In addi-
tion to the reservoir pore pressure, information regarding
the maximum horizontal stress (Symax) direction was in-
cluded. This was calculated for each well based on Syax
azimuths extracted from the World Stress Map database
(Heidbach et al., 2018) and interpolated for each well. Two
different values were investigated: 1) the difference be-
tween the local Sy, and the horizontal well azimuths; and
2) the difference between the local and regional Sy, azi-
muths, where N45°E was assumed to be the regional Syax
direction in the Montney play area. Injection depth (total
vertical depth [TVD]) was also considered as a proxy for
the magnitude of stresses in this region. Specific to the local
geology, the vertical distance between the injection depth
and the top of the Montney and Debolt formations were
considered, together with the distance to the Precambrian
crystalline basement. For these, a negative value indicates
an injection depth above the formation top/basement and a
positive value refers to below the formation top. It should
be noted that there is a high degree of uncertainty in the in-
terpolated values for the top of the basement due to a lack of
direct borehole measurements (from vertical wells). Lastly,
the two-dimensional (2-D) distance from the well to the
closest mapped fault (Hayes et al., 2021) was included.
This was taken as the shortest horizontal distance between
the wellhead and closest fault. In this analysis, no cutoff
value for distance to fault was considered.

Machine-Learning Algorithm Development

Machine learning can be undertaken using supervised or
unsupervised algorithms. Supervised learning is where the
input features and an output result are given, and an algo-
rithm is used to learn the mapping function between these.
The goal is to approximate the mapping function so well
that for any new input data, the output can be predicted for
that specific data. This contrasts with unsupervised learn-
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ing where only the input data is known, and no correspond-
ing output variables are given. The goal for unsupervised
learning is to model the underlying structure or distribution
in the data in order to learn more about the data. For this
study, supervised learning was used for the initial data anal-
ysis to identify which wells were associated with induced
seismicity and which were not. These represent the correct
answers to the classification problem for training the map-
ping function; the corresponding data associated with each
set of wells is referred to as the training data.

Three different supervised machine-learning algorithms
were used that are generally considered to be robust for
classification problems: decision tree, random forest and
gradient boost (Hastie et al., 2017). These methods were
chosen because of the ease of interpretability of their results
and also because they are not sensitive to the scale of input
data. The objective of the algorithm is to iteratively make
predictions on the training data and to correct these until the
algorithm achieves an acceptable level of performance.

Decision trees are a nonparametric supervised learning
method used for classification and regression. The goal is
to create a model that predicts the value of a target variable
by learning simple decision rules inferred from the data fea-
tures. Decision trees have two advantages: the resulting
model can easily be visualized and understood by non-ex-
perts, and the algorithms are completely invariant to scal-
ing of the data. As each feature is processed separately, and
the possible splits of the data do not depend on scaling, no
preprocessing of features is needed for decision-tree algo-
rithms. The main limitation of decision trees is that they
tend to over fit the data and provide poor generalization
performance.

Arandom forest is essentially a collection of decision trees,
where each tree is slightly different from the others. In a
random forest each tree might do a relatively good job of
predicting but will likely over fit part of the data. To reduce
the amount of overfitting, many trees are built, all of which
work well and over fit the data in different ways, and the re-
sults are averaged.

The gradient-boost regression tree is another ensemble
method that combines multiple decision trees to create a
more powerful model. This can be used for both regression
and classification. In contrast to the random-forest ap-
proach, gradient boosting works by building trees in a serial
manner, where each tree tries to correct the mistakes of the
previous one. The main idea is to combine many simple
models (known as weak learners) that can provide good
predictions on parts of the data, and so more and more trees
are added to iteratively improve performance.

All three machine-learning models were built using scikit-
learn, a Python library for machine learning (Pedregosa et
al.,2011). The data was divided into training and validation
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sets accounting for 75% and 25% of the full dataset, respec-
tively. The training dataset was further divided into training
and test sets, which were used to train the algorithm using
50-fold cross validations, with the training set accounting
for 98% of the training dataset and the test set for 2% at each
cross-validation run.

The training data was used to train and evaluate the opti-
mum tree depths of the three algorithms using 50-fold cross
validations. Figure 1 shows the results of 50-fold cross vali-
dations for each algorithm. At each run, the accuracy of the
model for a specific tree depth is calculated. In these figures
the orange line represents the accuracy of the training set.
The blue line shows the mean cross-validation accuracy
and the shaded area represents the confidence interval (+£2
standard deviations) for the calculated means. For these

a) 1.0

plots, an accuracy of 1 represents 100% accuracy. This de-
termines if the training set is over fitted, and alongside this,
it determines the optimal tree depth based on the confi-
dence interval. Based on the cross-validation results, the
tree depths of 16, 12 and 8 were chosen for the decision-
tree, random-forest and gradient-boost algorithms,
respectively.

Machine-Learning Results
Feature Importance

The results of the cross validations using each algorithm
were further analyzed to investigate the importance of each
feature on the classification outcome. Figure 2 shows the
feature importance calculated using each of the three classi-
fication algorithms. The bars are colour coded to differenti-
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Figure 1. Results of the 50-fold cross validations to determine the optimum tree depth for each algorithm:
a) decision tree, b) random forest and c) gradient boost. An accuracy of 1 represents 100% accuracy.
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Figure 2. Feature importance calculated using three different
supervised machine-learning algorithms: a) decision tree,
b) random forest and c) gradient boost. Blue indicates opera-
tional features and green indicates geological features. The
coefficient does not have a physical meaning and is com-
pared based on the relative values. Feature abbreviations:
Az_diff_L_R, local and regional maximum horizontal stress
azimuth difference; Az_diff_L_W, local maximum horizontal
stress and horizontal well azimuth difference; Comp_Len,
well completion length; D_Base, distance from injection depth
to basement; D_Deb, distance from injection depth to top of
Debolt Fm.; D_Mont, distance from injection depth to top of
Montney Fm.; Dist_F, distance from wellhead to faults; Inj.
Depth, injection depth; Max_P, maximum injection pressure;
PP_grad, pore-pressure gradient; Rate, average injection
rate; Volume, stage injection volume.

ate features that relate to the geology from those that are
operational. The importance of each feature is indi-
cated as a coefficient; these coefficients do not have a
physical meaning and are compared based on the
relative values and not the absolute values.

Based on the results from the decision-tree analysis, the
high importance features were determined to be pore-
pressure gradient, distance to basement, well comple-
tion length, azimuth difference between the local and
regional Sy orientation and distance to faults. Four
of these five features also form the top five ranked fea-
tures from the random-forest analysis, although in a
slightly different order and with injection depth replac-
ing azimuth difference between the local and regional
Shmax as being of higher importance. For the gradient-
boost analysis, again four of these features were ranked
in the top five, the exception being that this model
showed a higher sensitivity to the horizontal well direc-
tion than the completion length. The gradient-boost
model also showed very high sensitivity to azimuth dif-
ference between the local and regional Sy, and azi-
muth difference between local Syy.x and horizontal
well direction compared to other features.

Overall, the features consistently ranked as being
highly influential by all three machine-learning algo-
rithms were pore-pressure gradient, distance to faults
and distance to basement. In all models the same group-
ings of operational features were observed; injection
rate and maximum injection pressure were ranked low-
est in importance, and injection volume ranked in the
middle. This is an interesting result because injection
rate and volume are often cited as operational features
that have a significant influence on induced seismicity
(McGarr, 2014; Schultz et al., 2018). This appears to
hold partly true in the case of injection volume, but op-
erational features such as well completion length and
injection depth, which have not been thoroughly
studied, appear to have a stronger correlation with in-
duced seismicity.
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Model Validation No. of labels

To validate the trained algorithms, they were next applied a )
to the test data that was set aside to evaluate each model’s
performance. The test data comprised 25% of the full
dataset and was not previously used to train the algorithms.
To evaluate the performance of each algorithm, a confusion
matrix was calculated. Also known as an error matrix, the
confusion matrix allows visualization of the performance
of a supervised machine-learning algorithm by reporting
the number of true and false positives and true and false
negatives. These are based on predictions using the test
data relative to the mapping functions determined from the
training data. In this case, a true positive would be a correct
prediction that a well is associated with induced seismicity
and a true negative would be a correct prediction that the
well is not. Similarly, a false positive would be the incorrect

.. . . - . IS No-IS 200
prediction of a well being associated with induced seismic- Predicted label
ity where there was none, and a false negative would be an
incorrect prediction of a well not being associated with —
induced seismicity when it was. b)

1200

1000

800

600

True label

400

1200
The results from calculating a confusion matrix for each al-
gorithm are shown in Figure 3. Comparing these, the ran-
dom-forest and gradient-boost classifiers performed
slightly better than the decision-tree classifier. However, all
three models performed with a very high accuracy (97—
98%).

1000

800

To further interpret the results, a SHapley Additive exPla-
nations (SHAP) analysis was run. The SHAP is a game the-
ory approach used to help interpret predictions from com-
plex models, for example the output from machine- No-IS
learning models. The SHAP assigns each feature an impor-

tance value for a particular prediction and shows there is a

unique solution for each class of additive feature impor- 5 NoIS 200
tance that adheres to desirable properties (Lundberg and Predicted label
Lee, 2017). The SHAP TreeExplainer tool is a subcategory

of SHAP that is specifically built for interpreting tree mod-

els, such as decision trees and random forests. The SHAP C)
value plot can show the positive and negative relationships

of the predictors with the target variable. The analysis pre-

sented here is for the random-forest model as it performed

slightly better than the decision-tree model.

600

True label

400

1200

1000

Figure 4 presents the summary plot from the SHAP analy-
sis, which combines feature importance with feature im-
pact. Based on this plot, the following information can be
gained. First, each feature is ordered according to its impor-
tance (starting with the most important at the top). Note that
the SHAP plot is calculated for one instance of the random-
forest model, whereas the ranking of feature importance in

800
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True label

No-IS
400

»
»

Figure 3. Confusion matrices comparing predicted versus actual 5 No-IS 200
results for the a) decision-tree, b) random-forest and ¢) gradient- Predicted label
boost trained models. Abbreviations: IS, induced seismicity

events; No-IS, no induced seismicity events.
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Figure 4. Results for a SHapley Additive exPlanations (SHAP) feature importance analysis using the random-
forest trained model. Feature abbreviations: Az_diff_L_R, local and regional maximum horizontal stress azi-
muth difference; Az_diff_L_W, local maximum horizontal stress and horizontal well azimuth difference;
Comp_Len, well completion length; D_Base, distance from injection depth to basement; D_Deb, distance from
injection depth to top of Debolt Fm.; D_Mont, distance from injection depth to top of Montney Fm.; Dist_F, dis-
tance from wellhead to faults; Inj. Depth, injection depth; Max_P, maximum injection pressure; PP_grad, pore-
pressure gradient; Rate, average injection rate; Volume, stage injection volume.

Figure 2 is based on an averaging of 50-fold cross-valida-
tion runs. Thus, the order of feature importance between the
two is slightly different. Next, points are plotted to show the
distribution of the SHAP values using colour to represent
the feature value and stacking of overlapping points in the
y-axis direction to give a sense of the distribution of the
SHAP values. From this, the impact (both positive and neg-
ative) is shown through the horizontal location of stacking,
which shows whether the effect of that value is associated
with a higher or lower prediction. This can be compared to
whether the value for that variable/observation is high (red)
or low (blue). For example, it can be seen that high values of
completion length have a high positive impact on the qual-
ity rating. The high values related to this feature are indi-
cated by the red colour of the points, and the high positive
impact is shown by its extent on the x-axis.

The results of the SHAP feature importance analysis of the
random forest model help to validate the meaningfulness of
the algorithm results. Inspecting both Figures 2 and 4, it can
be seen that key influencing features such as completion
length, pore-pressure gradient and injection depth have a
positive correlation with induced seismicity. The influence
of pore pressures in the Montney Formation has been stud-
ied by Eaton and Schultz (2018), who demonstrated a posi-
tive relationship between overpressured areas and induced
seismicity. The positive correlation of completion length is
also valid as higher completion lengths correspond with
larger stimulated volumes and therefore a higher probabil-
ity of adversely interacting with a critically stressed fault.
Features such as distance from the basement or distance to a

Geoscience BC Report 2021-02

known fault have negative correlations, meaning shorter
distances between the injection point and basement or fault
increase the likelihood of triggering an induced seismicity
event.

Discussion

Machine-learning models are highly dependent on the
quality and quantity of the input data. For the analyses pre-
sented here, for a feature where data was either limited or
the spatial distribution and/or coverage of the data was
sparse relative to the distribution of the wells, this was com-
pensated for by using linear interpolation. However, large
distances between points can reduce the accuracy of inter-
polation, as can the interpolation method itself (e.g., as-
signing linear versus nonlinear weightings). With time, as
new data becomes available, including that for features not
included in this study, the induced seismicity susceptibility
model can be updated to improve its predictive capabilities.

Based on the results obtained, an interesting observation is
the correlation of injection volume and SHAP values. As
canbe seen in Figure 4, high injection volumes have anega-
tive correlation with triggering induced seismicity. This
might be interpreted as high injection volumes reduce the
risk of induced seismicity, which is counter to general expe-
rience. Thus, empirical analyses and machine-learning data
correlations for feature analysis do have their limitations
and should be constrained by an understanding of the
physics of fault slip and induced seismicity mechanisms.
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When comparing the ranking of feature importance, the de-
cision-tree and random-forest models provided similar re-
sults. In these models, high importance features included
the geological parameters of pore-pressure gradient, dis-
tance to basement and distance to faults. The operational
features of well completion length and injection depth were
also highly ranked by the random-forest model. For the gra-
dient-boost method, the ranking was slightly different with
the stress field showing greater influence, both with respect
to the geological feature of local and regional Sy, azimuth
difference and related operational feature of the horizontal
well and local Symax azimuth difference. These differences
in ranking are related to how each algorithm works. Gradi-
ent-boost models are based on shallow trees (high bias, low
variance) and they reduce error mainly by reducing bias.
Bias is the simplifying assumptions made by a model to
make the target function easier to learn. In contrast, deci-
sion-tree and random-forest models use fully grown trees
(low bias, high variance) and they reduce the model’s error
by reducing variance. Variance is the amount that the esti-
mate of the target function will change if different training
data were used. For this problem, the source of bias is the
number of features that are used for classification, and by
including both operational and geological features, the
overall bias tends to be less than that if just considering one
or the other. The variance of the data can be calculated, and
as shown in Table 2, it is higher for parameters such as in-
jection volume and distance to faults whereas it is lower for
the two features related to the in situ stress. Thus, this
explains the differences between the gradient-boost results
and those from the decision-tree and random-forest
models.

The comparison of feature importance between the geolog-
ical and operational parameters show that, overall, the geo-
logical parameters generally ranked higher in importance.
In all models, the operational parameters of average injec-
tion rate and maximum injection pressure consistently
ranked as being the least influential. It should be noted that
the maximum injection pressure data analyzed was limited
to the pressure values measured at the wellheads. Another
parameter that is worth investigating is the bottom hole
pressure (BHP), which is more applicable to the influence
of injection pressure on triggering induced seismicity. The
compilation and analysis of BHP data is the subject of on-

Table 2. Variance of features that differ in rank based on the algo-
rithm used. The highly important features of the gradient-boost re-
sults (where local and regional maximum horizontal stress azimuth
difference [Az_diff_L_R] and local maximum horizontal stress and
horizontal well azimuth difference [Az_diff_L_W] are ranked in the
top five) are compared with distance to faults (Dist_F) and stage in-
jection volume (Volume). The values of variances reported are di-
vided by the mean for each feature in order to make them unitless for
comparison.

Feature Az_diff L_R Az_diff L_W Dist_F Volume

19110 370

Variance/mean 17 2
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going research as part of this project. The only operational
features ranked as being of high importance were the com-
pletion length and the horizontal well direction relative to
the Spmax azimuth. As was shown in Figure 4, completion
length had a positive correlation with seismicity and can be
thought of in terms of increasing the volume of the forma-
tion being stimulated by hydraulic fracturing. The larger
the stimulated volume, the higher the probability of
intersecting a fault (directly or indirectly).

Conclusions

The application of machine learning was investigated for
the purpose of ranking the influence of geological and op-
erational parameters on the classification problem of in-
duced seismicity susceptibility (i.e., distinguishing be-
tween wells that are associated with induced seismicity and
those that are not). Three different algorithms, decision
tree, random forest and gradient boost, were tested using
data related to hydraulic fracturing activities in the
Montney play area in northeastern British Columbia. All
models were initially trained on a subset of 75% of the total
data compiled using a 50-fold cross-validation analysis.
The remaining 25% of the data was used as a validation set
to test the trained models. The validation results showed a
high accuracy of successful predictions (97-98%) for all
three models.

The classification results were used to calculate the relative
importance of all features on whether a well had or had not
been associated with induced seismicity. Geological fea-
tures were differentiated from operational features as the
latter are of particular interest as they can be controlled or
manipulated to mitigate induced seismicity hazards. How-
ever, it was the geological features that generally rated
higher with respect to correlation with wells associated
with induced seismicity. In all models, pore-pressure gradi-
ent (hydrostatic versus overpressured) ranked highly as
having a major influence. For the decision-tree and ran-
dom-forest trained models, distance to basement and dis-
tance to known faults also ranked highly, whereas for the
gradient boost, the maximum horizontal stress azimuth was
a key geological feature that ranked highly. For the opera-
tional features, the completion length was the feature most
consistently ranked as being of high importance.

Overall, the results of these analyses agree with the current
understanding of features that influence induced seismicity
susceptibility, such as reservoir overpressure, stress regime
and injection volume to stimulate well productivity. These
point to the importance of understanding the geology of the
Montney Formation including the three-dimensional seis-
mic mapping of faults and taking in situ stress measure-
ments. The machine-learning algorithms investigated here
can be used to better understand induced seismicity by de-
termining and ranking the factors that influence induced
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seismicity susceptibility and therefore further improve
industry practices and regulator oversight.

However, it is also recognized that machine-learning analy-
ses focus exclusively on prediction, bypassing the need for
explanations of causality that can add reasoning and confi-
dence to the results. The next steps in this research program
will be to add a step of refining the machine-learning output
through mechanistic validation using a combination of
controlled laboratory experiments and three-dimensional
numerical simulations to account for known cause and ef-
fect relationships. This will help to increase the reliability
of the results and deliver a more robust susceptibility map
to help decision makers with their planning of hydraulic
fracturing activities and induced seismicity hazard man-
agement, as well as identifying areas requiring additional
focused research.
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Introduction

Observed increases in seismic activity in the Western Can-
ada Sedimentary Basin, and in particular northeastern Brit-
ish Columbia (BC), have been attributed to hydraulic frac-
turing operations required for unconventional gas
development (Atkinson et al., 2016). Several large magni-
tude events have been caused by fluid injection related to
hydraulic fracturing completions (Babaie Mahani et al.,
2017, 2019; Fox and Watson, 2019), which have raised
concerns and exposed knowledge gaps related to the under-
lying factors that influence the likelihood of induced seis-
micity events exceeding acceptable magnitudes (Allen et
al., 2020). Yet this issue is not specific to hydraulic fractur-
ing. It is well established that subsurface injection of fluids
may induce seismicity (Healy et al., 1968; Raleigh et al.,
1976) through anthropogenic alteration of crustal stresses
(Ellsworth, 2013; Segall and Lu, 2015). Induced seismicity
has been observed and recorded during a wide range of
subsurface fluid-injection activities including wastewater
disposal (e.g., Chen etal., 2017), geothermal energy devel-
opment either by hydraulic stimulation for enhanced geo-
thermal systems (EGS; e.g., Bachmann et al., 2012) or hy-
drothermal fluid circulation (e.g., Hopp et al., 2020),
geological carbon sequestration (GCS; e.g., Verdon, 2016)
and scientific experiments (e.g., Haney et al., 2011). For
these operations, fluid injection results in a localized in-
crease in pore pressure. This increased pressure, if proxi-
mal to a critically stressed fault, will act to reduce the effec-
tive normal stresses acting on the fault, resulting in fault
slip and induced seismicity.

Despite recent progress in understanding the mechanisms
of'induced seismicity, there remain several important ques-
tions that need to be resolved. These can benefit from a

"The lead author is a 2020 Geoscience BC Scholarship recipient.

This publication is alsq available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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comparison of induced seismicity across different fluid-
injection activities as well as a comparison to natural earth-
quakes. For example, do the magnitude distributions of in-
duced seismicity events follow similar trends as those for
natural earthquakes? If pore pressure plays an important
role in altering the effective stresses acting on a fault, does
it then have a greater influence than depth and differential
stress on the seismogenic response to fluid injection? For a
given fluid-injection operation, what is the probability of
induced seismicity exceeding magnitude M? What parame-
ters are impacting this probability? Are these parameters
the same for different types of fluid-injection activities that
inherently involve different geological settings (e.g., EGS
operations often target stronger crystalline rock whereas
hydraulic fracturing operations for unconventional gas
target weaker sedimentary rocks albeit in many cases close
to the crystalline basement)?

To address these questions, induced seismicity magnitude
data were compiled from projects involving the different
fluid-injection activities described above. These projects
span multiple continents, geological settings and depths.
Where earthquake catalogues were provided, magnitude
distributions were analyzed directly. Although the data in
these seismic catalogues were recorded using different
seismic monitoring systems with different calibration
methods and sensitivity, by assuming self-similarity they
are comparable by a simple power-law relationship that can
approximate the frequency-magnitude distribution (FMD)
of these seismic events. When earthquake catalogues were
not provided, results from FMD analyses that followed the
same methods were used. The FMD describes the relation-
ship between the frequency of occurrence and the seismic
magnitude (Ishimoto and lida, 1939; Gutenberg and
Richter, 1944):

log (N >2M)=a—-bM

where N refers to the number of earthquakes with magni-
tudes larger or equal than M. The a-value is the seismicity
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rate (i.e., 10“ is the number of earthquakes whose magni-
tude is larger than 0 in the period during which the seismic
catalogue was gathered). The b-value in this relationship
describes the relative size distribution of events. To esti-
mate the b-value, a maximum-likelihood estimation (MLE)
is suggested:

log e
[M_(Mc _AMbin/z)]

where M is the mean magnitude of the sample, M. is the
magnitude of completeness, which is defined as the lowest
magnitude at which 100% of the events in a space-time vol-
ume are detected, and AM,,;, is the binning width of the cata-
logue (Aki, 1965; Bender, 1983). For consistency, this b-
value was used and the maximum curvature method
(MCM) was applied to calculate M, (Wiemer and Wyss,
2000; Woessner and Wiemer, 2005). In using this relation-
ship, a higher b-value indicates that smaller magnitude
earthquakes are more dominant in the seismic catalogue
and, conversely, a lower b-value indicates an increased
number of larger magnitude earthquakes in the catalogue.

Spada et al. (2013) and Scholz (2015) have studied the de-
pendence of FMDs for natural earthquakes as a function of
depth and differential stress. The latter is defined as the dif-
ference between the maximum and minimum principal
stresses. However, there are limitations in these studies that
reduce their applicability to fluid-injection induced seis-
micity. For example, the hypocentre depths of natural
earthquakes are generally much deeper (in the range of 5 to
20 km) than those of induced seismicity (1 to 6 km). More-
over, the number of natural earthquakes in the catalogues at
depths comparable to induced seismicity (i.e., less than
6 km) is insufficient to allow reliable conclusions to be
drawn; these small numbers (about 50 events per cata-
logue) make FMD analyses more prone to error (Nava et
al., 2017). The other limitation of Scholz’s (2015) study is
that he was restricted to estimating the dominant stress re-
gime and stress magnitudes based on the hypocentre depth.
His focus on natural earthquakes at considerable depths
meant there was no opportunity to use direct in situ stress
measurement data. In this work, the focus has been on
fluid-injection operations where in situ stress measurement
data is more commonly available, allowing added consid-
eration of relationships involving injection depth, differen-
tial stress and preinjection reservoir pore pressure. These
parameters were investigated with respect to their influ-
ence on the FMDs and b-values. To further analyze the rela-
tionships between injection depth, differential stress, pore
pressures and b-values, supervised machine learning (ML)
was applied. The use of ML and data analytics are quickly
evolving as a means to identifying hidden patterns and ex-
tracting information from datasets. In earthquake seismol-
ogy, ML has been applied to problems ranging from the lab-
oratory scale with the analysis of velocity tomography
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(Zhao and Glaser, 2019) to the field scale with earthquake
identification (Rouet-Leduc et al., 2017) and forecasting
(Panakkat and Adeli, 2009). In this study, ML was used to
compare the relative importance of each parameter (injec-
tion depth, differential stress and preinjection reservoir
pore pressure) on the prediction of h-value to gain impor-
tant insights into seismic hazard susceptibility as a means
of guiding the calculation of the probability that an induced
seismicity event will exceed an acceptable magnitude (e.g.,
see Langenbruch and Zoback, 2016).

Data Compilation

Using the published literature, empirical data was compiled
of induced seismicity events recorded during different
subsurface fluid-injection operations around the world.
Other data extracted for each case included the injection
depth and in situ stress and preinjection reservoir pore-
pressure measurements. A summary of this data is listed in
Table 1. For this data, the b-value data was calculated using
MLE and MCM. The in situ stresses reported for each case
were then used to calculate the differentials between the
three principal stresses (S1, maximum; S2, intermediate;
S3, minimum), specifically, the differentials between S1-
S3 and S2-S3. The number of events in each of the induced
seismicity catalogues was sufficiently large enough to en-
sure a reliable calculation of the b-value. The events re-
corded were also confirmed to be induced seismicity and
not natural earthquakes based on their spatio-temporal cor-
relation with the location and time of the fluid-injection op-
erations. Moreover, it is assumed that the b-value calcu-
lated for each project field site is robust since the seismic
monitoring stations at these sites were dense enough to en-
sure a high-quality earthquake catalogue entry.

In order to compare this study’s results for induced seismic-
ity with those of Scholz (2015) for natural earthquakes, the
differential stress was calculated using the same procedure
as Scholz. As previously noted, Scholz (2015) did not have
access to in situ stress measurement data for the natural
earthquakes in his study and therefore was required to esti-
mate the differential stress based on the earthquake hypo-
centre depth. Using the same assumptions of a friction coef-
ficient (n) of 0.75, a rock density of 2500 kg/m’ and
hydrostatic pore pressures (see Scholz, 2015), the follow-
ing vertical gradients of differential stress (S1-S3) were ob-
tained: i) 45 MPa/km for compressional regimes dominated
by thrust faulting; ii) 11.25 MPa/km for extensional re-
gimes dominated by normal faulting; and iii) 20 MPa/km
for a strike-slip-dominated region. The stress regime for
each fluid-injection site was classified in the database ac-
cording to Anderson’s (1942) strike-slip fault stress re-
gimes, using the in situ stresses reported in the published
sources, and then, based on the hypocentre depths, the ap-
propriate stress gradient was applied to calculate Scholz’s
(2015) approximation of differential stress.
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Results and Discussion

Figure 1 compares the dependence of b-value on differen-
tial stress magnitudes (S1-S3) for natural earthquakes by
Scholz (2015) and that for the induced seismicity cases
compiled for this study using the same differential stress
calculation employed by Scholz. For this, a vertical range
of 200 m was assumed for the cloud of induced seismicity
hypocentres to allow error bars to be attached to the stress
data. It is noteworthy to mention that when there are uncer-
tainties with both independent (e.g., differential stress) and
dependent variables (e.g., b-value), it is no longer possible
to use ordinary least square methods to fit a line to the data.
Instead, an orthogonal distance regression was used (see
Boggs et al., 1992), which takes into account error bars.

The results from this analysis show that b-values decrease
as differential stresses increase for both natural earth-
quakes and induced seismicity. In other words, as expected,
higher differential stresses increase the likelihood of larger
magnitude seismic events. However, comparing the two
plots, the results also show that for the same differential
stress, induced seismicity events are more likely to produce
larger magnitude events than natural earthquakes. This dif-
ference is starker at higher differential stresses. For differ-
ential stresses smaller than 83 MPa, the fitted trends in Fig-
ure la (natural earthquakes) and 1b (induced seismicity)
both predict b-values >1. However, for differential stresses

greater than 83 MPa, up to the maximum value in the com-
piled data for induced seismicity of 190 MPa, the b-values
for the fitted line through the induced seismicity data are
<1. For the same range, the b-values for the fitted line
through the earthquake data are >1. Across this differential
stress range, the rate at which the h-value decreases is about
7.7 times greater for the induced seismicity trend compared
to the natural earthquake trend. This suggests that the an-
thropogenic influence of increased pore pressures arising
from fluid-injection operations, and the extent of pore-
pressure diffusion, works to activate larger slip areas on cri-
tically stressed faults. On the other hand, it is also noted that
the b-value intercept of the fitted trend line is higher for in-
duced seismicity than that for natural earthquakes. This is
expected as most fluid-injection operations are not associ-
ated with large magnitude events. For instance, amongst all
completed hydraulic fracturing wells in the Montney For-
mation in northeastern BC, only 1.3% were associated with
induced seismicity events of magnitude (M) >3 (Amini,
2020). This would further influence the numerous precau-
tions and hazard mitigation measures enacted to avoid the
occurrence of large magnitude events (e.g., the use of a
traffic light system to stop a hydraulic fracturing treatment
when larger events are being detected; for an example see
Kim et al., 2018).

Figure 2 replots the data in Figure 1b but now using the dif-
ferential stresses calculated using the site specific in situ
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Figure 2. The dependence of the b-value on differential stress for the induced seismicity
dataset compiled for this study, plotted using the in situ stress magnitudes reported in the
source publications (number of sites indicated in parentheses). Abbreviations: o4, maximum
stress; o3, minimum stress EGS, enhanced geothermal systems; GCS, geological carbon se-
questration; HF, hydraulic fracturing; Hydro. circ., hydrothermal fluid circulation; MPa,
megapascal; Sci. exp., scientific experiments; WD, wastewater disposal.
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stress magnitudes reported in the source publications used
for this study. It should be noted that if an ordinary least
square method had been used, which does not consider the
error bars in the independent variable, the fitted line would
be closer to horizontal. Instead, by using the orthogonal
distance regression algorithm, which accounts for error
bars, the resulting slope of the trend line is even steeper than
in Figure 1b. This suggests that the b-value for induced
seismicity is more sensitive to differential stress changes
than the b-value for natural earthquakes.

To further investigate this dependency, applied machine
learning was applied to test the importance of differential
stress on b-value and included injection depth and prein-
jection reservoir pore pressure for comparison. Since the
number of data points available is limited (i.e., 37), a simple
machine-learning analysis was performed with the goal of
comparing the relative influence of each parameter on b-
value without setting data aside for a validation dataset (see
Amini, 2020). The selected parameters (referred to as fea-
tures in machine learning) were injection depth in kilo-
metres, preinjection reservoir pore pressure in megapascals
(MPa), and the differential stresses S1-S3 and S2-S3 in
MPa. For simplicity, there was no consideration of any un-
certainties associated with these features. It should be noted
that all features were scaled and therefore the feature im-
portance coefficients calculated by the different machine-
learning algorithms tested are comparable. Table 2 lists the

Table 2. Ranking of the top two machine-leaning al-
gorithms tested based on their performance scores.
The ranking shows the mean absolute percentage
error (MAPE), which indicates how far the predicted
model b-values are from their actual values.

: R*score MAPE
Regressor algorithm
g = (%) (%)
XGBoostRegressor 99.90 6.96
RandomForestRegressor 88.19 10.67

a) B Importance
Injection depth
Preinjection reservoir
pore pressure

0.0 0.1 0.2 0.3 0.4
Feature importance coefficient (unitless)

top two performing machine-learning algorithms tested
with the XGBoostRegressor algorithm outperforming all
other regressor models, followed by the RandomForest-
Regressor. These returned the highest R” scores and lowest
mean absolute percentage errors (MAPE). A smaller
MAPE means the regressor model predictions of b-value
are closer to the actual values.

The results from the machine-learning analysis are pre-
sented in Figure 3. Both of the top two performing regres-
sors show that preinjection reservoir pore pressure has the
highest impact on b-value. To further investigate this, a lin-
ear trend line was fitted to the b-value versus pore pressure
data for the induced seismicity cases, as illustrated in Fig-
ure 4. The results show that the overall h-value decreases as
the preinjection reservoir pore pressure increases. In other
words, fluid-injection operations targeting reservoirs with
higher pore pressures are more likely to generate higher
magnitude induced seismicity events. Figure 5 breaks the
data down further according to whether underpressured,
hydrostatic or overpressured reservoir conditions were re-
ported at the fluid-injection sites. The number of data
points through which each trend line is fitted is evenly dis-
tributed between the three scenarios with 13 sites reporting
underpressured conditions, 12 reporting hydrostatic condi-
tions and 12 reporting overpressured conditions. Compar-
ing the best fit lines to each data subset, the trends indicate
that overpressured reservoirs generally have lower b-val-
ues indicating a higher likelihood of producing larger mag-
nitude induced seismicity events. This agrees with the
findings of Eaton and Schultz (2018), who reported a corre-
lation between large magnitude events and hydraulic frac-
turing operations in highly overpressured shale formations.

To further analyze the machine-learning results, a SHapley
Additive exPlanations (SHAP) analysis (Lundberg and
Lee, 2017) was carried out. The SHAP plots compare the

b)
Injection depth

S2-53

BN Importance

51-53

Preinjection reservoir
pore pressure

III

0.0 01 0.2 0.3 0.4
Feature importance coefficient (unitless)

Figure 3. Results from the machine-learning regression analysis showing parameter influence on b-value calculated by the top two per-
forming algorithms: a) XGBoostRegressor and b) RandomForestRegressor. Abbreviations: S1, maximum stress; S2, intermediate stress;

S3, minimum stress.
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Figure 4. The dependence of b-value on preinjection reservoir pore pressures for induced seismicity
based on the pore pressure values reported for each injection site in the dataset compiled for this study
(number of sites indicated in parentheses). Abbreviations: P, preinjection reservoir pore pressure;
EGS, enhanced geothermal systems; GCS, geological carbon sequestration; HF, hydraulic fracturing;
Hydro. circ., hydrothermal fluid circulation; MPa, megapascal; S1, maximum stress; S2, intermediate
stress; S3, minimum stress; Sci. exp., scientific experiments; WD, wastewater disposal.
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Figure 5. The dependence of b-value on injection depth forinduced seismicity based
on the preinjection reservoir pore pressure values reported for each injection site in
the dataset compiled for this study, separating those reporting underpressured, hy-
drostatic or overpressured reservoir conditions.
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Figure 6. Results from the SHapley Additive exPlanations (SHAP) feature importance analysis showing
the impact of low (blue) to high (red) values for each parameter on the b-value, as determined from the top
two performing machine-learning algorithms: a) XGBoostRegressor and b) RandomForestRegressor.
Note that a more negative SHAP value corresponds with smaller b-values (i.e., an increased likelihood of
larger magnitude induced seismicity events). Abbreviations: S1, maximum stress; S2, intermediate

stress; S3, minimum stress.

impact of the values for each feature, in this case on the b-
value. Looking at the summary plot in Figure 6, each point
represents a single fluid-injection site from the compiled
induced seismicity dataset (Table 1), and is colour coded
according to whether its value for the feature is low to high
relative to the range of values for the other sites in the
dataset. The calculated SHAP value for each point shows
the impact of that feature on the calculation of the b-value
for the site. Lower SHAP values (extending into negative
numbers) indicate the model is more inclined to predicting
lower b-values (i.e., higher magnitude induced seismicity
events), and vice versa, higher SHAP values indicate a
model more likely to predict higher b-values (i.e., lower
magnitude induced seismicity events). As can be seen in
Figure 6a and b, the two top performing machine-learning
models both show that higher preinjection reservoir pore
pressures have the strongest correlation with smaller b-
value predictions; all points with high values (coloured red)
have negative SHAP values. Again, this is well aligned
with Eaton and Schultz’s (2018) findings that large magni-
tude induced seismicity events are most likely associated
with overpressured formations. It is also clear that this rela-
tionship is not monotonically linear and a significant num-
ber of points representing smaller pore pressures (coloured
blue) also have negative SHAP values. These establish that
lower pore pressures, for example the underpressured and

Geoscience BC Report 2021-02

hydrostatic cases in Figure 5, are associated with both low
and high b-values.

Both machine-learning models are also in agreement that
deeper injections (coloured red) result in lower b-values.
This is well aligned with Scholz’s (2015) findings since the
differential stress is calculated based on depth and therefore
b-value is similarly dependent on depth. However, this is
not as clear when looking at the differential stress SHAP
values, whether S1-S3 or S2-S3. For S1-S3, the SHAP val-
ues show a mix of predictions for both low and high b-val-
ues, although high values of S1-S3 mostly correspond with
low b-values, which agrees with findings by Mehrabifard et
al. (2019). For S2-S3, the SHAP values calculated for the
XGBoostRegressor model predict lower values b-values
for medium to high values of S2-S3, whereas this correla-
tion is not as clear in the SHAP values for the Random-
ForestRegressor model. Further investigations are required
to draw a firm conclusion on the dependence of h-value on
S1-S3 and S2-S3, recognizing that the influence of pore
pressure is acting in parallel to the differential stresses.

Conclusions

A dataset of induced seismicity magnitude distributions
was compiled for a wide range of fluid-injection opera-
tions, and b-values were calculated for each site. The influ-
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ence of differential stress on b-values for induced seismic-
ity events was investigated and compared with trends
published for natural earthquakes. It was found that in both
cases b-values decrease with increasing differential
stresses (maximum stress minus minimum stress), but that
the rate of this decrease for induced seismicity is 7.7 times
greater than that for natural earthquakes for the same range
of depths (1 to 6 km). This suggests that for a given differ-
ential stress, the distribution of magnitudes for induced
seismicity events is more likely to include higher magni-
tude events than the distribution for natural earthquakes.
This is believed to be due to the influence of induced pore
pressures resulting from fluid injection.

The influence of pore pressures on the magnitude distribu-
tion of induced seismicity events was further confirmed us-
ing machine learning. Results testing feature importance,
comparing injection depth, differential stress and prein-
jection reservoir pore pressure, showed that the seismo-
genic response was most strongly influenced by the prein-
jection reservoir pore pressure. This was also seen in the
results of a SHAP analysis performed on the machine-
learning results. This is interpreted to mean that susceptible
faults in reservoirs with higher pore pressures, especially
those that are overpressured, are in a more critical state and
require only a very small pore pressure disturbance to slip.
Thus, given that fluid-injection operations typically in-
volve a large volume of fluid that perturbs the native pore
pressure in an extensive zone surrounding the injection
well, the likelihood of inducing slip over a larger area of the
critically stressed fault is more possible resulting in a larger
magnitude event.

In general, injection depth was also seen to have a high cor-
relation with lower b-values. However, the results of the
SHAP analysis for injection depth and differential stress
were not as clear as those for pore pressure, perhaps be-
cause the reservoir conditions at each fluid injection site in
the dataset encompasses a mix of underpressured and over-
pressured reservoir conditions, which again, have a more
dominant influence on the correlation with b-value. To iso-
late the influence of differential stresses, the continuation
of this work will explore the use of more sophisticated ma-
chine-learning techniques to build on the simpler linear
analyses performed here.

Together, these results and the continuation of this research
will provide important insights and constraints on 1) the
distribution of the magnitudes of induced seismic events
and 2) the probability than an event will exceed an accept-
able magnitude. This will support the analyses of induced
seismicity hazards.
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Introduction

The occurrence of earthquakes in relation to hydraulic frac-
turing (HF) during hydrocarbon production is of consider-
able scientific interest on a global scale (Foulger et al.,
2018). Especially in historically seismically quiescent re-
gions, HF-induced events can increase the natural seismic
hazard in the time period of anthropogenic interference.
The significance of increased seismic hazard associated
with HF operations was illustrated by several damaging in-
duced events, including an M| 5.7 earthquake in the
Sichuan Basin on December 16, 2018 (Lei et al., 2019).
Nevertheless, to ensure the energy needs of the general
public, research is needed on the interaction between en-
ergy production and earthquakes induced by fluid injection
(McGarr et al., 2015). As an example, the Western Canada
Sedimentary Basin (WCSB) has experienced an increasing
number of M3+ events in the last decade, which correlates
with an increase in oil and gas production (Atkinson et al.,
2016). Particularly the Montney Formation, a major shale-
gas play in northeastern British Columbia (BC) and north-
western Alberta, is capable of hosting events of magnitude
4+, suchasan My 4.6 on August 17,2015 near Fort St. John
(Babaie Mahani et al., 2017; Wang et al., 2020) and an
My 4.2 (Mp 4.5) on November 30, 2018 near Dawson
Creek (Babaie Mahani et al., 2019; Pena Castro et al.,
2020).

Recently, Roth et al. (2020) found a high temporal and spa-
tial correlation between HF operations and the occurrence
of earthquakes in the Kiskatinaw area (Figure 1), a region
extending between Fort St. John and Dawson Creek that
covers parts of the Montney Formation (Figure 1, purple
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area on inset map). The linear features evident in the spatial
distribution of induced earthquakes align primarily at low
angles to Sy, the orientation of maximum horizontal com-
pressive stress. The alignment is interpreted as a fault ori-
entation and is therefore consistent with strike-slip faulting
on optimally oriented slip surfaces. Further estimations of
focal-mechanism solutions (FMSs) of moderate-sized
events in the study area suggest the occurrence of strike-
slip, as well as thrust-faulting, events (Onwuemeka et al.,
2019; Babaie Mahani et al., 2020; Pefia Castro et al., 2020).
This paper focuses on the inversion of earthquake-source
parameters (i.e., FMS, seismic moment and stress drop) to
evaluate possible activated fault planes and to investigate
the scaling relations for repeating induced events in the
study area.

Earthquake Catalogue

The earthquakes considered in this study are based on an
automated earthquake catalogue by Roth et al. (2020) ex-
tending to the time period from July 12, 2017 to July 31,
2020. The catalogue contains a total of 8302 events (circles
in Figure 1) detected with a short-term average/long-term
average (STA/LTA) trigger that includes a 3-20 Hz, 4™ or-
der Butterworth bandpass filter, an STA duration of 0.2 s,
an LTA duration of 10 s, a triggering threshold of 2.5 and a
detriggering threshold of 1.5 for P-wave first arrivals, as
well as a 3—12 Hz, 3" order Butterworth bandpass filter and
an Akaike information-criterion algorithm for S-wave first
arrivals. All phase arrivals are reviewed by an analyst. This
study uses a total of 25 stations (triangles in Figure 1) oper-
ated by Ruhr University Bochum (RUB), McGill Univer-
sity (MGU) and Natural Resources Canada (NRCan), al-
though several stations were not operating from the starting
time of the catalogue (Table 1).

Focal-Mechanism Inversion

This study uses the probabilistic earthquake-source inver-
sion framework ‘Grond’ (Dahm etal., 2018) to estimate the
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FMS for 11 representative earthquakes with a magnitude of
M, 2.7+ in the earthquake catalogue. The FMS is computed
for a variety of earthquake sequences based on the wave-
form-similarity clustering in Roth et al. (2020). Grond in-
verts for the optimal hypocentral location and moment ten-
sor by applying a bootstrap technique on a dataset of fully
inverted waveforms that are compared to a synthetic
dataset modelled from Green’s functions. These were pre-
viously calculated by ‘Qseis’ (Wang, 1999) and ‘Fomosto’
(Heimann et al., 2017) using the same velocity model as in
Roth et al. (2020; this velocity model is used throughout

this study). The optimal FMS is calculated based on the
time and frequency domains, as well as the waveform enve-
lopes. The initial Green’s functions are modelled up to
10 Hz, which allows fitting of the full waveforms in a low-
frequency band up to 5 Hz, the Nyquist frequency. For each
event, several inversions are run in varying frequency
bands to compute an FMS with a minimum mean bootstrap
misfit of at least <0.65 to be considered for this study, a
value dependent on the individual dataset determined by
empirical testing. In general, the comparison of modelled
versus observed waveforms is the crucial factor in judging
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Figure 1. Overview of the Kiskatinaw area in northeastern British Columbia, indicated by the red box on the inset map. The purple-high-
lighted area on the inset map denotes the shape of the Montney Formation, as reported by the BC Oil and Gas Commission (BCOGC; last
accessed October 2018), and the Alberta Energy Regulator (AER; last accessed May 2020). Blue triangles denote stations. Stations start-
ing with RU are operated by Ruhr University Bochum (RUB), those starting with MG are operated by McGill University (MGU) and those
starting with MONT and NBC are operated by Natural Resources Canada (NRCan). Circles show the epicentre of earthquake locations,
colour coded by origin time. Focal-mechanism plots illustrate the fault type of some representative events in the catalogue, labelled by their
respective origin date (YYYYMMDD; blue for dominantly thrust faulting, green for dominantly strike-slip faulting). White diamonds repre-
sent HF wells operating in the catalogue’s time period, with black lines indicating the trajectories of the horizontal wells (injection data are
provided by the BC Oil and Gas Commission; last accessed August 13, 2020). Additional wells might be updated by the respective opera-
tors.
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Table 1. Overview of all stations, with their locations, used in this study. Stations with net-
work code XL are operated by MGU and RUB, and those with network code 1E and CN by
NRCan. The start time shows the beginning of data collection, while the end date gives
the supposed date of removal. Station information is archived on the Incorporated Re-
search Institutions for Seismology (IRIS) Data Management Center (www.iris.edu; last
accessed October 2020).

Network Station name Latitude Longitude Start date End date
XL MGO01 56.05484 -120.637993 2017-Jun-19  2020-Dec-31
XL MG02 55.866791 -120.083992 2017-Jun-14  2020-Dec-31
XL MG03 55912151 -120.44136 2017-Jun-16  2020-Dec-31
XL MG04 55.99136 -120.338043 2017-Jun-17 2020-Dec-31
XL MG05 55.895142 -120.301949 2017-Jun-15  2020-Dec-31
XL MGO06 55.87212 -120.041481 2018-Jun-22  2020-Dec-31
XL MGO07 55.783562 -120.40242 2017-Aug-02 2020-Dec-31
XL MGO08 55.84116  -120.87307 2017-Jun-14  2020-Dec-31
XL MGO09 55.74419 -120.779617 2017-Jun-18 2020-Dec-31
XL MG10 55.722851 -120.063347 2019-Oct-01  2020-Dec-31
XL MG11 55.86168  -120.11468 2020-Sep-01  2022-Jun-30
XL RUO1 56.145069 -120.480042 2019-Jul-30  2020-Dec-31
XL RU02 56.131989 -120.188187 2019-Jul-30  2020-Dec-31
XL RU03 55.807442 -121.134506 2019-Sep-26 2020-Dec-31
XL RU04 55.961369 -121.038788 2019-Oct-03  2020-Dec-31
XL RU05 56.180611 -120.733391 2019-Oct-04 2020-Dec-31
XL RUO06 55.98959 -120.526909 2019-Sep-29 2020-Dec-31
1E MONT1 55.910149 -120.58654 2018-Oct-01  2021-Oct-01
1E MONT2 56.019718 -120.046967 2018-Oct-01  2021-Oct-01
1E MONT3 56.005779 -120.45388 2018-Oct-01  2021-Oct-01
1E MONT6 56.110291 -121.016991 2018-Oct-03  2021-Oct-01
1E MONT8 56.06731 -120.777428 2019-Jul-15  2021-Oct-01
1E MONT9 55.803902 -120.538757 2019-Oct-07  2021-Oct-01
1E MONTA 56.104321 -121.070038 2019-Oct-05 2021-Oct-01
CN NBC4 55.687279 -120.66024 2013-Mar-01 2599-Dec-31
CN NBC7 56.267792 -120.842621 2014-Aug-10 2599-Dec-31

the quality of the calculated FMS. In addition to the 11 FMSs Therefore, ¢ = 2/f; iniiar 1s used as the window length. The

calculated in this study, three have been included from Pefia
Castro et al. (2020).

Spectral Analysis

Spectral-source parameters of 8302 earthquakes were esti-
mated based on their waveforms. The source parameter in-
version to determine long-period spectral amplitude and
corner frequency is based on two methods, the single spec-
trum and the spectral-ratio calculation, both of which are
described below. As the S-waves typically have a higher
signal-to-noise ratio (SNR), only they are used for this
study. To estimate a time window covering the complete S-
wave signal, an initial theoretical corner frequency (f; initia1)
was estimated based on the local magnitude reported in the
catalogue, the relation of Ross et al. (2016) to estimate a
moment magnitude, a lower-bound stress drop of 0.1 MPa,
and the constant k= 0.26 for a singular crack expanding ra-
dially at a rupture speed of 90% of the shear-wave velocity
(after recent analyses by Kaneko and Shearer, 2014).

Geoscience BC Report 2021-02

choice of 0.1 MPa as a stress-drop value will lead to a lower
boundary for the corner-frequency estimation and, due to
the inverse relation to 7, the time window will therefore be
long enough to guarantee coverage of the complete phase.
Although longer time windows are reported (e.g., Ross and
Ben-Zion, 2016), this study will continue with twice the in-
verse of the estimated corner frequency, as this relation will
lead to £~ 1 s for My 2.5 events at the typical depth of 2 km
(Roth et al., 2020). For smaller events reported in the cata-
logue where the time window would be even shorter, a one-
second time window is used to keep enough data points in
the waveform.

Single-Spectrum Method

This study employs the waveforms for each available pick
beginning at 25% of the window length before the phase ar-
rival, and a corresponding noise window with the same
length, one-time window before the P-arrival. If no P-ar-
rival is detected, 5 s before the origin time is used. In the
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next step, the single spectra of individual components are
calculated using a multitaper approach (Prieto et al., 2009).
To enhance the signal, the vector sum of both horizontal
components, if two components were available due to the
absence of data gaps, and a dynamically calculated time
window are used. To avoid potential bias of the following
curve fit toward higher frequencies, each spectrum is
resampled using an equally spaced logarithmical sampling-
size interval. Next, a numerical fit is estimated for the cor-
ner frequencies and the long-period spectral amplitude us-
ing the Boatwright source model (Boatwright, 1978),

)
Q(f) = Qo P VA M

f yny /vy

(7))

with the long-period spectral amplitude Q, fixed to the
maximum amplitude of the respective single spectrum, fre-
quency f, the source-receiver travel time 7 as reported by the
catalogue, the corner frequency f, to be fitted, the high-fre-
quency falloff rate n, the seismic attenuation O (where O
and n will be fixed to one value, although recent studies
point out lower uncertainties for a clustered-Q approach;
Ko etal., 2012; Yu et al., 2020; see ‘Estimation of optimal
parameter settings for Q and n’ below), and a factor y that
controls the shape of the corner and is fixed at y = 2 for the
Boatwright source model. One single spectrum is consid-
ered to be fitted if its SNR exceeds a threshold of 3 for 1-
30 Hz (M <3), 1-20 Hz (3<M<4) or 1-15 Hz (M, >4), as
the instrument response function is flat between 0.1 Hz and
45 Hz, with a sampling rate of 100 Hz. One example of the
fitted spectrum and the corresponding waveforms is plotted
in Figure 2.

Spectral-Ratio Method

A second method for calculating source parameters is the
spectral-ratio method, which can be applied if two events of
similar waveforms are located within approximately one
source dimension defined by the larger event (Abercrom-
bie, 2015), and recorded at the same station; the larger
event of this pair is called the ‘target’ event and the smaller
one the ‘empirical Green’s function’ (EGF; Hartzell, 1978).
Dividing the two single spectra (Equation 1) to calculate
the spectral ratio,

Yy

1+<f/fCEGF)yn

400 ,
-

cancels out instrument- and non-source—related effects,
such as site effects, and leaves the source differences of the
target and the EGF events. In this study, all events with a
magnitude difference of at least 0.5 relative to the target
event, a maximum distance of 5 km to the target eventand a
cross-correlation coefficient (CCC) of 0.8 or higher on one

qtarget

Q(f) = ;;gcz-'

@
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channel of the closest station were considered as potential
EGF. Although the relative magnitude difference between
target event and EGF is sometimes reported to be at least
1.0 to ensure the amplitude ratio is high enough to differen-
tiate the two corner frequencies (e.g., Hartzell, 1978), the
lower difference is applied in order to avoid pre-emptively
removing a large number of event pairs that may be viable,
a practice that has already yielded significant results glob-
ally (Kwiatek et al., 2014; Harrington et al., 2015) and in
the WCSB (Holmgren et al., 2019). The benefit of the
smaller magnitude difference is a higher number of EGFs
connected to the target event, which will be manually re-
viewed in a later stage of the analysis and ensures an ade-
quate number of possible EGFs for the predominant small-
magnitude events in the WCSB (Holmgren et al., 2019).

For calculating the CCC, a window length is chosen that
covers the P- and S-wave arrival, as well as the coda, by
starting 0.5 s before the P-wave onset and ending 1.8(¢s—#p)
after the P-wave onset, where ts—#p describes the difference
in S and P arrival times. Calculating the CCC of full wave
forms ensures that the overall waveform is similar, which
requires a similar FMS for both events (Harrington et al.,
2015; Ruscic etal., 2019). The additional CCC criterion, to
link targets with EGFs, is a further argument for only link-
ing similar events with each other. In the preliminary pro-
cessing steps for the beginning of the catalogue, where
fewer stations were operating simultaneously, more suc-
cessful combined target-EGF pairs were found using a
rather high CCC on the closest station only, presumably be-
cause the CCC will decrease for larger distances due to at-
tenuating effects and a lower SNR. Besides, if the CCC is
high on the closest station, it suggests a similar focal mech-
anism (Gotetal., 1994). Furthermore, the minimum magni-
tude for target events was limited to My, 2, and the individ-
ual SNRs must exceed the same threshold of 3 for 1-30 Hz
to guarantee a high portion of S-wave signal in the pro-
cessed time window. Otherwise, the desired corner fre-
quency might be covered by seismic noise in the same fre-
quency band. In this study, the corner frequency can be
resolved at least up to 10—15 Hz (Abercrombie, 2014), and
Abercrombie et al. (2017) and Ruhl et al. (2017) reported
an even higher cut-off criterion (i.e., half to two-thirds of
the upper frequency for SNR resolution, in the present case
15-20 Hz). The window length of both waveforms is equal
to the estimated window length for the target event. To en-
sure a high quality of the spectral-ratio fits, a graphical user
interface (GUI) was designed to visually inspect all spec-
tral-ratio pairs and, if needed, manually adjust some fitting
parameters.

Estimation of Optimal Parameter Settings
for Qand n

To guarantee a fit according to Equation 1, which will only
fit the corner frequency f; and discharges potential numeri-

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 2. Example plot of one fitted single spectrum on station RU06 from an event with a magnitude of M, 3.4 that occurred southeast of
the study area on October 5, 2019: a) displacement spectrum (blue) of the signal (pink shading in parts b and c¢) and a fit using Equation 1
(green dashed line); grey line displays the noise level (blue shading in parts b and c) directly before the event happened; b) and c) displace-
ment waveform on the north and east components of RUOB, respectively.

cal trade-off effects between f;, O and n, constant values
were chosen for Q and n. As O describes the seismic attenu-
ation, it is defined by rock properties. This study is limited
to one region with rather uniform mechanical behaviour, as
well as widespread HF operations affecting larger parts of
the area. Furthermore, the high-frequency fall-off rate n is
affected by rupture processes (i.c., duration time and frac-
tion of stress drop; Brune, 1970), which are similar in this
study area due to a high number of repetitive waveforms
(Roth et al., 2020). Therefore, it was decided to keep both
values constant. The values of the (Q, n) pair were calcu-
lated with the smallest overall misfit by a grid-search ap-
proach based on 2 066 064 individual fits for 13 n-values
between 1.75 and 3.25 in a spacing of 0.125, and 56 Q-val-
ues between 250 and 3000 and a spacing of 50 for 2838
event-station pairs (Figure 3). The chosen events are a sub-
set of 239 target events, where spectral ratios with multiple
EGFs could be calculated in the later analysis step. The -
misfit was first calculated for each of the desired fits. As the
misfititselfis not comparable to the misfit on other stations,
it is necessary to norm the individual misfit to a reference
misfit, which in this study is the Q-n pair of 1000 and 2, as
used in previous spectral-analysis studies for the WCSB
(Clerc et al., 2016; Holmgren et al., 2019; Wang et al.
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2020), and afterwards calculate the mean misfit for all
event-station pairs. The warm colours in Figure 3 show a
relative decrease in misfit (i.e., an improvement of the
model settings, which results in the chosen values for O and
n being 600 and 2.5, respectively). A study by Yu et al.
(2020) had already showed a successful application for
constant O values according to the spatial distribution of in-
duced events in the WCSB, where the authors calculated an
apparent O, representing the ray path in a layered Q struc-
ture.

Seismic Moment and Corner Frequency

The following steps describe how the source parameters are
estimated from the previously fitted single spectra and
spectral ratios. First, the seismic moment can be estimated
for each of the events at each of the stations that exceeded
the SNR of 3 by extracting the long-period spectral ampli-
tude of the respective single spectra. Following the Brune
(1970) relation, the seismic moment is defined by

__4mpBiQ,R

M, , &)

Uso

with the shear-wave velocity B, the rock density p (where
the value is between 2.46 and 2.86 g/cm’, depending on the
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Figure 3. Relative Xz misfit variations of single spectra with different Q-n pairs for 239 chosen events on all possible stations, normalized on
Q =1000 and n = 2.0 (magenta cross). Warm colours denote a decrease in relative misfit (improvement of the fit) and cool colours an in-
crease in relative misfit (worsening of the fit). Solid and dashed isolines show interpolations for the models with 8% increases and de-
creases, respectively, in relative misfit. The model used in this study is highlighted as a magenta box.

hypocentral depth), the source-receiver distance R, and the
radiation pattern for S waves of Upe = 0.63 (Aki and Rich-
ards, 2002). In this study, all events with a minimum of five
successful fits (i.e., estimates of seismic moment and cor-
ner frequency on five stations) were considered. To calcu-
late one seismic moment for the event, the jackknife mean,
including the confidence level, is calculated from all station
values of all estimates for () (Prieto et al., 2007), where
one estimate of () is the maximum value of the respective
single spectrum. The seismic moment is derived only from
single-spectrum estimates, as Equation 2 does not contain a
spectral amplitude isolated for the events.

To minimize the variables that need to be fitted into Equa-
tion 2, the low frequency level was set to the maximum of
the observed spectral ratio, and n = 2.5. A target-EGF pair
was considered if at least five spectral ratios were calcu-
lated. Next, all potential target-EGF pairs were stacked and
evaluated by a newly developed GUI (Figure 4), which al-
lows the analyst to add or remove single stations to or from
the fit, and adapt the frequency band in which the fit should
be calculated. For spectral ratios, where both fitted corner
frequencies are close to each other and where the amplitude
ratio between the lower- and upper-frequency portions is
low, £.“"**" is not distinct. To ensure that the second corner
frequency f;"" is not misinterpreted as the first corner fre-
quency f;“**' by the numerical fit, the analyst can add a
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source spectrum (Brune, 1970), which is Equation 1 re-
duced by the attenuation term (i.e., the exponential term
involving Q). If the fit of the target-EGF pair has an ade-
quate shape, and f,“"®*' is resolvable, the analyst can decide
to save or withdraw the pair. Figure 4 shows one example of
a well-resolved spectral ratio. This study is limited to esti-
mations of £,“"**" only, as the magnitude range in the cata-
logue does not allow large differences between target and
EGF magnitude, and £,"" will probably exceed the fre-
quency bandwidth-limitation of 10-15 Hz.

Stress-Drop Calculation

In the next step, the prior estimated corner frequency is
used to calculate the stress drop of the specific event. While
the seismic moment and the corner frequency describe the
fault of an earthquake, the stress drop can give insights into
the rupture process (i.e., stress relief due to the event). To
derive the stress drop Ac from one single spectrum and
spectral ratios, a model for a circular crack is used (Eshelby,
1957), specifically

Ao =2 “)

T 16137

where r describes the fault radius for a circular crack, calcu-
lated from the radiated S-wave spectrum (Brune, 1970,
1971)
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Figure 4. a) Menu bar of the GUI for one spectral-ratio pair of one M, 3.1 target event (work ID ‘bug2020ctot’) and one M, 2.0 EGF
(bug2020dptv). The user can individually plot all spectral ratios (‘Create Plots’), add the stack of all visible spectral ratios (‘Stack Single Ra-
tios’) and add the fit, using Equation 2 (‘Add Fit’) for specific frequency bands. The x and y axes can be limited using the ‘x lim’and ‘y lim’ win-
dows, respectively. Deactivating individual checker boxes next to the stations starting with RU, MG or MONT can remove individual stations
to be considered. The individual locations of the stations are provided in Figure 1 and Table 1. ‘show Event info’ can display the origins and
magnitudes of the events. When the analyst confirms the quality of the fit, then the figure and the corner frequency for the target and for the
EGF can be saved. b) Example plot of one fitted spectral-ratio pair. The coloured lines show individual spectral ratios on one station. The
solid black line is the stack of all spectral ratios, while the dashed black line shows the determined best fit. Orange and grey crosses show
the data points of the stack, which are considered for the fit using the spectral ratio (Equation 2) and the source spectrum, respectively. The
red and purple circles highlight the corner frequencies for target and EGF, respectively, using Equation 2, while the grey circle can confirm
the first corner frequency using the source spectrum.
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As the previous analytical steps may yield multiple values
for £; (due to multiple single spectra on various stations, or
to multiple EGFs used for one target event), the mean value
is always used. In the same way that corner frequencies
were calculated individually using two methods (using the
single spectra and the spectral ratios), individual stress-
drop values can also be calculated with both methods.
However, the seismic moment is calculated using only the
single-spectrum approach.

Results

Figure 1 shows 14 focal-mechanism plots, three of which
are from Pefa Castro et al. (2020). The majority of events
are dominated by a left-lateral, strike-slip faulting mecha-
nism (11 outof 14), and the remaining events are dominated
by a thrust-faulting mechanism. While the thrust-faulting
events with magnitudes between My 4.5 and M 2.7 can
only be observed close to Fort St. John in the northwestern
part of the Kiskatinaw area, there is no clear trend for the
distribution of strike-slip events, which have magnitudes
between M; 3.4 and M 2.8.

In total, 1772 of the 8002 events passed the quality-control
criteria for deriving source parameters by fitting the single
spectra, while 303 events could be used for the spectral-ra-
tio method. Figure 5 shows a summary of the spectral-anal-
ysis results for both single spectra (blue and grey circles)
and spectral ratios (green diamonds). Comparing the sin-
gle-spectra results for the events for which spectral ratios
could be calculated (blue circles) with the events for which
the single-spectrum method was used (grey circles) shows
the same scaling, but for different magnitude ranges, due to
the fact that there are fewer EGFs and smaller SNRs for
smaller magnitude target events. Figure 5a shows the scal-
ing for stress drop versus seismic moment (or moment mag-
nitude), where single spectra suggest an increase of stress
drop with increasing seismic moment between roughly 10!
MPa (M,,~1.5) and 3 x 10" MPa (M,, ~4.2). Contrary to the
single spectra, the spectral ratios highlight a scattering be-
tween 10° and 10> MPa, with no clear trend apparent. Fur-
thermore, a higher number of events seem to be underesti-
mated, as they are above the resolvable frequency content
of the instrument (grey shading on Figure 5), while only a
few events are higher than 13 Hz, the instrumental resolu-
tion limit that is dictated by the SNR threshold of 30 Hz.

Plotting the seismic moment (or moment magnitude)
against the corner frequency (Figure 5b) shows a steep de-
crease of seismic moment with corner frequency. In addi-
tion, the stress drop scatters between 10" MPa and
10" MPa. Results from the spectral ratios do highlight a
rather slight decrease of seismic moment with increasing
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corner frequency, implying a constant stress drop between
10° MPa and 10> MPa, optimally at 10' MPa.

Discussion and Conclusion

The estimated focal mechanism of this study agrees with
the general trend of focal mechanisms from previous stud-
ies (Onwuemeka et al., 2019; Babaie Mahani et al., 2020;
Pena Castro et al., 2020). In addition, the left-lateral strike-
slip faults from the focal-mechanism plots are consistent
with the fault orientations at roughly 30° to Sy in Roth et al.
(2020). The fact that no EGF fulfills the defined quality-
control criteria for the M 4.5 suggests an isolated
hypocentre for this particular mainshock, as suggested in
Peiia Castro et al. (2020). Two focal-mechanism solutions
are observed in the northwestern part of the study area,
close to the Peace River (Figure 1) and to the Fort St. John
graben (e.g., Barclay et al., 1990; Davies, 1997; Eaton et
al., 1999), suggesting thrust-faulting events and strike-slip
events, whereas the southeastern part of the area hosts ex-
clusively strike-slip events. The reason for this could be
that the area close to the Fort St. John graben may host nor-
mal faults formed by graben building and basin infill,
which can be reactivated as thrust faults in the current stress
regime. In contrast, the southeastern part of the study area
hosts solely shallow strike-slip events, perhaps due to the
absence of potential deep receiver faults. A second natural
source for existing thrust faults would be the thrust-faulting
belt in the Rocky Mountain foreland (Pana and van der
Pluijm, 2015), formed during the Laramide orogeny.

Another factor supporting the observation of two types of
FMS in the same region may take into account the stress
constraints from borehole data and focal-mechanism inver-
sions in Fox Creek, Alberta (Shen et al., 2019): S, could be
larger than Sy, for the shallower depths in the WCSB, result-
ing in strike-slip events, while Sj, could be larger than S, at
greater depth, the optimal stress regime for thrust-faulting
events. According to Shen et al. (2019), the stress-regime
transition occurs between 3.4 and 10.4 km, with the optimal
depth at 5.9 km. In addition, the mixture of FMSs might im-
ply the existence of Riedel-shear structures. The presence
of Riedel-shear structures, the embryonic stage of strike-
slip fault formation (Riedel, 1929), might imply the influ-
ence of large-volume fluid injection in the seismotectonic
setting. Following the initiation and development of pull-
apart basins with Riedel-shear mechanism in laboratory ex-
periments (Atmaoui et al., 2006), the slip surfaces of the
strike-slip faults are expected to be on structures at an early
stage of development, although potential slip surfaces or
zones of weakness must not be newly created.

Use of the GUI allows the analyst to refine the corner fre-
quency from the default fit (Figure 4). In the example
shown, the spectral ratio of station RU0G6 is conspicuously
high, MG04 shows an anomaly at 7-10 Hz, and RUO1 and
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MONTI are biasing the stacked spectral ratio between
10 and 20 Hz. By removing the individual stations before
the fitting process, the corner frequency decreases from
8.32t0 7.63 Hz. Thus, using the GUI enables the processing
of a dataset with higher precision compared to automati-
cally determined corner frequencies. In the present case, by
inspecting all individual spectral ratios, the analyst is able
to investigate in-site effects beneath individual stations
(Yang et al., 2009), as the stations are close to the clusters
and the HF wells (Figure 1). Variations of individual spec-
tral ratios from the stacked spectral ratio might indicate, for
example, the influence of fluid injections.

Comparing the results from single-spectra estimates versus
spectral-ratio estimates shows a strong scaling for single-
spectra results and a wide range of values for spectral-ratio
results, especially for lower-moment magnitudes (i.e.,
~My, 2.3). A possible reason for this might be the limited
frequency band of the dataset (i.e., sampling rate of 100 Hz)
and the fact that only surface stations are used, which limits
the maximum resolvable corner frequency because the at-
tenuation for higher frequencies is higher (Abercrombie,
1995; Viegas etal., 2010). The same breakdown in constant
stress drop is reported from other studies that estimate
source parameters with single-spectrum approaches (e.g.,
Onwuemeka etal.,2018; Kemna et al., 2020). The methods
seem to generate the same results when considering events
with My, greater than 3, although the observation is based
on few data points. However, a number of studies suggest
that spectral ratios provide more reliable estimates of
source parameters, particularly for smaller earthquakes,
and that they should be preferred over single-spectrum esti-
mates for interpreting scaling with size (e.g., Ide and
Beroza, 2001; Ide et al., 2003). Taking the limitation of the
magnitude range into account, the stress drop of the in-
duced events in the WCSB may be constant with respect to
magnitude, which agrees with the scaling laws for similar
events (Aki, 1967) and the repetitive character of induced
events in general (Skoumal et al., 2015), which is also ob-
served inthe WCSB (Schultzetal.,2015; Roth etal., 2020).
This study can be integrated with earlier studies on stress-
drop values for induced events in the Montney Formation,
specifically 1) results from Yu et al. (2020) that suggest a
lower stress drop for events proximal to HF wells (0.1—
1 MPa), whereas events distal from HF wells have a higher
stress drop (1-10 MPa); and 2) results from Wang (2020)
that suggest stress-drop values between 1 and 35 MPa, in
the typical range of tectonic earthquakes (0.1-100 MPa;
Hanks, 1977). In a broader context, values from this study
agree with the average stress drop for small- to moderate-
size events in the WCSB, which is 7.5 £0.5 MPa (Holmgren
et al., 2019).
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Introduction

Hydraulic fracturing is used in unconventional resource de-
velopment to enhance the fluid migration in low-perme-
ability reservoirs. It involves the creation of complex frac-
ture systems during injection of fluids at pressures
exceeding in situ breakdown pressures (Smith and
Shlyapobersky, 2000). In recent years, hydraulic-fractur-
ing technology has been associated with earthquakes
reaching moment magnitudes (My) of 5.2 (Leietal.,2019).
Although the basic requirements for generating induced
seismicity are well understood (e.g., Ellsworth, 2013;
Eaton, 2018), current physical models fail to explain all the
fundamental characteristics. One of the extensively studied
features is the spatially clustered distribution of induced
earthquakes (Skoumal et al., 2015), which has commonly
been observed in the Montney Formation (Atkinson et al.,
2016; Schultzetal., 2017; Eaton and Schultz, 2018) as well
as in other unconventional plays in Canada (Bao and Eaton,
2016; Schultz and Wang, 2020), the United States
(Skoumal et al., 2019) and China (Dengfa et al., 2019).
Spatial clustering implies a similar underlying distribution
of the geological susceptibility to fault activation by
hydraulic fracturing.

To date, multiple models have been proposed that seek to
explain the physical basis for this apparent variability of
geological susceptibility to induced seismicity (Schultz et
al., 2016; Shah and Keller, 2017; Pawley et al., 2018). In
this study, a machine-learning approach is used to investi-
gate the spatial distribution of the seismogenic activation
potential (SAP) in the Montney Formation in British Co-
lumbia (BC) and Alberta, where industrial activities have
triggered earthquakes of magnitudes as high as My 4.6
(Babaie Mabhani et al., 2017). The SAP is a probabilistic

"The lead author is a 2020 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat™ PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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measure of geological susceptibility to induced earthquake
during hydraulic-fracturing operations.

Machine learning has proven to be a helpful tool in many
geoscientific areas, including seismic-data processing
(Chenetal.,2019), earthquake detection (Perol etal.,2018)
and structural interpretation (Huang et al., 2017; Wrona et
al.; 2018). Due to its ability to analyze patterns in multidi-
mensional datasets, it can be effectively used to investigate
complex relationships and provide additional insights into
the mechanisms controlling the occurrence of seismicity
induced by hydraulic fracturing (Pawley et al, 2018).

The goal of this study is to reveal underlying mechanisms
for seismicity occurring on critically stressed faults in re-
sponse to elevated pore-fluid pressure. This work is a con-
tinuation of the analysis presented in Wozniakowska and
Eaton (2020), which investigated the primary factors con-
trolling induced seismicity in the Montney using tree-based
algorithms. In the current study, an alternative machine-
learning approach (logistic regression) is introduced, the
input data and seismicity catalogue are enhanced, and a pre-
liminary seismogenic activation potential map is created
for the Montney play.

The project database consisted of 6466 hydraulically frac-
tured horizontal wells and related geological, geomechani-
cal and tectonic characteristics. Each well was classified as
seismogenic or nonseismogenic using spatiotemporal asso-
ciation criteria related to seismicity induced by hydraulic
fracturing. The next step involved training a supervised
machine-learning model to determine the factors control-
ling the induced seismicity potential in the Montney. In ad-
dition, probabilities of seismogenic class determined for
each sample were used to estimate the SAP distribution for
the whole formation. Based on the results, it appears that
seismogenic potential is primarily influenced by the dis-
tance to the Cordilleran foreland thrust-and-fold belt and
the depth of fractioning-fluid injection. A logistic-regres-
sion model predicted the highest occurrence of SAP in the
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Figure 1. The Montney unconventional play (shaded area), show-
ing a) seismic magnitude (coloured circles) by category for the pe-
riod of March 22, 2006 to January 21, 2020, seismogenic (green
dots) and nonseismogenic (grey dots) hydraulically fractured hori-
zontal wells drilled into the Montney Formation, the western edge
of the Cordilleran foreland thrust-and-fold belt (TFB; dashed line),
as well as the North Peace Ground Motion Monitoring Area
(NPGMMA) and Kiskatinaw Seismic Monitoring and Mitigation
Area (KSMMA) outlined in black (BC Oil and Gas Commission,
2017; Fox and Watson, 2019); b) examples of input data used in
the study, including maximum horizontal stress (Sumax) azimuths
(Heidbach et al., 2018), Phanerozoic thickness isolines, and
known faults influencing the middle and lower units of the Montney
(coloured lines) according to type (after Furlong et al., 2020) within
the Dawson Creek graben complex; ¢) schematic cross-section
through northeastern BC and western Alberta (at about 56°N) of
the generalized lithology and age (modified from Liseroudi et al.,
2020). Abbreviations: Fm., Formation; Gp., Group.

northwestern part of the Montney, which is consistent with
observed seismicity patterns in BC and Alberta (Figure 1a).

Methodology

Input Parameters Description

One of the biggest challenges of machine-learning analysis
is data compilation and preprocessing. Incomplete or incor-
rect information will result in biased predictions. It is im-
portant to include all potentially relevant features, as well
as potentially insignificant and less obvious characteristics,
as the significance (or lack thereof) of each characteristic
will be manifested in the feature importance analysis.

The selection of features for this study was dependent on
availability of data that could assist in examining current
hypotheses concerning the factors influencing SAP distri-
bution in the Montney Formation. As no direct measure-
ments were available for some of the features, proxies were
used that were assumed to have a similar correlation with
induced seismicity. Interpolated values were used in the
case of those features for which no point data were avail-
able (see below). Input parameters used in this study and
the reasons for their inclusion are presented in Table 1.

Seismicity Data Compilation

Seismicity data (Figure 1a) were compiled from publicly
available catalogues provided by Natural Resources Can-
ada (Visser et al., 2017; Huang et al., 2020; Visser et al.,
2020), Alberta Energy Regulator (https://ags-
aer.maps.arcgis.com) and Canadian Induced Seismicity
Collaboration (Cui et al., 2015). The final catalogue in-
cluded the events from the period between January 1, 2006
and January 21, 2020. The spatial and temporal variability
of the magnitude of completeness was investigated to de-
termine the threshold of the seismicity that would guaran-
tee unbiased classification of hydraulically fractured wells.
Magnitude of completeness for the 2006-2013 period
ranged from local magnitude (M) = 2.0 for southwestern
Alberta to My 3.0 in the northeastern corner of Alberta

Geoscience BC Report 2021-02

(Stern et al., 2013; Schultz et al., 2015; Cui and Atkinson,
2016). More recent catalogues (2014-2016) are estimated
to have a magnitude of completeness of M| = 1.8 (north-
eastern BC and western Alberta), whereas the rest of the
Western Canada Sedimentary Basin was estimated at
M ~2.3. Considering the detectability thresholds through-
out the entire period, only earthquakes above My 2.5 were
considered for this analysis; the threshold was based on the
local magnitude (ML), which was the primary magnitude
scale used for the compiled seismic catalogues. Natural
earthquakes and seismicity associated with industrial activ-
ities other than hydraulic fracturing in the Montney were
removed from the analysis. Data removed included quarry
blasts (Dokht et al., 2020), saltwater disposal wells and hy-
draulic fracturing in other unconventional plays, including
the Duvernay Formation (Schultz et al., 2017; Eaton and
Schultz, 2018), and drilling activity in the Horn River Basin
(BC 0Oil and Gas Commission, 2012; Farahbod et al.,
2015).

Well Labels

A spatiotemporal association filter was implemented to la-
bel wells as seismogenic or nonseismogenic. Following
previously published studies that investigated induced seis-
micity in western Canada (e.g., Atkinson etal., 2016), wells
were identified as seismogenic if one (or more) induced
earthquakes above M 2.5 had occurred after the start of hy-
draulic-fracturing operations (to establish potential causal-
ity) and within three months after operations were com-
pleted (the maximum estimated lag time). To address the
uncertainty of earthquake location, a spatial constraint was
applied specifying that the event epicentre had to be located
within 5 km of the horizontal wellbore.

Data Preprocessing and Model Development
Feature Interpolation

The compilation of features for machine-learning analysis
required interpolation of irregularly sampled input data.
Data-point values, such as formation tops, pressure and
maximum horizontal-stress values, were interpolated to de-
termine the values corresponding to each of the wells,
which were then inspected to ensure that valid interpolated
values had been obtained. For example, data were analyzed
to ensure correct stratigraphic association (Montney For-
mation — Debolt Formation — Precambrian basement),
depth of the hydraulic-fracturing operation (approximated
by the true vertical depth of the well) within the Montney
Formation, as well as depth-index values (correct values
are indicated by depth index ranging between 0 and 1; Ta-
ble 1). Erroneous wells were excluded from further analy-
sis. Only horizontal wells were considered, as production
had ended at nearly all Montney vertical wells before the
start of this analysis. The final dataset consisted of 6466 hy-
draulically fractured wells spread over a significant area of
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Table 1. Description of the input parameters used in the analysis of the seismogenic activation potential in the Montney Formation.

Characteristic
Distance to the Cordilleran deformation front

Background
Distance from the deformation front is used here as a proxy for
tectonic strain (Kao et al., 2018).

Injection depth Injection depth is used here as a proxy for the target-formation depth,
documented to strongly correlate with probability of induced seismicity

(Ries et al., 2020).

Previous studies suggest higher susceptibility in the vicinity of
crystalline basement (Hincks et al., 2018; Koztowska et al., 2018;
Skoumal et al., 2018).

A correlation between induced seismicity and formation overpressure
has been identified by Eaton and Schultz (2018) and Ries et al.
(2020).

Rotation of maximum horizontal-stress direction (Sy,.x) may be
indicative of nearby critically stressed fault (McLellan et al., 2014;
Zhang et al., 2019).

This massive carbonate unit is documented to host larger magnitude
induced seismicity (Riazi et al., 2020).

Completions in the lower and middle units of the Montney appear to
be more prone to induce seismicity compared to those in the upper
and middle units (BC Oil and Gas Commission, 2014).

Virtually all currently existing models for seismicity induced by
hydraulic fracturing assume that slip occurs on a pre-existing fault
(Eaton, 2018).

Vertical distance to top of Precambrian basement

Pore-pressure gradient

Difference between local and regional average
Shmax direction

Vertical distance to Debolt Formation

Depth index (fractional depth from top to base of
Montney)

Distance to the closest (known) fault

the study region (Figure 1a). Part of the machine-learning
process involved randomly splitting the total number of
wells into a training set (including labeled samples, used to
determine the model coefficients) and a testing set (includ-
ing unlabeled samples, used to evaluate the performance of
the model; James et al., 2013). Implementing a standard
train-test split ratio (75:25) resulted in 4849 samples being
assigned to the training set and 1617 samples to the testing
set.

Logistic Regression
Logistic regression is a type of supervised machine learn-
ing (James et al., 2013); for an n-dimensional problem the
classification probability p is given by

p:1/(1+e‘[ﬁo+Bl*x1+----+ﬁn*xn]] (1)

where x;, i = 1,...7, are the normalized input-data values at
each well location and the parameter weights 3; are calcu-
lated during the training phase. Probabilities calculated for
each well and coefficients of the model were obtained by
averaging individual realizations over 1000 bootstrap
samples. Wells with p >0.5 are labelled as seismogenic,
whereas samples with lower probabilities correspond to
nonseismogenic wells.

Results

Feature Importance Analysis

Feature importance was investigated using the weights ex-
tracted from the trained logistic-regression model. The al-
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gorithm was developed using scikit-learn, a Python library
for machine learning. Ultimate feature weights correspond
to average weights of the normalized input parameters from
the multiple bootstrap realizations (Equation 1). The values
of'the model coefficients are indicative of the relative influ-
ence of each parameter on the classification results
(Molnar, 2019). Based on this analysis, distance to the
Cordilleran foreland thrust-and-fold belt and depth of the
hydraulic-fracturing operation are the two most important
characteristics controlling the SAP. The vertical distance to
the top of the Precambrian basement, the difference be-
tween local and regional Sy,,,x and the pore-pressure gradi-
ent are moderately important. Remaining parameters (i.e.,
vertical distance to the Debolt Formation, depth index and
distance to known faults) have no influence on SAP distri-
bution (Figure 2a).

SAP Distribution Map

A map of the SAP distribution was created based on the
probability of the seismogenic class for each hydraulically
fractured well; probabilities were interpolated using a ra-
dial-basis function (Lazzaro and Montefusco, 2002). The
extrapolation outside the location of the wells over the reg-
ular grid yielded values beyond the [0,1] range; therefore,
normalization was done to obtain the values matching the
realistic probability values (Figure 3). Virtually all higher
magnitude (Mp =2.5) earthquakes induced by hydraulic
fracturing occurred within the Kiskatinaw Seismic Moni-
toring and Mitigation Area (KSMMA) and the North Peace
Ground Motion Monitoring Area (NPGMMA); both seis-
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Figure 3. Seismogenic activation potential (SAP) in the Montney Formation. The red cir-
cles indicate local magnitude (M) =2.5 seismic events associated with hydraulic fractur-
ing in the Montney Formation. Black outlines correspond to seismicity monitoring areas.
Approximate range of the injection-induced earthquake (lIE) band is marked by the
green dashed lines (after Kao et al., 2018). Cordilleran foreland thrust-and-fold belt
(TFB; black dashed line), known faults and Dawson Creek graben complex are also
shown. Abbreviations: KSMMA, Kiskatinaw Seismic Monitoring and Mitigation Area;

NPGMMA, North Peace Ground Motion Monitoring Area.

micity monitoring areas correspond to areas of higher
seismogenic potential (SAP > 0.5; Figure 3).

The highest SAP values (>0.8) are located north of the
NPGMMA in BC, whereas the KSMMA region is charac-
terized by a slightly lower SAP, reaching ~0.8 only in its
western part. Within Alberta, the SAP of the Montney does
not exceed 0.5, excluding a small portion in its northern
part, where no hydraulic fracturing operations have yet
taken place.

Performance Evaluation

Performance of the machine-learning algorithm was evalu-
ated using the receiver operating characteristics (ROC)
curve, which plots the true positive rate versus the false
positive rate (Figure 2b) for the validation dataset (Davis
and Goadrich, 2006). The area under the ROC curve of the
logistic-regression model achieved a score of 0.83, as com-
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pared to a value of 0.5 corresponding to the accuracy of
random guesses. However, this study is an example of un-
balanced classification, characterized by an unequal ratio
between samples in one of the specific classes (majority of
wells are nonseismogenic). Therefore, metrics other than
the ROC may be more suitable to evaluate the performance
of the predictive model (Saito and Rehmsmeier, 2015).
Hence, the ‘recall’ score was computed, as it may be better
suited to induced-seismicity classification since it quanti-
fies the correct positive class predictions (correctly pre-
dicted seismogenic wells) relative to the all positive predic-
tions (both correctly and incorrectly predicted seismogenic
wells). ‘Recall’ is defined as

Recall = true positives/(true positives + false negatives)

The study model achieved a recall score of 77.92%, which
provides a good indication that the approach was suc-
cessful.

Geoscience BC Summary of Activities 2020: Energy and Water
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Discussion

The results of this study can be compared with those of re-
cent studies that investigated the seismogenic potential in
other unconventional plays. It is important to note that
choice of input parameters strictly depends on the availabil-
ity of data and the geological setting of the specific region.
Despite the differences in the input features, individual
trends can be used to determine the major parameters influ-
encing the induced-seismicity potential in each of the un-
conventional plays.

For example, Pawley et al. (2018) used a similar machine-
learning technique to investigate the SAP distribution in the
Duvernay Formation. Their analysis revealed that seismo-
genic potential in the Duvernay play is influenced by the
vertical proximity to the crystalline basement, formation
overpressure and minimum horizontal-stress value. In the
model developed for this study, distance to the Precambrian
basement was shown to be less important than the distance
to the Cordilleran foreland thrust-and-fold belt and the
depth of hydraulic-fracturing operations.

In contrast to the commonly established mechanisms re-
garding induced seismicity on pre-existing faults (Eaton,
2018), influence of the known fault structures is not sup-
ported by any of these models. Specifically, the distance to
known faults both in the Montney and the Duvernay forma-
tions was indicated as one of the least important features.
Information about the location, type and stress state of the
faults in the area is inferred to likely be incomplete. Other
geological proxies can be used to infer the potential loca-
tion of unmapped faults. For example, the presence of lith-
ium-rich brines can be indicative of the faults acting as hy-
drogeological pathways connecting upper sedimentary
layers with the Precambrian basement (Pawley at al.,
2018). Further work is needed to obtain lithium-concentra-
tion data throughout the Montney play.

As noted above, distance to the western edge of the Cordil-
lera emerges as the most important factor controlling the
distribution of SAP in the Montney. This appears to be con-
sistent, at least in part, with the hypothesis of Kao et al.
(2018) regarding the correlation of SAP with areas showing
an elevated rate of tectonic strain. However, this associa-
tion does not explain the apparent difference in seismicity
levels for Montney wells located at an equivalent distance
from the deformation front in BC and Alberta.

Conclusions and Future Work

In this study, a machine-learning approach was used to in-
vestigate the spatial variability of induced seismicity in the
Montney Formation during hydraulic-fracturing opera-
tions. Areas with higher values of the calculated SAP are
congruent with the observed pattern of induced seismicity.
The map (Figure 3) indicates lower SAP values for the

Geoscience BC Report 2021-02

Montney in Alberta, which is consistent with seismicity ob-
servations. Multiple hypotheses were tested regarding the
factors controlling the potential of fault-slip activation dur-
ing hydraulic fracturing. The model shows that SAP in the
Montney play is primarily controlled by proximity to the
Cordilleran deformation front and the depth of fluid injec-
tion during hydraulic-fracturing operations. The area of
highest SAP (>80%) occurs in the northwestern part of the
subsurface extent of the Montney Formation, which is out-
side both the KSMMA and NPGMMA seismic monitoring
regions. Planned future research will include incorporation
of new input parameters and enhancement of key sources of
data currently being used. More complete information
about the distribution and stress state of the faults in the
area, the influence of operational parameters and the dis-
tinctions between events triggered by completions per-
formed in the upper, middle and lower units of the Montney
present some of the current limitations that need to be
addressed to better understand the complex mechanisms
driving seismicity induced by hydraulic fracturing in the
Montney Formation.
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Introduction

In 2019, British Columbia’s Scientific Hydraulic Fractur-
ing Review Panel (2019) identified knowledge gaps in the
understanding of water disposal in deep saline aquifers in
the Montney play fairway in northeastern British Columbia
(BC). The Petrel Robertson Consulting Ltd. (PRCL) team
has undertaken a project for Geoscience BC to address
these knowledge gaps, consistent with Geoscience BC’s
strategic objective to support development of the Montney
play through technical studies that aid safe oil and gas
production and waste fluid disposal.

Study Methodology

Wastewater disposal is a complex issue, and presents vary-

ing challenges across the huge Montney play fairway (Fig-

ure 1). Recognizing the scope of these challenges, the
workplan for this project builds on the experience of

Montney play operators, service companies and the British

Columbia Oil and Gas Commission (BCOGC), and in-

cludes the following elements:

1) consult with operators, service companies and BCOGC
staff to best understand disposal requirements and oper-
ational experiences;

2) interpret performance of existing disposal wells, paying
particular attention to information around regulator-im-
posed restrictions or shutdowns;

3) build on existing aquifer characterization work to com-
plete updated maps on disposal aquifer distribution,
quality and fluid composition;

4) map and assess structural elements across the Montney
play fairway to identify discontinuities related to con-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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tainment risks, and to help understand disposal
reservoir geomechanical settings;

5) integrate well test, production and reservoir pressure
data with geomechanical data to characterize in situ
stresses and rock properties, which can influence dis-
posal aquifer compartmentalization and containment
risks;

6) undertake targeted laboratory work to address critical
data gaps; and

7) develop practical conclusions and recommendations to
guide operators and BCOGC in decisions around devel-
opment and regulation of disposal capacity and contain-
ment across the entire Montney play fairway.

Consultation Findings

Seventeen companies, including wastewater disposal
firms, operating in the BC Montney play fairway were con-
sulted. Key points resulting from these consultations
include

e many operators manage their own water resources,
some in co-operation with other operators in order to
maximize recycling and disposal efficiencies;

e recycling is a very important strategy to minimize dis-
posal needs but most companies must dispose of
wastewater at least periodically;

e most disposal is into regional aquifers; few companies
target depleted oil and gas reservoirs, although some are
looking at the option;

e limited disposal reservoir capacity in close proximity to
operations is an important issue for many operators;

e seismicity induced by wastewater injection is uncom-
mon but has resulted in curtailment or modification of
operations in at least 11 wells to date;

o fluid compatibilities and rock-fluid interactions are crit-
ically important in minimizing degradation of injection
zone quality; they are managed primarily by careful
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Figure 1. Location of study area within the Montney play fairway of northeastern British
Columbia and northwestern Alberta.

monitoring of the water chemistries in fluid batches to
be disposed;

e wellbore integrity is not a major issue but operators gen-
erally avoid re-entering older wellbores, or those with
suspected integrity issues, for disposal purposes.

Consultation with staff at the BCOGC was very productive
in understanding their strategies in regulating disposal
wells, and in accessing online databases and matters related
to induced seismicity.

Review of Existing Disposal Wells

Actotal of 162 active, suspended and abandoned wastewater
disposal wells were found in the study area by inspecting
well data files hosted by geoSCOUT (geoLOGIC systems
Itd., 2020) and the BCOGC, including 139 in BC and 23 in
Alberta (Figure 2). Acid gas disposal wells were not in-
cluded, nor were water injection wells that provide pressure
support in oil fields. Twenty wells tested and/or injected
into two disposal zones, and one well tested and/or injected
into three disposal zones.

Each disposal zone was assigned to the appropriate strati-
graphic interval(s), and relevant data were tabulated to sup-
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port the analysis of each aquifer interval across the study
area.

Disposal Aquifer Mapping and
Characterization

The BCOGC regulations dictate that deep disposal aquifers
must lie below the base of usable groundwater, which is de-
fined as between 300 and 600 m below ground surface, and
below the Base of Fish Scales stratigraphic marker (BC Oil
and Gas Commission, 2020d). Eight formations were iden-
tified that offer widespread disposal capacity and have been
used as disposal zones in the Montney play area: Peace
River (Paddy/Cadotte members), Bluesky, Cadomin, Bu-
ick Creek sandstone/Nikanassin, Baldonnel, Halfway,
Belloy and Debolt (Figure 3). A small number of wells have
disposed of fluids into the Charlie Lake and Spirit River
formations, but these wells are very isolated, and regional
characterization of the formations would not have been
useful in defining additional potential.

Each disposal formation has been mapped and character-

ized regionally, building on studies in the public domain
(e.g., Petrel Robertson Consulting Ltd., 2011, 2015), pro-
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northwestern Alberta (well data from British Columbia Oil and Gas Commission and geoLOGIC Systems Itd., 2020).
Background shows Devonian—Jurassic bedrock outcrops (modified from Cui et al., 2017).

prietary PRCL studies, and new work. Gross thickness, net
porous reservoir thickness and depth-to-top formation
maps have been prepared as warranted by available data.
Most disposal formations exhibit depositional and/or ero-
sional limits that sharply define their distribution and
utility.

Figure 4 shows the gross thickness of the Cadomin Forma-
tion, one of the major disposal aquifers. The Fox Creek Es-
carpment defines a sharp northern depositional limit, con-
fining Cadomin Formation disposal zone potential to the
southern part of the Montney play fairway. Depth to top of
the formation and net porous reservoir mapping (not shown
here) demonstrate that the disposal potential of the
Cadomin Formation is best in shallower updip areas in the

Geoscience BC Report 2021-02

east, which feature better reservoir quality and most of the
Cadomin Formation disposal wells.

Structural Geology Review

To provide a structural framework for the study, data from
various sources were compiled on a summary map of struc-
tural elements (Figure 5). It is particularly striking that the
extrapolation of the Hay River shear zone (HRSZ)
southwestwards into the Rocky Mountain fold-and-thrust
belt (FTB; yellow chevrons on Figure 5), coincides with
significant shifts to the southwest in the eastern limits of the
outcrop edge of the FTB, the subsurface eastern limit of the
FTB and the eastern limit of the subsurface inversion. To
the north of the HRSZ, the edge of the deformed belt is
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much more diffuse, forming a broad zone extending east of
the outcrop edge of the FTB. South of the HRSZ, the sur-
face and subsurface eastern limits of the FTB are essen-
tially coincident. The southwest extension of the HRSZ
into the FTB also appears to coincide with the western limit
of the Fort St. John graben and the northern edge of the
Peace River Arch and with three structural lows: the Hud-
son Hope low, the Hudson Hope Embayment and the
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Belloy thick. There is also an eastward shift in the eastern
limit of overpressure in the Montney Formation south of
the HRSZ.

A series of seven regional cross-sections is being con-
structed; the Cameron cross-section is shown in Figure 6.
The cross-sections have been constructed using surficial
geology, well data within a £5 km corridor of each section
(usually 150-250 wells per section) and limited seismic
data. Formation tops for the wells were obtained from the
BCOGC website (BC Oil and Gas Commission, 2020b)
and validated against formation tops picked by PRCL.
Where available, well deviation surveys and dip data have
been included. The location of structural highs and lows,
stratigraphic erosional and depositional edges, structural
and overpressure limits and the HRSZ are shown on the
Cameron section (Figure 5). In addition, the locations of oil
and gas pools based on the BCOGC shapefiles of pools are
also indicated. The cross-section shows a combination of
thick- and thin-skinned compressional deformation at the
western end of the section with a notable detachment within
the Besa River Formation shales. Close to the outcrop edge
of the FTB, a major inverted extensional fault creates a
broad anticline at Cameron River. Further east there are
some low amplitude thin-skinned compressional structures
and deeper rooted extensional faults that influence strati-
graphic thickness changes from the Devonian to Early Cre-
taceous and also act as triggers for thin-skinned structures
to develop, for example at the Blueberry field (Figure 6).

Reservoir Engineering

The goals of the reservoir engineering work are to evaluate
injection efficiency (injectivity index and reservoir storage
capacity), as well as comparing and contrasting disposal
performance of horizontal with vertical wells, the different
disposal formations and their variations across the basin,
and deterioration or enhancement of disposal performance
with time and injection volumes. The terms injection and
disposal are used interchangeably and refer only to waste-
water disposal, not to waterflooding or pressure mainte-
nance operations.

The relevant data, including disposal rates versus time, in-
jection wellhead pressures and reservoir pressures, were
gathered. The first two types of data are in the production/
injection databases (geoLOGIC systems Itd., 2020), but
reservoir pressures are more difficult to determine and are
found in a variety of sources.

Firstly, the injectivity index, defined as injection rate per
pressure gradient from sandface to reservoir (units of
bbl/day/psi or m*/day/kilopascal), was estimated. To do
this, sandface pressure was estimated using recorded sur-
face pressure plus vertical pressure head to the mid-point of
perforations minus frictional pressure losses, using a fric-
tion factor derived from commonly used pipeflow correla-
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Figure 4. Gross thickness of Cadomin Formation in the study area. Well data accessed through geoSCOUT (geo-

LOGIC systems Itd., 2020).

tions. For reservoir pressure, data recorded by the well op-
erator was used, which included drill-stem test results,
static gradients, buildups, falloffs and diagnostic fracture
injection test (DFIT) results, judiciously examining the
conditions and shut-in times of the tests, and discarding any
data that were erroneous or not deemed reasonable.
Wellbore pressure calculations were carefully made using
data from the same month as the reservoir pressures were
taken. Injectivity index estimates were not normalized to
formation thickness, although this will be reviewed for the
final report.

An injectivity index was obtained for shortly after the start
of injection for 86 wells (13 of which were horizontal), for
near the end of injection (or present day) for 101 wells (14

Geoscience BC Report 2021-02

horizontal wells), and for both early and late times for 75
wells (13 horizontal wells). Pressure measurement timing
varied with operator practice, and so time intervals could
not be standardized for these calculations. Obvious anoma-
lies are being evaluated in a handful of wells, but early re-
sults indicate that about 30% of the wells showed improved
injectivity over time, about 10% stayed the same, and about
60% lost injectivity over time. Not all wells are on the same
time scale or have received the same injection. Focusing on
the Cadomin Formation as an example, where there are 25
vertical and 6 horizontal disposal wells, the horizontal
wells on average showed approximately four times the
injectivity index of the vertical wells, and deteriorated less
with time: 6% versus 23% (Figure 7).
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120°00W  reactivation due to high pressure injec-

tion. In situ stress investigations for ap-

plication to wastewater disposal wells
have not previously been presented or

56°20'N

published, except for an examination of

injection potential in the Debolt and
Belloy formations in northeastern BC,

prepared by Canadian Discovery Ltd.

et Fort

(2015). Considerably more in situ stress

Sl 0 P ] Y (0] i I P e M o
| W | ."3‘,.'1;" 1l 11 7 -

data exists for producing oil and gas res-
ervoirs in northeastern BC, such as the
Montney play (e.g., McLellan, 2016);

however, the scope for stress magni-

tudes in this project has been limited to

-

data from the disposal formations only.

Orientations of maximum and minimum

horizontal stresses (Spmax and Spmin) in

Kilometres

56°00'N-{ LEGEND

this part of the Western Canada Sedi-

. Cadomin Fm. horizontal well injectivity index
O Cadomin Fm. vertical well injectivity index

'QL_E Montney Fm. horizontal well

mentary Basin have typically been de-
termined from borehole breakouts,
which are elongations of a drilled bore-
hole cross-section parallel to Sy, and

Figure 7. A bubble map showing early and late injectivity indices for Cadomin Formation
horizontal and vertical disposal wells in the Fort St. John area. Size of the bubbles is pro-
portional to the injectivity index. Horizontal wells (in magenta) generally show higher
injectivity indices than vertical wells, and many of the wells show decreased injectivity over
time. Well data accessed through geoSCOUT (geoLOGIC systems Itd., 2020).

Reservoir pressure change was tabulated as a function of
water injected over the life of the well. This was intended as
a proxy for material balance, a difficult problem because
original reservoir saturations prior to injection have not
been quantified consistently. One would expect reservoir
pressures to rise with continued injection, and the authors
expected to compare pressure increases with volumes in-
jected to get a proxy for reservoir size. However, of the 92
wells in this dataset, 15 wells showed a pressure decrease
with injection, and several more showed no change at all.
Some of the wells exhibiting a negative pressure response
had been converted from production in the same zone, so it
is possible that continued production from offset wells has
contributed to this anomaly. Other possibilities include in-
consistent pressure measurement procedures or formation
fracturing; more work is needed in this aspect of the study.
The horizontal wells, with only one exception, behaved as
expected, with pressures rising as injection progressed.

Geomechanical Analysis

Basic geomechanical data on horizontal in situ stress orien-
tations and in situ stress magnitudes in wastewater disposal
reservoirs are being compiled, analyzed and interpreted.
These data are needed for assessing maximum injection
pressures to preclude hydraulic fracturing in vertical and
horizontal wells, and to conduct risk assessments for fault
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perpendicular to Sy Elongation of
the borehole is usually due to shear fail-
ure occurring at the highest concentra-
tion of stress around the borehole, which
extends for some distance into the bore-
hole wall, and creates a ‘breakout angle’
on opposite sides of the borehole wall.
Weaker rocks like shale host most breakouts, with break-
outs being less common in hard stiff carbonate and clastic
rocks.

The Shmax legacy data for northeastern BC were compiled
in the in situ stress chapter of the Geological Atlas of West-
ern Canada (Bell et al., 1994). These same data are also
shown for the project study area on the World Stress Map
(Heidbach et al., 2016), along with more recent horizontal
stress determinations using other techniques such as earth-
quake focal mechanism inversion, sonic log anisotropy and
drilling-induced fractures. Haug and Bell (2016) also pub-
lished a digital file with some additional horizontal stress
determinations for Alberta and northeastern BC. The most
recent publicly available datasets for horizontal in situ
stresses will be compiled on a map and in rose diagrams to
be included in the final report for this project. A limited
number of new stress determinations have been made for
this project.

The Spmax determinations from earthquake focal mecha-
nism inversion have received attention lately, especially in
the Septimus region of northeastern BC, where a magni-
tude 4.6 earthquake in November 2018 was caused by hy-
draulic fracturing (Babaie Mahani, 2020). Interestingly,
there appears to be a systematic difference between Spmax

Geoscience BC Summary of Activities 2020: Energy and Water
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determinations from focal mechanism inversion in this re-
gion, compared to the orientation of local borehole break-
outs. Possible reasons for this will be offered in the final
report.

Of high interest in disposal reservoirs of the study area is
the original Sy, magnitude, which is confidently mea-
sured only with a small volume mini-fracture test, often
called a Diagnostic Fracture Injection Test (DFIT). How-
ever, in the review of disposal well files in the study area it
was found that the term DFIT was used loosely by some op-
erators and service companies to describe a variety of injec-
tion tests, some of which did not require the creation of a
small hydraulic fracture. Only DFITs where a hydraulic
fracture was created and an instantaneous shut-in pressure
(ISIP) and a fracture closure pressure (FCP) were recorded
were used in this geomechanical analysis. Reservoir falloff
pressure tests, typically performed to determine reservoir
pressure and permeability, are being analyzed in the reser-
voir engineering part of the project.

Step rate tests (SRT) have been performed by operators in a
few disposal wells, but they are surprisingly uncommon. In

an SRT, surface injection pressure and rate are increased in
a series of steps, designed to find a breakpoint or ‘parting
pressure’ where a hydraulic fracture is created, thereby in-
creasing the injectivity. Subsequent injection pressures are
then maintained below the parting pressure. The surface
pressure from this crude test is related to the minimum hori-
zontal in situ stress, Symin, Which must be overcome to initi-
ate a hydraulic fracture. High injection rates and accompa-
nying uncertain pipe and perforation friction losses render
SRTs less accurate for stress determinations than DFITs.

As shown in Table 1, DFIT and SRT data have been com-
piled for the study area from a total of 10 well licenses,
which represented 12 formation intervals and one co-
mingled disposal interval with two formations. The avail-
ability of ISIP, FCP, reservoir pressure (P,), permeability to
water (k) and SRT data are noted. The DFITs were per-
formed in two horizontal disposal wells; the rest were in
vertical wells. In a few cases, data from a small propped hy-
draulic fracture treatment in what is now a disposal well
were noted in the well records, and ISIP and 15-minute shut
in pressure (SIP) data have also been extracted. The final

Table 1. Diagnostic fracture injection test (DFIT) and step rate test (SRT) data for the part of the study area in northeastern British

Columbia, from British Columbia Oil and Gas Commission files.

Month and Well

Tested

. Field, operator . ISIP FCP P, ke SRT Other
year tested license formation
Jan 2017 15702 Doo; Are Bluesky X X X X Stioulatior
Resources Ltd. fracture
Tower, Catapult Stimulation
Aug-Sep 2017 20155 Watsr Midatrear Bluesky X X X X X P
Jan 2017 24350 Do, Ae Cadomin X X X x x umuon
Resources Ltd. fracture
Dawson, SECURE
Jan 2015 26920 Energy Services  Paddy Mb. X ? X X X
Inc.
Feb 2017 27473 Alares, Pacific oo opnel X X X X
Canbriam Energy
Sep 2014 30410  Tower Temita o iomin ?
Corporation
Oct 2014 30428 owenTemita o iomin ?
Corporation
Jan 2019 31016  AMares Pacific — goimel X X X X Horizontal well
Canbriam Energy
Charlie Lake X X X X Horizontal well
Sep 2019 31916 Altar_es, Pacific Baldonnel X X X X Horizontal well
Canbriam Energy ~charlie Lake/ .
X Horizontal well
Baldonnel
Sunrise, Aqua Cadomin X X K X
Dec 2017 35043 Terra Water
Nikanassin X X X X

Management

Abbreviations: FCP, fracture closure pressure (estimated minimun horizontal in situ stress; ISIP, instantaneous shut-in
pressure; k,,, permeability to water; P,, reservoir pressure
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report will include an appendix showing all the DFIT, SRT
and stimulation-fracture-treatment—derived data, along
with other useful calculated metrics and comments on the
analyses that were undertaken by service companies,
operators and engineering consulting firms.

Trends in the FCP (a proxy for the Sy, magnitude) and the
reservoir pressure will be analyzed for different parts of the
study area, and in different formations, especially where
they relate to a well’s production and injection history.
Given the relatively small number of quality FCP tests ob-
tainable from DFITs and SRTs, it is not possible to prepare
maps to show spatial trends by geological unit. The DFIT-
derived reservoir pressures for disposal wells represent a
small subset of the reservoir pressure tests examined in the
reservoir engineering part of this study.

Vertical stress gradients have not yet been calculated for the
top of any of the key disposal reservoirs at the time of writ-
ing. This is usually a straightforward calculation, based on
integrating corrected bulk density logs to determine the
weight of the overburden to a depth of interest. For the final
report, the plan is to produce one illustrative example map
of the vertical stress gradient at the top of one disposal unit,
likely the Cadomin Formation.

An open-hole completion would be required to obtain an
Shumax determination from a sequence of small hydraulic
fractures pumped into a short interval, isolated with pack-
ers, or below a bridge plug. No such data were obtained by
any operator, according to the records examined. Typically
other methods are used to calculate a Sy,,,x magnitude value
using a DFIT-derived Sy, and assumptions regarding the
creation of borehole breakouts or fault reactivation using
the stress polygon method (Zoback, 2010). Such estimates
were not performed for this project, largely because of the
lack of quality data, and the focus on in situ measurements.

Similarly, datasets of high quality laboratory-derived static
or dynamic elastic or strength property tests for water dis-
posal units were not found. In a few cases compressional
and shear sonic log data were identified in some disposal
wells, which could be used to make first order predictions
ofthe dynamic elastic properties. This was not considered a
priority task for this project.

On the other hand, a petrophysical property called pore vol-
ume compressibility (PVC) is used in some well test analy-
ses and reservoir simulation. It can be a particularly sensi-
tive parameter in stiff systems where water fills the pore
space, such as wastewater disposal operations. The authors
are currently considering a laboratory program with one of
the project partners to evaluate the range of stress-depend-
ent PVC values typical of one of the most common disposal
formations in this project.
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Incidents of wastewater injection—induced seismicity in the
study area have been compiled by the BCOGC. The com-
mon learnings from these cases, based on the injection met-
rics, geological and geomechanical setting, including the
proximity to major faults, will be examined. The BC Oil
and Gas Commission (2020a) cited 11 wells known to have
produced high levels of seismicity that resulted in their op-
erations being curtailed or modified by the BCOGC. Only 3
of these 11 wells had DFITs where FCP (i.e., Symi,) data
were obtained. As such it was not deemed a priority in this
study to undertake fault reactivation predictions, given the
paucity of quality in situ stress magnitude and rock me-
chanical property data.

Future Work

Two components of the project are in the early stages: re-
gional assessment of aquifer fluid properties and pressure
regimes, and supplemental lab work to address data gaps
regarding geomechanical properties. The authors are cur-
rently engaged in both areas, guided by the progress to date
in consistently defining distribution and characteristics of
disposal aquifers and the relevant datasets.

Work will conclude with compilation of information from
all the study components, assessment and comparison of
the performance of each major disposal aquifer, and discus-
sion of future disposal potential in the context of maximiz-
ing efficiency and minimizing containment risks.
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Introduction

The Triassic Montney Formation in northern British Co-
lumbia (BC) and Alberta is a significant unconventional
gas producer and is calculated to have contributed 34% to
the total 2017 natural gas production of Canada (National
Energy Board, 2018). The distribution and concentration of
hydrogen sulphide in the Montney Formation in BC is
complex, with no clear trends across the regional hydro-
carbon play or even within the local scale of multiwell pads
(Chalmers et al., 2019). This uncertainty can be problem-
atic for operators when planning and designing operations
and production, as unexpected souring increases produc-
tion costs due to special infrastructure required for han-
dling sour gas. Understanding the sour gas risk informs op-
erators and increases lead times for acquiring bulk sour gas
service infrastructure, thereby reducing costs.

Hydrogen sulphide in petroleum systems can generate from
a variety of processes, which include 1) thermal sulphate
reduction; 2) bacterial sulphate reduction; 3) kerogen
cracking; and 4) sulphide oxidation and/or decomposition
of surfactants used for well completions. The authors are
investigating the sources of sulphur that contribute to the
formation of hydrogen sulphide in the Montney Formation,
in order to decrease the uncertainty of encountering hydro-
gen sulphide during operations and production. The isoto-
pic ratio of sulphur within the hydrogen sulphide gas can be
used to identify the sources of the sulphur, as the isotopic
ratio of sulphur sources varies according to formation pro-
cesses and the geological period of sulphur source develop-
ment (i.e., Triassic versus Devonian sulphates). The au-
thors are using this variation in sulphur isotopic ratios to
determine the sources of the hydrogen sulphide in the
Montney Formation in BC. These data are used to develop a
model for hydrogen sulphide formation, which can provide

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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recommendations to future well planning in the Montney
Formation.

Methods

To determine the source(s) of sulphur that contributes to the
formation of hydrogen sulphide in the Montney Formation,
the authors have sampled drill cuttings from the 100/01-29-
082-19W6/02 well (geoLOGIC systems Itd., 2019; Fig-
ure 1). Samples were collected from the Charlie Lake, Half-
way, Doig, Montney and Belloy formations. Mineralogy of
the samples were identified by X-ray diffraction (XRD).
Crushed samples (to particle size <250 pm) were mixed
with ethanol, hand-ground in a mortar and pestle and then
smear mounted on glass slides for XRD analysis (Munson
etal.,2016). A normal-focus cobalt X-ray tube was used on
a Siemens Diffraktometer D5000 at 40 kilivolts (kV) and
40 milliamperes (mA). The mineral composition was quan-
tified by Rietveld analysis (Rietveld, 1967) using Bruker
AXS TOPAS v.3.0 software.

The hydrogen sulphide sampling was performed by Stra-
tum Reservoir, LLC (Calgary, Alberta). The separation
technique by Seal et al. (2000) was used to isolate sulphur
(sulphate) from the anhydrite mineral fraction in bulk sam-
ples. Between 20 and 30 g of sample were then cleaned by
refluxing the organic solvent, toluene, within a soxhlet ap-
paratus for a minimum of three days. Samples were dried at
110°C for 24 hours and then ground to —250 pm. Samples
were then placed in a 100 mL solution of Na,COj3; (5% by
mass) and magnetically stirred for two hours. This proce-
dure converts the sulphate from a solid to aqueous phase.
The mixture is filtered through a Biichner funnel and the so-
lution is acidified to a pH of <4 using 20% HCI. To precipi-
tate sulphate as a solid, 100 mL of BaCl,.H,O (20% by
mass) is added to the filtered solution and the sulphate pre-
cipitates as pure barium sulphate (baryte). The baryte is fil-
tered and dried in the oven at 110°C overnight. All baryte
samples were sent to the Jan Veizer Stable Isotope Labora-
tory (Ottawa, Ontario) to measure both the sulphur and
oxygen isotopic ratios.
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Figure 1. Location of the three wells analyzed in this study, northeastern British Colum-
bia and northwestern Alberta. The depth contours (blue dashed lines) are to the top of
the Montney Formation and are measured in subsea true vertical depth (SSTVD;
metres). Orange circles represent major population centres in the region and the green
lines are the primary roads. Well data (black dots) from geoLOGIC systems Itd. (2019).

Results

The mineralogy of the Charlie Lake, Halfway, Doig,
Montney and Belloy formations in well 100/01-29-082-
19W6/02 is shown in Table 1. The Charlie Lake Formation
has the highest anhydrite content (18.6-42.6%) and the
Montney Formation contains between 0.6 and 1.0%. The
Halfway, Doig and Belloy formations contain between 0.3
and 0.7%.

The sulphur and oxygen isotopic ratios for anhydrite and
hydrogen sulphide gas are shown for wells 200/a-054-H
094-b-08/00, 200/a-064-H 094-b-08/00 and 100/01-29-
082-19W6/02 (geoLOGIC systems Itd., 2019) in Table 2
and Figure 2. The 5**S sulphur isotopic ratios for the
anhydrite in the Charlie Lake Formation range between
14.2 and 15.0%o. The 8'°0 oxygen isotopic ratios for the
anhydrite in the Charlie Lake Formation range between
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7.69 and 8.86%o. The &**S sulphur isotopic ratios for the
anhydrite in the Montney Formation range between 13.3
and 14.5%. The 8'%0 oxygen isotopic ratios for the
anhydrite in the Montney Formation range between —1.0
and 0.2%o. The 8**S sulphur isotopic ratios for hydrogen
sulphide range between 12.4 and 20.9%o. Claypool et al.
(1980) and Machel (1985) collected Devonian anhydrite
samples across the Western Canada Sedimentary Basin.
Their analyses showed that the §**S sulphur isotopic ratios
range between 19.4 and 31.6%o, whereas the 5'%0 oxygen
isotopic ratios range between 12.9 and 28.3%o (Figure 2).

Discussion

In well 100/01-29-082-19W6/02, the Charlie Lake Forma-
tion contains the highest anhydrite content (18.6-42.6%)
whereas the Halfway, Doig, Montney and Belloy forma-
tions show minor anhydrite contents ranging between 0.3

Geoscience BC Summary of Activities 2020: Energy and Water
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Table 1. Mineralogy of the Charlie Lake, Halfway, Doig, Montney and Belloy formations in well 100/01-29-082-19W6/02
(geoLOGIC systems Itd., 2019).

Sample ID Formation (T?IeI;); t:]n) Anhydrite Gypsum Pyrite Quartz Feldspars Clays Carbonates Fluorapatite
PBN-1 Charlie Lake 1392.5 42.6 0.3 0 9.1 7.5 41 38.1 0
PBN-2 Charlie Lake 1430 19.9 0.1 0 11.5 10.9 6.8 54.7 0
PBN-3 Charlie Lake 1467.5 21.7 0 0 14.6 12.4 9.3 43.4 0
PBN-4 Charlie Lake 1542.5 18.6 0 0 131 10.3 16.2 49.2 0
PBN-5 Halfway 1592.5 0.4 0.1 08 655 9.2 54 22.3 0
PBN-6 Doig 1642.5 0.4 0 12 315 8.5 31.2 50.1 7
PBN-7 Doig 1722.5 0.7 0 156 215 20.7 27.2 40.4 5.9
PBN-8 Doig 1757.5 0.3 0 24 197 14.3 36.8 52.4 7.3
PBN-9 Montney 1770 0.9 0 1.7 339 25.7 18 32.2 25
PBN-10 Montney 1790 1.0 0 22 267 38.4 11.2 26.8 0.3
PBN-11 Montney 1820 0.9 0 1.8 278 40.5 9.2 22 0
PBN-12 Montney 1857.5 0.6 0 24 309 334 12.8 24.7 0
PBN-13 Montney 1972.5 0.6 0 26 258 38.7 13.6 22.6 0
PBN-14 Belloy 2073.5 0.6 1.7 0.5 9.4 1.7 3.3 85.7 0

Abbreviation: TVD, total vertical depth
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Figure 2. The sulphur and oxygen isotopic data from mineral separation of sulphate (anhydrite) from the Triassic Charlie Lake, Halfway,
Doig and Montney formations in well 100/07-30-082-19W6M/00 (geoLOGIC systems Itd., 2019) and from the Devonian strata in the West-
ern Canada Sedimentary Basin. Sulphur isotopic ratios for hydrogen sulphide are shown as dashed boxes for Montney Formation (red
dashed box) and for Devonian reservoirs (blue dashed box; Krouse et al., 1988). Published (Pub.) sulphur and oxygen isotopic data for
anhydrite from the Devonian strata are from Machel (1985) and Claypool et al. (1980). Sulphur isotopic ratios for hydrogen sulphide in the
Montney Formation were obtained from wells 100/01-29-082-19W6/02, 200/a-064-H 094-b-08/00 and 200/a-054-H 094-b-08/00 (geo-
LOGIC systems Itd., 2019).
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Table 2. The sulphur and oxygen isotopic ratios for anhydrite in the Charlie Lake, Halfway, Doig and Montney for-
mations. Sulphur isotopic ratios for hydrogen sulphide gas are shown for three Montney Formation producing
wells (200/a-054-H 094-b-08/00, 200/a-064-H 094-b-08/00, 100/01-29-082-19W6/02; geoLOGIC systems Itd.,
2019). Anhydrite was collected from well 100/01-29-082-19W6/02. Note, isotopic analyses were not conducted

on sulphate minerals from wells 200/a-054-H 094-b-08/00 and 200/a-064-H 094-b-08/00.

Depth  5%S of anhydrite 5'°0 of anhydrite &°'S of H,S gas

Sample ID Formation (TVD; m) (%o VCDT) (%o VSMOW) (%o VCDT)
PBN -1 Charlie Lake  1392.5 14.2 7.69 -
PBN -2 Charlie Lake  1430.0 14.6 8.75 -
PBN - 3 Charlie Lake  1467.5 14.7 7.94 -
PBN - 4 Charlie Lake  1542.5 15.0 8.86 -
PBN -5 Halfway 1592.5 17.0 8.14 -
PBN - 6 Doig 1642.5 13.2 3.96 -
PBN -7 Doig 1722.5 9.9 -3.69 -
PBN - 10 Montney 1790.0 145 -1.0 -
PBN - 13 Montney 1972.5 13.3 0.2 -
100/01-29-082-19W6/02  Montney 1794.5 - - 16.9
200/a-064-H 094-b-08/00 Montney 2127.6 - - 124
200/a-054-H 094-b-08/00 Montney 2336.0 - - 20.9

Abbreviations: TVD, total vertical depth; VCDT, Vienna Canyon Diablo Troilite; VSMOW, Vienna Standard Mean Ocean

Water

and 1.0%. In the same well, sulphur and oxygen isotopic
analyses results for the anhydrite are similar in range for all
samples with 8**S sulphur isotopic ratios ranging between
9.9 and 17.0%o and 5'*0 oxygen isotopic ratios ranging be-
tween —3.69 and 8.86%o. These values differ markedly
from the published sulphur and oxygen isotopic ratios for
anhydrite in Devonian rocks. The 8**S sulphur isotopic ra-
tios for Devonian anhydrite range between 19.4 and 31.6%o
and the §"*0 oxygen isotopic ratios range between 12.9 and
28.3%o (Claypool et al., 1980; Machel, 1985; Figure 2). The
difference between the Triassic and Devonian anhydrite
isotopic ratios is used by the authors to identify the sources
of the hydrogen sulphide gas within the Montney Forma-
tion in BC. The 8**S sulphur isotopic ratios for hydrogen
sulphide gas in the three Montney Formation producing
wells range between 12.4 and 20.9%o (Table 2, Figure 2)
and indicate the sulphur source for the hydrogen sulphide is
either from Triassic anhydrite or a mixture of Triassic and
Devonian anhydrite. Results show that the sulphur is not
only from a Devonian source as is commonly believed by
some Montney play operators. Previous studies show that
anhydrite in the Montney Formation has been sourced from
the Charlie Lake Formation within BC (Sharma, 1969) and
in Alberta (Desrocher, 1997). The Montney Formation is at
risk of souring, as many drilling locations are shown to
have sour reservoirs both above and below the reservoir
(Chalmers et al., 2019). The recommendation to operators
who would like to assess the risk of souring, is that they
map sour reservoirs above and below the Montney reser-
voir on their acreage, as well as map structures to determine
location of potential conduits for anhydrite or hydrogen
sulphide gas to enter the Montney Formation.
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Future Work

Additional analyses on the formation of anhydrite within
the Montney Formation will be carried out to determine
textural relationships between the anhydrite minerals and
the other mineral grains. Thick sections of a select sample
set will be analyzed using a scanning electron microscope
(SEM) to determine whether anhydrite was formed syndep-
ositionally or postdepositionally.

Conclusions

Mineralogical and geochemical analyses of the Triassic
Charlie Lake, Halfway, Doig, Montney and Belloy forma-
tions indicate that the hydrogen sulphide gas in the three
wells 100/01-29-082-19W6/02, 200/a-064-H 094-b-08/00
and 200/a-054-H 094-B-08/00 are from the sulphate of the
Triassic anhydrite or a mixture of Triassic and Devonian
anhydrite and not purely from the anhydrite within the De-
vonian rocks. The scanning electron microscope textural
analyses will determine if the anhydrite in the Montney
Formation formed during deposition or postdeposition,
which will further strengthen the geological model.
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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
northwestern Alberta. With the industry shifting the focus
of development to unconventional reservoirs, the Doig
Formation has been recognized as an important resource of
gas and natural-gas liquids (Schenk et al., 2019). The Gas
Technology Institute (Faraj et al., 2002) estimated the total
gas-in-place in the Doig Formation at 4 trillion m’ (140 tcf),
whereas Walsh et al. (2006) estimated the total gas-in-place
as ranging between 1.1 and 5.7 trillion m® (40-200 tcf). A
more recent study by the U.S. Energy Information Admin-
istration (2015) estimated 2.8 trillion m® (100 tcf) of gas-in-
place for the Doig phosphate zone alone. The presence of
hydrogen sulphide (H,S) associated with hydrocarbons
poses a problem due to potential corrosion of downhole and
surface equipment; environmental, health and safety risks;
and reduction of calorific and market value of the gas. Even
in trace concentrations, larger than 4 ppm for pipeline trans-
mission and larger than 10 ppm for personnel protection
(Moore and Spitler, 2003), H,S represents a risk for
personal and facilities safety.

The amount of H,S associated with the gas produced from
the Doig Formation varies greatly across the basin, and the
distribution of sour zones is very complex and challenging
to predict. Hydrogen sulphide in petroleum systems may be
generated through various chemical-reaction pathways and
from multiple sources of sulphur, such as organosulfur
compounds associated with the kerogen and hydrocarbons,
metal sulphide minerals and dissolved sulphates in connate
or injected water (Marriott et al., 2016). At shallow depths,
where temperatures are lower than 80 °C, microbial activ-
ity can result in reservoir souring by sulphate-reducing bac-
teria (Shen and Buick, 2004; Amrani, 2014), so long as
enough sulphate is supplied. Sulphate is provided through
dissolved ions in connate water, introduction of well-stim-

This publication is also available, free of charge, as colour digital
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ulation fluid or mineral-fluid interactions. At higher tem-
peratures, thermal sulphate-reduction reactions occur at the
expense of reservoir hydrocarbons (Worden et al., 2000;
Marriott et al., 2007), producing H,S, CH4 and CO,, part of
which is precipitated as carbonate minerals (Worden et al.,
2000; Kelemen etal., 2008; King et al., 2014). Thermal sul-
phate reduction is initiated and catalyzed by reduced or
low-oxidation—state sulphur and, owing to its slow reaction
kinetics, is highly dependant on temperature. In shales,
souring is commonly attributed to microbial activity due to
surface-water injection during stimulation (Marriott et al.,
2016); an extra layer of complexity is added to understand-
ing the distribution of H,S in the Doig, due to thermal sul-
phate reduction from the evaporitic sections of the overly-
ing Charlie Lake and Halfway formations or the underlying
Devonian section possibly generating H,S in the Doig.
Shale wells may produce H,S-free initially, with delayed
souring (Weiland and Hatcher, 2012) due to sulphate pro-
duction through the introduction of oxygenated waters and
bacteria that colonize the reservoir and begin feeding on
mineral or completion-additive sulphate. Reducing the un-
certainty related to the production of sour gas from the Doig
Formation involves mapping the distribution of H,S, as
well as understanding the source of the sulphur and the pro-
cesses of H,S generation.

Methods

Approximately 700 gas analyses of a public database of
drill-stem tests and production tests from over 300 wells
distributed throughout the entire extension of the Doig For-
mation subcrop in BC and Alberta were used to map the lat-
eral distribution of H,S (Figure 1). The data was screened to
remove analyses showing drilling-mud contamination or
consisting mostly of air by reviewing analysis remarks.
Where multiple analyses existed for the same well, an arith-
metic average was used. Additional analyses were removed
due to inconsistent alkane profiles or regional disagree-
ment, creating mapping artifacts such as bull’s eyes and
butterfly wings. Data was interpolated using ordinary
kriging with a spherical-type experimental semivariogram
and smoothed by two iterations of minimum-curvature
interpolation.
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Figure 1. Distribution of H,S from the Doig Formation based on gas samples and main faults that influence Triassic strata (after
Berger et al., 2008) against a shaded-relief backdrop map, in northeastern British Columbia and adjacent area.
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Preliminary Results

A total of 122 wells, representing 40% of the wells with
available gas analyses, have had sour gas identified in ei-
ther a drill-stem test or production test sample. The H,S
concentrations vary widely from 33 ppm to 28 000 ppm
(28%), with 9% of the wells with sour gas containing
100 ppm or less and 10% of the wells containing 4000 ppm
or more. The two areas with the highest concentrations of
H.S are the areas northwest of Fort St. John in BC and the
area straddling the provincial border with Alberta, between
Dawson Creek and Grande Prairie (Figure 1). These results
confirm that there is a strong overlap between sour-gas
analyses from both the Montney and the Doig formations,
which had been previously noticed by Chalmers et al.
(2020). These regions also largely overlap with the extent
of the Charlie Lake Formation anhydrite mapped by Ed-
wards et al. (1994), which suggests that sour gas within
both the Montney and the Doig may be at least partly de-
rived from migration of sulphate from overlying Triassic
strata through fault and fracture pathways or through the
contact of permeable strata created by the Coplin or sub-
Manville unconformity, in addition to possible deeper De-
vonian sources.

Future Work

The H,S distribution map generated by this study contrib-
utes to the mitigation of safety and health hazards and risks
posed by drilling and hydrocarbon production in sour-gas
zones. Additional work required to confirm the origin of
the H,S and generate predictive models includes isotopic
analyses of the sulphur in the H,S produced from the Doig
and of oxygen and sulphur from Charlie Lake Formation
anhydrite samples, as well as sulphur isotopes from anhy-
drite, pyrite and kerogen organosulfur compounds from the
Doig Formation. Mapping of structures that could have po-
tentially served as migration conduits of sulphate from the
anhydrite-rich overlying Triassic strata to the Doig Forma-
tion would also be extremely valuable in explaining the ori-
gin of the sulphate; however, the lack of a public seismic
database and the difficulty in accessing proprietary data
pose a significant challenge to further research into this
topic.
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Introduction

Unconventional reservoirs are characterized by low perme-
ability and generally require special well-completion meth-
ods to obtain economic flow rates. One striking feature that
is common to unconventional reservoirs is the unusual fluid
distribution. Conventional reservoirs typically exhibit
lower density fluids overlying higher density fluids (Fig-
ure la), but fluid distribution can be unpredictable in un-
conventional reservoirs (Figure 1b). Fine-grained mixtures
of silicate and carbonate minerals and organic matter gen-
erate complexities in pore systems and petrophysical prop-
erties (e.g., pore size, pore-throat size and wettability).
Controls exerted by fluid properties and petrophysical
properties on fluid distribution are poorly understood; con-
sequently, saturation and flow rates are difficult to predict
with confidence in unconventional reservoirs simply based
on position within a geological structure. Therefore, it is
critical to develop reliable petrophysical models to predict
fluid distribution, improve productivity and reduce risks
associated with the exploitation of unconventional plays.

Some oil and gas fields of the Montney Formation, in north-
eastern British Columbia (BC), present unusual fluid distri-
butions, with gas pools either overlain by water-saturated
layers (Wood, 2013) or, the major focus of this study, with
gas pools overlain by oil pools. By applying numerical
models to hydrocarbon migration in an oil and gas field of
the Montney Formation, it is possible to test the roles of the
fluid properties and petrophysical properties in controlling
the fluid distribution within the reservoir.

The Montney Formation is one of the most important plays
in North America (Seifert et al., 2015; Proverbs et al.,

"The lead author is a 2020 Geoscience BC Scholarship recipient.

This publication is also available, free of charge, as colour digital
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2018), hosting the most important unconventional reser-
voirs of the Western Canada Sedimentary Basin (Owen et
al.,2020), as well as one of the most important siltstone res-
ervoirs in the world (Vaisblat, 2020), with estimated re-
serves of 12 719 billion m® (449 tcf) of gas, 2308 million m’
(14 521 mmbbl) of natural-gas liquids and 179 million m’
(1125 mmbbl) of oil (National Energy Board et al., 2013).
The migration of hydrocarbons into and out of the reser-
voirs is simulated for a dataset from the Septimus field of
the Montney Formation; located in the overpressured part
of the Montney play, the Septimus field is characterized by
the accumulations of oil updip of gas (Figure 1b).

Hydrocarbon Migration and Capillary
Pressure

When two immiscible fluids like water and oil or gas are
present in the same pore, interfacial tensions exist at the in-
terface between the two fluids. The pressure difference at
this interface describes the capillary pressure (Schowalter,
1979). The capillary pressure P, is given by the following
equation:

PC=20'COSG 1)

r

where o is the interfacial tension, 6 the contact angle, and
the pore-throat radius. An inverse relationship exists be-
tween capillary pressure and pore-throat radius. Therefore,
capillary pressure is also directly related to the rock fabric
and its petrophysical properties. During hydrocarbon mi-
gration, buoyancy is the driving or upward-directed force
and is resisted by capillary forces (Figure 2; Schowalter,
1979; Carruthers, 2003), resulting in capillary pressure be-
ing one of the main constraints to oil migration (Carruthers
and Ringrose, 1998; Carruthers, 2003). For hydrocarbon
migration to occur, the buoyancy forces need to exceed the
capillary forces (Carruthers, 2003).
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Figure 1. Fluid distribution in a) a conventional reservoir, with gas overlying oil, and b) an unconventional reservoir, with higher density flu-
ids overlying lower density fluids, as seen in the Montney Formation of northeastern British Columbia.

Geological Setting

The Lower Triassic Montney Formation forms a west-dip-
ping clastic wedge deposited on the northwestern margin of
the supercontinent Pangea (Proverbs et al., 2018; Zonn-
eveld and Moslow, 2018; Vaisblat 2020). The formation
covers an area of 130 000 km? in southwestern Alberta and
northeastern BC (Figure 3; Vaisblat, 2020); it can reach a
thickness of up to 350 m in BC and becomes thinner to the
east (Rohais et al., 2018; Wood et al., 2018). The lithology
of'the Montney is dominated by dolomitic siltstone, locally
with very fine-grained sandstone (Zonneveld and Moslow,
2018; Owen et al, 2020). The formation was deposited on a
shallow clastic ramp in an arid coastal-margin setting, with
ephemeral rivers and deltas contributing to the main sedi-
ment influx (Proverbs etal., 2018; Zonneveld and Moslow,
2018). Depositional environments range from shallow ma-
rine to submarine fans (Zonneveld and Moslow, 2018;
Vaisblat, 2020). The Montney is subdivided into Lower
(Griesbachian—Dienerian), Middle (Smithian) and Upper
(Spathian) members (Zonneveld and Moslow, 2018).

Dataset

Gamma-ray, neutron porosity and density logs from 15
wells of the Septimus field (Figure 4) were used to conduct
a probabilistic cluster analysis with the GAMLS (Geologic
Analysis via Maximum Likelihood System) software
(Eslinger and Everett, 2012) to identify four modes (or
electrofacies) that correspond to rock-type end members.
Samples from the different modes were subjected to a suite
of mineralogical, geochemical and petrophysical analyses
(Hernandez et al., 2020). Each mode is characterized by its
distinct and different mineralogical composition, organic
carbon content, rock fabric and petrophysical properties
that include pore-throat size and capillarity entry pressure.

Methods

The petrophysical and fluid properties are both accounted
for in the modelling of hydrocarbon migration. Modelling
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Figure 4. Septimus field of the Montney Formation, northeastern British Columbia, and location of the wells used in this study.

is accomplished using Permedia” software, a petroleum-
system modelling toolkit developed by Halliburton that ap-
plies the invasion-percolation theory (Carruthers, 2003) to
the simulation of complex fluid-migration processes under
the influence of both capillary and buoyancy forces. The
advantages of invasion-percolation theory are its low com-
putational demand and the capability of representing small-
scale heterogeneities in the reservoir (Trevisan et al.,
2017).

Current Research Directions

A suite of flow simulations to test the role of petrophysical
and fluid properties in controlling fluid distributions in the
Septimus field is being developed, applying petrophysical
data acquired by Hernandez et al. (2020) in a spatial array
that mimics the Septimus-field structure.

Hernandez et al. (2020) determined specific capillary entry
pressure for each of four selected rock types. In this study,
only two of those rock types were used in the initial models:
the ones with the lowest and highest capillary entry pres-
sures. Using the same wells as in Hernandez et al. (2020), a
reservoir mesh (Figure 5) was created incorporating only
these two end-member rock types.

Geoscience BC Report 2021-02

In model 1 (Figure 5a), the reservoir is composed of one
layer consisting of two differentrock types: the deepest part
of the reservoir has a lower capillary entry pressure com-
pared to the shallowest part of the reservoir. In model 2
(Figure 5b), the deepest part of the reservoir is composed of
the rock type with the low capillary entry pressure, whereas
the shallowest part of the reservoir consists of a layer of that
same rock type with low capillary entry pressure overlain
and underlain by the other rock type with a higher capillary
entry pressure.

For each simulation, the reservoir is considered to be ini-
tially saturated with water. In the simulations, the reservoir
will first be charged with oil and subsequently charged with
gas to observe the effect of the capillary pressure on the
fluid distribution. The simulation with oil is expected to in-
vade both rock types (Figure 5c, d), based on the relatively
low interfacial tension between oil and water (Schowalter,
1979). However, the interfacial tension between gas and
water is higher and, as a result, the displacement pressure
for water-gas is greater than the one for water-oil (Equa-
tion 1). This means that for the same rock type, a higher dis-
placement pressure will be required for gas to enter com-
pared to that required for oil. After injection of gas, a
segregation of the fluids is expected, with gas entering only
the rock type of low capillary pressure (Figure Se, f).
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Figure 5. Models 1 and 2 of reservoirs showing in a, b) low and high capillary-entry—pressure rocks; c, d) after the injection of oil into the
reservoir, oil is expected to enter both rock types; and e, f) after the injection of gas, only the rock type of low capillary-entry pressure is

expected to be filled with gas.

Once the initial set of models is tested and results confirm
that rock facies and capillary pressure control segregation
of the fluids in the reservoir, new simulations will be run,
integrating more wells to extend the reservoir mesh to field
scale. As the work progresses and models improve, more
data will be added to the model to reflect the heterogeneity
and complexity of the Montney Formation. Different sce-
narios will be tested, some of which will apply parameters
based on data collected in the Septimus field, including
variable timing of charging events and different composi-
tions and properties of fluids entering the reservoir. Some
parameters will be varied outside the limits of Septimus-
field data to explore factors that differentiate conventional
from unconventional reservoirs.
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Conclusions

The project, in an early phase of development, will apply a
combination of field data, petrophysical data and numerical
modelling to develop constraints on factors controlling
fluid segregation in the Montney Formation.

This project will lead to the development of new models for
hydrocarbon migration and distribution in unconventional
reservoirs. This work is potentially of great economic sig-
nificance; these models could help in predicting the type of
hydrocarbons present in unconventional plays, as well as
saturation values and producibility within unconventional
petroleum systems and, therefore, could contribute to re-
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ducing the risks and costs associated with the exploitation
of these resources. The insights gained on this project may
be useful not only for the Montney Formation but also for
other reservoirs, such as the Lower Cretaceous sandstones
in the Deep Basin of the Western Canada Sedimentary Ba-
sin or the Upper Cretaceous Rocky Mountain tight-gas-
sand accumulations in the United States.
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Introduction

Geothermal energy holds promise to provide a source of
clean and renewable energy that can support the transition
to an economy with net-zero CO, emissions. Compared to
otherrenewables, geothermal energy has the key advantage
of providing dispatchable power supply, with one of the
highest capacity factors of any energy resource. As such,
geothermal can provide baseload power to the grid without
need of storage solutions. In addition, geothermal energy
can provide a source of low-cost heat to support the
dominant energy demand in Canada.

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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The benefits of geothermal energy are countered, however,
by amuch higher exploration risk. It is much easier to deter-
mine where it is windy and sunny than it is to find a perme-
able reservoir of hot fluids at a depth of several kilometres.
The Garibaldi volcanic belt (GVB) of southwestern British
Columbia (BC) is a case in point. The Geothermal Energy
Program (1975-1985) of Natural Resources Canada
(NRCan), along with BC Hydro, conducted geothermal ex-
ploration in the GVB, on the southern flank of Mount Mea-
ger. The results, along with subsequent industry drilling,
defined high-temperature geothermal resources (Jessop,
2008; Witter, 2019). Although a world-class thermal re-
source was discovered, the technical success of the explo-
ration program at Mount Meager was limited by the ability
to define a high-permeability reservoir.
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To address this issue, the Garibaldi Volcanic Belt geother-
mal energy project focused on reducing exploration risk in
volcanic belts of western Canada, was launched in 2019 by
NRCan’s Geological Survey of Canada (GSC), in partner-
ship with Simon Fraser University (SFU), The University
of British Columbia (UBC), Douglas College (DC), Uni-
versity of Calgary (U of C) and University of Alberta
(U of A). Amultidisciplinary geoscience field program was
initiated in 2019, with a focus on developing novel tools to
image zones of high permeability in the subsurface (Grasby
et al., 2020). Due to Covid-19 restrictions, a more limited
field program was conducted in the summer of 2020,
largely focused on the north flank of Mount Meager. This
paper reports on the nature of the 2020 field program and
the data collected.

Garibaldi Project

The Garibaldi volcanic belt is a chain of volcanoes less than
11 000 years old in southwestern BC. Historical drilling
was focused on Mount Meager, as the area experienced the
most recent volcanic activity, hosts numerous hot springs
that suggest the presence active hydrothermal systems, and
has a high heat flow. Drilling defined high-temperature
geothermal resources (>250°C). While these temperatures
were sufficient to produce electricity, the fluid-production
rate was not sufficient to justify the cost of the 60 km of new
transmission lines required to reach the site (power genera-
tion is a function of both temperature of the fluid and the
rate at which the fluid can be produced to surface). Thus, al-
though a world-class thermal resource was found, the geo-
logical conditions required to exploit it were not economi-
cal. The lack of geoscience information regarding the
regional controls on permeability pose a significant drilling
risk to subsequent industry exploration in the region
(Witter, 2019).

The Garibaldi project seeks to develop a multidisciplinary
approach to reduce exploration risk through an integrated
geological and geophysical field campaign. Project fund-
ing was provided through NRCan (Renewable and Electri-
cal Energy Division and GSC), together with Geoscience
BC. The project incorporates a range of geoscience tools,
including remote sensing, bedrock mapping, fracture mea-
surements, geochemistry, and magnetotelluric (MT), grav-
ity and passive-seismic surveys. The ultimate project goal
is to extrapolate new knowledge gained from Mount Mea-
ger to the overall Garibaldi volcanic belt, thereby develop-
ing new predictive tools for finding permeable aquifers at
depth. Results will also aid development of new geother-
mal-resource models, creating greater certainty in geother-
mal-resource assessments and supporting development of
effective regulatory environments.
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Mount Meager 2020 Field Program

Given issues related to Covid-19, a significantly revised
field program was planned in order to limit potential expo-
sure during fieldwork. To this end, no large field camp was
established and, instead, daily helicopter flights from
Whistler were conducted. Although less efficient, this al-
lowed individual field crews to be placed in the field during
the day, then return to town were they stayed in individual
hotel rooms. This also allowed thorough cleaning of the he-
licopter between use by different research groups. The field
program did include establishment of remote two-person
field camps. The science focus of the 2020 field season was
to fill in data gaps along the north flank of Mount Meager,
including MT (U of A) and gravity (SFU) surveys (Fig-
ure 1). This work was supplemented with new geological
mapping (UBC and SFU). An installed fibre-optic distrib-
uted-sensing cable deployed on the flank of Mount Meager
in 2019 was also retrieved. A new network of temperature
loggers was deployed along the south flank of Mount Mea-
ger to record variations in ground temperature during the
winter. These instruments will be collected and data
downloaded during the summer 2021 season.

The spatial gravity measurements, in conjunction with
other geophysical methods, are being used to map the mag-
matic and hydrothermal subsurface features of volcanoes.
During the summer of 2020, the gravity team from SFU
surveyed 41 new gravity sites with a LaCoste & Romberg
spring gravity meter along the north flank of the Mount
Meager Volcanic Complex (Figure 1). Of these, 15 sites
were located in the Upper Lillooet Regional Park (in the
northwestern quadrant of Figure 1) and the remainder in ad-
jacent areas in order to improve on the 2019 coverage of the
spatial mapping of the Mount Meager Volcanic Complex.
The gravity data will aid investigation of the deep mag-
matic structures (depth >10 km) by comparing data from
distal stations with data from the proximal dense network
of stations. The measured Bouguer gravity anomalies will
be analyzed via an informed inverse-modelling approach,
which combines information from geological and struc-
tural mapping, and MT and seismic measurements. This
will restrict the number of possible solutions for the
inversion and ensure that the results best reflect plausible
subsurface geological features.

Collection of magnetotelluric (MT) data was also aimed at
expanding the 2019 coverage around the north flank of
Mount Meager. When combined with recently developed
3-D inversion techniques, a fully 3-D subsurface resistivity
model will be developed from the combined data. In total,
12 new MT measurements were taken by the University of
Alberta MT group, who are conducting a deeper focused
MT survey designed to image pathways that carry fluids to
the geothermal reservoir and the fumaroles on Job Glacier.

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 1. Location of geophysical measurements taken during the 2019 and 2020 field seasons of the Mount Meager field program. Base

map from Natural Resources Canada.

These deep MT measurements will also define the size and
content of any magma bodies beneath the volcano.

Detailed bedrock mapping was conducted to enhance un-
derstanding of the nature of the spatial distribution of vol-
canic rocks that form the Mount Meager Volcanic Com-
plex. Field mapping included recording rock-property ob-
servations, with a particular focus on rock types with
enhanced reservoir properties (Figure 2). The resultant
geological maps and observations will support the develop-
ment of hydrogeological models for bulk-rock permeabil-
ity to better characterize potential fluid flow at depth.

In order to test potential preferential heat flow associated
with fracture systems, a series of temperature-data record-
ers was also deployed in a grid along the south flank of
Mount Meager. Each of these includes one sensor on the
ground surface and one buried at a depth of ~15 cm. It is
hoped that the data recorded through the winter beneath
snow cover will reveal localized areas of higher heat flux.

Geoscience BC Report 2021-02

Figure 2. Field researcher A. Calahorrano-Di Patre conducting
gravity measurements on Mount Meager

Conclusions

Despite the challenges and limitations imposed by Covid-
19, the summer 2020 field program was still a success. Key
science goals of retrieving instruments deployed in 2019
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and filling in data gaps along the north flank of Mount Mea-
ger were achieved. These data are still being processed and
will be incorporated into projects of three postdoctoral fel-
lows, six Ph.D. students and one M.Sc. student. Final re-
sults will be integrated into a new 3-D model of the geother-
mal and volcanic plumbing of the Mount Meager complex.
Results will provide novel new methods to help predict the
occurrence of permeability at depth and greatly reduce the
risk associated with drilling for geothermal reservoirs in
volcanic systems of British Columbia.
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Introduction

Northeastern British Columbia (BC) hosts some of the
world’s largest unconventional gas reservoirs and while the
natural gas in these reservoirs has and continues to be de-
veloped, some of the effects of this development on the en-
vironment are not well understood. Of the possible effects
on the environment, a 2014 report by the Council of Cana-
dian Academies (2014) identified the effects of fugitive
natural gas as the most uncertain among energy develop-
ment activities. Fugitive natural gas poses three principal
risks: degradation of near-surface water quality, potential
for explosions, and greenhouse gas emissions, if the
fugitive gas reaches the atmosphere (Cahill et al., 2017).

The overarching objective of The University of British Co-
lumbia’s Energy and Environment Research Initiative
(EERI) is to provide a knowledge base to support decision
making around unconventional gas resources in northeast-
ern BC. A key component of the research initiative is the
Monitoring Well Installation Project (MWIP), which in-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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cluded the installation of and subsequent sampling of
groundwater and sediments from 29 bespoke monitoring
wells in northeastern BC. The principal objectives of the
MWIP are to better understand near-surface (approxi-
mately less than 100 m deep) background groundwater
conditions in northeastern BC, to determine the distribution
of natural gas in near-surface groundwater, and to deter-
mine if natural gas in the near surface is related to energy-
development activities. By using bespoke wells in specifi-
cally chosen locations, there is a reduction in biases and
sampling artifacts that can be introduced when only exist-
ing domestic wells are used to characterize groundwater
conditions. After the MWIP is complete, the monitoring
wells will remain and can be used to provide long-term
datasets to systematically characterize groundwater condi-
tions through time.

The MWIP project is a collaboration among The University
of British Columbia (UBC), Simon Fraser University
(SFU), Heriot-Watt University, the University of Calgary,
and colleagues at the BC Oil and Gas Commission
(BCOGC) and the BC Ministry of Forests, Lands, Natural
Resource Operations and Rural Development
(MFLNRORD). This project builds upon other efforts, in-
cluding a program led by MFLNRORD and SFU to sample
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and characterize groundwater chemistry from domestic
water wells.

The MWIP commenced in spring 2018 and is still being im-
plemented principally by M.Sc. students A. Allen (SFU)
and M. Goetz (UBC). The drilling program, site selection
criteria, monitoring well locations and an introduction to
fugitive-gas concepts can be found in Ladd et al. (2020). In-
stallation of the well network is complete and locations of
the monitoring wells are shown in Figure 1. This paper pro-
vides an update on the status of the well network and sam-
pling campaigns. In addition, there is a description of four
affiliated substudies by A. Allen, M. Goetz and P. Gonzalez
who are using samples and data collected in the context of
the MWIP.

Status of Monitoring Well Network and
Sampling Campaigns

Table 1 shows the sampling dates across four separate sam-
pling campaigns for each of the 29 EERI well locations
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Legend
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Figure 1. The Monitoring Well Installation Project area with Energy and Environment Research Initiative (EERI) monitoring well locations
and regional oil and gas field boundaries, northeastern British Columbia. Background digital elevation model (DEM) from Esri Canada

(2019). UTM Zone 10N, NAD 83.
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Table 1. Summary of samples and dates of collection from the 29 Energy and Environment Research Initia-
tive (EERI) Monitoring Well Installation Project (MWIP) well locations. Four separate sampling campaigns
were undertaken between December 2018 and July 2020 throughout the Peace Region of northeastern Brit-
ish Columbia. Sample collection IDs are based on the well number and order of sampling date (e.g., first sam-
pling date of EERI-1 is denoted as 1-1, second sampling date is 1-2, and so on). No samples were collected

from EERI-27 because the depth of the water table was greater than the reach of the pump.

Well name Winter 2018 Summer 2019 Fall 2019 Summer 2020
Date Sample ID Date Sample ID Date Sample ID Date Sample ID

EERI-1 Dec. 4 11 Jun. 28 1-2 Sep. 27 1-3 Jul. 20 1-4
EERI-2 Dec. 4 241 Jun. 26 2-2 Oct. 1 2-3 Jul. 17 2-4
EERI-3 Jun. 28 3-1 Oct. 7 3-2 Jul. 24 3-3
EERI-4 Dec. 5 41 Oct. 5 4-2 Jul. 26 4-3
EERI-5 Jul. 7 5-1 Oct. 5 5-2 Jul. 26 5-3
EERI-6 Jun. 27 6-1 Oct. 4 6-2 Jul. 25 6-3
EERI-7 Jun. 26 7-1 Oct. 1 7-2 Jul. 17 7-3
EERI-8 Jul. 8 8-1 Sep. 30 8-2 Jul. 19 8-3
EERI-9 Jul. 10 9-1 Oct. 3 9-2 Jul. 18 9-3
EERI-10 Jul. 8 10-1 Oct. 3 10-2 Jul. 18 10-3
EERI-11 Sep. 26 11-1 Jul. 22 11-2
EERI-12 Jul. 8 12-1 Sep. 29 12-2 Jul. 19 12-3
EERI-13 Jul. 8 13-1 Oct. 6 13-2 Jul. 23 13-3
EERI-14 Jul. 12 14-1 Oct. 6 14-2 Jul. 23 14-3
EERI-15 Oct. 6 15-1 Jul. 24 15-2
EERI-16 Oct. 7 16-1 Jul. 28 16-2
EERI-17 Oct. 7 17-1 Jul. 28 17-2
EERI-18A Sep. 30 18A-1 Jul. 19 18A-2
EERI-18B Sep. 25 18B-1 Jul. 21 18B-2
EERI-19 Oct. 3 19-1 Jul. 18 19-2
EERI-20 Oct. 2 20-1 Jul. 16 20-2
EERI-21 Oct. 1 2141 Jul. 17 21-2
EERI-22 Oct. 5 2241 Jul. 26 22-2
EERI-23 Oct. 5 23-1 Jul. 25 23-2
EERI-24 Oct. 2 24-1 Jul. 16 24-2
EERI-25 Oct. 2 25-1 Jul. 16 25-2
EERI-26 Oct. 3 26-1 Jul. 18 26-2
EERI-27

EERI-28 Sep. 29 28-1 Jul. 23 28-2
EERI-29 Sep. 30 29-1 Jul. 19 29-2

MFLNRORD staff using Leica Geo Office 8.4. In addition
to GPS data, static water level data were downloaded from
each Van Essen Instruments Micro-Diver data logger in-
stalled in 24 of the 29 well locations (EERI-1, -8, -11, -16
and -27 do not have data loggers installed). Each pressure
transducer collects data at four-hour intervals; the datasets
covering the longest time period are from EERI-4, -5 and -6,
which were installed in February of 2019. Data loggers
were installed in the other wells in July and October 2019.
The combination of the GPS referenced elevations and
pressure transducer datasets will provide static water levels
relative to sea level, with data from some wells covering a
time period of more than one year.

Descriptions of planned analyses for water samples col-
lected from EERI wells were outlined in detail by Ladd et
al. (2020). One alteration to that analysis method is the lo-
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cation and equipment intended to be used for inductively
coupled plasma—mass spectrometry (ICP-MS) measure-
ments. These analyses have since been completed using an
Agilent Technologies 8800 triple quadrupole ICP-MS at
the Water Quality Centre (WQC) at Trent University
(Peterborough, Ontario). Table 2 shows the recent status of
the separate analysis categories: metals, cations and rare-
earth elements by ICP-MS, anion concentrations (includes
oxygen-deuterium stable isotopes), inorganic carbon and
carbon isotopes, tritium enrichment, and dissolved gas con-
centrations. To date, all anion measurements and metal, cat-
ion and rare-earth-element measurements (ICP-MS) are
complete for all 73 sample sets, and 33 inorganic carbon
and carbon isotopes samples have been analyzed. No tri-
tium enrichment results have been obtained yet. All of the
sample sets submitted for dissolved gas compositions have
been analyzed.
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Table 2. Summary table showing the status of the analyses for each of the 73 sample sets collected from Energy and Environment
Research Initiative (EERI) Monitoring Well Installation Project wells. To date, all anion, inductively coupled plasma—mass spec-
trometry (ICP-MS) and dissolved gas analyses are complete, and inorganic carbon (and carbon isotopes) analyses are partially
complete; tritium analyses have not been completed. Some analyses do notinclude all 73 sample sets due to incompatible pump-
ing methods (e.g., pumping using Waterra tubing does not allow for carbon isotope sample collection) and preservation issues af-
ter sample collection. Sample collection IDs are based on the well number and order of sampling date (e.g., first sampling date of
EERI-1 is denoted as 1-1, second sampling date is 1-2, and so on). Table 1 indicates the month and year of sample collection.

Well name ICP-MS Anions Inorganic carbon Tritium Dissolved gas
Complete Complete Complete In progress In progress Complete
EERI-1 1-1,12,1-3,14 11,12,1-3,14 1-1,1-2,1-3 14 1-2,1-3, 1-4 1-2,1-3,1-4
EERI-2 2-1,2-2,2-3,2-4 2-1,2-2,2-3,2-4 2-1, 2-3 2-4 2-2,2-3,2-4 2-2,2-3,2-4
EERI-3 3-1,3-2,3-3 3-1,3-2,3-3 3-1,3-2 3-3 3-1,3-2,3-3 3-1,3-2,3-3
EERI-4 4-1,4-2, 4-3 4-1,4-2, 4-3 4-1
EERI-5 5-1, 5-2, 5-3 5-1, 5-2, 5-3 5-1, 5-2 5-3 5-1, 5-2,5-3 5-1, 5-2, 5-3
EERI-6 6-1, 6-2, 6-3 6-1, 6-2, 6-3 6-1, 6-2 6-3 6-1, 6-2, 6-3 6-1, 6-2, 6-3
EERI-7 7-1,7-2,7-3 7-1,7-2,7-3 71,72 7-3 7-1,7-2,7-3 71,7-2,7-3
EERI-8 8-1, 8-2, 8-3 8-1, 8-2, 8-3
EERI-9 9-1,9-2,9-3 9-1,9-2,9-3 9-1, 9-2 9-3 9-1, 9-2, 9-3 9-1, 9-2, 9-3
EERI-10 10-1, 10-2, 10-3 10-1, 10-2, 10-3 10-1, 10-2 10-3 10-1, 10-2, 10-3  10-1, 10-2, 10-3
EERI-11 11-1,11-2 11-1,11-2 11-1, 11-2
EERI-12 12-1,12-2, 12-3 12-1,12-2, 12-3 12-1,12-2 12-3 12-1,12-2,12-3  12-1,12-2,12-3
EERI-13 13-1,13-2, 13-3 13-1,3-2,13-3 13-1,13-2 13-3 13-1,13-2,13-3  13-1,13-2,13-3
EERI-14 14-1, 14-2, 14-3 14-1, 14-2, 14-3 14-1, 14-2 14-3 14-1,14-2, 14-3  14-1,14-2, 14-3
EERI-15 15-1, 15-2 15-1, 15-2 15-1 15-2 15-1, 15-2 15-1, 15-2
EERI-16 16-1, 16-2 16-1, 16-2 16-2 16-1, 16-2 16-1, 16-2
EERI-17 17-1,17-2 17-1,17-2 17-1 17-2 17-1,17-2 17-1,17-2
EERI-18A  18A-1, 18A-2 18A-1, 18A-2 18A-1 18A-2 18A-1, 18A-2 18A-1, 18A-2
EERI-18B  18B-1, 18B-2 18B-1, 18B-2 18B-1, 18B-2
EERI-19 19-1, 19-2 19-1, 19-2 19-1 19-2 19-1, 19-2 19-1, 19-2
EERI-20 20-1, 20-2 20-1, 20-2 20-2 20-1, 20-2 20-1, 20-2
EERI-21 21-1,21-2 21-1,21-2 21-1 21-2 21-1,21-2 21-1, 21-2
EERI-22 22-1,22-2 22-1,22-2 22-1 22-2 22-1,22-2 22-1,22-2
EERI-23 23-1,23-2 23-1,23-2 23-2 23-2 23-1, 23-2
EERI-24 24-1,24-2 24-1,24-2 24-2 24-1,24-2 24-1,24-2
EERI-25 25-1,25-2 25-1, 25-2 25-1 25-2 25-1, 25-2 25-1, 25-2
EERI-26 26-1, 26-2 26-1, 26-2 26-1 26-2 26-2 26-1, 26-2
EERI-27
EERI-28 28-1, 28-2 28-1, 28-2 28-1 28-2 28-1, 28-2 28-1, 28-2
EERI-29 29-1,29-2 29-1,29-2 29-2 29-2 29-1, 29-2
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As stated previously, no samples have been obtained from
EERI-27. Additionally, some sample sets could not be ana-
lyzed for all aspects of the analysis suite planned. Samples
from EERI-11 and -18B were not analyzed for carbon iso-
tope or tritium, as the Westbay sampling method does not
yield sufficient volumes of water for these analyses. Sam-
ples from EERI-4 and -8 were not analyzed for carbon, tri-
tium or dissolved gas due to limitations in the sampling
methods.

Occurrence and Origin of Groundwater
Methane in the District of Hudson’s Hope
Potential Water Supply

The District of Hudson’s Hope is a small town located
within the Peace River valley in northeastern BC, near the
Rocky Mountain Foothills (Figure 1). The Peace River val-
ley mimics the shape of an ancient buried valley, paleo-
valley, of the same name (Hickin and Fournier, 2011). The
geology of the study area is broadly an alluvial sand/gravel
plain underlain by confining clay and/or till, a thick gravel
aquifer in a buried valley, and fractured Cretaceous shale
bedrock (Hartman and Clague, 2008).

The construction of the Site C dam, located downstream on
the Peace River near Fort St. John, required the District of
Hudson’s Hope to change its water supply from its current
Peace River source (currently extracting a maximum of
829 661 m® annually), to groundwater from the buried-val-
ley aquifer. This change in town water supply is required
due to the anticipated deterioration of the Peace River water
quality and because part of the water supply system will be
made inoperable by the flooding caused by the dam instal-
lation (Gardiner et al., 2020). To facilitate the change, the
District hired a hydrogeology consulting firm, Western
Water Associates Ltd. (WWAL), to evaluate the feasibility
of the transition via a test well drilling program in 2018—
2019, culminating in the drilling and installation of two
production wells in the fall of 2019.

Dissolved gas samples collected by the consultants during
the feasibility study showed high concentrations (tens of
mg/L) of dissolved methane, which prompted the District
to contact the EERI group for collaboration. This presented
an opportunity to gather additional data to further MWIP’s
objectives, while collaborating with the District and
WWAL. In November 2019, the EERI group collected
groundwater geochemistry and dissolved gas samples dur-
ing pumping tests for one of the production wells. Using the
same sampling methodology outlined in Ladd etal. (2020),
groundwater discharge was sampled during a four-hour
step pumping test (ranging from 12.6 to 37.9 L/s [200 to
600 gal/min]) and during a 72-hour 31.5 L/s (500 gal/min)
constant-rate pumping test (Figure 2). The dissolved gas
sampling methodology used by EERI differed from that
used by WWAL: EERI used evacuated 250 mL containers
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whereas WWAL used an air/gas separator in conjunction
with Tedlar” bags. Dissolved gas concentration and isoto-
pic results from these two methods will be compared, as
both have their advantages and disadvantages (Hirsche and
Mayer, 2009; Evans, 2017). In addition to the sampling of
one well during the production well pumping tests in fall
2019, both production wells and a newly installed monitor-
ing well (screened in the same aquifer) were sampled in the
summer of 2020. Results from dissolved gas analyses
corroborate WWAL’s high dissolved methane concentra-
tions; aqueous geochemistry data analysis is in progress.

Using these data, a substudy was undertaken to investigate
the occurrence and source of groundwater methane in the
buried-valley gravel aquifer beneath Hudson’s Hope.
There are concerns over both coal-bed methane (CBM) and
fugitive gas in the study area, as an abundance of coal-bear-
ing formations outcrop to the west, and there is unconven-
tional natural gas activity to the north (Altares Field in the
Montney Formation; Ryan et al., 2005). A coal-bearing for-
mation of interest to this study is the Gething Formation,
which commonly outcrops throughout the Rocky Moun-
tain Foothills in northeastern BC (Gentzis et al., 2006).
This unit is 400 m thick on average, varying between 100
and 1100 m, thinning toward the Alberta border. The aver-
age cumulative coal thickness in the study area is 6 m with a
range of 5-20 m (Ryan etal., 2005). The coal ranks between
high-volatile A bituminous and semi-anthracite, which are
medium and high ranks of coal in terms of maturity,
respectively (Ryan et al., 2005; Ryan and Lane, 2006).

The source of the high concentrations of hydrocarbon will
be distinguished using carbon/hydrogen isotopic signa-
tures in methane, ethane and carbon dioxide, and wetness
parameter (ratio of methane to higher chain alkanes) from
dissolved gas sampling. Whether the methane is from natu-
rally occurring biogenic sources, immature thermogenic

J

Figure 2. Sampling setup at one of the production wells during a
constant-rate pumping test in November 2019, near Hudson’s
Hope, northeastern British Columbia.
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coal or deep formations through anthropogenic migration,
it is important to characterize the source of these high con-
centrations (well above hazard level, typically stated as
10 mg/L) to understand potential legacy contamination,
and establish baselines prior to potential future CBM or un-
conventional gas development near the aquifer chosen for
the town’s water supply.

Groundwater Recharge in a
Confined Paleovalley Setting

While the monitoring well network will allow for a broad
assessment of groundwater in the Peace Region, a more fo-
cused site study is better suited to quantify processes on the
individual aquifer or flow system scale. The hydraulic
characteristics of major aquifers of the Peace Region have
been the subject of increasing interest over the last decade
(Brownetal.,2011; Baye etal., 2016; Morgan et al., 2019;
Chao et al., 2020). Even though groundwater is not the
main source of drinking water for the over 60 000 residents
of the Peace Region, as most large communities source
their water supply from major rivers, understanding sus-
tainable yield of groundwater is important for domestic, in-
dustrial, agricultural and environmental purposes
(Bredehoeft, 2002; Baye et al., 2016; Statistics Canada,
2017). Most groundwater wells in northeastern BC are con-
structed with a well screen installed in weathered/fractured
bedrock, with fewer having the screen installed in buried-
valley sand/gravel aquifers (Baye et al., 2016). Buried-val-
ley, or paleovalley, aquifers commonly host significant
sources of groundwater in those areas where they are thick
and laterally continuous (Hickin et al., 2008). In particular,
a buried-valley aquifer located in the Peace River paleo-
valley near Hudson’s Hope was shown to yield 31.5 L/s
(600 gal/min) during a 72-hour constant-rate pumping test
(Gardiner et al., 2020).

The objective of this study is to determine dominant re-
charge pathways through low-permeability confining lay-
ers to both weathered bedrock and buried-valley aquifers
(see Goetz and Beckie, 2020, for more details). The spatial
distribution of recharge values, residence times of aquifers
and the quantification of the steady-state water balance of
this archetypical groundwater flow system of the Peace Re-
gion will be determined. Over much of the study area, these
aquifers are confined by low-permeability tills, which limit
recharge rates but also isolate the aquifers from surficial
processes such as drought and surficial contamination
(Cummings et al., 2012). Since recharge is a major compo-
nent of the groundwater budget, the interpreted model re-
sults will help inform sustainable extraction of this finite
groundwater supply and help quantify the groundwater
flow velocity and therefore the advective transport of dis-
solved fugitive gas potentially released from compromised
energy wells (Bredehoeft, 2002; Cahill et al.,2019; Chao et
al., 2020). As the study area is in an area of unconventional
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gas development, it is important to understand typical
regional-scale groundwater flow patterns that control the
movement of dissolved gases.

There are no specific modelling studies with a primary fo-
cus on groundwater recharge of buried-valley settings in
northeastern BC. This region is distinct from those de-
scribed in most other Western Canada Sedimentary Basin
(WCSB) studies due to the undulating terrain near the
Rocky Mountain Foothills and the lack of features common
to the Prairie Pothole Region, which are hypothesized to be
the dominant recharge mechanism found in many WCSB
buried-valley systems (Meyboom, 1966; Berthold et al.,
2004; Cummings et al., 2012). In this study, the hydrogeol-
ogy of the Sunset paleovalley was conceptualized using
available hydrogeological data for buried-valley aquifer
systems in northeastern BC and the WCSB, and with data
from MWIP monitoring wells within the study area (Fig-
ure 1). This study focuses on a single, confined buried-val-
ley/fractured-bedrock aquifer system, which is a hydrogeo-
logical setting common to northeastern BC (Hickin et al.,
2008, 2016).

In most groundwater systems, the distribution and magni-
tude of recharge is predominantly dependent on climate
(precipitation/evapotranspiration rates), geological frame-
work (confining thickness/conductivity) and topography
(runoff/infiltration ratio; Winter, 2001; Sanford, 2002).
The dominant factor controlling recharge for this study area
is assumed to be lithology, with most recharge likely
originating where the confining till/clay is thinnest, result-
ing in a shorter travel time to assimilation and storage in
aquifer material (Andriashek, 2003; Nastev et al., 2005;
Cummings et al., 2012). Recharge into buried-valley aqui-
fers depends greatly on the bulk permeability of the confin-
ing layer (e.g., till) and groundwater residence times in till
material have been shown to range from thousands to tens
of thousands of years (Keller et al., 1989). Although bur-
ied-valley aquifers are typically confined, localized
heterogeneities and discontinuities can create ‘windows’ of
unconfined conditions (Nastev et al., 2005). These win-
dows can then provide hydrological pathways for recharge,
which is focused toward weathered bedrock and buried-
valley aquifers (Korus et al., 2017).

Using the U.S. Geological Survey’s MODFLOW 6 soft-
ware (Hughes et al., 2017), groundwater-flow models for
the shallow (<200 m), regional, multilayered aquifer sys-
tem were constructed and calibrated. Within the study area,
the model quantitatively estimated the spatial distribution
and magnitude of groundwater recharge and discharge, the
water balance between defined hydrostratigraphic units
and residence times of groundwater in aquifers.

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 3. Examples of geological material encountered during the Monitoring Well Installation Project drilling campaigns: a) fine sand-
stone, rounded and well sorted; quartz and lithic (+10%) grains, with a few shaly patches and laminar stratification; b) dark massive
mudstone with brown shaly patches and load-cast structures; fractures in horizontal disposition; ¢) very fine sandstone, rounded, well to
moderately sorted; quartz, lithic and mica grains with a shaly matrix in a laminar stratification; d) very fine muddy sandstone, rounded and
well sorted; quartz, lithic and mica grains with shaly horizons; cross-bedding stratification; e) massive medium sandstone, rounded and
well sorted; quartz, lithic and mica grains well consolidated in a shaly matrix; f) massive medium sandstone, rounded to subrounded and
well sorted; quartz, lithic and mica grains very well consolidated in matrix; g) clast-poor muddy diamict from the upper soil; h) clast-interme-
diate diamict from the upper soil; 1) clast-poor diamict from the upper soil. Samples recovered from monitoring wells EERI-7, -8, -11 and -18B
(see Figure 1 for locations).

Investigating Petrophysical Properties of surface within the Peace Region is highly complex and
Bedrock Strata in the Peace Region dynamic. Figure 4 shows an example of mercury intrusion
capillary porosimetry (MICP) data attained for a very tight

During drilling for the MWIP, a series of core samples were  mudstone (with thin fine sandstone interlayers) encoun-
recovered in order to characterize the bedrock’s key petro-  tered in EERI-11 at a depth of 46.3 m (sample EERI-
physical properties, which control the flow and migration 11 152; Figure 3b). Results show that 80% of the measured
of fugitive gas in the shallow subsurface within the Peace pore structure is composed of pores with a pore throat di-

Region. Key core samples are undergoing porosity and per- ameter of <0.1 um. This indicates the strata will act as a ro-
meability measurements as well as CT scan analyses to bust capillary barrier to flow and significant entry pressures
characterize the pore structure and inferflow properties.  will be required for a gas phase to enter or move throughit.
Figure 3 shows the range of geological material encoun-

tered during installation of the MWIP wells, including Geochemical Classification of

shale, siltstone and sandstone units in addition to the ubig- Hydrogeochemical Units and Potential
uitous Quaternary diamict that prevails at surface through- Degradation of Groundwater Quality

out the region. from Interactions between Methane and

. : o Subsurface Materials
Initial results of petrophysical characterization suggest a

large range in pore structure properties (i.e., pore-size dis-  The occurrence of methane (CH,) in shallow groundwater
tribution and mean pore diameter) based on sediment type. ~ has seen increasing degrees of study in the past decades due
Consequently, this has resulted in a large range in key fluid ~ to the surge of hydraulic fracturing practices, particularly in
flow parameters; meaning fugitive gas flow in the sub- North America (Mason et al., 2015). Although methane is
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Figure 4. Graph showing percentage of total intrusion volume achieved versus calculated pore throat diameter for
a sample of mudstone encountered in monitoring well EERI-11 at 46.3 m depth. Results show a very tight forma-
tion with very small pores dominating the pore structure, which infers that this unit would act as a robust capillary

barrier to fugitive gas flow in the subsurface.

commonly present in many natural environments, high
concentrations in groundwater can lead to detrimental ef-
fects on water quality not only as a combustion risk, but
also through geochemical alteration of aquifer materials
(Van Stempvoort et al., 2005). Characterizing the sediment
and bedrock geochemistry of aquifer materials that may be
exposed to increased concentrations of methane can pro-
vide insight toward assessing risk to the quality of ground-
water in those aquifers. Additionally, identifying processes
by which production and accumulation of methane occurs
is an essential aspect of understanding the potential sources
of the methane (Schoell, 1988). Investigating how elevated
methane concentrations affect the hydrochemistry of
groundwater and the subsequent interactions with geolo-
gical aquifer materials may indicate specific hazards to
groundwater quality.

In most subsurface environments, dissolved methane is rel-
atively stable under anoxic conditions and can easily be
advectively transported through groundwater without be-
ing involved in any reactions (Appelo and Postma, 2005).
However, changes in water chemistry due to methane-re-
lated reactions can potentially occur where there are ele-
vated methane concentrations and suitable electron-accept-
ing species over relevant temporal and spatial scales. These
can range from methane-oxidation—related processes, such
as decreases in pH, increases in alkalinity and increases in
trace metal concentrations (Cahill et al., 2017), to methane-
driven reduction processes leading to elevated pH and alka-
linity and mobilization of trace metals (Van Stempvoort et
al., 2005; Schout et al., 2018). Change of pH in groundwa-
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ter is one of the main driving forces behind mobilization of
chemical species. When pH is considered with oxidation
reduction potentials (Eh or pe), the stability fields for solids
and aqueous phase chemical species can be defined (Faure,
1997; Appelo and Postma, 2005). Reductive dissolution or
oxidation of minerals containing heavy and trace metals
(such as Cd, Cr, Pb, Ni, Se, Hg, U, As), which can degrade
groundwater quality, can occur when the redox conditions
are altered. Substitution of heavy metals for primary metals
in minerals is common, leading to varying compositions
and the potential for release of heavy metals into the envi-
ronment upon mineral dissolution. Heavy and trace metals
may not always be directly incorporated into mineral struc-
tures; oxyanions and cations can be sorbed onto surface
sites of oxides, clay minerals or organic matter, or within
the structure of minerals such as iron and manganese oxides
and oxyhydroxides. Changes in pH and Eh induced by
methane-related redox reactions can result in mobilization
of adsorbed species through ion exchange, desorption
processes or dissolution, leading to significant water qual-
ity problems (Cullen and Reimer, 1989; Smedley and
Kinniburgh, 2002; Appelo and Postma, 2005; Nesse,
2012). Characterizing the mineralogical and chemical
composition of aquifer materials and determining the
mineral fraction in which toxic metals reside, can aid in the
prediction for mobilization of those contaminants into
aquifer systems after changes in redox conditions caused
by elevated methane concentrations.

The purpose of this study is to understand how dissolved
methane in shallow aquifer systems can interact with geo-

Geoscience BC Summary of Activities 2020: Energy and Water
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logical materials leading to changes in groundwater qual-
ity. The study focuses on the Peace Region, using data from
the recently installed EERI monitoring well network and
the sediment and bedrock core and chip samples obtained
during drilling.

The first objective is to characterize the geochemical com-
position of both unconsolidated and bedrock aquifer mate-
rials and surrounding subsurface materials. Borehole sam-
ples from areas both proximal and distal to oil and gas
production will be analyzed. During drilling operations at
the 29 EERI well locations, sediment and bedrock samples
were obtained approximately every 1.5 m. Of these sam-
ples, a subset of 128 samples was chosen for bulk chemical
analysis at ALS-Environmental (Vancouver, BC). Whole
rock analysis by lithium metaborate fusion, trace element
detection by four acid and aqua-regia digestion, and com-
bustion analysis for carbon and sulphur will be completed.
Statistical analysis of the bulk chemistry is being used to
generalize subsurface materials, based on chemical compo-
sition, into hydrogeochemical stratigraphic units, with the
aim of providing a predictive means of determining geo-
chemical compositions of sediment and bedrock beyond
point data sources, such as boreholes.

The second objective is to determine the potential interac-

tions between methane-containing groundwater and sub-

surface materials, as well as investigate the subsequent det-

rimental effects on groundwater quality from water-rock

interactions through laboratory experiments and numerical

modelling. A smaller subset, 25 of the 128 bulk chemistry

samples, have been subjected to a sequential extraction

procedure (SEP) in the Aqueous Geochemistry Laboratory

at Simon Fraser University (Burnaby, BC). This SEP tar-

gets nine separate mineral phases and chemical fractions

including

1) water soluble and secondary sulphates,

2) weakly adsorbed fraction,

3) strongly adsorbed fraction, carbonates and monosul-
phides,

4) easily reducible oxides,

5) reducible oxides and low crystalline oxides,

6) crystalline oxides,

7) acid volatile sulphides,

8) organics and humic substances, and

9) sulphides.

Determining the abundance of potentially harmful chemi-
cal species in differently mobilized fractions of subsurface
materials will allow for an investigation into the possible
interactions between methane-containing groundwater and
these materials. The associated risk of groundwater degra-
dation may be approximated depending on the likelihood of
species mobilization, which is dependent on the phase or
fraction in which it occurs.

Geoscience BC Report 2021-02

Summary

The Energy and Environment Research Initiative ground-
water monitoring well network of 29 monitoring stations
across the Peace Region has been installed. In 2019-2020,
monitoring wells were sampled for inorganic and gas geo-
chemical analysis and isotopic analysis as described in this
paper. Hydrochemical analyses of water samples collected
in summer 2020 are pending. The data provided by the
monitoring well network will be synthesized into a peer-re-
view publication, which is currently underway. Four sepa-
rate student-led substudies have also been undertaken: i) an
examination of the origin of methane in an aquifer located
at Hudson’s Hope, ii) an investigation of recharge pro-
cesses and pathways in a typical buried-valley aquifer sys-
tem in northeastern BC, iii) the petrophysical properties of
near-subsurface aquifer materials in northeastern BC, and
iv) geochemical classification of hydrogeochemical units
and analysis of groundwater quality from interactions be-
tween methane and subsurface materials. These studies
will first appear in student theses and then in peer-reviewed
literature.
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Introduction

As a result of petroleum resource development, a potential
environmental concern exists in the form of fugitive gas
(FG; Jackson etal., 2011; Vidic etal., 2013; Vengosh et al.,
2014). Fugitive gas is natural gas that is able to escape from
both production formations and intermediate gas-bearing
formations in the subsurface (Council of Canadian Acade-
mies, 2014; Dusseault and Jackson, 2014). This gas can mi-
grate vertically, as a result of density contrasts between the
light natural gas (mainly methane) and heavier formation
fluids, along two potential preferential pathways: 1) inside

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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a surface well casing that contains compromised cement
(termed surface casing vent flow, SCVF) or 2) outside of a
wellbore, along the adjacent formation (termed gas migra-
tion, GM). Gas migration presents environmental concerns
because it may 1) cause the degradation of groundwater
quality if natural gas dissolves into potable groundwater
under certain conditions (e.g., microbial communities, re-
dox conditions), 2) present risk of explosion due to the
combustibility of natural gas, which may reach surface in-
frastructure such as houses and water wells, and/or 3) be a
potential source of greenhouse gas emissions, if released to
the atmosphere (Kelly et al., 1985; Van Stempvoort et al.,
2005; Cahilletal.,2017; Forde etal., 2018; Van De Ven and
Mumford, 2020a). The risks associated with these environ-
mental expressions of GM require focused attention on the
investigation of 1) mechanisms governing the migration of
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free-phase and dissolved-phase gas, 2) biogeochemical
processes affecting the fate of natural gas in both the satur-
ated and unsaturated zones of the subsurface, and 3) the
release of gas to the atmosphere.

Petroleum resource development is active in northeastern
British Columbia (BC), where economic gas-bearing for-
mations exist. There are some 25 000 gas wells in the re-
gion, of which 0.6% have exhibited visible signs of gas mi-
gration (Cabhill et al., 2019a). The region is within the
Western Canada Sedimentary Basin (WCSB), with a highly
heterogeneous surficial geology composed of complex se-
quences of till, glaciolacustrine, glaciofluvial, fluvial and
lacustrine deposits overlying bedrock (Shaw, 1982; Cahill
et al., 2019a; Chao et al., 2020). Therefore, the region is
complex in terms of understanding the impacts of GM on
groundwater resources and the emissions of GM to the at-
mosphere because previous GM research has mainly fo-
cused on relatively homogeneous, sand and gravel aquifer
systems (e.g., Royetal., 2016; Cahill et al., 2017; Schout et
al.,2019; Van De Ven and Mumford, 2020c¢). To address the
knowledge gaps associated with GM in complex geological
settings, the Hudson’s Hope Field Research Station
(HHFRS) was established in order to perform a controlled,
synthetic natural gas injection in the shallow subsurface
(Cahill et al., 2019a, b, 2020).

This paper presents a summary of the progress made with
respect to the fieldwork undertaken at the HHFRS, which
looks to advance the scientific understanding of GM in
groundwater systems, the unsaturated zone and the atmo-
sphere to reduce future risk. The principal objective of this
research project is to provide scientific knowledge and un-
derstanding to inform the practice and management of re-
source development in BC. Ultimately, the aim of the pro-
ject is to 1) characterize the physical and biogeochemical
processes that control subsurface gas migration and impact,
and quantify the amount of natural gas that remains, de-
grades or leaves the subsurface, 2) test a variety of FG mon-
itoring and detection methodologies, and 3) inform regula-
tions to facilitate safe and sustainable development of
petroleum resources.

Background

For a detailed description of the mechanisms for gas flow,
mass transfer and fate of methane in groundwater systems,
refer to Cahill et al. (2019a, b, 2020). Generally, when GM
occurs in a shallow groundwater system, the gas movement
is governed by the rate at which the gas enters the system
(leak rate), buoyancy of the gas, permeability and the varia-
tion in capillary forces associated with the porous media
through which it flows (Ji et al., 1993; Brooks et al., 1999;
Geistlinger et al., 2006; Selker et al., 2007; Van De Ven and
Mumford, 2019). This results in an upward movement of
gas through complex interconnected channels. However,
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the flow can also be lateral if the gas is entering the system
ata high leak rate, causing the gas to spread in all directions
due to the high driving force. Flow is also directed laterally
and forms pools due to both subtle (e.g., bedding structure)
and stark (e.g., clay or silt lenses) contrasts in the perme-
ability of the geological strata through which it flows
(Kueper et al., 1993; Glass et al., 2000; Steelman et al.,
2017; Cabhill et al., 2018). This gas can either 1) span the
subsurface system and be released at the surface (surface
expression) causing potential safety concerns or be re-
leased as greenhouse gases to the atmosphere, and/or
2) dissolve into groundwater (aqueous expression) poten-
tially causing water quality concerns (Cahill et al., 2017;
Fordeetal.,2019¢; Van De Ven and Mumford, 2020a, b).

The ability for leaked gas to dissolve and be transported in
groundwater depends on a variety of variables including
the rate of groundwater flow, surface area of gas exposed to
water, the heterogeneity of the system and chemical
characteristics of the native groundwater and leaked gas
(Powers et al., 1998; Cirpka and Kitanidis, 2001; Sale and
McWhorter, 2001; Parker and Park, 2004; Koch and
Nowak, 2015). Once dissolved, the components of natural
gas (mainly methane and other hydrocarbons such as eth-
ane and propane) are relatively benign to human health if
consumed (Mclntosh et al., 2014; Hamilton et al., 2015).
However, as a result of secondary effects associated with
microbial oxidation (i.e., the consumption of methane as a
source of energy for microbes), which converts methane
(CH,) to carbon dioxide (CO,), changes in water quality
can occur, such as changes in alkalinity and pH, that can
drive other geochemical processes (Kelly et al., 1985;
Van Stempvoort et al., 2005; Roy et al., 2016; Forde et al.,
2019Db). These other processes can lead to further decline in
water quality through the liberation of metals as a result of
mineral dissolution.

If the leaked gas does not completely dissolve into ground-
water, it may pass through the saturated groundwater zone
and enter into the unsaturated zone above the water table
(Bachu, 2017; Forde et al., 2018). This unsaturated zone is
connected to the atmosphere and therefore presents a po-
tential pathway for surface expression. The natural gas can
also be oxidized to CO, in this zone, therefore changing the
form of greenhouse gas emitted. The mechanisms for gas
(natural gas or CO,) entering the unsaturated zone then
moving to the atmosphere are not well known. Previous
work as part of this project has shown that gas reaching the
unsaturated zone can migrate both by advection and diffu-
sion and then be released to the atmosphere (Forde et al.,
2019a). The flux of CH4 and CO, was found to be depend-
ent on atmospheric conditions (i.e., barometric pressure),
which causes fluctuations in the amount of emitted green-
house gas over time.
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Understanding the amount of GM that will be present in the
environment either in the groundwater zone, the unsatu-
rated zone or released into the atmosphere is currently not
well understood. Developing this knowledge is, however,
pressing because the proportionality will determine, for ex-
ample, how severe water quality impacts will be, the lon-
gevity of the impacts to groundwater systems, the potential
contribution to greenhouse gas emissions and therefore
global climate change, and what safety risks can be ex-
pected in proximity to sites impacted by GM. This project is
actively addressing these questions, such that GM can be
quantified and constrained.

Description of the Study Site and the
Injection Experiment

The HHFRS is situated in the Peace Region just northeast
of the town of Hudson’s Hope, BC (Figure 1). The HHFRS
is approximately 10 000 m?, situated in a typical landscape
of the WCSB. The site has a shallow piezometric surface,
fluctuating between 1-1.5 m below ground surface (bgs).
Near to the centre of the site, the screen of a gas injection
well was placed 26 m bgs, and a comprehensive monitoring
network was constructed around this injection point. The
monitoring system (Figure 2) was designed to look specifi-
cally at

e near-surface geology—achieved by well core analysis

and geophysical surveys;

SSO(I)OOE

e groundwater conditions—achieved by installing 24
monitoring wells, including 17 multilevel wells, allow-
ing for groundwater samples to be collected for dis-
solved gas concentrations, geochemical parameters and
stable isotopes analyses;

e vadose zone processes—achieved by placing 12 dy-
namic flux chambers at 100 locations for time-discrete
flux survey measurements and 22 soil-gas wells for soil-
gas collection for composition and stable isotopes
analyses;

e atmospheric boundary layer—achieved by installing an
eddy covariance station for sitewide gas emission mea-
surements.

The injection of natural gas commenced on June 12, 2018
and continued for 66 days. Synthetic natural gas, designed
to emulate the gas composition within the Montney Forma-
tion, was injected at a rate of 1.5 m*/day, for a total injection
volume of approximately 97 m® (standard temperature and
pressure) of gas. Groundwater and surface zones were
monitored prior to, during and following the completion of
gas injection. Sampling has continued each year since the
commencement of the experiment, allowing the long-term
impact of the injection to be assessed. The most recent sam-
pling event occurred on July 17,2020. An in-depth descrip-
tion of the site, instrumentation and injection experiment
can be found in Cabhill et al. (2019a, b, 2020).
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Figure 1. Location of the Hudson’s Hope Field Research Station in northeastern British Columbia with re-
gional oil and gas fields (DataBC, 2018). UTM Zone 10N, NAD 83.
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Figure 2. The Hudson’s Hope Field Research Station groundwater
monitoring, surface flux monitoring and injection systems (photo
taken September 28, 2018).

Summary of Activities and Progress

A variety of research objectives have been achieved over
the last 12 months. These achievements include

1) characterization of the near-surface (above 30 m bgs)
geology at the HHFRS, including publication of a jour-
nal article in Science of The Total Environment (Chao et
al., 2020);

2) data analysis and interpretation of groundwater moni-
toring and geochemical data during and following the
injection of synthetic natural gas;

PWA1
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Depth (m bgs)

[I|II[|1|I|\III|IIII|IIII

[F] Fine sand
¥ Sandy silt
[*]Medium sand

& Diamict (unoxidized)
Diamict (oxidized)

3) data analysis and interpretation of surface flux data dur-
ing and following the injection of synthetic natural gas;
and

4) data analysis and interpretation of emissions data using
eddy covariance during and following the injection of
synthetic natural gas.

A summary of the progress and highlights of the findings
for each of these activities is provided below.

Near-Surface Geology and Hydrostratigraphy

Akey objective of this project was to characterize the near-
surface geology at a scale relevant to understand gas flow,
mass transfer and fate of GM in complex systems (centi-
metre to metre scale). This work has been completed and a
peer-reviewed article has been published in Science of The
Total Environment (Chao et al., 2020).

The near-surface geology at the HHFRS was characterized
using a variety of tools including core profiles, cone-pen-
etrometer testing (CPT), sediment samples and electrical
resistivity surveys. Specific emphasis was placed on under-
standing the movement and resulting distribution of free-
phase natural gas in the complex, interbedded systems ex-
pected in the WCSB. A conceptual hydrostratigraphic
model of the site with respect to gas flow was developed,
showing that the pattern of buoyancy-driven gas in glacio-
fluvial deposits can be complex and spatially heteroge-
neous (Figure 3). This layered system can cause both the
vertical migration of gas (through the more permeable units
1 and 3; Figure 3) and lateral migration of gas due to capil-
lary barriers (layers which impede gas flow due to high

MW19 MW12 MW10 MW13 PW4

Figure 3. Hydrostratigraphic conceptual model developed for the near-surface geology at the Hudson’s Hope Field Research Station
(Chao et al., 2020). Abbreviations: bgs, below ground surface; MW, monitoring well; PW, pumping well.
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pressure requirements to move gas through the tightly dis-
tributed pore space; units 2 and 4 in Figure 3). The local
capillary barrier in the permeable zone (e.g., unit 2 in Fig-
ure 3) controls the lateral extent of gas migration, fostering
significant gas pooling below the barrier. The surficial
diamict (till; unit4 in Figure 3; Figure 4), a feature common
across the WCSB, can limit a significant portion of vertical
gas migration from reaching the ground surface. In this sys-
tem, the majority of natural gas is expected to be confined
to aqueous expression because of high pressure require-
ments to pass through the upper diamict. The diamict was
found to be oxidized between the surface and a depth of 3.5
to 5.7 m bgs then transitioned to unoxidized material (Fig-
ure 3). There was some evidence of till lenses observed em-
bedded within the oxidized diamict. Both natural pathways
and anthropogenically induced pathways (e.g., installed
wells), which may have lower pressure requirements for
gas to enter and flow through, could provide conduits for
gas to move vertically toward the ground surface and into
the atmosphere. If gas was able to enter the diamict unit, the
oxidized portion might have greater capacity to degrade
methane and convert it to CO, before reaching the surface.

One tool used to assess the near-surface geology and
hydrostratigraphy was CPT. Traditionally, this approach is
used in geotechnical applications, however, the properties
of soil that allow differentiation between soil behaviour
types (SBT) can be used to infer the hydrostratigraphic lay-
ers. That is, when coupled with soil samples collected from
core, the CPT results can be used to understand the distribu-
tion of hydrofacies along a vertical profile (e.g., see Fig-
ure 5). This technique allowed for nine profiles over the ex-
tent of the HHFRS study area to be measured at the
centimetre scale. This provides a very high-resolution
means of constructing a conceptual site model where GM
may occur.

Hydrogeology and Groundwater Monitoring

Understanding the dissolution of natural gas in the complex
subsurface environment at the HHFRS is a key objective of
the project. By measuring the evolution of dissolved gas us-
ing the groundwater monitoring network at the site (see
Cahill et al., 2020), information on the magnitude, duration
and extent of groundwater impacts can be assessed. Addi-
tionally, estimates of the amount of gas trapped in the
subsurface can be assessed.

During the injection period, four sampling ports (out of 49
sampling ports in 19 wells) showed increases in concentra-
tions of dissolved injected gas (mainly methane, ethane and
propane). Approximately 40 days after the injection
ceased, groundwater obtained from two more sampling
ports across the site showed increases in dissolved methane
(0.1-14 mg/L). The most recent measurements (490 days
after the start of the injection) showed that elevated dis-

Geoscience BC Report 2021-02
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Figure 4. The upper diamict layer at the Hudson’s Hope Field Re-
search Station (unit 4) is a plasticine-like material that will limit gas
flow through the layer.

solved methane appeared in 17 sampling ports in 10 wells
(Figure 6). The most significant increase in dissolved meth-
ane (~1 to 27.1 mg/L) appeared at a depth of 18 m in moni-
toring well 9, representing a highly heterogeneous distribu-
tion of the gas. This depth corresponds to unit 1, as
expected because this is a permeable unit that would allow
for gas to migrate and accumulate. Moderate increases
(~0.1-8.0 mg/L) in dissolved methane occurred at monitor-
ing depths of 12 and 16 m (unit 3). No significant increases
in dissolved gas concentrations were observed at the deep-
est monitoring depth of 20 m. Note that the measured con-
centrations are lower than the expected solubility of
methane that varies with depth, ranging from 42 to 68 mg/L
from 12 to 26 m bgs.

Sample collection (most recent field event was July 17,
2020) and analysis of groundwater for dissolved gas and
isotope compositions of methane are ongoing. Currently,
the focus is on understanding the rate of dissolution of free-
phase gas trapped within the system. Using upscaled mass
transfer approaches (Christ et al., 2006, 2010) and sitewide
dissolved methane concentrations, the aimis to estimate the
longevity of the free-phase gas within the system. Based on
preliminary analysis, the time for complete dissolution of
all injected gas will be on the order of tens of years. In addi-
tion to mass transfer considerations, the fate of natural gas
is being assessed by analyzing degradation products asso-
ciated with microbial oxidation (CO;) coupled with isoto-
pic analysis. The potential degradation of the injected gas
can reduce the timescale of its presence in groundwater
systems.

Soil Gas and Surface Efflux

To quantify the surface expression of GM at the HHFRS,
the release of CH, and CO, to the surface was measured us-
ing a variety of soil flux techniques including dynamic
long-term soil flux chambers, survey chamber measure-

139



PN

Geoscience BC

SBT MW13

Depth (m bgs)

Soil behaviour type

Organic soils - clay

Clay

Silt mixture

Sand mixture

Sand

Stiff sand and clayey sand
>8 Very stiff and fine-grained soil

NoO o~ WN

Hydrofacies
n Diamict (unoxidized)
I Diamict (oxidized)
Fine sand
B sandy silt
D Medium sand

Figure 5. Vertical profile of soil behaviour types (SBT) for monitoring well
(MW) 13 compared to the hydrofacies observed from the core log. Abbrevia-

tion: bgs, below ground surface.

ments and soil-gas wells distributed over the surface of the
HHFRS (Figure 7a). The combination of these three moni-
toring approaches allowed for temporally and spatially ex-
pansive monitoring and for isotopic data to be collected to
assess methane and ethane degradation in the subsurface.
With these multiple lines of data, a better understanding of
the surface expression of GM associated with a leaking
energy well could be developed.

Methane fluxes above background levels were measured to
the northwest of the injection point (approximately 16 m;
Figure 7b). This location is upgradient of groundwater
flow, suggesting that free-phase gas movement in the heter-
ogeneous subsurface was governed by contrasts in entry
pressure and permeability as opposed to groundwater flow.
The CH, fluxes in the area of the release fluctuated between
0.1 and 8 pmol/m*/s, suggesting that a preferential flow
pathway developed between the saturated zone and the sur-
face. The CO, fluxes were more challenging to interpret be-
cause natural increases of CO, fluxes from the subsurface
due to increased root respiration associated with warmer
summer months occurred concurrently with the release of
the natural gas. Although an increase from background
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CO; levels was observed, it is difficult to determine if this
was the result of injected CH,4 being oxidized. Measure-
ments using the survey chambers at 12 different time points
(every 2—4 weeks following the initiation of gas injection)
allowed for a larger area to be monitored to determine
fluxes across the HHFRS. These measurements, however,
confirmed that elevated CH, fluxes were localized to the
area northwest of the injection point near to monitoring
well (MW) 2 (Figure 7b). The flux data suggest that gas mi-
gration from the unsaturated zone to the surface is likely at-
tributed to preferential flow paths through the upper
diamict layer, described by Chao et al. (2020). This confir-
matory evidence of the localized fluxes reiterates the find-
ings of Chao et al. (2020), and suggests that gas will reach
the surface only through naturally formed pathways in the
diamict (e.g., fractures in the material, seams of coarse-
grained sediments) or as a result of anthropogenic-formed
pathways (e.g., along installed wells).

In addition to the flux data, soil-gas compositions (CHy,
CO,, N, Ar) and isotope ratios provide further insights on
the mechanisms of surface expression at the HHFRS. The
carbon isotopic composition (8"°C) of CH,4 present in the

Geoscience BC Summary of Activities 2020: Energy and Water



PN

Geoscience BC

PW2
35 ©
804 Pgﬂ TN
2% ° 35 30 25 =
£ 15+ |
= 16
g = @ Well Depth | CH, | |-
ID
S @ (m) |(mglL)
B 54 2 12 8.0 -
T e 5 @ 18 | 185 |
g ¢ Ox®© © s w02
o ° 9 :
£ 5] 20 | 05 | |
2 . S 12 | o7
8 ¢ 120 | o7
: 7L
S 12 16 6.2
L 8
5 . 2 os |
‘ AT 49 | |
15 18 4.8
+ Groundwater flow direction 12 0.1
-25- 17 =
X Gas injection point 18 1.2
@ Multilevel monitoring well z 18 18 3.0
. 12 8.0 B
(O Single-screen well 19
PW4 18 0.1
-35 T T T I T T
-35 25 -15 -5 5 15 25 35

Distance from gas injection point (m)

Figure 6. Groundwater monitoring well locations, including sampling locations that
showed elevated dissolved methane (CH,4) concentrations (red circles) 490 days after
the injection began at Hudson’s Hope Field Research Station. Abbreviation: PW,

pumping well.
a)
35 15
N CHs flux
(pmol/m?/s)
25 4o ° ° ° ° A &
10
E -
E 154 . £
2 ° g s
= {="
.% . g
B 5 . 8
= 8
g b o S )
y S
o
S 5 ° ® 2
E £
2 g
: ° o k4 o - -5
g 15 1 ¢ 2
[a) (=]
-10
25 Jo ° ° ° & ° ° &
—
Groundwater flow direction
35 -15
35 25 -15 5 5 15 25 35

=20 -15 -10 -5 0 5

Distance from the gas injection point (m) Distance from the gas injection point (m)

+ Survey collar location X Long-term chamber + MW2 e Gas injection point ¢ Soil-gas well A EC system

Figure 7. a) Location of surface flux monitoring equipment at the Hudson’s Hope Field Research Station and b) methane (CH,) flux using an
integrated interpolation of long-term soil flux chambers and survey chamber measurements, 45 days after the beginning of injection.
Dashed box in a) represents the area presented in b). Abbreviations: EC, eddy covariance; MW, monitoring well.

Geoscience BC Report 2021-02 141



<<
AN

Geoscience BC

CH«

m

y

Methane

Mass flow
Computer |- cylinder

controller regulator

| r Release

Pressure _ Flow
meter

Eddy covariance
tower

Figure 8. Schematic diagram showing the experimental setup of the controlled gas release experi-

ments at Hudson’s Hope Field Research Station.

unsaturated zone is less negative than that of the injected
CH, and 8"C of CO, is more negative than is typical for
background conditions. This suggests that oxidation of the
injected CHy, is occurring facilitated by microbes. With fur-
ther investigation, the rate of oxidation of the injected CH,
can be determined when coupled with investigation of the
microbial community structure and activity at the site.

Eddy Covariance and Micrometeorology

The eddy covariance (EC) tower was deployed prior to and
during the natural gas release in the subsurface at the site in
2018 (see Cahill et al., 2020 for a detailed description). The
EC system was redeployed to the site in the summer of
2019. During this time a controlled release at the surface
was conducted to better constrain the results from the sub-
surface release (described below), after which the EC sys-
tem was decommissioned. A comprehensive analysis of the
dataset collected over the injection experiment enabled the
gathering of knowledge about gas leakage to the atmos-
phere (location and volume).

The controlled surface release experiments were of para-
mount importance, and helped confirm and validate: 1) the
flux footprint model to be used for data analysis, and 2) the
methodology of data analysis to be followed, that is, con-
verting the EC measurements to values that are more repre-
sentative of gas leakage to the atmosphere. During the sur-
face release experiments, CH4 was released using a mass
flow controller under varying conditions and was measured
using the EC system (Figure 8). Various factors associated
with the gas source, such as along-wind distance from the
tower, the height of the source from the surface and release
rates, were tested to understand the dependence of the flux
footprint model on these factors. All the controlled releases
indicated that the flux footprint model of Kljun et al. (2015)
performed the best under the conditions of this project.
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The approaches for flux footprint analysis included
1) down-scaling the EC measurements to the surface mea-
surements by knowing the location and nature of the leak as
informed by the chambers, and 2) demonstrating an inver-
sion approach (based on Lewicki et al., 2009) to independ-
ently use EC measurements to obtain a surface flux distri-
bution over the domain of the field site, and identify the
location of the leak. The data analysis is complete and the
results will be described in detail in a peer-reviewed publi-
cation.

Conclusions and Ongoing Work

Field activities at the Hudson’s Hope Field Research Sta-
tion have been completed with the exception of annual
groundwater sampling events to monitor continued disso-
lution and degradation of the injected natural gas. Long-
term groundwater monitoring infrastructure will remain for
this purpose, whereas other systems such as the eddy
covariance and solar power stations have been decommis-
sioned. In addition to the publication of the near-surface ge-
ology and hydrostratigraphy investigation results in Sci-
ence of The Total Environment, several other manuscripts
are in preparation detailing 1) the surface flux monitoring
and the key findings of these efforts, 2) the evolution of dis-
solved gas at the site, and 3) the geochemical processes oc-
curring at the site as a result of the controlled gas release.
Further dissemination of this research has occurred through
conferences including GeoConvention, the American Geo-
physical Union Fall Meeting and The Geological Society of
America Annual Meeting.
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Project Background

Northeastern British Columbia (BC) is an area of active and

historical natural gas development, mining, forestry and

other activities. Projects such as the Province of BC’s

Northeast Water Strategy (NEWS) and Regional Strategic

Environmental Assessment (RSEA) and results of the Sci-

entific Review of Hydraulic Fracturing in British Columbia

(Scientific Hydraulic Fracturing Review Panel, 2019) have

identified the need to

e increase water monitoring in BC’s Northeast region,

e address Treaty 8 First Nations’ concerns over water
quantity and quality, and

e combine Traditional Knowledge with scientific data to
better understand local water resources.

Over the past 100 years, the Water Survey of Canada has
monitored streamflow at 54 stations in northeastern BC,
however, only 29 stations are active today. Both surface and
groundwater quality have been monitored randomly and
inconsistently at numerous locations across the northeast;
historically, there was little effort to correlate water quan-
tity with water quality. This lack of baseline data, particu-
larly in some of the smaller watersheds, makes it a chal-
lenge to manage water. Several needs have been identified
in northeastern BC, specifically, the collection of scientific
data to improve the understanding of surface water flow
and correlated surface water quality and the collection of
groundwater and climate monitoring data to 1) assess
groundwater—surface water interaction, 2) assess ground-
water quality and 3) improve watershed water balances.
There is also an overarching need to develop a framework
that relates the wealth of First Nations Traditional Knowl-

This publication is also available, free of charge, as colour digital
files in Adobe Acrobat® PDF format from the Geoscience BC web-
site: http://geosciencebc.com/updates/summary-of-activities/.
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edge to scientific data. This will begin bridging the data gap
between these two methods of assessment.

In recognition of these needs, Geoscience BC initiated
three overlapping projects summarized under the title of Pi-
lot Collaborative Water Monitoring Program, Northeast
B.C. (Figure 1):
1) Northeast B.C. Hydrometric Monitoring Project
a) install four to six hydrometric stations to measure
surface water quantity
2) Groundwater Quantity and Quality, Surface Water
Quality and Climate Monitoring Project
a) install groundwater monitoring well(s) to monitor
quantity and quality
b) install surface water quality monitoring sites, which
will align with the hydrometric station locations to
be installed as part of the Northeast B.C. Hydromet-
ric Monitoring Project
¢) install climate stations to monitor local weather in
the vicinity of groundwater and surface water moni-
toring sites
3) Traditional Knowledge Project
a) gather Traditional Knowledge at each station/site to
incorporate with Western science data

The three projects will be conducted in unison, were started
in the fall of 2020 and will end by March 2023.

Program Description

The three projects will be conducted in collaboration with
the Treaty 8 First Nations; all Treaty 8 First Nations have
been invited to participate in the program. The first online
meeting was held in December 2020. As part of the ongoing
meetings with the First Nations communities, four to six
hydrometric station locations will be selected within the pi-
lot study area (Figure 2), ideally within medium to high dis-
turbance watersheds (Johnson, 2015), which will align
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Figure 1. Aselection of the equipment to be installed and data to be collected at the chosen sampling sites: a) data communication equip-
ment, b) First Nations training, c) streamflow measurement and d) water quality sampling.

with the RSEA process. Sites will initially be selected
through a desktop review and confirmed through field site
visits in the spring/early summer of 2021. The equipment
will be installed during the field season of 2021 and data
collection and associated sampling will continue through to
the end of 2022 to capture two full seasons of data. Hydro-
metric stations to measure surface water quantity will be in-
stalled at all the selected sites, and surface water quality
sampling will be conducted where possible. Groundwater
wells (for groundwater quantity and quality monitoring)
and climate monitoring equipment will be installed at
selected sites where possible.

The Treaty 8 First Nations will be invited to be a part of the
entire process, from selecting the station locations to in-
stalling the equipment to collecting the data. In addition,
First Nations will be invited to share their Traditional
Knowledge at each site. This collaborative program is de-
signed to be a two-way learning process—capturing data
with a study design that will build scientific knowledge and

146

including Traditional Knowledge to help bridge the gap be-
tween the learnings gained from monitoring and Indige-
nous values, which will then be conserved. The program is
scheduled to wrap up in 2023 with a final report. However,
conversations have been initiated with industry and gov-
ernment to continue this project beyond 2023.

Summary

This pilot water monitoring study takes a collaborative ap-
proach with First Nations, government and consultants
working together to select water and climate monitoring lo-
cations in northeastern British Columbia. The combining
of Traditional Knowledge and Western science can be used
to inform decisions and support the rights of the Treaty 8
First Nations. By collecting the different types of surface
water, groundwater and climate data, it will hopefully lead
to a better understanding of the health of the study area wa-
tersheds and the overall water balance.
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The long-term goals of the program are to e develop an effective monitoring approach to assist with
. . watershed health assessments and identify changes in
e expand surface water, groundwater and climate moni-
. " . watershed health.
toring across northeastern British Columbia,
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Introduction

The Peace Region in northeastern British Columbia (BC) is
located on the western edge of the Western Canada Sedi-
mentary Basin (WCSB), bordering the Canadian Rocky
Mountains (Figure 1). The hydraulic characteristics of ma-
jor aquifers of the Peace Region in northeastern BC have
been the subject of increasing interest over the last decade
(Foundry Spatial Ltd., 2011; Baye et al., 2016; Morgan et
al., 2019; Chao et al., 2020). Although groundwater is not
the main source of drinking water for the over 60 000 resi-
dents of the Peace Region, as most large communities
source their water supply from major rivers, nonetheless
understanding sustainable yield of groundwater is impor-
tant for domestic, industrial, agricultural and environmen-
tal purposes (Bredehoeft, 2002; Baye et al., 2016; Statistics
Canada, 2017). Most groundwater wells in northeastern
BC are constructed with a well screen installed in weath-
ered/fractured bedrock, with fewer having the screen in-
stalled in buried-valley sand/gravel aquifers (Baye et al.,
2016). Buried-valley, or paleovalley, aquifers commonly
host significant sources of groundwater in those areas
where they are thick and laterally continuous (Hickin et al.,
2008). For example, a buried-valley aquifer located in the
Peace River paleovalley near Hudson’s Hope, BC was
shown to yield 31.5 L/s (600 gal/min) during a 72-hour
constant-rate pumping test (Gardiner et al., 2020).

The objective of this study is to determine dominant re-
charge pathways through low-permeability, confining lay-
ers to both weathered bedrock and buried-valley aquifers in
the Sunset paleovalley, an archetypical groundwater sys-
tem that is located in the southern Peace Region, west of
Dawson Creek, BC (Figure 1). The spatial distribution of
recharge values, residence times of aquifers and the steady-
state water balance of the system are analyzed using a
groundwater-flow model.
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The distribution and magnitude of recharge is dependant on
climate (precipitation/evapotranspiration rates), geologi-
cal framework (confining thickness/conductivity) and to-
pography (runoff/infiltration ratio; Winter, 2001; Sanford,
2002). Over much of the study area, the aquifers are con-
fined by low-permeability tills, which limit recharge rates,
but protect the aquifers from potentially degrading surficial
processes such as drought and contamination (Cummings
et al., 2012). The dominant factor controlling recharge for
the Sunset paleovalley system is assumed to be lithology,
with most recharge likely originating where ‘windows’ of
thin surficial confining material (e.g., Quaternary diamict)
exist, resulting in a shorter travel time to the aquifer below
(Andriashek, 2003; Nastev et al., 2005; Cummings et al.,
2012). These windows can provide pathways for focused
recharge to weathered bedrock and buried-valley aquifers
(Korus et al., 2017). Recharge dynamics in buried-valley
aquifers depend greatly on the bulk permeability of the con-
fining layer and groundwater residence times in till mate-
rial has been shown to range from thousands to tens of thou-
sands of years (Keller et al., 1989). The flow regime
through surficial tills depends on vertical groundwater
flux, depth to the water table and depth of the weathered/
unweathered boundary (Keller et al., 1988).

There are no modelling studies with a primary focus on
groundwater recharge of buried-valley settings in north-
eastern BC. This region is distinct from those of most other
studies in the WCSB; it is characterized by undulating ter-
rain near the Rocky Mountain Foothills and a lack of fea-
tures common to the Prairie Pothole Region, which are hy-
pothesized to be the dominant recharge mechanism found
in many WCSB buried-valley systems (Meyboom, 1966;
Berthold et al., 2004; Cummings et al., 2012).

Paleovalley systems are common in glaciated terrain and
numerous other local (1-5 km scale) buried-valley systems
have been studied using numerical models (Shaver and
Pusc, 1992; Seifert et al., 2008; Seyoum and Eckstein,
2014). Morgan et al. (2019) used MODFLOW 6 software
developed by the U.S. Geological Survey to simulate re-
gional (60 km) groundwater flow for a paleovalley system
in northeastern BC located in the Halfway River area, fo-
cusing on the continuity of buried-valley aquifers and their
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importance on regional groundwater flow. Comparatively,
this study by Morgan et al. (2019), focusing on a larger
area, covered several distinct paleovalleys, had a large un-
confined-aquifer component and described aquifers that
were conceptualized to have considerable connection to
surface water.

Since recharge is a major component of the groundwater
budget, the interpreted model results will help inform sus-
tainable extraction of this finite groundwater supply and
have implications for advective transport of solutes and/or
contaminants, such as dissolved fugitive gas being released
from compromised energy wells (Bredehoeft, 2002; Cahill
et al., 2019; Chao et al., 2020). As the Sunset paleovalley
system is in an area of unconventional-gas development, it
is important to understand typical regional-scale ground-
water-flow patterns that will control the movement of po-
tential dissolved-phase contaminants, including fugitive
dissolved gases.

The first step consisted in developing the hydrogeological
framework and conceptual model of the system, focusing
on the shallow (<200 m), regional (~15 km) groundwater
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flow of the multilayered aquifer system. Next, a 3-D,
steady-state, saturated-flow model of the system using
MODFLOW 6 software was developed (Hughes et al.,
2017). The system was then modelled using methods that
yielded a steady-state model, since only two long-term
monitoring points were available within the model domain,
and since the longer term flow dynamics and water balance
of the near-surface potable or near-potable water aquifers
were the principal focus.

This modelling study complemented a larger regional char-
acterization of shallow groundwater in the Peace Region
described in Allen etal. (2021). In2018-2019, 29 monitor-
ing-well stations were installed in various aquifer types
throughout the Peace Region as part of the Energy and En-
vironment Research Initiative (EERI), a component of the
Monitoring Well Installation Project of The University of
British Columbia. These stations provided high-quality li-
thological and hydrogeological data on Quaternary and
bedrock material. Monitoring wells EERI-1 and EERI-11
are located within this study’s model domain and provided
key data to construct the conceptual hydrogeological mod-
el (Figure 2).
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Figure 2. Surficial, bedrock and water well data of the study area in the southern Peace Region, west of Dawson Creek. The
model area is outlined in pink and the vertical black dashed line represents a transect (A—A’) indicating the location of the concep-
tual model cross-section shown in Figure 4. Abbreviation: EERI, Energy and Environment Research Initiative.
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Study Area
Physiology

The Sunset paleovalley is a minor paleovalley (Figure 2)
delineated by Hickin et al. (2008), with an elevation rang-
ing from 660 to 900 m above sea level (asl). It is considered
part of the Alberta Plateau of the Interior Plains physio-
graphic region of BC (Holland, 1964).

The climate of the study area has mean annual temperatures
below 0°C, with daily average temperatures ranging be-
tween -17°C and 22°C. Average annual precipitation
ranges from 350 to 500 mm, approximately 200 mm of
which falls as snow (Environment and Climate Change
Canada, 2020). Peak freshet due to snowpack melting oc-
curs in the spring, with most meltwater coming from moun-
tainous regions to the west of the study area. A generally ru-
ral region, the dominant land usages within the study area
include agriculture, timber harvesting and energy
development (Baye et al., 2016).

The study area is located in the Sunset Creek sub-basin of
the Kiskatinaw River watershed, with the river forming the
eastern drainage for surface water (Figure 1). Originating
in the foothills of the Rocky Mountains, the Kiskatinaw is a
groundwater-fed, drought-stressed river with a mean base-
flow index ranging between 58 and 75% (2007-2011; Saha
et al., 2013). Groundwater contribution to the Kiskatinaw
River is highest during drought and snowfall events, and
lowest during wet seasons and freshet. Average annual run-
off for the Kiskatinaw River Basin (1966-2008) comes
from precipitation (14.2%), with the remainder consisting
of evapotranspiration and groundwater recharge (Foundry
Spatial Ltd., 2011). The flow rate of the Kiskatinaw River
varies greatly, averaging 10 m*/s and dropping to 0.052 m’/s
during the winter months (Saha etal., 2013). It is important
to understand groundwater contribution to this river, as it is
the most important source of water to the communities of
Dawson Creek and Pouce Coupe as well as to thousands of
rural residents of the Peace Region. Dawson Creek water
demand increases by 3.2% per year on average (Sahaetal.,
2013).

Regional Geology

Located near the western limits of the WCSB, the shallow
geology of the Sunset Creek valley generally consists of
glaciogenic Quaternary sediments that overlie the topmost,
southwest-dipping, Upper Cretaceous sedimentary bed-
rock strata (Figure 2; Hickin and Fournier, 2011a; Riddell,
2012). The shallow bedrock formations are interpreted as
the result of successive marine transgressive-regressive cy-
cles (Riddell, 2012). There are two bedrock formations of
interest mapped within the study area: the Dunvegan and
Kaskapau formations (BC Ministry of Energy Mines and
Low Carbon Innovation, 2020). The Dunvegan Formation
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is an Upper Cretaceous nonmarine to marine deltaic sand-
stone/siltstone that is primarily mapped in low-elevation
parts of the study area. This formation is the most important
shallow reservoir for freshwater domestic groundwater in
northeastern BC (Riddell, 2012). The overlying Kaskapau
Formation shale/siltstone is more regionally extensive, but
also hosts aquifer potential to some degree (Lowen
Hydrogeology Consulting Ltd., 2011; Riddell, 2012). The
uppermost bedrock strata are often observed as being
weathered/fractured, which is likely the result of long-term
mechanical weathering of bedrock surfaces caused by
Pleistocene glacial erosion (Imrie, 1991; Gao, 2011). This
secondary-fracture enhancement of the permeability has
created observed hydraulic conductivities orders of magni-
tude greater than those observed in underlying competent
bedrock counterparts (Riddell, 2012).

The extent, composition, lithology and genesis of major
Quaternary paleovalley stratigraphy has been thoroughly
studied in the Peace Region (Catto, 1991; Hartman and
Clague, 2008; Hickin et al., 2008, 2016; Lowen Hydro-
geology Consulting Ltd., 2011; Hickin and Best, 2013),
where the paleovalleys were carved and filled by various
glacially related processes, such as preglacial rivers, and
further incised by proglacial or subglacial channels
(Cummings et al., 2012). Valley shape, specifically depth-
to-width ratio, can vary greatly, with larger paleovalleys
being broad and shallow, and smaller paleovalleys being
narrow and deep (Andriashek, 2003; Pugin et al., 2014).
Created glacially or interglacially, these paleovalleys
sometimes mimic the shape of modern major river valleys,
such as the Peace, Pine and Kiskatinaw paleovalleys. Oth-
ers, such as the Groundbirch and Sunset paleovalleys, are
completely blanketed by till and glaciolacustrine deposits,
leaving little surface expression.

EERI Wells

The Quaternary and shallow bedrock geology of the Sunset
paleovalley was broadly conceptualized using lithological
data from 85 registered domestic-well records entered in
the WELLS database, two provincial monitoring wells and
two EERI monitoring wells newly installed within the
study area. Unfortunately, the lithological logs of most of
the domestic wells are of extremely poor quality, providing
little descriptive information and often lumping units to-
gether (Baye et al., 2016). Therefore, the only highly de-
tailed logs in the paleovalley, obtained from EERI-1 and
EERI-11, were key to the development of the hydrogeo-
logical conceptual model. The monitoring wells were in-
stalled using the sonic drilling method through Quaternary
sediment and diamond coring through bedrock. The sonic
drilling method uses high-frequency vibrations to drive the
drill bit downward, retrieving high-quality unconsolidated
sediment core in the process. Combining these two drilling
methods made it possible to retrieve much more detailed
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and higher quality logs than would have been possible rely-
ing solely on air rotary drilling. Both EERI wells are lo-
cated in topographic lows, near the Sunset paleovalley
thalweg (Figure 2). The sequence stratigraphy of EERI-1
and EERI-11 were determined with the aid of detailed de-
scriptions from a study on the Quaternary stratigraphy of
the adjacent Groundbirch paleovalley (Hickin et al., 2016).
It was assumed that through lateral continuity, given that
the Sunset and Groundbirch paleovalleys share a similar el-
evation, the stratigraphic interpretations of the study by
Hickin et al. (2016) could be applied to the Sunset
paleovalley depositional setting. The generalized sequence
stratigraphy of the Late Wisconsinan Sunset paleovalley is
interpreted as glaciolacustrine sediments deposited by
glacial advance, which were overlain by ice-contact sedi-
ments, in turn overlain by retreat-phase glaciolacustrine
sediments.

Monitoring well EERI-1 consists of ~66 m of mainly till
and sand/gravel intervals and does not reach bedrock (Fig-
ure 3). The top ~13 m is a sequence of coarse sharp sand,
overlain by diamict interbedded with a thin clay layer, over-
lain by continuous clay interpreted as sediments deposited
by retreat-phase glacial Lake Peace, a proglacial lake
which typically formed the surface units in areas of north-
eastern BC with elevations less than 1000 m asl (Hickin et
al.,2016). The subglacial till below this unit (~13—-42 m) is
a poorly sorted, silt- to clay-rich, matrix-supported diamict
with granule- to boulder-sized clasts of western prove-
nance (chert and quartzite), indicative of Cordilleran ice-
sheet transport. This subglacial till forms an abrupt contact
with the underlying glaciofluvial sandy gravel, which con-
sists of a poorly sorted and clast-supported gravel, with mi-
nor sand interbeds. Underlying the glaciofluvial gravel is a
fining-upward sequence of laminated silty clay to diamict,
interpreted as deposits associated with the advance-phase
glacial Lake Mathews (Hartman and Clague, 2008).

Monitoring well EERI-11 extends through 40 m of clay,
diamict and sand overlying 37 m of medium sandstone
interlayered with siltstone. Like EERI-1, the uppermost
10 m consist of fining-upward glaciolacustrine clay indica-
tive of retreat-phase glacial Lake Peace. Below this, lies
subglacial till (10-27 m) consisting mainly of poorly
sorted, silt- to clay-rich matrix-supported diamict with
granule- to boulder-sized clasts. Below this, a massive fine-
sand unit (27-37 m) is interpreted to be of glaciofluvial ori-
gin. The lowermost portion (37-40 m) consists of a thin
layer of diamict interpreted as deposits associated with gla-
cial Lake Mathews. These Quaternary sediments lie uncon-
formably atop the Cretaceous bedrock, which is composed
of medium-grained sandstone interlayered with siltstone
that matches the Dunvegan Formation bedrock mapped at
this location.

Geoscience BC Report 2021-02

Groundwater Flow

Hydraulic-head data was available from 35 groundwater
wells, made up of domestic, provincial observation and
EERI wells. Although 85 domestic well records entered in
the WELLS database are located within the model domain,
head data from only 31 wells were used to calibrate the nu-
merical-model study since these were the only wells pro-
viding both reliable lithological and static-water records
(22 in bedrock and 9 in Quaternary units).

The newly installed EERI monitoring wells provided more
recent (2019-2020) and reliable hydraulic-head measure-
ments than domestic wells. Most EERI monitoring wells
located across the Peace Region were equipped with data-
logged pressure transducers to record head through time.
Monitoring well EERI-1 is a nested multilevel well, with
screens installed in the deeper glaciofluvial gravel and
shallower sand units; both these screened units are artesian.
Consequently, no data loggers were installed, and tran-
sient-head data is therefore unavailable. Monitoring well
EERI-11 is a multilevel well developed by Westbay® In-
struments and equipped with nine pressure-measurement
ports, all located in the weathered bedrock Dunvegan For-
mation; all nine showed artesian pressure when measured
during two sampling events in 2019 and 2020. Atboth sam-
pling times, the vertical gradient between consecutive ports
was less than +0.02 m/m in seven of the nine ports. This
small vertical gradient is within the £0.01 m error tolerance
of the Westbay pressure-profile tool (Meyer et al., 2008,
2014), and indicates horizontal flow along these intervals,
relatively high vertical hydraulic conductivity (Kv) and
good vertical connection in this section of weathered bed-
rock (Meyer etal., 2014). The hydraulic head at the bottom
port was 12 cm greater than at the top port, with a vertical
separation of 25 m, corresponding to a total vertical gradi-
ent of 0.0048 m/m downward (Figure 3). The lack of large
resolvable head changes between ports indicates the ab-
sence of aquitard units within this section of sandstone
interlayered with siltstone. It is important to note that the
top 4 m of bedrock (directly underlying the Quaternary
units) are not screened by Westbay ports. Without head
measurements in the top 4 m, it is difficult to interpret the
vertical-flow direction through the bedrock/overburden
interface.

Conceptual Model
Hydrostratigraphy

A conceptual model, which identifies the most important
hydrogeological processes, was developed considering the
available information. A schematic hydrostratigraphic sec-
tion for the Sunset paleovalley model is shown in Figure 4.
The Sunset paleovalley has similar morphology and geol-
ogy and, therefore, expected flow patterns similar to those
identified in the study by Nastev et al. (2005). Precipitation
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is expected to infiltrate to groundwater mostly in topo-
graphic highs, where impermeable till/clay is thin or ab-
sent. Infiltrated water then flows into the regional weath-
ered-bedrock aquifer, with the flow direction mimicking
bedrock topography toward the valley centre. From this
point, the groundwater will either continue to flow in the
weathered bedrock toward groundwater discharge points,
flow upward into more permeable buried-valley sand/
gravel aquifers due to strong hydraulic-conductivity con-
trasts, or travel downward to recharge deep groundwater.
Groundwater flow in both gravel and bedrock aquifers is
expected to ultimately flow roughly parallel to the long axis
of the bedrock valley (Shaver and Pusc, 1992) toward out-
flow points, such as springs, or into regional drains, such as
the Kiskatinaw River.

Eight hydrostratigraphic units (HSUs) have been identified
for the conceptual model of the Sunset paleovalley: five
Quaternary hydrofacies (weathered till/clay, alluvium,
unweathered till, buried-valley sand/gravel and basal till)
and three bedrock hydrofacies (weathered-bedrock Dun-
vegan Formation sandstone, weathered Kaskapau Forma-
tion shale and competent shale).

A

Recharge CHB:
Layer 1 head = topography

Aquifer Properties

The hydraulic conductivity of each of the eight HSUs is
based on estimates from various sources: range of values
from the literature, grain-size distribution results and
pumping tests (Table 1). In all units, Kx is assumed equal to
Ky. A vertical anisotropy factor of Kh/Kv =10 is set for the
alluvial, buried-valley sand/gravel and all bedrock HSUs to
demonstrate the horizontal preferential permeability com-
mon to sedimentary rocks (Freeze and Cherry, 1979). The
three till HSUs are assumed to be isotropic based on the as-
sumption that both vertical and horizontal fractures are
equally common, in combination with extremely low ex-
pected matrix permeability. However, it is expected that
flow-through till material will always be vertical due to
flow-line refraction.

Grain-size distribution was analyzed using a Mastersizer
particle-size analyzer developed by Malvern Panalytical
Ltd. on select Quaternary samples from EERI-1. The hy-
draulic conductivity of two samples within the EERI-1 bur-
ied-valley sand/gravel was estimated using the Kozeny-
Carman and Terzaghi equations (Odong, 2007), with val-
ues ranging between 60 and 130 m/d.

Weathered till/clay

Unweathered till

Basal till

-~ Weathered bedro

Buried-valley sand/gravel -

Competent bedrock

450
masl|

No-flow poundary

Figure 4. Conceptual block model of the hydrostratigraphy of the Sunset paleovalley study area, along transect A—A’ shown in
Figure 2. Hydrostratigraphic units are labelled, along with hypothesized recharge flow path (blue arrows) from surface to buried-
valley sand/gravel aquifer and approximate locations of some of the boundary conditions. Abbreviations: CHB, constant-head

boundary; m asl, metres above sea level.
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Table 1. Hydrostratigraphic units, with corresponding layer number, calibrated hydraulic conductivities and
range of values from the literature. Shaded hydrostratigraphic units represent aquifer material.

Hydrostratigraphic unit

Model layer no. Model Kx/Ky Model Kz

Literature range

Weathered till/clay’
Alluvial®

Unweathered till *
Buried-valley sand/grave
Basal till *

Dunvegan Fm. sandstone (weathered)?*
Kaskapau Fm. shale (weathered)® *
Shale (competent)?

1
|

OO OWN =

Min Max

(m/d) (m/d)  (m/d) (m/d)
15x10° 15x10° 16x10* 1.7x107
430 43 260 86x10*
86x10° 86x10° 43x10° 86x10°
110 11 1 140
1.5x10° 15x10° 16x10* 1.7x107
8 0.8 8.6x10° 8.6
0.1 1.0x 102 86x10° 86x10°
1.0x107 1.0x10® 86x10° 86x10°

'Estimated from literature values (Cummings et al., 2012)

2Estimated from literature values (Freeze and Cherry, 1979)

°Estimated from grain size analysis (A.M. Goetz, unpublished data, 2020)

“Estimated from pumping-test analysis ( Baye et al., 2016)

In a prior study by Baye et al. (2016), 24-hour pumping
tests were performed at the provincial monitoring wells
within the model domain. Using the Theis, Cooper-Jacob
and recovery analyses (Theis, 1935; Cooper and Jacob,
1946), provincial monitoring well OBS 416 presented a
range of hydraulic conductivities between 9.0 and 30 m/d
and well OBS 417 ranged between 0.70 and 0.81 m/d.
These values are representative of both the weathered-bed-
rock Dunvegan Formation and weathered Kaskapau
Formation.

Groundwater-Flow Modelling
Model Structure

The grid of this model is formed of gridblocks each measur-
ing 100 by 100 m; it consists of 23 448 gridblocks per layer
and the active model domain covers approximately
235 km® (Figure 5). The gridblock size was chosen to ade-
quately represent variations in hydraulic properties, while
maintaining a manageable run time (Reilly and Harbaugh,
2004). All gridblocks are set to ‘convertible’ as the default
value, with the wetting option enabled for all layers. The
model is made up of six layers, extending from ground sur-
face to a planar, horizontal base at an elevation of 450 m asl.
The top four layers represent Quaternary HSUs and the
bottom two layers represent bedrock HSUs.

The upper surface of the grid was interpolated from digital
elevation data (DEM; Government of British Columbia,
2020) and the top of the bedrock was interpolated using an
existing bedrock topography DEM (Hickin and Fournier,
2011b). In a previous study of drift thickness in the Peace
Region, Hickin and Fournier (2011b) digitized a bedrock
DEM using primarily lithological descriptions from water
well driller logs, oil and gas petrophysical logs, and surface
exposures. Both bedrock and surface topography DEMs
were reclassified (Resample raster function in ArcMap) to
the same 100 m cell size. Since the DEMs came from differ-
ent sources, bedrock elevations at some spots were greater
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than surface elevations. To eliminate this incongruence,
Raster Calculator was used in ArcGIS to locate cells where
bedrock DEM elevation was greater than ground surface
DEM elevation. The bedrock elevation in these selected
cells was set to 1 m deeper than the surficial DEM. The
resulting DEMs were then imported into MODFLOW 6 as
layer boundaries.

It was not possible to define precise lithological contacts
based on the few lithology logs publicly available for the
model domain area (Seyoum and Eckstein, 2014; Morgan
et al., 2019). In an attempt to approximate as precisely as
possible the thicknesses of the overburden layers (layers 1—
4), each layer was assigned a constant fraction of the total
drift thickness dependent on spatial location. These con-
stant fractions for the four Quaternary layers were esti-
mated based primarily on hydrogeological interpretations
from monitoring wells EERI-1 and EERI-11. The surficial
geology of layer 1 at the surface is based on mapped
surficial geology data from Hickin and Fournier (2011a)
and consists of either weathered till/clay or the alluvial
HSU. The thickness of this layer accounts for 13% of the to-
tal drift-thickness value. Layer 2 is composed entirely of
unweathered till, representing the main confining unit of
the model. The thickness of this layer corresponds to 52%
of'the total drift thickness. Layer 3 is defined as buried-val-
ley sand/gravel HSU, if within the thalweg shape, or
unweathered till, if it lies outside the thalweg shape (yellow
outline on Figure 5). The thickness of this layer is 25% of
the total drift thickness. Layer 4 consists entirely of basal
till HSU and accounts for 10% of the total drift thickness.
Layer 5 is defined as either weathered bedrock Dunvegan
Formation sandstone or Kaskapau Formation shale, de-
pending on mapped bedrock (BC Ministry of Energy,
Mines and Low Carbon Innovation, 2020). The thickness
of this layer is uniformly set at 20 m. Layer 6 is entirely
composed of competent-bedrock shale HSU (layer 6),
ranging from the bottom of the weathered bedrock to
450 m asl.

Geoscience BC Summary of Activities 2020: Energy and Water
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Figure 5. Model grid with boundary conditions built using MODFLOW 6 software (Hughes et al., 2017). Inset showing a simple
cross-section (B—B’) of layers 1-4 (Quaternary HSUs) and layers 5, 6 (bedrock HSUs). Abbreviations: EERI, Energy and Environ-

ment Research Initiative; HSU, hydrostratigraphic unit.
Boundary Conditions

In the case of the lateral limits of the model domain, no-
flow boundaries were primarily defined by major regional
watershed divides, with some boundaries being interpreted
as flow divides between the Sunset Creek, Groundbirch
and Kiskatinaw River valleys (Figure 2). A reasonable ap-
proximation is that these three valleys are likely separated
by groundwater divides, with no interbasin groundwater
flow. The northern and western no-flow boundaries follow
the boundary between the Pine River and Kiskatinaw River
watersheds (Figure 1). The Pine River likely acts as a
groundwater divide, blocking the influence from the Rocky
Mountain “water towers”, which store and release large
volumes of groundwater in ‘pulses’ during freshet (Viviroli
and Weingartner, 2008; Marques etal., 2013). The southern
no-flow boundary was determined using the particle-track-
ing program in MODFLOW 6. A larger model domain was
established and the groundwater-divide boundaries be-
tween Sunset and Groundbirch paleovalleys identified by
the particle tracks.

Geoscience BC Report 2021-02

No-flow boundaries were applied to the bottom section of
the model. This boundary is not associated with a specific
lithological change, but rather was set at a depth great
enough to avoid it influencing the simulation of flow in the
shallow aquifers.

Hydrological data within the study area show hydraulic
heads are close to the topographic surface, suggesting infil-
tration rates exceed recharge rates. The thickness and the
low hydraulic conductivity of the confining-layer till (the
conductance of the unit) is assumed to act as a major control
on the recharge rate. Under the assumption that recharge
was largely limited by surface hydraulic conductivity (li-
thology-controlled recharge), a constant-head boundary
(CHB) condition was applied to the top of layer 1, except
for areas mapped as alluvial HSU (Sanford, 2002). The
head in layer 1 was set equal to the elevation of the model
top. This boundary condition allowed the model to implic-
itly calculate recharge rates and actually identify preferen-
tial pathways through confining layers. This boundary con-
dition is beneficial in cases such as this study, where spatial
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measurements of rainfall, runoff and evapotranspiration
data are unknown (Sanford, 2002).

A constant-rate-recharge boundary condition of 68 mm/a
was applied to the alluvial HSU, which corresponded to the
rate resulting from a recharge study based on material type
by Baye et al. (2016). This boundary condition specific to
the alluvial HSU was implemented due to the excessive
amount of water entering this very permeable material
(43 m/d) with the CHB applied, a value greater than precip-
itation, which was unrealistic.

To allow water to flow out of the model, specified head
boundaries were applied to two of the aquifer layers (3 and
5) at the presumed paleovalley outflow point, where the
Sunset paleovalley meets the Kiskatinaw River valley.

The specified head value for the buried-valley sand/gravel
aquifer (layer 3) was estimated based on the head gradient
of gravel-thalweg domestic wells west of the outflow
boundary. This specified head value was estimated to be
693 m asl at the outflow boundary.

620000 E 630000E
1 il

The specified head in the weathered-bedrock aquifer
(layer 5) was set at the estimated Kiskatinaw River eleva-
tion (665 m) near the model outflow point, since this repre-
sented bedrock outcropping at this boundary and ground-
water flowing into the Kiskatinaw River according to drift-
thickness data. The outflow boundary for layer 5 was de-
fined as the intersection of the Sunset paleovalley bedrock
catchment with the Kiskatinaw River. No stream-gauge
data were available on the Kiskatinaw River near the Sun-
set paleovalley outflow point to constrain the head or flux
value.

Results

Simulated recharge at each surface gridblock within the
model domain is shown in Figure 6. Gridblocks in orange/
red represent recharge areas, whereas those in different
shades of green represent modelled discharge areas (nega-
tive values). The observed spatial pattern of recharge/dis-
charge gridblocks agrees with the hypothesis of highland
recharge and valley discharge, except for several localized

640000E
L

Legend

+ EERI monitoring well
2 Provincial monitoring well
© Quaternary water-level data
© Bedrock water-level data
[CIModel boundary
== Drift thickness <1m
~=River
Lake
Recharge (mm/a)
-78 --25
-25--10
-10--5
-5-0
0-5
5-10
m10-25
W25 -100
I 100 - 500

6200000 N

6190000N

OBS WELL 416
u ﬂ" L
. T | 1M

- | *EERI1 a

0 1.25 2.5

5
kilometres

Figure 6. Spatial distribution of recharge/discharge rates in hydrostratigraphic unit layer 1 in the Peace Region, west of Dawson Creek.
Dotted black lines indicate zones of thinnest drift (<1 m). Abbreviation: EERI, Energy and Environment Research Initiative.
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discharge areas associated with topographic lows in the
northern part of the model. The spatial average recharge
rate of the model is 16 mm/a, with a standard deviation of
32 mm/a and values ranging from -78 to 500 mm/a. As this
is a steady-state simulation, these values represent tempo-
ral averages and instantaneous values will vary about them.
The maximum value of steady-state—gridblock discharge
(78 mm/a) is lower than the 400 mm/a evapotranspiration
rate estimated for the Kiskatinaw River watershed
(Foundry Spatial Ltd., 2011). The difference between dis-
charge and evapotranspiration suggests that discharge ar-
eas would not result in groundwater-fed creeks within the
model domain. This is consistent with the ephemeral nature
of the mapped streams in the model area. Extreme outlier
gridblocks with high recharge values (>100 mm/a) are un-
realistic given the low hydraulic-conductivity values of
layer 1 and are likely numerical artifacts caused by mis-
alignment of adjacent gridblocks with large differences in
elevation, as explained in Hughes etal. (2017, p. 54). These
outlier values could likely be dealt with by refining the grid
mesh of these areas. Outlier recharge values occur mostly
within regions with <10 m of Quaternary cover (total
thickness of layers 1-4).

Recharge values based on surficial confining material in
the region were studied by Baye et al. (2016) using the
hydrologic evaluation of landfill performance (HELP)
model developed for the Environmental Protection Agency
by the U.S. Army Corps of Engineers Waterways Experi-
ment Station. They calculated average annual recharge
rates for vadose zones of till (33 mm/a), glaciolacustrine
(2 mm/a) and alluvial (46—68 mm/a) materials. Since
layer 1 in the Sunset paleovalley model domain consists
primarily of till and glaciolacustrine material, the results of
this study are consistent with the range of values presented
in the Baye et al. (2016) study.

Discussion

Steady-state groundwater flow in the Sunset Creek valley
groundwater system was analyzed. The simulation results
were consistent with the general conceptual model, show-
ingrelatively low recharge rates, constrained by the low hy-
draulic conductivity of the surface diamict. Given the lim-
ited information, a pragmatic choice was made to assign
uniform, effective properties to the units in the simulation
domain, whereas the real system is heterogeneous at both
the unit and subunit scale. Effective medium properties will
likely yield reasonable predictions for total fluxes but will
not properly account for rapid travel that can occur through
fractures or other preferential pathways.

Finer mesh size, leading to longer run times, could have
helped improve spatial recharge-rate resolution and poten-
tially deal with the large outlier values seen in the model.
The model domain could be expanded to incorporate adja-
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cent Kiskatinaw and Groundbirch paleovalleys to gain a
better understanding of the flow budget between these re-
gional features.

Although difficult to accurately conceptualize, intertill
aquifers could be included to simulate potential permeable
pathways through confining unweathered till. These inter-
connected permeable lenses within the confining layer
have been hypothesized as potential pathways for buried-
valley recharge (Cummings et al., 2012).

Conclusion

Aregional groundwater-flow model of a paleovalley-based
confined-aquifer system in northeastern BC was con-
structed with the purpose of simulating the spatial distribu-
tion of recharge and discharge. This modelling study syn-
thesized available hydrogeological data for buried-valley
aquifer systems in northeastern BC and the WCSB, with
data from newly installed monitoring wells, to construct a
simplified conceptualization of the Sunset paleovalley. Us-
ing MODFLOW 6 software, groundwater-flow models
were constructed and calibrated, adjusting parameters
within the range of values identified in the literature.
Within the study area, the model quantitatively estimated
the spatial distribution and magnitude of groundwater re-
charge and discharge, the water balance between HSUs and
residence times of aquifers. The average recharge in the
study area was estimated at 16 mm/a, which falls within the
range of results from another study in the same region
(Baye et al., 2016).

In future work, the model’s water budget will be analyzed
to investigate flow volumes between HSUs and to compare
model outflow to estimates of Kiskatinaw River baseflow,
as determined from hydrometric data. Using the particle-
tracking program of MODFLOW 6, average residence
times for the aquifers will be calculated and evaluated
based on residence times from similar paleovalley studies.

The model results add to the understanding of buried-val-
ley aquifer systems and their recharge. These hydrogeolog-
ical settings are common to the Interior Plains region of
North America and are important sources of water used for
domestic, agricultural and industrial purposes. As a next
step, modelled flow-budget results can be used as a basis
for groundwater-management strategies within the region.

Acknowledgments

In addition to Geoscience BC, this research is supported by
the British Columbia Oil and Gas Commission, Mitacs and
BC Ministry of Energy, Mines and Low Carbon Innova-
tion. The authors are grateful to A. Allen for partnering
with the fieldwork planning and data collection and to
A. Cahill for peer reviewing this manuscript.

159



PN

Geoscience BC

References

Allen, A., Goetz, A.M., Gonzalez, P.S., Ladd, B., Cahill, A.G,
Welch, L., Mayer, B., van Geloven, C., Kirste, D. and
Beckie, R.D. (2021): Installation of a purpose-built
groundwater monitoring well network to characterize
groundwater methane in the Peace Region, northeastern
British Columbia (NTS 093P/09-16, 094A/01-08: activity
report 2019-2020; in Geoscience BC Summary of Activities
2020: Energy and Water, Geoscience BC, Report 2021-02,
p. 123-134, URL <http://geosciencebc.com/updates/sum-
mary-of-activities/> [January 2021].

Andriashek, L.D. (2003): Quaternary geological setting of the
Athabasca Oil Sands (in situ) area, northeast Alberta; Al-
berta Energy and Ultilities Board, EUB/AGS Earth Sciences
Report 2002-03, 286 p., URL <https://static.ags.aer.ca/files/
document/ESR/ESR_2002_03.pdf> [July 2020].

Baye, A., Rathfelder, K., Wei, M. and Yin, J. (2016): Hydro-
stratigraphic, hydraulic and hydrogeochemical descriptions
of Dawson Creek-Groundbirch areas, northeast BC; Prov-
ince of British Columbia, Water Science Series 2016-04,
52 p.

BC Ministry of Energy, Mines and Low Carbon Innovation
(2020): Bedrock geology; BC Ministry of Energy, Mines
and Low Carbon Innovation, BC Geological Survey, Data
Catalogue, URL <https://catalogue.data.gov.bc.ca/dataset/
bedrock-geology> [July 2020].

Berthold, S., Bentley, L.R. and Hayashi, M. (2004): Integrated
hydrogeological and geophysical study of depression-
focused groundwater recharge in the Canadian Prairies; Wa-
ter Resources Research, v. 40, issue 6, 14 p., URL <https://
doi.org/10.1029/2003WR002982>.

Bredehoeft, J.D. (2002): The water budget myth revisited: why
hydrogeologists model; Groundwater, v. 40, no. 4, p. 340—
345, URL <https://doi.org/10.1111/j.1745-6584.2002.tb-
02511.x>.

Cahill, A.G,, Beckie, R., Ladd, B., Sandl, E., Goetz, M., Chao, J.,
Soares, J., Manning, C., Chopra, C., Finke, N., Hawthorne,
L., Black, A., Mayer, K.U., Crowe, S., Cary, T., Lauer, R.,
Mayer, B., Allen, A., Kirste, D. and Welch, L. (2019): Ad-
vancing knowledge of gas migration and fugitive gas from
energy wells in northeast British Columbia, Canada; Green-
house Gases: Science and Technology, v. 9, no. 2, p. 134—
151, URL <https://doi.org/10.1002/ghg.1856>.

Catto, N.R. (1991): Quaternary geology and landforms of the east-
ern Peace River region, British Columbia, NTS 94A/1,2, 7,
8; BC Ministry of Energy, Mines and Low Carbon Innova-
tion, BC Geological Survey, Open File 1991-11, 19 p.

Chao, T.-H., Cahill, A.G. and Lauer, R. (2020): Propensity for fu-
gitive gas migration in glaciofluvial deposits: an assessment
of near-surface hydrofacies in the Peace Region,
northeastern British Columbia; Science of The Total Envi-
ronment, v. 749, art. 141459, URL <https://doi.org/10.1016/
j-scitotenv.2020.141459>.

Cooper, H.H. and Jacob, C.E. (1946): A generalized graphical
method for evaluating formation constants and summarizing
well-field history; Eos, Transactions of the American Geo-
physical Union, v. 27, no. 4, p. 526-534, URL <https://
doi.org/10.1029/TR027i004p00526>.

Cummings, D.I., Russell, H.A.J. and Sharpe, D.R. (2012): Buried-
valley aquifers in the Canadian Prairies: geology,
hydrogeology, and origin; Canadian Journal of Earth Sci-

160

ences, v. 49, no. 9, p. 987-1004, URL <https://doi.org/
10.1139/€2012-041>.

Environment and Climate Change Canada. (2020): Canadian cli-
mate normals 1981-2010 station data: Dawson Creek; Gov-
ernment of Canada, URL <https://climate.weather.gc.ca/
climate normals/results 1981 2010 e.html> [July 2020].

Foundry Spatial Ltd. (2011): Montney Water Project: watershed
posters; Geoscience BC, Geoscience BC Report 2011-12, 8
posters, URL <http://www.geosciencebc.com/s/Report-
2011-12.asp> [July 2020].

Freeze, R.A. and Cherry, J.A. (1979): Groundwater; Prentice-
Hall, Englewood Cliffs, New Jersey, 624 p.

Gao, C. (2011): Buried bedrock valleys and glacial and subglacial
meltwater erosion in southern Ontario, Canada; Canadian
Journal of Earth Sciences, v. 48, no. 5, p. 801-818, URL
<https://doi.org/10.1139/e10-104>.

Gardiner, L., Rhodes, R. and Geller, D. (2020): District of Hud-
son’s Hope production well completion report; unpublished
report prepared by Western Water Associates Ltd. (British
Columbia)

Government of British Columbia (2020): Digital Elevation
Model; Government of British Columbia, URL <https://
www2.gov.bc.ca/gov/content/data/geographic-data-ser-
vices/topographic-data/elevation/digital-elevation-model>
[September 2020].

Hartman, GM.D. and Clague, J.J. (2008): Quaternary stratigraphy
and glacial history of the Peace River valley, northeast Brit-
ish Columbia; in Geology of northeastern British Columbia
and northwestern Alberta: diamonds, shallow gas, gravel,
and glaciers; Canadian Journal of Earth Sciences, v. 45,
no. 5,p. 549-564, URL <https://doi.org/10.1139/E07-069>.

Hickin, A.S. and Best, M.E. (2013): Mapping the geometry and
lithostratigraphy of a paleovalley with a time-domain elec-
tromagnetic technique in an area with small resistivity con-
trasts, Groundbirch, British Columbia, Canada; Journal of
Environmental and Engineering Geophysics, v. 18, no. 2,
p. 119-135, URL <https://doi.org/10.2113/JEEG18.2.119>.

Hickin, A.S. and Fournier, M.A. (2011a): Compilation of
Geological Survey of Canada surficial geology maps for
NTS 94A and 93P; BC Ministry of Energy, Mines and Low
Carbon Innovation, Energy Open File 2011-2, Geoscience
BC Map 2011-08-1, scale 1:250 000, URL <https://
cdn.geosciencebe.com/project _data/GBC_Report2011-8/
GBC_Map2011-08-1_ BCMEMOF2011-2.pdf> [October
2020].

Hickin, A.S. and Fournier, M.A. (2011b): Preliminary bedrock to-
pography and drift thickness of the Montney Play area; BC
Ministry of Energy, Mines and Low Carbon Innovation, En-
ergy Open File 2011-1, Geoscience BC Report 2011-07, 2
maps, scale 1:500 000, URL <https://geosciencebc.com/
project_data/GBC_Report2011-7/GBC_Map2011-
07_BCMEM%200F2011-1.pdf> [October 2020].

Hickin, A.S., Best, M.E. and Pugin, A. (2016): Geometry and val-
ley-fill stratigraphic framework for aquifers in the
Groundbirch paleovalley assessed through shallow seismic
and ground-based electromagnetic surveys; BC Ministry of
Energy, Mines and Low Carbon Innovation, BC Geological
Survey, Open File Report 2016-05, 46 p.

Hickin, A.S., Kerr, B., Turner, D.G. and Barchyn, T.E. (2008):
Mapping Quaternary paleovalleys and drift thickness using
petrophysical logs, northeast British Columbia, Fontas map
sheet, NTS 94I; in Geology of northeastern British Colum-
bia and northwestern Alberta: diamonds, shallow gas,

Geoscience BC Summary of Activities 2020: Energy and Water



Geoscience BC

gravel, and glaciers, Canadian Journal of Earth Sciences,
v.45,n0. 5, p. 577-591, URL <https://doi.org/10.1139/e07-
063>,

Holland, R. (1964): Landforms of British Columbia: a physio-
graphic outline; BC Ministry of Energy, Mines and Low
Carbon Innovation, Bulletin No. 48, 138 p., URL <https://
ci.nii.ac.jp/naid/10018003680/> [July 2020].

Hughes, J.D., Langevin, C.D. and Banta, E.R. (2017): Documen-
tation for the MODFLOW 6 framework; U.S. Geological
Survey, Techniques and Methods, book 6, chap. A57,42 p.,
URL <https://doi.org/10.3133/tm6AS7>.

Imrie, A.S. (1991): Stress-induced response from both natural and
construction-related processes in the deepening of the Peace
River valley, B.C.; Canadian Geotechnical Journal, v. 28,
no. 5, p.719-728, URL <https://doi.org/10.1139/t91-086>.

Keller, C.K., Van Der Kamp, G. and Cherry, J.A. (1988): Hydro-
geology of two Saskatchewan tills, I. Fractures, bulk perme-
ability, and spatial variability of downward flow; Journal of
Hydrology, v. 101, issue 1, p. 97-121, URL <https://doi.org/
10.1016/0022-1694(88)90030-3>.

Keller, C.K., Van Der Kamp, G. and Cherry, J.A. (1989): A
multiscale study of the permeability of a thick clayey till;
Water Resources Research, v. 25, issue 11, p. 2299-2317,
URL <https://doi.org/10.1029/WR025i011p02299>.

Korus, J.T., Joeckel, R.M., Divine, D.P. and Abraham, J.D. (2017):
Three-dimensional architecture and hydrostratigraphy of
cross-cutting buried valleys using airborne electromag-
netics, glaciated Central Lowlands, Nebraska, USA; Sed-
imentology, v. 64, no. 2, p. 553-581, URL <https://doi.org/
10.1111/sed.12314>.

Lowen Hydrogeology Consulting Ltd. (2011): Aquifer
classification mapping in the Peace River region for the
Montney Water Project; report prepared for Geoscience BC
by Lowen Hydrogeology Consulting Ltd., 51 p., URL
<http://a100.gov.bc.ca/appsdata/acat/documents/r23247/
aq_class_peace riv_re june 2011 1308845969283 d054
6dd6b5818f205¢6a3613d94555¢8b28a4ee32529a427b4d1
ac6b05311258.pdf> [September 2020].

Marques, J.E., Marques, J.M., Chaminé, H.I., Carreira, P.M.,
Fonseca, P.E., Monteiro Santos, F.A., Moura, R., Samper, J.,
Pisani, B., Teixeira, J., Carvalho, J.M., Rocha, F. and
Borges, F.S. (2013): Conceptualizing a mountain hydro-
geologic system by using an integrated groundwater assess-
ment (Serra da Estrela, Central Portugal): a review;
Geosciences Journal, v. 17, no. 3, p. 371-386, URL <https://
doi.org/10.1007/s12303-013-0019-x>.

Meyboom, P. (1966): Unsteady groundwater flow near a willow
ring in hummocky moraine; Journal of Hydrology, v. 4,
p. 38—62, URL <https://doi.org/10.1016/0022-1694-
(66)90066-7>.

Meyer, J.R., Parker, B.L. and Cherry, J.A. (2008): Detailed hy-
draulic head profiles as essential data for defining hydro-
geologic units in layered fractured sedimentary rock;
Environmental Geology, v. 56, no. 1, p. 27-44, URL <https:/
/doi.org/10.1007/s00254-007-1137-4>.

Meyer, J.R., Parker, B.L. and Cherry, J.A. (2014): Characteristics
of high resolution hydraulic head profiles and vertical gradi-
ents in fractured sedimentary rocks; Journal of Hydrology,
v. 517, p. 493-507, URL <https://doi.org/10.1016/j.jhy-
drol.2014.05.050>.

Morgan, S.E., Allen, D.M., Kirste, D. and Salas, C.J. (2019):
Investigating the hydraulic role of a large buried valley
network on regional groundwater flow; Hydrogeology Jour-

Geoscience BC Report 2021-02

nal, v. 27, no. 7, p. 2377-2397, URL <https://doi.org/
10.1007/s10040-019-01995-0>.

Nastev, M., Rivera, A., Lefebvre, R., Martel, R. and Savard, M.
(2005): Numerical simulation of groundwater flow in
regional rock aquifers, southwestern Quebec, Canada;
Hydrogeology Journal, v. 13, no. 5, p. 835-848, URL
<https://doi.org/10.1007/s10040-005-0445-6>.

Odong, J. (2007): Evaluation of empirical formulae for determina-
tion of hydraulic conductivity based on grain-size analysis;
Journal of American Science, v. 3, no. 3, p. 54-60.

Pugin, A.J.-M., Oldenborger, G.A., Cummings, D.I., Russell,
H.A.J. and Sharpe, D.R. (2014): Architecture of buried val-
leys in glaciated Canadian Prairie regions based on high res-
olution geophysical data; Quaternary Science Reviews,
v. 86, p. 13-23, URL <https://doi.org/10.1016/j.quasci-
rev.2013.12.007>.

Reilly, T.E. and Harbaugh, A.W. (2004): Guidelines for evaluating
ground-water flow models; U.S. Geological Survey, Scien-
tific Investigations Report 2004-5038, 30 p., URL <https://
pubs.usgs.gov/sir/2004/5038/PDF/SIR2004-
5038 _verl.01.pdf> [September 2020].

Riddell, J. (2012): Potential for freshwater bedrock aquifers in
northeast British Columbia: regional distribution and lithol-
ogy of surface and shallow subsurface bedrock units
(NTS 0931,0, P;094A,B,G, H,1,J,N, O, P); BC Ministry of
Energy, Mines and Low Carbon Innovation, Geoscience Re-
ports 2012-04, p. 65-78.

Saha, G.C., Paul, S.S., Li, J., Hirshfield, F. and Sui, J. (2013): In-
vestigation of land-use change and groundwater—surface
water interaction in the Kiskatinaw River watershed, north-
eastern British Columbia (parts of NTS 093P/01, /02, /07—/
10); in Geoscience BC Summary of Activities 2012,
Geoscience BC, Report 2013-1, p. 139-148, URL <https://
cdn.geosciencebc.com/pdf/SummaryofActivities2012/
S0A2012 Saha.pdf> [November 2020].

Sanford, W. (2002): Recharge and groundwater models: an over-
view; Hydrogeology Journal, v. 10, no. 1, p. 110-120, URL
<https://doi.org/10.1007/s10040-001-0173-5>.

Seifert, D., Sonnenborg, T.O., Scharling, P. and Hinsby, K. (2008):
Use of alternative conceptual models to assess the impact of
a buried valley on groundwater vulnerability; Hydro-
geology Journal, v. 16, no. 4, p. 659—674, URL <https://
doi.org/10.1007/s10040-007-0252-3>.

Seyoum, W.M. and Eckstein, Y. (2014): Hydraulic relationships
between buried valley sediments of the glacial drift and ad-
jacent bedrock formations in northeastern Ohio, USA;
Hydrogeology Journal, v. 22, no. 5, p. 1193-1206, URL
<https://doi.org/10.1007/s10040-014-1128-y>.

Shaver, R.B. and Pusc, S.W. (1992): Hydraulic barriers in
Pleistocene buried-valley aquifers; Groundwater, v. 30,
no. 1, p. 21-28, URL <https://doi.org/10.1111/j.1745-
6584.1992.tb00807.x>.

Statistics Canada (2017): Census Profile, 2016 Census—North-
east [Economic region], British Columbia and British
Columbia [Province]; Statistics Canada, URL <https://
www12.statcan.gc.ca/census-recensement/2016/dp-pd/in-
dex-eng.cfm> [September 2020].

Theis, C.V. (1935): The relation between the lowering of the
Piezometric surface and the rate and duration of discharge of
a well using ground-water storage; Eos, Transactions of the
American Geophysical Union, v. 16, no. 2, p. 519-524, URL
<https://doi.org/10.1029/TR0161002p00519>.

161



PN

Geoscience BC

Viviroli, D. and Weingartner, R. (2008): “Water Towers”—a

162

global view of the hydrological importance of mountains; in
Mountains: Sources of Water, Sources of Knowledge,
E. Wiegandt (ed.), Springer, Dordrecht, Netherlands, Ad-
vances in Global Change Research, v. 31, p. 15-20, URL
<https://doi.org/10.1007/978-1-4020-6748-8 2>.

Winter, T.C. (2001): The concept of hydrologic landscapes; Jour-
nal of the American Water Resources Association, v. 37,
no. 2, p. 335-349, URL <https://doi.org/10.1111/j.1752-
1688.2001.tb00973.x>.

Geoscience BC Summary of Activities 2020: Energy and Water



PR

Geoscience BC

t: 604 662 4147
e: info@geosciencebc.com

SUITE 1101-750 WEST PENDER ST
VANCOUVER, BC V6C 2T7 CANADA

www.geosciencebc.com



	SOA Energy Water_front cover
	GBC Report 2021-02 (Energy and Water), Preliminary Pages (Web Final)
	Paper 17 (Web Final)
	Paper 18 (Web Final)
	Paper 19 (Web Final)
	Paper 20 (Web Final)
	Paper 21 (Web Final)
	Paper 22 (Web Final)
	Paper 23 (Web Final)
	Paper 24 (Web Final)
	Paper 25 (Web Final)
	Paper 26 (Web Final)
	Paper 27 (Web Final)
	Paper 28 (Web Final)
	Paper 29 (Web Final)
	Paper 30 (Web Final)
	Paper 31 (Web Final)
	Paper 32 (Web Final)
	SOA Energy Water_back cover

